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- PREFACE .

Thls the81o conﬁalns an accoun% of the

”Téxpeilmental Work carrled out by bhe author durlng
. the perlod October 19)8 to October‘196l in. the

”-.Department of Natural PhilosoPhy, the Royal College

,”w§;  o£ Sclenoe and Teohnology..

L The problem of measurlng dlfqulon ooefflclents

: in bhlv fllms as 1nvest1gated in th1s thesls was
~suggested by my superv1sor, Mr C. Weaver. .I\ohould :
7: like  to expreus my thanks for hls constant adv1ce

-and close guldance on all phases of thls work.

Chapber 1 1s a reVLew of" prev1ous cxperlmeat%l :

"amethods for flndlng d1f¢u31on coeff¢01enu 1n~bh1n

 pilms. i

Chapter 2 1s a survey of the relevant dlffu81onﬁ§}

“¢_theory.,_ "‘

Chapher 3. descrlbes the apparatus whlch I

| hqve consﬁluctod for produ01ng thln f]lm dlffu31on_

coup195 and for measurlng whelr re¢leot1v1tles durlng

'ﬁagelng.. The work of de81gn1ng tth appar tus wao

f'shared W1th my supervnsor.



ProQuest Number: 10646154

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uesL

ProQuest 10646154

Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLO.

ProQuest LLO.

789 East Eisenhower Parkway
P.Q. Box 1346

Ann Arbor, M 48106- 1346



Chapters 4 to 12 dcscrlhe the experlmental

'requlﬁs obtalned by myqelf The eleotron dlffraotlonf’*:'.

.phobographs shown 1n_chapter 11 were Laken by myself Jf'i]f

. on an EM3 electron mlcroscope., I should 11ke to “';

express my thanks to Mr. J W. Sharpe f01 the use of

- this 1nstrument, N

The discussion,to each chapter and chapter 13..ff€f

\‘deal thh the 1nterpretatlon of the exper:men$a1

esultSm These sectlons were wrltten}¢0110w1ng

: dlsoussxon W1th my superv1sor,
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ABSTRACT

Diffusion coefficients and aetivatibn energles
for diffusion in several successively evaporated two
layer metal films have been détgxmined by“measurementsf
of +the reflectivityschénges'at the meﬁal~sufféces on.
annealing. The refléctivify.ehénges'WGrefdue toAthe_“

motion of phase boundaries and it prOVé@.poésible 5o

ii

identify the phases formed. Results indicated o vacancy

diffusion mechanism rather than grain boundary diffusion

and satisfactory agreement was obtained with results for. -

the faster direction of diffusion in bulk specimens. A
-mechanism for the motion of the stoms was postulated in

terms of a wvacency flow.




- CHAPTER 1

" INTRODUGTION -

1. l lefus1on Mea uremeats 1n Thln Fllms

thn two metal fllms are evaporated one on. “Fop of
the other, dlifu51on will oceur at “the common 1nterfaee
~to form layer of solid soluﬁion or 1ntermetalllc comnounds. 
The presence -of thewe dlffu91on 1ayers can readlly be
detected by electron dlffraetlon, Xﬁray dlffractlon, or by
're31stqnce and adhesmon Qbservatlons (Weaver and Hlll 1959)i;f
;huw these methods cannot normally glve the rate of growth .
-'Of the dlifﬁSlon leyer and S50/ the diffuuion coefflcient of _ mA
- the system. ' |

Teehnlques used for determining dlifﬂSlon coefflclents

‘.1n bulk metal diffusmon couples are 1napplicable to evaporated ‘\

v<.f11ms since any method of sectionlng 15 1mp0351b1e and the

'quantlty of materlal avamlable is not suffmclent for normal
ehemleal analyqls. The use of radloactlve tracer methods 1311
also precluﬁed smnce the absorption of- the films is |
negliglble even for p‘lI"ﬁlClGS of. 1ow energ,v <~u.ch as weak /3
'rays. Cons equently no changes 1n emission would be obsexved
 @$ the radloactlve partleles diffused throu&h the films.d
 The - only praetlcable technique in thln fllms is to

: do. the
allow the d1f£u81on zone to extend[surfaces and to make




observations of the change of concentration at the surfgce
with time. . This permits diffusion coefficients ﬁo,be |
determined. Suitable guentities. to observe are reflection
electron diffraction, suxfacéfpotential, and the optical
properties‘of the surface. The last is the easiest
quentity to measure, and the‘variation of.ref;ectiviﬁy has
been used by Schopper (1955) and by Coleman. and Yeagley
A(1943) for determining diffusion coefficients in gold-lead

and copper-zinc..

1.2 Previous Work

th@pper,(1955) studiedvdiffusion‘in'thin;films 6f
goldﬁiead by m§a$uring the ahange in reflectivity at the
gold surface. The gold and lead films were evaporated
. successively on to a slass substrate ot a pressure of 10 mm.
of mexrcury and the thieknesses of the films were found by
the three-~slit method of Schopp%; and F%eischmann,(l951)i
-measuring the absolute chaﬁge oflphase 6£ light reflected"‘
- at the free metal surfoce. The élide was. heated whilst
still under vacuum, the temperature beilng measured by means
of a thérmdcbﬁbie in éontéct ﬁiﬁh fhe'siide;- Reflectivity
measurements were made at the glass surface and this elim-
inated any possibility of surfade'coﬁtamination or
reflectivity changes due tO'bauses_ofher than diffusion.

- A typical curve obtained by Schopper is. shown in fig. l.l;:
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Pig. 1.1 The Reflectivity at the Gold Surface of a Gold=-

Lead Film and the Temperature as a Function of
Time for a Gold Thickness of 10608 and a Lead
Thickness of 2930%, .. and b, are the intercepts

of the tangent with reflectivity values of 88%

(pure gold) and 51% (pure lead). Light wavelength

64308, Reproduced from Schopper (1955).



TThe reflect1v1ty dropped from the valve for pure gold to a

*39ﬁ£igure of 51% close tc that of lead. The &ctual 1ength of'

i %he 1n1t1al plateau wae not known w1th certamnty because of

h~_,the tlme taken for the slmde to reaeh 1t° steady teuperatufo,

. _but 1t was only 8 small fraetlon of the totsl %weing tlme.

"Gold fllms were prepared w1th dlfferent f*lm thmckneqses,

| 'and aaniar as could bo seen the “hapes of the eurves were

‘~w cloue1y 31mllar.} If the reflect1v1ty was plotted as a.

} function of t/d ,_Where a was the 0*::)161 thlckness, the curves
JTcomncmded (flg. 1.2). On the b351 _of these results,
4'Schopper developed 8, theory (glven in 2 7) ior determlnlng
the . dlifu31on coefficient irom the interceptu of the tanbent'
‘ :drawn at the tu:r*nlnB point of the curve wxﬁh ah ClmS&e*
feorreSpondlng to concentratlon values of 1 and 0; Thé.

“dlffuslon eoefficlent was .found. from

D= 1408 de/(\tg-t

‘  h. l) :
: where tl and t are the time values correspondlng to th@se '

"iintercepts. Thlu formula depenﬁed only on the regmon of

'“varlatlon of coneentration and consequenﬁly & knowledge of 7.

the exaet lcngth of the Lnlﬁlal platequ Was not required.'5"

| - The. %etlvatlon energy oi dlffu ien wan found by
lL}measurements of the diffu31on coefflelent of . dlfferent
' f;speo1mens over a range of temperwture.} LoblOD»wao plottedﬁ
\l:TaFalnut l/T and the gradlent of. the tralvht llne obtalnca\ .

”?v;gavc the actlvatlon energy (flg. 1. 3) and the 1ntercept
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Fig. 1.3 Graph of Diffusion Coefficient against
(1/T) fox the Diffusion of Lead in Gold
(Schopper 1955)., |



with~the<laéléh axis Havé D-. . The . results‘over the tempnzif;il&
erature w%née 20°C ﬁo 100°C were conwistent @nd gave D t _
0- <016 cm?/oec and ‘activation energy, By = 17 0 kcal/mole foriag“
~ the diffumlOR of. lead through gold.‘ The value of mctlvatlon:;:
energy was rather hlgher than the values of 13 6. and 14 O -
keal/mole obtained for the diffusion of g,ald in lead ' - o
(Jost 1952), but Schoyper consmdered this dlfferenee to- be '
reasonable since labtice changes 1n old require greater
-“energieq thqn in lead, thlu belng obv1ouq from the great ;Vl
detorenees i melting 901nt of the two metalm.; ihe'uame-"” T
reagson was advanced to account for the lower value of D, es
'eomnared Wlth D, = 0O 35 em g/sec for the diffus;on of gold 1nx’k
to bulk lead. | |

The solid soluhllity of gold in lead is only 0 08 at.ﬁ
“and bchonper considered that this smmll uolublllty would

not cause much reflectivity ehange.,-quﬁhermorejlt was
found that tb obtain the full reflectivity~dropltof51%‘the
lead thickness had to be at least twice. the gold thmcknoss.
These facts made Schopper oonclude that- uhb reflecﬁ1vmty
changes. were due to the formation .of intermetallic compounds
rather than tO‘SOlid SOiuhility“éffeots. ‘The eompound An?b 3
 was 1dent1fled in the diffuslon zone by Xﬁray dlffractlon,
‘and this led to tho suggeqtion that a shafply deflnea layer‘f*~
of compound Was formed between the gold and the lead. Thlq‘r;.

~ hypothesis. dld not mgree wmth the experlmeutal observatlons"gf°




" which indlcated a gradual fcrmatlon of compound at the

surface, and the oonclu$1on finally reached was that
diffusion occurred by thc movement of lead atoms into vqeant

sites in the gold lattice posoibly helped by the movemend

'_Vof gold atoms into interstitial sites in the lead.

Much earlier, Coleman and Yeagley (1943) studied
the diffusion of copper into thin films of zinc. The
copper and zinc fllm were successively evaporated onto
" microscope slides, the film thlcknesses being obtained by
weilghing. Fllma;approx1mately 20008 thick were used, and
after deposition the specimens were placed. in a reflectometer
80 that the‘variation in the refieetivity of the upper zinc
surface ooﬁld'be measured. The slide wés,heated“by means
of a thermostatiéally cantroiled\eleetric iron in contact
- with the back surface of the slide, and it was claimed ‘cha'ih:‘
o this held'thé.Slide*temperature constant to +1°C during
the period of dxffuszon. The output current from a photocelld
~dn the reilectometcr was recorded contlnuously and was

taken as glVlng a mea&ure;of~the reflectivity.

The theory developed by,doleman and Yeagley was

- purely empiriea};l.A quantity tq)wasldgfined as the time‘afa
which aR/d+t (i«e. theirate'of'ehanve of refléctivity with
tlme) was equal %0 a canstant ‘at, where 'a‘ was taken as .

_ 0300291. This gave paint at which the alloy was qlmost




homogeneous. »ta)was taken o be proportiomal to the
thickness x of the zinec, and to,fhe quantity m of metal
which hadxto‘diffﬁﬁé across the interface to produce
’hcv)mo.‘g‘énei"tlsy.' ilees | T, xm |

| o (1/E)xm
ﬁhere‘K was taken 0 be a form of diffusion coefficient.
‘Substituting'Values Of‘x and“m; an expnession'fdr:K waé
‘found in temms of the copper thickness: (dcu) and the zlnqi_._;

thiokneuq (dZn), namely

K.~ a
.”‘thre Vg Was the weight of the copper film per unit area.
‘ ,prerlmentally 1t was found thmt

| | o K= A eap(mE/RT) |
‘and 80 the aetlvatlon enexrgy was found by plottlng log K

fj_aga;nst-l/T. E

. Ohiyfbne curve was given for fhé diffusion of copper
into ?1ne and no values for K or B were reoorded. Results
S were,. howevcr, glven for 31m11ar experlments wlth gold and
‘lead where dszu31on of the geld 1nto the upper layer of the,
lead was measuved. A value o£‘13.7 keal/mole was obtained :
f&r the aetivation'energy,-rather différen% fr0m~80hoppérfsf“

xvalues of 13«6 to 14 O kcal/male obtalned n bulk specimens

for dlffusion of uold 1nt0 lead.




In a later paper, Céleman and Yeagley (1944) stated
that.their‘valué of actiwvation energy in copper-zine was the
same as the one found in earlier determinations in bulk
specimens, but A was several orders of magnituﬂe higher,
This was attributed %o anisotropy of -diffusion and to the
existeneéfof preferred orientatioﬁ in thec@eposited films

(Burr Colemen and Davey 1944). -

1,3 Scope of-Present-Work

The work‘presented in this thesis consists of a
detailed investigétioﬁ into réfleétivity changes taking place
in a'ngmber of two layer metal films, carried out in order
to determine values for diffusion‘coéffieients and activation

enevrgies,

A survey was made of 39 metal palirs to see which gave
reflectivity changes on ageing. The fact thet no miscible
or partially miscible systems gave reflectivity changes was.
not -surprising, because diffusion in these systenms is'knoﬁn_
to take place Very slowiy. Reflectivityldhahges occﬁrféé'ihAf
most metal systems Where'métal intefmediate‘phases were B
Tormed, and 8 of these were' studied ih_@etéil.‘ Refiectivity
changes usually. took place at béth'éides aﬁé agéing was

studied at both metal surfacési

It was found in general that the reflectivity




‘changes were due to the mgtlon of a renotlon boundqry
rather than ‘o the gradual change 1n cancentratlon ob,erved'

;;by Schopper.f The varlatlons WLth fllm thlcknesa showed that',

J77T,reaetion boundary was “que to phase precipitation and it

‘Tfproved pos31ble to 1denv¢fy the phase o ph&ses formed.

-xiiThese results were conflrmed by dlreet measurements of the |
'ﬂreflect1v1ty of the various 1ntermed1ate phases, these

alloy lems bezng prepared elther by evaporation of the

'falloy, or, more usually, by‘"flash" evaporatlng mlxed gramng

of the pure'metals.

In two of the sygtems stuﬂled, 1nvestigaﬁlons had

been cnrrled out by other workers on olmllar bulk dlfiuslen

j_fgcouples dt mueh higher temperatures. The same compoundu

ﬁ’?{ywere found in thln fmlm diffu81on cougies and “the Tates of -

'-fdlffu51on were falrly qimilmr. It apbeared that the

. mechanl m oi dlffu81on was the amo in both cases.

The phase boundary was frequently sharply deflned,

‘ﬁ“xgﬂbut in certamn metal pairs . dlffuse bcunﬂary was: observed.

'ffl_.Tth has been attrlbutcd either “to penetratian of the_-

"’substrate metal durlng evapcratlon of the overlayer, or

'Qf;?to the effects of an 1nit1al fmst dlffuuion iorming

_;superuaturated solld solumlon before preelpltatlen of the

~ﬂ$ﬁ eompound, It was shown that Schopper g reuults on. gold~:

iileﬂd were nrobably due to this effect. :ﬁ”




Mﬁasuremantu oi d:ffusion ooeiflelents and

A hactlvatlon energles 1n very thln fllmo (under 2003) 1ndlcate6

“jtff;.that the dlifusion ob&erved aroqe from a vacancy rather"rf'

”t than a graln boundary mechanlsm.» D& and E 1n thin fllms

“”“i’were found to be 31milar to D and E far the faster dlrection

'°;Lof dlfiu%ion 1n bulk syecimensfhgﬁence 1n thln fams, dlfqulon

‘ﬁ?iflnto the 1ower meltmngﬁblnt component (1.e. the fasterA\

B dlreotlon of dlffusion) was the rate determlnlng procesu,

1

1Kand the reflect1v1ty chmnges a# the other metal surface‘

-mwere due 31mply to the 1005 of metal 1n the £ormat10n of

~,“”Z?the 1ntermetalllc com@ound. On the basms of thase results lf‘

“fa mechanlsm for the motlon of the atoms was postulated 1n

Uf?ifterms of a Vacancy ilow.

An electron dlffractlon inveutigatlon‘was carrled

g;;,nuj on. four of the metal systems, and 1t Waffconclu51vely

- shown. that reflectiv1tles changed due tO’dlffﬂ»iOﬂ and “the:

Y

k‘lﬁ;f}formatlon of intermetallle eompounds.. Phases observed by

A

ﬁ;f§ﬂelectron dlffraetion Were genernlly the same as thove found '

,"-?Jfrom the reflectivity observations.

The varlwbion of phase change of llght refleoted

LS

A
i

%

.:':of thevsystems. The shapes of the ageing ourves were the

| ‘“?effectu. -

"fsame as. those found by reflect1v1ty observatlons, conxlrmlng

that the reflectlvmty changes were true concentration
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.Dleven»non—mlsclble netal systems Were 1nvestlgated

‘ for rofleetmvmty changes, and mosth surprlsingly one of them
'H(311ver~lead) gave reflect1v1ty chanves. Thls was tentatlvely
%ttrlbuted to dlffﬂolon into a. dlsordered structure to form
supersaturaﬁed golid solytlon. The reflect1V1ty changes

were found to occur only in"very-%hih}films.




L UGHARRER B e T

 DHE THEORY OF DIFFUSION .

u‘.?;1 jFiéE'é ﬁéﬁs e

S The mathem&tlcal expre;slons for dlffuulon are due‘:y
\to Flok (1855). The quaﬂtlty, J, of. the dlifus1ng substance;?'
“transferred Lﬂ unlt tlme mcross vnzt area perpendlcular _v’ |
Jto tﬁe eoncentratlon gradlent ls proportlonal to thc
concentratlon graﬁlent Cbc/bx), 1.e. ‘ .»_“ I
o = =D (06/0x) S (ay
where D 1s called the dlffu31on coefflelenﬁ.. In “the |

case where the eoncentratlon in a flxed reglon changes

ﬁ;thh tlme, (2 1) becomes

gg ". (:D ) - ' (2-2)
‘ifgit=iéﬁa mumeé that there B mo, net galn oz lOSu of
:atomg. In the sgecmal case where D 1s 1ndependent of

'7tconcentration we obtamn the 31mplifled iorm

:,}512,EQITﬁerﬁédyﬁémiéiﬁnéiyéié ofiﬂifquionj

: The thermodynamlc treatment of dlfqulOﬂ mtaftm
by OOHSLdGrlng not the concentratlon but the Glbb° free

4;onerwy (G) of 2 phase eontainlng a number of eomponents




5{4ﬂa correspondlng dlffereace An-Cyy and 1t can be o288 oclated

T'";f?Wlth no eoneentratlon dxiference at 111.'

?'*gisand Lo equal to unity for ideal solid bolutlon_

e 5-v,_:'
& .

who&e molar ooncenbratlono are- 01,1 2, ete..\ iflthe
' composit1ons chan¢e by amount dcl, dcg, etc., then the

"ehanﬁe in' froe energy is

,dG;: QbG/Dcl)dcl + ¢DG/bcg)d02

'A

"

' Where ths Pi are the ohemleal potenblals. Therﬁodynamle
V“cqullibrlum is %ttalned when each.of the y1 15 eonstan%

"throughout thc system repardless oi phase. Otherw1se

_ldefu310n wzll occur-to equallue the potentlalu.llﬁﬁ&'

‘~d¢fxerence Ln‘p Wt two s1tes does not neceusar;ly ulgnify

l ,,,,,

'~To wtudy the

ftendeney for diffusion 1ﬁ 13 more fundamental to‘con31der

”potentlals than to*'on31der Loﬁccntratlons.

ffwhéré"k' is the ir_e energy per-mole cf the ure &ubsﬁanoe fﬂff

e

The r%tlo %./bi 1s called the act1v1ﬁy coefflcient, % D

| Tha deeroase 1n free energy of the ystem due to o
'the dlpplqcement of l mole of the i th.zeomponent over |

'fgdLStanco dx _1 pf; fl'jé% 5~‘




le fqylfbx)dx + o econd order terms ff”

U and hence we may consider that . there is an effeetlve '

- dlffuulon force F acting on one atom. L glven by

. ol dw
Fi=r E’dx

where N is Avogadrc's numher. If the‘average veloelty of

the atoms undex unit force 1s My (the moblllty),-and it

‘v:.%he-avérage diffu sion driit velocity 1s Vi’ then the

number of atoms croasing unlt area normal to X per uQQOﬂd
g g = By vl = - (nim./N)(c’lu /élx) - ﬁg.tj)_‘ <
'tnwhere nl s the number of atoms of i per unlt volume

i
Substlﬁutlng (2. 4) 1n (? 5), we flnd

i.e. n, = ciA, A belng thu tatal number of atom&/hnit volumef‘j

> Il.og‘& de.

i |
CR 1og ¢y ) ax ~(2‘6)

g:; = - mlkm (1 +

Obﬁparihg Téfi)dqﬁdﬁfé;ﬁ);Twe“obtain’th§’following
xprew31on for the dxffusmon eoefflolentz

= log*&

.Dq’~ MekT (l +.S—i3§"3“) ' -(2‘7)_

D,
'Z‘In the. case oi 3n 1deal solid solution (* JJ, the

\\diffusmon coefflclent is- given simply by D S Mikm,

}which 1s the well known Finsteln equation relating

bfi;ﬁlffuslon and mobillty.
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4~2.3;5AtoﬁiéﬂMaﬁéﬁéﬁ%é“iﬂ'bif%ﬁéipﬁ

Diffualon may oocur ln metalw &1ong external
i urface along graln boundarles or through thexbulk o£ thé
LLZ 011&.. The 1&3% proce“” lu generally rcferred to as

VHQ%Svggestlng a unlqno model for the elemontary dlffu51on

”*&:process. SR

A few suggested meohanlsms are 111umtrated in

lwkflg. 2.1._ Each will now be con31dered in turn.

wr,\(a) Interchange and Rlng Nechanism : In thiu model, tho o

'*leffusing atom movcs by 1nterchang1ng its p081tion with
.{ ?bhat of another lattlee atom by a correlated rotatlon of f”"
two ot more atomq about a common centre.

(b) Vacancy Mechanism' lefu31on results from the.

'; :'ex1stence in the crystal lattlce of vacan01es which may

N}fmove.ﬂ The diffu31ng atom move° by gumplng 1nto a

 f}ne1ghbour1ng vacant 1attlce 31te. N

fff;(c) Intcrstltlnl Meohanlsm. An atom may oceupy an.

’79_1nterst1t111 pos1tlon 1n the lattice either bbc%use 1t

vibelongs %here (1nterstit1al solid solutlon) or because it
left a normal lattlce 31ta. - Such an atom will m1graﬁe
‘fxfrom.one 1nterst1t1al pOSmtlon to enother ﬁhrough the'
\ﬁ;lattiee, untll 1t may o may not end by occupylng agaln‘a.'

)normal 1attice blte.u:ﬁfs"f
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L Detalled 01lculat¢0ns have been carried,oub to
\emtlmate the activatlon energy of dlfqulOR for the
‘processes glven above.' Resultn have been calculated for
self aiffusion in copper and are shown in table 21 It
can: be seen that th@ vacancy model has the least. actlvatlon”‘
enerby oi dlffuulQH and is in good agreement wmth the
;expermmental value. It has been geﬂerally accepted that
this is the normel mechanism for diffusion, atb least in
close packéd;metai lattices. The &etéiled gfo@ie‘thgory ;,_‘,4
fo#AVaéancyﬁéiffusion will be‘éonsidered;iﬁ'fhé}negﬁ“ “
gections, y | |
52,4"fVaeancx-ﬁiffﬁsion“'

An %tom jumping from a lattie@ ﬁosition into a

. ne;ghbourxng’vacant gite w111 leave behlnd E vaoancy.
Another atom (or +the same one) ‘can gump 1nbo this VwCéﬂt
‘site,»and,thl jump in. genoral shxfts the vacancy o o thivd
“po$itidﬁ; In the premence of a potentlal gradlent, the ne%
drift of a large number of- vacmncles will be such that |

after a sufflcilent tlme the requlred transport of atoms

will‘have tgken'placeAto equalise*the potentials.‘,

| The Jumplng probmbllity of an atom depends on the o
' vacancy coneentratlon, on the dlfqu1ve foree (potential
: 'gradient), and on the height of the free energy barrler

between two nelghbourln a@om_po 1tion° X.ond Y (fl Te 2. 2(@))



TABLE 2.1

CALCULATED ACTIVATION ENERGIES FOR SELF DIFFUSION IN COPPER

| Activation
llechanisn . Energy . Reference
, " (eV)
- Pair Interchange 1040 Huntington & Seitz (1949)
Ring-of-Four 440 Zener (1950)
Interstitial 5.2 Brooks (1955) .
Vacancy . 20 | Brooks (195%) =
Bxperimental | 201  Kuper et al. (1955)




o

Fig. 2.2 Fiffect of Potential Gradient on the Free Energy

Barrier between Two Atomic Sitbtes.
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I 3:.’1 is ‘the helght of the :f.‘re:,e enorg,y barrienr, then 11.
"ea,n be shown :Erom u.mple x'eae‘bian ra‘te 't:heory (Glasstone i
Taidler and Eyring 1941) that the average number of |
transitlons per second from X to ¥ is |

n = \) exp ~(.-.-*-}§:_ ,/k."l")

where X is & numerical :f:‘ac'bor dependin;;, on ‘the di:t‘fuu:.on"-; '

Tgeometry and \’ o is “thé atonie -»va.bra:bl‘on frequency.

Ihe ‘trensitional probability‘i ‘alered when &
.poten’tlal cr.mdient d}l/dx of the dii‘fusn.nb p‘lﬁi’."bl(}lefa is
" presente The poten’b:.al enorglos o:E ponltlon@ X and Y are

now different by an amount 281 (flg. 2. 2(b)) where

1a
53**@’&%2

The number of. migrationu per second from X to Y exceeds 'bhe

number from Y to X~ by the amount

An = o(\) {e},.p (= (El~§B)/1£T) - exp (= (L +5L)/kT)}

dﬁipﬂ! ?@1% | exl’ (~% /1:513) ~ provided %E & kT

'.l‘he Adrift veloc:x_'by oi‘ ‘the a:boms :t.s s:n,mply Yo aﬁn

-and from (2.5) we obtain "bhe ﬂ‘bomn.c mo"biln.'ty

A

oyp (-El/kT)

'The dl:t‘fu ion coefflclen‘b can be found from equation (2. 7)

N




S
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which gives the géﬂer&I férmula

p=wye? (e 2EEY o (B /e (2.8)

°(takes into acoount two iaotors. The firmth

:allows for the atom Jum@¢ng equally probably on m. dlfferent

dlreetion% (m 6 in a F. 0 c. 1utt10e) in each of whlch +the

*-component in the dlrectlon Xto X 01 the distance the atom

moves 15 dlfferent. rH@ncg o(contalns a factor of the

order of (1/m).

.Eurthermore;>an atom at X can only jump to Y
Whgﬁ;théﬁaﬁomie site at Y is empty. The probability of

this is:c,, the vacancy concentration in the material. In

. 5therma1 equmllbrlum °v is given. bon = exp (—Ev/kT),
- .where E 13 the energy required to form o vacancy. & |
thereferefalso contains the term A.exp (-B /kT), Whére'A is
';a GOnstant taking into account the dependence of E and E

| upon temperature and the dlfference in the v;bratien

frcquen01es of . atomg which have and have not a vacancy as

_'neléhbour (Mott and Gurney 1940)._ We finally obtain from

(2,8),the dlffusiOn-ccefﬁiciént B
D=1D exp (-E/RT) : (2.9)

0
g = B ) a_log¥
cwhere . . D.Of AV 2 /m (14 Ticss) (2,10)
e .‘ S E ‘“"*E:L + B | E (2.11)

B 13 now exnressed in calorles per mole of the d1f£u31ng

TR materlal.
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2,5 The Kirkendall Effect

It can bé seen from equation‘(é 7) that'eacﬁ‘atomic
speeieé in a sy stem Wlll have . 1ts oWn 61ffusmon coofflcient,;
and ﬁhqt each eomponenu lel dlffuse at a dlfferent rate.

If we consider a dlffualon eouple AB in which vac%noy |
diffuswon ‘takes place, then one bpeclcs of atom, say A,

will have a greater moblllty than the other and Will ehqnge
plaoes with a vacancy mor@ readmly. In this eage the avefwge1»
drlft velocity of A in a potantial gladient .Wlll.be greater:.;
; than th%t of B, and so neb tran Ter of.masb~wiii take placé

10w

during dL;fu 1on.

. The. phenomenon ofznetfmass flow i%ucalied the
Kirkendall. effect and was first’ observed by Smigelmkas
and Klrkendall (1947) in the copperwo(braus uystem.' The

‘detection of a‘Kirkendall-effeot say by observations on

e .the displacement of inert markara iﬂ the diffusion zone,

pointe unambiguoubly to & Gefeet mechnnlsm for dlffuulon.
The Kirkendall effeet has been observed in alloys of _
silver-gold, 81lver~eedm1um, smlver—palladlum, old—niekel,:‘r*

__copper—nlgkel, and copper-zlnc (uazarus 1960)

h Darken (1948) has: ShOWn that the ohemleal y
‘ i'interdlffu51on Goeffleient (D) d@fined in equatlons (2 1)
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to (2.3) can he prreséedfin terma;df‘the,diffusibn
cbéfficients‘(ﬁa and D) of the two oomponépts A'and B by
the r&iaﬁion  ; | _ ‘ ‘ | A

| | D= £ Dy + £, - . (2.12)
where £, and fj, are the fractional concentrations of A ‘
and B, Mony values are availcble fox the dlffﬂSlon -
coe;flclent of a dllute alloy of B in A into the pure
metal A. In this cage (2. 12) reduces to - ,

| D= D e (2. 13);,,"
Henee the dlffusion coeffielenﬁ will’ be charactermqtie of - |
the moblllty of atomd of B preaent only in small quant¢t1es.%f5
It is found axperlmenﬁally (Jost 1932) that diffusxon | )
. takas place more quiekly in alloys With umall concentratloashigﬁ
of tho higher melting point comnonent thwn 1n alloys wmfh
small coneentr%tions of the lower meltlng point component,
indienting that dlffuqlon of ﬁhe hlgher melting p01nt B

metal is’ faster than the 1ower meltnng point one.@'

2.6‘:3iffusionfﬁouples

In @ dlffu%1on eouple the metals may be completely
m1801ble, completely non—mlucible, parthlly mlscible, -
ox they may form one. or more intermedlate phases at the
bempcrature at whlch dlffusion is belng ntudied. We are |
interested in the different types of eoncentratlon~
penetration curves obtained in these oases and wish to

N obtain-formulae for ealculating.the diffu»;qn—ooefflclents.




2.7 Misgible Systems -

" If the two metals were completely mmseible we
would expect a unlform gradatlon of concentratmon from one
pure metal to the other in the diffusion zone, and. after
infinite time the coneentrationq everywhere Would be |
uniform, Normally the dlfouIOR coefflcient will be a -
fuactlon of cono@ntratlon and tha concentrat1on—penetrat10n :
curve w111 be non-symmetrical (flg. 2 3(a)) . To -obtain o
solution it is necessary t0. assume. that the diffusion:
eoefflclent 1s independent of concentration (flg. 2. 3(b)),
so that equation (243) can be uaed for derlving formulae

for the dmffusmon coefficient.

_ The eoncentratlon distribution. in a semlwlnfinlte
diffusion couple has been given. by brank (1956). The

boundary and initial.eondltians for such a system are

InCo c = O at0<X<€1
| ¢ = 0 at d1-< X <d, with Qi<<‘dé
B.C. ”Jao@,t x-Oand x-dl+d2 (2.14)

The concentration dlstrlbution is glven by

- C a —-X . X
c("x,*bb) = .59. {erf ( 25 ) + exrf ( o } (2 15)

2Dt

VA
2 .
erf z r-J_.T S exp (""'z ) ﬁ”‘z
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(a) D is a function of Concentration
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(b) D is independent of concentration

Fig., 2.3 Diffusion in Miscible Systens.
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At x = 0, equation (2.15) reduces o
c/c, = erf (d;/2{Dt) o (2.16)
and hence the change in concentration at the metal surface -

(x = 0) is as shown in fig. 2.4.

The solution of the diffusion equation for the
conditions (2.14) except that d;nvd, is much more difficult,
but hos been derived by Carslaw and Jaeger (1959) for the

, corresponding case in heat conduction. The result is

/

d o nﬂﬁl
e/bo = 1 1"§;; {?xp (- 7 +d et ) ngsin dl+d2
and the solution is shown in fig. 2.4 for different ratios
of dl tb de. It can be seen thaﬁ the curves coincide for -

different thickness ratios at fhe beginning of diffusion

but diverge o separate final values of concentration.

Schopper (1955) has used these curves to derive
the diffusion eoefficieni from graphs of ebnéentratioh
against time at the metal surface."The éiffusion coefficient
can be found from

(ay/2J%;)° (2.17)

where tp is the value of t at the point of infleection in.
the graph of concentration against time. If the tangent
at the poinﬁ of inflection is drawn, another foxrmula can

be used




10 ~
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Concentratiocn

12
133
1w

Fig, 2.4 The variation of Concentration of Metal 1 at
the Boundary x= 0 as a function of the
Dimensionless Expression‘ZJﬁ%/dl for Different
Thickness Ratios dlsde°
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D = 9 18 (dl/a"ti .. (2.18)

where ti is the intercept of the tnngent on the time axis.

~

AA ‘t;hird :Eormula used by Schopper-was ’
D= 1.08 (dg/('bg--'tl)) © (2.19)
where ‘bl" and 't2 eorrespon&to thein“be:beept '~b’f’*‘bh‘e 'b‘aiigenf
 with cancen'tra’bion va,luea of 1 and Ou Thls formula is .
pqrtieularly useful when the length* of the im.‘bial eonatant.
concen‘bra;blon plateau in 'bhe r:a,ph- -oi’ .concentration aig,alnst'-f )

| time is not Jmown w:z.th 'wcura,cy, fo:r' it depends only on the

_.ceglon in whieh the coneentratlon iS varying. '

In a‘:p:ar-'tiaily: miscible sys;ﬁém"bhere'are regions
| ‘.i:-oi’ solld. c;olubn.lity near 'hhe 'twc zmrc mo*ta,ls but there is a

miuclbn.lity a;p at 'bhe cen‘tre. On hea‘tlng a diffusion

| "couple of the two pure metals at 'bempera‘!;ure T (fig. 2. ‘5),

‘."da,ffus::_on oceurs ‘t.o form the solid qolu’tions o cmdp, but
there is . a dlscontlnm.'ty in coneentra'tlon :['rom cq to 02

at thed --(3‘ interface.

- Jost (1)52) has eans::.dered the developmen'b of the -
dwcantlnun.’by assum:.ng 't;ha,*b 113 dOeb not move from the | |
: original 1nter;ﬁ‘_ape. He consn.clered the dli‘fusmn ooefflelen't;s (
I: D and D : in the o and ‘3 phasea t0 be constan'b amd S0

obtum,d the dmfferent:.al oquations
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Fig, 2.5 Diffusion in a Partially Miscible System.

(a) Phase Diagram (b) Concentration-

penetration curve at '.l.‘oo
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.2

: - o 2 >
de o de oo o e e de o 47¢ -
T Da mdjcg fz{?r :c{ O, and 5T = Db —5 for x>0

The initial conditions are ¢ = @ for x<0, ¢ = f for x>0,

and ci/bg = Ky 8 eonstant@' The boundary condition is

doe dcb :
Da T= = Db T a‘be = 'O.

Phis last equation expresseds the comtinuity of flow across

U x = 0. The solutions of the equations are

{1 kJDy, (14 ert (xkem%))} for %<0

L

¢
kJD o ﬁ

o
i

co{kjﬁ:']fj})a (1 ~ ert (x/QW))} for x>0 |
xlﬁolutions of these cquationsAare.plotted in fig. 2.6,
After.infinife.fime the concentrations on either side of 
the interface are constant but the discontinuity from ¢
o eé*fémains:inﬁefinitely; This is the equilibrivum
“gondltion for such a systbem. Itﬂis interestihg t0 note
»‘.#haﬁ concentrations ¢, ond eé are devéldped at the interface
vlimmédiately after the beginning.éf'difquion and further |
'ageing tends‘to’équalise the concentrations in each phase.
fhis effect has been conéidexed in some detail ﬁy Kirkaldy
(1958), who showed th&t the'équi1ibrium conditions should
ube_ é,ttainquat the interface in the very early stages of

diffusion.

Thé~problem becoméﬁfmoré'complicated‘when we

consider motion of the plane' of discontinuipy (Buckle
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‘Pig. 2.6 Diffusion in a Partially Miscible System
(Jost 1952). (a) k=3 and D_= D, (b) 1»;:%
and D&:: Dbn




i19416)._ :u; 1" found that the ﬂlg'tance (}) woved by the

Jlnmerface 1n tlme t is given by
} = 2'6’

whero x is a conntanb.

2.9 Intermediste Phose Systems

The'fype of phaSé diagram Wherefbne.or~more'
‘intermetallie~compoundspare fofmed between‘ﬁhe*two pure.

metals is the most common. The. compounds may be formed

..‘szﬁetly from the nelt or they may be formed by a perltectlc

: reactgon. .Ai‘thﬁ'*QMQﬁratﬂrﬁ ﬁat.whlohsdlffusion,eougles:w'

. v'h&S 10 éffeqiﬂupénﬁthe results,(fig.~é‘ﬁ).

’ Ponsi&er fir % of'all cauple compoued of two
Vipure mgtqls A and B wmnmh no solld nolubilz.ty in the narent Qu_
.pha 8568 but hav1ng an 1ntermediate com@ound % with a reglon
’ﬁ 0£ solublllty from c1 $0° c? (flg. 2. 8) (Wagner 1952) '
After time t a homogeneous rcgion of'i phase extends “from R

. §~m;§, daffu81on in thms pha e obeying the dlfferential

”equatlon -
. -d-g -;-— . ': ‘}_2‘Il y,.'>- . ‘5*\ .‘\I.. ( ’ | . h :
% ?‘,D%'L"'% RN A - (2.20)

CLX. } ‘ - L\ ] vy

- The boundary conditlons in the X phasb arén |
c = C. ”Jgaﬁa, c..u \ ' . ' 2.21 e
¥~ %2 oem fl o | ( )

3
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Intermediate Phase Systems. (a) Intermediate phase
formed directly from the melt, (b) Intermediate
phase formed by peritectic reaction. At btemperature

TO the phase diagram of the two systems is similaxr.
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A Diffusion Couple in en Intermediate Phase System

o with Ho Terminal Solid Solubility.




A partloulqr solution of (c) 20) is. | : |
. | A - :B orf (x/2l t) for§<x<§  (2.22)
| A"G X -_§ we* ob'taz.n from (2 ?1) S

Ceg= A-B ort (f/ej""’c
arg. (A—-eg/B) = j/e.l_’

'where arg u is “the number whose' error funetion is u.

39- org <A~e2/:a> of5E R

| 2‘,’_— (say) o . (2.2_3)
vy mmllw relatlon is :f‘ound avb x = :§ | o o B

§ - A;E  (2.24)
Expl'essz.ons mus'b now be demved. for ]sema ‘6 ‘ .' L

: .
}i‘rom the d;y"namm equ:t.ln.brlum cond::blon (:a"a X -A§ '

" we thaln

dg 1) d't; (de/dx)

‘s

(2.25).
;?%_Substl‘tutln equa‘bions (2 23) a,nd (2 ‘94) in’ (2 25) gives

. Ff | S
B ca,n be found by substltu'tlng ’{:he bound‘a,ry concia.t:i.ons '

'i,;(2 21) in (2.22) to. glve

01—02
B = erfy+ erfa")

A‘fhf‘_'}‘\.Substl'butlng this in (2. 26) 1e'\,ds +0 the flnal express:.on

'01”02 | e D |
o o Jnx exp (‘5) (exff,-3+ erf‘& ) - (2.27)



A similar expression is found for ¥', vis:
:Aci-cé |  10 ”"2 ! o
L Teey z_,/'u%exp B3)° (exf ¥+ erfd) (2.28)
‘From thesegéﬁpreésiéné‘itvﬁay“be‘seeh that ¥ and 3’ axe
'~ true. constants devending only on ¢, and e,. Hence the

- motion of the phase boundaries obeys the parabolic law

§%= 24 | o (2.29)
where D' is nearly equal to DK’ the dlrfu&ion coefficient
in the phase, and is 31mply a constant times Dl' D¥ obeys .

the Arrhenius equation (2.9), and consequently
1o e {m
Dt = 4y Doy §:x.p ( B/RT)

= D} exp (~BE/RT) ~ (=ay)

_Hencé;D' has fhe‘same activation energy as Di'
‘The case where there is solid solubility in both
the terminal phases is rafher more‘complicated (Bﬁqkle 1958)
but_soluiicns can be derived in e similar mdnner (fig. 2.9).
The motion Qf,the phase boundaries is again according to

X . ¥} M .
equations‘(2.23) and (2.24). ¥ enda ¥ can be calculated from

the equilibrium conditions at the phase boundaries:

(oy-0p) &2 - pyde), - py(de e
and (c3-c,). g-_% = D,gadxk (ﬂ‘"i’é'

where Da( ’Dﬁ and Dﬁ are the diffusion coefficients in the

“terminal solid solutions and in the intermediate phase,
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~ The expresszona for X an& X are complmeateﬂ and are best
;tghown graphleally.‘ Flg. 2 10 shows renults for dlfferent

values of. c, and e3 with D“ %3-1anmd w1th °l and c4

fixed., It can be seen that the values and - the 31gns of i

o can change conszderably, and indeed 1n certaln cases the

' jylntermeﬂlate phase. may not appear at all.

The solutions for_the«eése where more than one
. intermediate eompoundlié:forﬁed héve‘béen censidered by B E
Kirkaldy (1958), He shows that ‘the motlon of dll the -” 
“boundaries will obey equation (2 29), even when the diffu31on
‘ caeffleients vary with eoneentration, provided equlllbrlum

} conditlons obtain at each boundary.

Comparatlvely few experimental obserVations have i
been made cf the motion of phase boundaries.. Buokle (1946)
examined dlffusion couples of silver—aluminium, silver- |
zinc . @nd 311ver*cadm1um, and in every c%se he found that the
obeyed
;mntion of the phase bounéazylmhe parabolic law (2. 29).

' Similar rcsultu were obtained with alumlnium921nc (Kirkaldy

"’11958), and with uraniumrtitanlum (Adds, and Phillbert 1958).

- and it would appear that equatlon (2 29) holﬁs in all metal

" systems.,

9,10 GrainlBoundary‘Diffusioﬁfﬁf- -

" The raﬁe.of"diffﬁsion;along grain}bouﬁdaries is .




ca28

'_,generally greater than thdt through the 1attlce. Actmvatxon&
'*:energies ior graln boundary dlffuazon have usually been -

Afound 40 be. 50%. to=60¢ of: the V41ues for volume dlffu51on.-

r?Hence, in emgermments carrled out at Low temperatureu,.

gralngbgundary dlffﬂSLOE 1supar§i¢ula?ly notleeablej-u

An approx1mate phenomenﬁnological theory for orain
: houndary dlffusion has been developed by Fisher (19)1)

‘ eonsmdered al gramn boundary in ‘the- form of a plane slab. of

- /Jwidth 8 (fig. a.ll) filled w1th a materlal of dlffualon

| .coefilclent Dg,'mnch greqter than the diffumion eoefflelent -

:Dv of the bulk" matewlal in which it wap 1mbedded.  Diffusion .
of materlal wau 1n1tially much groater along the graln |
' ;boundary than through the lattice, but after a. short time
‘it was found that the moterial which’ had aiffused. along 'the
‘fwraln boundary Wao diatributed from there laterally into |
»the bulk, and so the penetratzon along the grain boundary o
wa.s not mueh greater than that in the bulk. Neverthelea
rmuch of the material in the lattice had been transyorted
along the graln boundary and the ﬁotal amount of material #’
which hqd dlffused a certain dis%ance was much greater thaﬁ "

it would have been 1f only volume transport had been

talting place.'

Fl@her showed that in & Narrow sectlon of width

Ag'distance y from the surface, the total quantlty of
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Fig. 2,11 Mathematical Model of Diffusion through
a Grain Boundgry (Fisher 1951). c¢ 1s

curve of constant concentration
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‘diffusihg,materiél_whichhhad arriﬁed‘after%timeﬁt;from %

¥y= 0 was élven by P

= RrA Dtﬁ ':'FV, } 2.30) -
Ay g :4 »n ¥ ( ). exp{ (m‘ (%5)?,, ( 3 )

where each cm2 of the uurface was divmded 1nto n reglong

2 by the grqzn bounaaries perpendlcular to f-'

110f average area R
it. IT only volume diffu51on had oecurred, the quantlty

of material in J.ayer Ay woulcl be only : St
M 2 . N " a » :

AV,V ‘R Ay e, (l -~ erf (y/?J t)) *-“ (2 31) g>,
Gomparing (2 30) and (2.31), it was found that if R was

taken to be 1 mlcron,: /D hmd to he greaﬁer.than‘;oslfor R

grain boundary dlffu81on to be detectable.
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. CHAPTER 3

EIPERIVNENTAL

3.1 Eilm_Deppsitioq‘

| Filmq ‘were evaporated anto glq 8 mlcrosoope
sli&es, whlch were clemned with Teepol and polmshed wzth B
:lens t;ssue before 1nsertiqn ;n;the»vaguum chamber. The o
éliﬁesAere ﬁinally GXPOSed‘tQ‘a'gldw Qischarge for 10 mihl~
‘“during the'pumping cycle. ifﬁe eﬁaporations were\oarried
' out in e glass bell jar evacuated by an oil diffusion pump; .’ﬁ
using Apiezon 011, which produced pressures, of 2 - 5 %10 -5
mm, of mercury as measured by an ilonization gauge. AThe"
gslides were mounted on a jig‘(fig- 3ql)¥é0cm. above the
evaporating heaters, and the jig couid be.rétgted so that
the slides lay directly above each heater in'turn. It was -
calculated (Hollan@ 1958) that the thickness of“the
evaporated film éver different parts.of‘thé slide would not

vary more than 4ﬁ.

The layout of the evaporated films on the slide
was as shown in fig. 3.2. The substrate metal was evaporated
over the whole surfaee cf the 011@6 except for a small
ares at one edge which pr0v1ded a step for thlckneas |

measurements. The overlayer metal was then evaporated on



Pig. 3.1 The Evaporating Chamber.

A Glass Slide

B Slidé Carrier

C Evaporating Shutter

D Heater Electrodes

£ Glow Discharge Electrodes
P Evaporation Sources

G Gearing Mechanism



Substrate Overlayer Silver
Film Film

Fig. 3.2 Layout of Evaporated Metal Films

on Glass Slide.
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1*top, there belng k) delay of no more thqn 1% mzn. between

 the two evaporations‘« A small area dt One mlde wap g%in

‘&Aleft elear to glve a- otep for thickness measuraments.

Plnally, an opaque ollver iilm was dep031ted over “the steps-
-2t the edge“ofgjhe slld@;
Two baSlC types of evaporatlon,source Wéré u'ed‘—i

V“boats que from O 010 1n. molybdenum sheet %nd ba&kets

 ‘*wound ;rom l mm. tungsten W1re, SLngle or stranded. fIﬂh

'-table 3 l the typea of heater ubed for each met%l are 119ted.55_

¢H1gh purity metalpﬁwere used and to remove any 1mpur1t1eoiﬂj

'flntraduced 1n handling,evaporation was allOWed ﬁo proceed

2 .ﬁor the fqut iew second¢ w1bh.a shutter 1“.P°°it1°n over

'“itho erucible.‘a

The completed slide was removed from the vacuum

:ch%mber and the film thlcknessés were found by multlplenﬂ

'5;beam 1nterferometry uszng Fizeau‘frznges of equal thlckneos&@fﬁk

Jas descrlbed by Tolansky (1948)i;:The slides were then

;PrOV1ded dlffu31on tookhplace emtremely slowly at room.  :{;5}

gn;temperature, it was iounﬁ that the 1engﬁh of tlme for

S . : ":.5 3 »‘,r._i:-.i
"whlch the sllde was stored did not affect the agelng curve.;ﬁ;t‘

\1 (\ N

 %;.3 2 ,Reflectometers and. mnnealln Procedure'
‘ SRR R LTI o

SN i il e \ 3“;;:.;‘_{'? o ““ ro e
The reflect;v $ie§'ci_the-slidee“werg_determinedp

]
i [ RE




~ DABLE .3'4.'3

| ‘UiMétal L

Form of
- Metal

RTy?e;Of
.| Heater

¥

‘Heater

- Material -

Approx. Rate

‘of Lvaporn.
- (B/sec)

'fffﬁiuminium'

| Cagmium.
.| .Copper. .
oot

‘Indium

-'fLead}"

* | wagmestum
| stver
-ﬁﬂﬂfﬂiiﬁfﬂi |

DO zdnes s o

Dsmgll;cﬁips
‘0+013" Wire .
~?$méil_chipsv

Foil

omm, Vire
fg@g;x”phigg'
0v5mm. Wire
| ‘Suall cnips
| éméiifChip$ 

- Boat

- Boat
Boat
Bbat3~'

| Basket

-Boaﬁ

Basketv

'Bqét T

’Basief b
Boa%‘ _*

Stranded .- |

Tunggte@ L

Molybdenum

Molybdenum |
Molybdenum |-
f_Mblybdénum
Holybdenum

Tungsten

Tuﬂgsten

“Molybdenum |
. Mbiybdenum

‘Boat | Molybdenum

.ﬂgQ

500
40
70
350

© 400

40

" 20

150 .

L 150

300 -

.......
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A

';;g'bv v 1ng the ?efleotometer thWﬂ 1n ng. 3 3, and comparlng s

fthe llwht intonsity refleeted by the 5lide under measurementfr” 

E W1bh the 1ntensiﬁy of the unQQV1ated llghﬁ beam.' Lens Ll

»;f3focus ed an image of the qource, an 80 watt hl gh preqsure

*émercury dlseharbe tuhe, onto a screen, and a pinwholg (Al)

O the screen aeted as a point baurce. Lenm L2 of long

'flaifoeal 1engbh gmve a bcam of almos% parallel 1light and the

?dlmmeter of this nght boan yias -redueed to 4 mm. by the
' aperture Ag. " The 1ight wa% refleeted by the sllde a 5hown;i.

‘.  'It Was found 1n preliminary eyperlments that the slides

rafiuged were - not perfectly plane and that they tended to act :‘

Y as eoncave or: convex mlrrors, thus aLfectlng the &ntensmty o

. of the light. beam striling. the photomultiplier. Thig

XUZ ﬂeffeet was ellminated by - u31ng lens L3 to foou A2 onto A

Ky , 3
h*iThe llght ¢nﬁensmty was measured by an RGA 931A Ph0t0" J

: a-fmultinller cell contaxned in a 11ghb~t¢ght box with a

t':ifiltor over the only aperﬁure A3 = Th@ aceuracy of the

"ﬁf};reflectiv1ty values obtﬁlned With this 1nsbrument was ~l%

i,

““;Gver several separate evanorations, the reflectiV1ty of a-

. lg[glven metal was faund generally to be conotant to —2p.r:f§jg

Thls refleoﬁometer Was. uoed for refleetiv1ty

f~ehqnyes taklng 4 hr. or longer. The slide was annealed in

\‘:“fa hot. amr oven thexmoauamlcally controlleﬁ tc -l°G, oind. wagf;{}

' 'Tﬁxremoved at regular intervaIS!and 1ts reflectivity mewsured. . .

”§7Allowanee had to be made foﬂ the time taken by the- sllde ;7‘

I \

o)
S




Fig.3.3 Diagram of Standard Reflectometer: S light source,
Ll L2 L3 lenses, Al A2 A3 apertures, . I' filter,
PM photomultiplier,
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to regaln the temperature of the oven., Far periods under

‘.' 4 hr. this allowance 1ed to con31derable errors and it wa&

’ necessary to devi e a reflectometer in whieh the refleot1v1ty

eould be measured whlle the sllde was still being heated.

Thls."hot utage" reflectometer was based on the'
| de51gn of eoleman and Yeagley (1943) and a general view 1»{41”
'Q'shown in fig. 3 4o - |

| Ehe<op$igéi,éY$$em is ﬂhown in fig. 3.5. Len°¢}*
:Ll focussed an imagé of the s ource, an 80 watt mereury
k~digeharge tube, onto a scereen. and a pln-hole (A) in the

: 'screen acted as & point .- source. - Lens L2 gave a beam of -,

: ;i;near parullel light and this entered the light-tight box

B through a tube 5 1n. long o e;clude stray light., Part off‘”'
. the light-wau reflected upwards by the bean 5plitter (BS),”

"_gtruck the heaﬁed slide, and was refleeted baek along the  g,

. same pathe . Part of. thin refleoted 1ight was transmitted

j'--v-».''t;h:r:m:tg.h the beam splltter and struck the @hotomvltiplier  55

| (PM), whose output was directly proportlonal to. the -
*:refleetivity of the heated - mliae., The nhatomnltiplier was"~~

- Tound to.. abe in u*e, and the ouﬁput tended 5o decrease

‘Jf;somewhat even while tha‘reflqctlvity remained constant. \It

- was aecordingly found negessqry to incorporate a reference "
surface of constant reixeomivity in the apparatus._ The . |

l
‘poxtion of the incidentfllght beam transmitted by the beam

J
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~ B < {]
S L 5 Sp R

=

A 2 F PM -

Figs. 345

Diagram of Hot Stage Reflectometer; S light
source, Ll L2 lenses, A aperture, BS beam splitter,
R reference surface, M slide under measurement,

PM photomultiplier, S, S, Shutters, C Cranlk.
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dplltter Wao refleeted by thls reference uurface (an«

,evaporatcd alumlnium fllm) and”part of thl“ 11ght wa&

:rcflected by the%beam splltter downward 1n$o thp
'phatomultiplier.; nght from either the heated slide or
the reference surface was selected by mcvlng shutters _
'fSl and : S°'i The photomultlplier was adjusted to Uive a :Tﬁ:
teonatant output from the reference surfaoe before any i
readmng was taken irom the howtea sllde. These readingS'ﬁﬁﬁ;w

were checked against the other reflectometer ta glve

values of reflectmvity.

ﬁmilled into the tmp of o braus)block.‘ TWO'chrdmel_ ;i" ’

*‘fthe glasai fag o ‘thermocouples were 1ot bhis
;iblock direotly aboveuthe p01n ;where the reilect1V1ty of

T fthe slide Wdu belng measured.: The two 1ower thermocouples -

‘ 5werc used fob reflectlvmty measurements at the air surface,;fg'f

. 5and the two upper ones'f“?“meaqurements at the glass
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It had been wuggeeted by Coleman end Yeagley
(1943) 't;ha‘b a thormostq.tioauy controlled. elee‘bm.e iron
would keep the lide tempereture eonstant o ~l°b. The
'tempcrature dlfferentiel of the iron purchased by the
author was —15°G and S0 was. useless for control purposes.;
'The iron was accordmngly used simply as an electric ’ |
hotuplate and operated in conjunction wiﬁh a’ temperature

‘controller.

mhe clrcuit diegram of the tempereture eonﬁroller‘

',is ehown in flg. 3 6'e . The. output from the ﬁhermocouple was

connected to a spot galvanometer. The thermooouple current e

:Wuwes opposed by a eonetent eurrent of 40‘pa from a bell  7.
‘ '”bettery. A verieble propoxtion of thie 40‘ya could be j">
l‘:sent through the galvenometer by means of the 300flverieble L

| ; resistqnce. This gave null readlngs 1n the temperature

1renge 0 to 310°G. On one ‘side of the galvanometer scale
a photocell was fltted, end this, oneratlng through an

amplifier and’ reley, controlled the currenm “to the hot- s

»»:plete. If the tempereture of the slide exceeded the belence o

ﬁemperature, the spot of light deflecteu onto the photocell,‘?:
~the power to the hot—plete ‘Was swztched off, end the sllae
cooled until the-spot moved off the photocell. Hence the

slide temperature oycled round the control eetting, the ;jf*' =

mean Aifferential belng~~le°G.




3000

50 kN,
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Bell
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- Spot
Galvanometer
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0 =50 ps
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Junction

Mig. 3.6 Circuit Diagram of Temperature

. Controller.
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Junction
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i The "hot stage" refioctometer allowod agolng |
proeeuse of duratlon as short as 2 mln. o _be 1nvestigatea.'
'_:The hot air oven Was used for ageing periodo of from 4 hr.
mlito 100 hr. or move. There ‘Wag no- crltleal temperature
B .beneath which ag@ing phenomana were. not ob;erved. -Indgg@,
Qome speclmens 1a the gold—lead uystem gave perfectly

‘ncrmal ag elng curveu for 3 monthu ageing at room temperature.
© 33 me E‘v‘agqratioﬁ#of-:\llogs ~

Reflect1v1tles Were required for a large number
Aof alloys, but search of the literature revealed very few
such‘values.- Cons equently, techniqueu were aeveloped Ior |

ﬁ_ovaporating opaque filmo of alloys.

It is not normally 90881ble to. evaporate an alloy

. in-the same ‘way ‘as a pure metal, for the more volatile

fjbgcomponent will evaporate off more quickly to &ive an

: evaporated film different in compomltlon from the orlbinal

"alloy;,~

A methoﬁ of ﬁetermlnlng the rates of evaporatlon

.:f g'of the componentﬁ of an alloy has been developed by Hollqnd

{(19)8) The mass of a metal evaporated 1n vnit tlme is"“
‘ ’g1von by the Langmulr equatlon, | " o '
| E:;: ls:P (m/7)% | T (3.1)

| where ?ii the vapour yressure at T°C, 1 the molecular
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,ﬁﬂJ‘WeighfidffﬁhéiSQbétahééievapbratedf‘aﬁdik,;é,afcdnétath L

Gon81der an wlloy wmth composition W gm. of

~_,component A and V gm. of component B, To obtain an

1‘cvaporated fllm w1th the same composition 1t 1s neceosary

"~ that the ratlo of the rates of evaporatlon a/ﬂblmust be

equal to W /Wb. From (3. l) we flnd e SR
- /Eb (P'/Pb)(m /mb)'v’ (3. 2) -
whore P wnd Pﬁ are the partlal Vapour pressures of the

oqmponents.

- Dushman (1949) ligs ass umod that Raoult s law, .

”~-:applicable $o dilute solutlons, can’ be applled to both

. alloy componentq.; It 1s found that | ;j?'“"

-Eo, WP Qg

J.Where P =and Pb ‘are the vapour pxessures of the pure metals.

Henee, for the evapornteﬂ alloy fllm te have the same |

_comp081tlon as tho orlglnal alloy we requlre .

o | P /rfi = 1@1[,/11&b o Baa)y

A\€Values of }?/M‘d varled from 1 9><104 for: cadmlum to 7 9% 10 =2 _
ﬂfor golﬁ (table 3 2), 1ndicat1ng that the rates of

Qvaporatmgpfvaried-vexy congmderably_from=me$al-to metal,

Normal ovaporatlon techniques eould be used

only for copper»aluminium, which has been called a



e mABIE 3.2 -

. *NHE VAPOUR-PRESSURES OF METALS . - .

R . T Al
Vi San ot A R

| Metal .. | Vapour Pressure |. M |Jym | Pdm
R ‘33;,(P)“aﬁ;12QO?C§JnIQ S R S
o e of Hg)

T

21244 L1096 | 19«10t |

6544 .| 841

| caantun o 2000207
k : ‘ . 1 2;5x103'
| 20742 | 1442 1.3

| 1148 10{75;
107v9 | 1004 | 1v6x10"2

| zime . ifio 2e0xa0t

Lead L 1e8x10t
. o ) l‘

| T 6+5x1072
1

740x10”
1+7x10"

indium

silver

< Aluminium

| ‘copper, .|

x iGoid

9+0x1070
704%1073
o2eex10”d o
Wlflﬁxﬂf?_:

__‘118;7;
| 197+

2740

-

52
10-9 -
14.0

1. 7x107

.6§8§16"4
3e5x1074
| 7e9x107 |
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"constant evaporatlon rate " alloy (Holland 19)4), and

evapo?ates without undue fractlonatlon.

It had béen suggested'(ﬂolland 1958) that a
stranded tungsten heater ﬁaa most satisfactory fbr
evaporating copper-aluminium élloys. Specimens of bulk |
.alloys were pfepafed and were: evaporated from sﬁranded
tungaten filaments,. It wa.s found that the molten copper- -
aluminiﬁm‘readily wet the tungsten and evaporated easily. -
No fraéfionatidn‘was found in any Qf;thé alloyé vaporized,
the films havihgfﬁhe same tint at both the air and gealass

surfaces.

3.4 "E;ash"vaapbration Technigue

Vhen one of the alloy cemponent# is more volatile
than the other, films of uniform composition can be prepared
by dropping the mixed metals, a few grains at a +tine, onfo
. a molybdenum;boat meintained at a high temperature. This

means that the film is prepared by a series of discrete

. rapid evaporations. This "flash" evaporation. technique

wos first used by Harris and Siegel (1948) to prepare
alloy films of »'Aqu,a;ﬂd of ﬁ brass, The “f:ec»lmiqué. was used
very extensively in the preseht investigation to find +the

reflectivities of s large number of ‘alloys.

.The»apparatQS‘uaedAfbr the flash evaporation is :
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shown in fig. 3.7. Finel&.gréhulaﬁed~metalgéowders-weié-‘
carefully miked‘togeﬁhér in the corréct pio@oftibn° and
1aid on 2 otrly of thin paper festlng on a persPex plate.
:Tho paper cculd be moved over the edge of the plate by

means of a wire connected to a. pumhvpull vacuum seal., Aé;}fi‘
-the paper moved over the edge, the\powder fell onto the
steeply 1n011ned upper chute and dropped down to -emerge

from the 1ower chute 1mmediately above the hoat crucible._”
Prellmlnary experiments were earrled out with several |
metal and alloy\powders but it was always found-that the -
Tinely divided gralns were repelled from the hot source,

The teehnlque flnally adopted was to cnrry out the evaporatlon
in a series of about ten steps by. dropping a few grains of -
powder onto the warm boat, heating.the hdat-till the grains
were eVaporatéd,aand thénJéiiéWing the  boat to'coql<dpwn

i somewhat before dropping in further gralns. This teohni@ﬁe';
generally gave fllms unlform in appearance whlch did not
Knormally requlre qnnealmng~to amdshomogenlzatlon. The

: unmformmty of the films was checked very simply by comparing

the reflectiv1ty values at the glass and qir surfaceo.

Grephs of reflectivity agaiﬁst concentration were
obtained by “flash" evaporation*for the systems: gold-—
alumlnlum,qllver-alumlnlum, goldmcadmium, gold-indlum, .

;sllver-lndlum, smlvor-oadmium, gold«lead, and gllver-lead.< -



Thin Paper Metal Powder

Weight \\\

ape o o

Perspex

Chufe

Chute

IPusthull Seal

Crucible

Pig. 3.7 Apparatus for the "Flash" Evaporation of
Metal Alloys.
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. CHAPTER 4 -

 PRELIVINARY SURVEY OF REFLECTIVITY CHANGES

mlé.l'ﬂlntrpductiég -

In oxrdex to determine which metal pairs gave
refloctmvmty changes on heatlng, a &urvey was mado of 39
different palrs.‘ In each case two ulmaes were prepared,

Tthe crder of daposztion being reversed for the second

© 8 1ide.' The film thloknesses were not measured, but each

1ff¢1m was de9031ted till it was . just opaque dle@s until the

“77;”ch1cknesstwas roughly 10008, The °lides were cudb and the . N

*jiportions were aged at three dlfferent temperatures— room

ﬁ__ftemgerature for one week, 146°G for one day, and 260°C for‘

78 hl‘u L

We uhﬂll 61$Cua8 the results obtqmned by connlderlng

in tufn the dszerent types of metal systemﬁ.-’

1“} 4o Miscibié.gyéfemaii =

| Two mmsclbla metal qutems were 1nVBstigated -
11ver~gold ﬂnd eopperwgold buu nelther gave a reflectivity
.change on annealing. It Wﬂm not possmble to 1nvestigat0
jeny other miselble syutem (e.g.AS1lver—palladlum, gold-

.palladium and gold—platlnum) because oi the" dlfficulty of
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?Jevapératiné'%hick:fiiﬁéfof pallédiﬁﬁﬁéﬁ&“piatiﬁhm;~u.

‘ It is unfortunate that no mlseible metals could e
. ;1nvest1gqted 1n detail, since these are the 31mpleot alloy
uyotemo w1th no formatlon of 1ntermetalllc compound

'“lefus1on is generally very slow in mlsclble systems, for

w‘¢’the tw0=meta13 have 31m11ar tructures and meltlng points,

- and this appears t0 . be the reason why no reflectivity
changes were observed.. ngher tem@eratures could not hc

. uoed since these caused aggregation of the films.,

’A433.wPaftia;1XxMisciﬁ;g-SyStemsi

'The'me%al*paifS'Silverémahgénesé and - copper-manganese -

:'were investigateﬁ. Ih"thésé sysfems‘a'soli&‘solution‘bf

)v_'man anese 1n the other netal 19 formed, but otherw1se the,;,ﬁ'

'V'lmetals are immisclble. Néi'ther of “these systems: Showed

"'$¥4refleetivity changes on agelng.

-5,4;4"-NdhLMiséihleﬁm¢ﬁals- .

N@t%l& which are not miscible in one another would

~.A1n0t normally be expected to glve reflect1v1ty changeo."

~Elgven n0n~mlsc1b1e metwl pwirﬂ were prepared to check this -

'jf‘&ilver-copper, u:leer-lead, alummnlumwindlum, aluminlum-""

*-'flead, aluminiumyzlnc, caﬂmiumrlead, coppernlead, 1nd1um~

21nc, magnesmumvmwnganaée, manganeuenlead and 1ead—zine.'

Ten of these pairs shoWed no reflectmvmty change as expected{;;




'};wfIn the smlver-lead, however;

ar deflnlte:reduotion 1n the:?

f?f331lver refleetlvity was obqerved on agelng. A detailed

“]5J1nvest1 atlon vas therefore carrmed out on’ thls mystem

Intermedia‘bel’hases stems - [

The most common type of phase dlagram uhOWS one

‘or more 1ntermeta111c compoundu hetweeu the two pure metalu.,A

fgmhese eamnoundg may be formed direotly from the melt or by
é peritectic reactlon, but as has been shown 1n fig. ?.7i:‘:
~§;this makes no dlfference to the iorm of the phase diabram

;”Qﬂt the temperature at’ whlch dlifusmon is belné studied.;:,

‘1/.

A total of 24 1ntermediate phase systems were

"7fistudled for reflectiv;ty ehanpes. Theae are given 1n

h;‘;table”4 1. Mbst systems showed agelng effectp, 18 out of

UM;(table 4 2)?

;3?the224fglV1n8 deflnlte refleetlvity chanbes. Deﬁalled

 1nve$t1gat1onsjwere carrled out for eight of these uyStOmS

chosen fOr thelr ‘ease of: evaparatlon and tol}]ffﬁ

“ﬁglve grnups offsystems wmth for example, a 6*olﬂ sub trate.

ﬁff?The reaults are gmven in chapters 5 to 9 where each syutem

Wfls conoldered Ln turn,’and where, for clarity, the ﬁwme

:”:f&order of presentatlon and dlSeuSulOH im followed for each

o
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“TABLE 4s1

niST'dy"iNmE£MEDIAiE«FHASE.sYs&EMs'xNVESTIGATED

v P - 1

l:‘Goldwlndium
Gold~Load™®

'hCopper-Indlum

fSilvem Alumlnium

pllV@anagneslum

* :

‘Indium~Mavnesium

?Wagnesium~Lead

Silver—cadmlum

oilvernzlnc* B

,Aluminium~00pper Aluminium~Magnesmum
“ Gold-Magnesium
,.‘ Golmein

Gopper~Mawn951um

IndlummManganeJe

: magn981um~21nc

*

&

.Goldwmanganese

.Silvernlndlum

Alumlnlum—Gold

Goldnchmlum?

L3

~Gold—Zinen

- Copper~zine®

- Indium~Lead

3

' Manganese-%ine

»*

: | (*

.\

' TABLE 4 2

inaicateé féfléotivdt& Changes‘féie‘ﬁia¢e$li~“‘

EI R

INTBRMEDIATE PHASE SYbTEMS STUDIBD N DLTAIL';V"

:syéﬁéﬁf |

Results Given 1n N
Ghapter No.

" | Gola~Indium, .

| Sidver-Indium

Gold-Lead

cord-Aluminton

Gold-Cadmium =

| silver=Cadmivn.

-ﬂgap@érwAluminium

Silver-Aluminiwa | . 6
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4.6 ~mn'e-".“Rz.z;t;e*i ‘e;él '-fmfm;ian, ‘

. Resulﬁ* for the series of metalb w1th gold are
0*:l.ven 1n table 4 3. The order in Whlch the metals are
jglven is the . decrea81ng order of ‘the rate of diuappearance
of’ the gold colour (1.e. cadmium diffuues nost readlly -

'and.mllverianﬁ-qopper_do~not dlffuse).

) | It can be ueen that the order is not closely .
“related to. the evaor%ting temperuture of the seoond metal.
.There is a moderate correlatzon, however, W1th the

temperature dlfference hetween the melting pomnt of the

7{«metdl and that of gold.' This is in %greement with res ults

>éff0r bulk speommen whieh show that dlfquion 15 ulower
.Q uthe closer are the meltlng points of the two metalh ,
(Le Claire 1949) | S
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CHAPTER 5

REFLECTIVITY CHANGES IN GOLD-ALUMINIUM

5.1 Introduction

Very pronounced reflectivity changes were observed
Cdn thin film diffusion couples of gold-aluminium. Changes
took place at both surfaces and meaSﬁréments of.difiusion

in both directions were made. '$he.gpid was usually deposited
before théfaluminium»toeprevent”possible formation of an

| oxidélléye?'which‘might_hinder diffusion,

.. The phase &iagram of ¢ old—aluminium is shown in
ind;‘S 1. Tive phases appearAto,be.thermally %tablevat low
temperatures - AuAlQ, AuAl, AueAl, AurAl? and Au4Al. We
-would expect all these Phases to be pre01pitated at the

e golﬂ_aluminium';nterfaée‘aﬁ the beginning of diffusion.

'fggﬁ.g,‘ﬂefieetivity changes ot the Gold Surface

84“0 was soleoteﬂ as, a convenlent agelng temperatufe

| '_since it allowed mﬂgt of the filmg to be aged 4in “the hot

. alr oVen, ‘Fige 5 2 shows the effect of light wavelength

oon & typical agelng curve. The cuxve Was of the same
¢
" basic form for all tnree wavelengths. Mercury yellow

“1light, since: it gavé.é,gremtex reflectivity change (34%)

! 1
t



Weight Percent

. 0 30 60 80 90 95 100
120‘0 1 | | 1
', rN
oq 3 3 4,
~ o
o g <
1000 - l 1
800
[0)]
H
%pi, 600 - VTN
=
400 -
l l | ,
0 20 40 60 80 100
Al Atomic Percent Au

Ffig. 5.1 Eguilibrium Phase Diagram for Gold-
Aluninium (Hansen 1958)
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"*than mercury green llght (25%) or- mercury blue light (20%), .
was used for all suhsequent meauurements. o

A uet of slldes was prepared with gold films of |
p-different thickne 5es 1n the range 4008 to 30003 ' The gold

lﬂ\swas overlald With a thiek fllm of aluminium ‘50 that all

reflect1v1ti changes at the gold surface were complete

”3_ before any change took place at the surface of the alumlnlum. 

S Typlcal ageing eurves are phown in fig. ).2 to 5 4o As

' ﬁscan be een, the 5hayes of the eurves differed the length

'of the initial plateau 1ncreasing w1th fllm thickness.  ;];‘

The end of the 1nitia1 plateau cbvlously eorrespdﬁds 
'to the stage at Whlch the advancing atoms were first B
detected. We can eiﬁher follow Schopper (see chapter 1 2)
'3and a%sume that the subsequent ehanges 1n reflectivity |
- were due to progressmve changes 1n the purface compositlon, %}1
 _;or, since 1t is well known that 11ght waves can penetrate -

!

;a small but finite dlstance into a metal, We may assume

~that the advanclng atoms were deteoted before they actually

',{reached the %urfaoe, and that the change 1n reflectlvity

_took plaoe whlle the adVancing front was Oovering the '.”“fi”
remalning dlstance to the Surfaee Proper..*~“r,

. Accordmng to Schogper's theory the results should
. Wcoincide When the results @we plotﬁed agalnst t/d vf ;;7;?;

age ‘shown in flg- De 5 the cﬁrves c°in°1@e only at. the

’ ‘rv » i
[EPRUNN

T
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Pig. 5.2 Ageing of Gold-Aluminium Film at 84°C. Reflectivity
changes at gold surface for gold thickness of T90A.
(a) Curve for mercury yellow light (A = 57904)
(b) Curve for mercury green light (A = 54614)
(c) Curve for mercury blue light (A = 43584)
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Pig. 5.3. Ageing of Gold-Aluminium Film at 84°C.

Reflectivity change at gold surface forx
gold thickness of 15304,
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Fig. 5.4 Ageing of Gold—-Aluminium Film at 84°C.
Reflectivity change at gold surface for
gold thickness of 31204,
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Fig. 5.5 Graph of reflectivity against 't;/d2 for specimens
shown in fig. 5.2 to 5.4. (a) Gold thickness =
7904, (b) gold thickness = 15304, (c¢) gold
thickness = 3120A.




”*i;beginning?‘ﬂd“end' The positlon of the break in thn curves

‘ ” ¢arie5”w1th 111m thiekness. Aosumlng then thaﬁ the %dV&ﬂCLﬂ

‘-zhhffatoms qre detected befare they reach tho'ourface, th'“jJ-ﬁ

abrvptnesm of the change 1n reflectmvity uungests that the
?ﬁadvanoing fron$ 1s falrly shmrply defzned.gAIt ig
1L%?unreasonable to expect @ small conoentretlén of %lumlnlum,A“
‘*ﬁ#%atoms Dome dlstance from the surface to’ praduoe a msrked

;“ﬁfehange 1n refleetlvity. Furthermore, the pronounced fall

ffln reflect1v1ty i8 somewhat surprlulng 1n v1ew of’ tho ft'.

.additionb of alumlnlum ﬁo gold. These COnSLﬁeratiOnS,

ﬁ;gha°ply deflned phahe buundary.h

It has been shown in chapter 2 9 ﬁhat the motion L
5 e

.....

(;of'a phase houndary should iollow the 1aw x D t,»where;
'ﬁf{éx is the dlstance the boundary moves from the 1nitlal
T‘,.‘f;i‘ﬁ!';‘:l.nise:c':f.‘ace', 1n time t, and D 1% the dlffu81on ooefflcient

{ﬁfor the boundary. Assumlng this relqtlon 1n +the casc of

e gola ilm 10003 thlck:, fbhe tine requn.red for. the ‘phase

7*boundary to reach the glas surfnce, 1 . for the

f77ﬁﬁ;reflect1v1ty to stop chanblng, is tg = 10_10/3' uee..‘ Iflgm'

f?f}ﬁlt 1s assumed that 1ight Qan penetrate 4003 1nto a Cft)].d

‘*Zﬁfilfllm then the time for- the refleet1v1ty o wtart ehanglng




L A

W111 he the time taken for tho phase boundary to ponetrate
(1000 - 400) K, :L.e. ’bi :z 3. 6><10 11/])' f'ee.. - Henee the
ratlo oi the time taken for the refleetlvity to begin

‘Lhanging %o the tlme taken for the Ieflectlvlty o coasé

| ch@nglng (1.0 ratlo tl/%z) is

This ratio was found for different velues of film thieknéss,
and in fig. 5.6 graphs of the ratio against gold thickness 
have been plobtted for 1ight ﬁéﬁe%fé%ioﬁé}Sf 3008, 4004
"aﬁd.SOOﬁi The ékpéfiméﬁt&i’vaiﬁgsidf ratid have slso beén

‘ plottéd7on'this gfaph;lahd i%icaﬁibé'éeen'%hat;fhe points

o jall-lié'élosé'to the Line for'4ééﬁ'pénetfation;' This is a

reason%ble value for the thlekness of a near opaque gold
'fllm, and the elose agreement of the’ eyperlmental values
with the theoretleal curve suggents that th;s theory is-
OOfrect and that the rbilectlv1ty chanoes are due +to the
“moblen of & sharply defined'boundaryirather'than to a
gradudl'changé'in.eoﬁéentrétion such as would ocour if

;atOms in‘ﬁhe'gold‘latticevwere.being gradﬁéily‘replaced by

U aluminium atoms. The low solubility of élﬁm;ﬁiﬁm.inugpld ;

suggests that only o small amount of*algﬁiniuﬁ'can exist
i equilibrium with gold, and hence thit the advencing
'Fﬁaluminiumléﬁdﬁs must bérfoiiOWéd‘éioser‘by;a phage boundary.

The low conceﬁtraﬁion of aluminium stoms preceding the
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Fig. 5.6 Graph of Gold Thickness agaiunst Ratio ﬁl/tz.
Theoretical curves are plotted for light
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Fige 5.7 Graph of Diffusion Coefficient (D') at 84°C
against Gold Thickness,
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phase_boun@a?y@aﬁdﬂformingna_solid'solutiop.ip the gold.
would not afféét:thégfefieetivity significantly snd the
feflectlvlty chan s will be due to the advancing phase
bound%ry. Tho resultb given later for very ‘thin gold

Pilms (<. 4008) sgree with these conelusions. These films
showed no trace of an inltial plateau and the reflect1v1ty
changes for these films resembled “the bail end of the ehdngeg

1n thlcker xilm

Values of the diffusion coefficient (D') were
caleulated from the time taken for the reflectivity to stop
~ changing. These'resﬁlts-are‘plﬁtted in fig. 5;7,-Which
shows that there is no;tendency for D' to vary with gold
thickness, The mean value of D! at 84°C was found to be

1301‘x10"14'cm?/sea§

| Different QOrtlons of the some S1ld6 were aged
over a range of temperature from 70°C to 164°C.. Typical
results are shown in flg. 5. 8 10 5410 ior e £ilm thickness
of 26?0@. The tlme ei diffuﬁlon variod from 15 hr. at 84 C
to 4 mmn. wt 164 G, mnd yet the shape of the curve dld not '
-VE?Y deupite this vaot dlffeﬁence in tlme. It has been h
'9hown 1n chanter 2, .9 that thq diffusxon eoefficient (D')
will vary W1th temperaturu accozdin to the Arrheniuw
,equation (2 9), v1z. A ‘; l

D! = D' ekp (%E/RT)

|.‘
v
1.

¢



80 - X

60 —

Reflectivity

40 ! I I I l K l
0 2 4 6 8 10 12 14
Time in Hours

Fig. 5.8 Ageing of Gold Surface at 84°C for Gold
Thickness of 26208,
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Fig. 5.9 Ageing of Gold Surface at 130°C for Gold
Thickness of 262081.
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Fig. 5.11
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time in minutes for the reflectivity to fall to 60%
and T is the temperature in °K. {(a) Gold thickness
26204, (b) gold thickness = 16304,
thickness = TAUA,
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'fﬂame,~.i‘iﬂr.:uw'mm(mmm

. 1ciglo(1/nﬂ-!)\“=f loglo(l/:D s E/g 33,_ “ R
CoBwb . Dee (a2/t )

Z}where a is. the gold thmckneus.; It is’ found experlmentally
E'that the shape of the ageing curve does not vary With
 tem@erature.. Henoe S . | o o

- '.ﬁaf“ k"t360  f?_ BUUEE R
twhere t60 is the tlme for the reflectlvity to drop to 60% f}ﬁ

T o

and k 1s T8 eonutant.w

1oglo(kt60/a ): 1og10(1/b') + E/z 3RT

. L
1oglo 60 5 10g10(d /b k) * E/z 3RT |

logiotso'ﬁ K + E/2 3RT o

e Where K is % constant. ;;52‘ ;,

_— “A plot of 1og10t60 against (l/T) will give a stralght lxne

w1th gradlent h/2 3R.‘ Thms has been carried oux 1n flg. 5 11
fffor the speoimen shown 1n fig. 5 8 to 5 10.5 Similar 11neu U?;ﬁ

| | are plotted on the oame graph for slides with gold thick—:;f:f

| 1_nesses of 16304 and 6803 The- graalents,_which depend only

€5~:{on E, are all equal, but they are sh1fted relatlvely to

 ;0ne another. 'E was, calculated to be 22, 6 koal/mole, and. o

kﬂOWlng D at 84 C, D' was calculated to be 0 85 cm /pecgff7?ﬁm

Sevoral slides were prep%red w1th very thln gold*ﬁ;ii’

Jfllms in. the range 703 0 350R . These fllm thicknesseo'  f;¥ ?
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.Were determined by moasuring the roflectlvity and
_ tr nsmisszon of the fllm and using the resulto of Rouard

fMalo and &rompette (1953) to obtain the thlckness. Typlcal’ij

’”"agblnw eurves are shown in flg. ;.12 and 5 13. No inzthl )

- gﬁjplwteau was found in any of the ageing eurves smnce the'

‘”V¥.°old qu not opaque and as soon as any diffusion oceurred

at the 1nterface With the dlumlnlum the reflect1v1ty

7“*hegan to fall. The veiy. thinnest film (703) gave only.a

'3-ivery small reflectivity change (4%) as the diffusion zone'

[l

ih this case was very thin. Slides were aged over a L
“temperature range from 21°C +0 95°C and a graph of. loglo b o
against (1/7) was plotted for Film- tthkﬂOSueS of 1558 .
' ond 2303»(f1b. w14)¢. The activat;on energy Wau found tq‘m’”;
be 23+3 kcal/mole, in excellent agreement w1th the value el
for thicker films (2246 kcal/mole) Values of D* were. |

: calculated from the time the reflectiv1ty took to stop
‘ehanglng. Thege values were convertea to 84° usxng the B
value alrcady obtalned for the activatlon energy, and have

been plottcd with the: prevmoua results in- fig. 5.7. We

W”FCan &ee from this graph ﬁh&t there is no Signlficant

dlfference in Df for these very thln fllms compared with
thicknesses greater.thanV4OOR."‘Furthermore} the ‘activation
energy is the‘same,;ande6,we can say that the some

 @iffusion mechenism holds: in films from TO4 to 3000% thick,




Beflectivity
W -
o

Time in Minutes

Fig. 5.12 Ageing of gold surface at 70°C for gold thickness
of TO0A.
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Fig. 5 13 Ageing of gold surface at 79°C for gold thickness
of lSSA.
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Fig. 5.14 Graph of logy,tsg against 1/T for very thin
gold films. (a) Gold thickness = 2304, (b)
gold thickness = 1554,




563 - Reflegtivity Changes at the.Aluminium Surface

Refleetivzty changes were also studied at the
'qlumlnium gurfaee. This time the gold underlayer was made
‘buffmclently thick for all- reflectlvity changes to be |
‘feompleted at the alumlnium surfaee before any change took
"nlace in the reflectlvity of the gold. A Suitable agezag \

ttemperature was found to be 102°C, and slides Were prepared.

* with aluminium thicknesses varying in ‘the range 5008 to

"~16OOR Typic%l:ageing curves are shown in fig. 5.15 %o

5,17. On plotting against 'b/d (fig. 5.18), it can be

*3. seen thad the eurves again coincided nt the begznnlng and

end of dlffu81on but the length of the initial plateau _
varies. The regults in general resemble those for dlffusmon-~

in the opposzte directmon.

: Values of the ratio of the time for the reflectiV1ty |
to St%ft changlng (t ) to the time ior it to cease changlng
'(tg) Wwere calculqted for all the specmmens prepared, and
{are plotteé agalnut the aluminium thlekness in fig. 5. 19.1 

The poantg all\lle close to the theoretical curVG for a 1ight

" penetration of 3008. It is less than the corresponding .-

light ‘penetration into gold (400&) which was found for
diffusion of aluminium into gold, but this is not surprlslng
since the absorptlon ooeffmcient (k) is greater foxr

aluminiuwm films (5.32) than for gold%fllms (2+83)
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This tend to oonflrm that the refloctiv1ty

,.ohqngem are due to the motion om a phase boundary rather

>j :than to a gradual chango 1n oonoontratlon whioh would “”

.5‘ooeur 1f atoms in the aluminium lattice could bc gradually

(‘_ifreplacod by gold atoms. The solid soluhlllty of gold 1n

="alum1n1um is. almost negligable, and so the gold atoms
’;;;dlffu31ng 1nto the alumlnium Would be closely followed by

”&:a phase boundary..

‘“ValueS‘of D' ‘at 102°C were oaloula%éd for all thoo‘
- specimens prenared from tho time taken for tho roflect;vity
;ito stop changing. The mesn value of D' was founﬂ o be u
.82 xlO 5 omz/seo and the results showed no tondenoy for

’Mﬂjvto‘change with ineroas;ng alumlnlgm'thlokness;

.ﬁiffefehffporoions of the saﬁe slidéS"were aged
over o temperature range. Portionu of a sllde w1th an :.
. aluminium thlokness of 720&, whose agoinb curve at’ 102°G is
'lshown in'figs'ﬁ.lﬁ, were aged at temperaturos‘beﬁweenf
£ 70°C and 152°C.. The time of a.iffﬁé‘io'r;--vari-ed ‘from 40 hr.
to E%Amin.obhikiﬁ.oas foﬁnd“thétothe shape bf‘fhe*égeingi-o
curve 8id not ohangé. ‘This enabled the activation energy
%0 be oalculated as3before_ﬁy=p10t%ing 1ogiot66 against |

(1/)¢ The results are shown in i‘::.e,b 20 and " give. o
f'valué'of ?3?5‘kooi/hbléofofithé activation energy. From
| the known value of D' aﬁ 102°0, D' Wao ‘calculated to be

051 omz/seo._
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In qll the results dlSLuS&ed 80 fari the tthknessf 

*“}f'ox the 5olute metal was sufflelent Ior 411 reflcct1v1ty

'5f3fehanges to be completea at the solvent metal gulface beforefa-’

B ¥

- :xany ehqnges took plaee at the suriaae of the solute metal.,‘ﬂ5

.AR{LTTO 1nvegtlgate the effects of the thickness of the uolute_ 

';igmetal, the thlckness of the 501uue metal waa varle&.

'» Several slides were prepared with a single 1ayer

e

i9gifof gold but with four oepnrate aluminlum filmq of dlfferen Tﬁn

“?%-};thleknesaes. This was carried out by mavinp a shutter overfz

.‘  fthe slide to expoge uccessively all, 313 qna T

3 1 l

of ihe -

ffslide to the alumlnlum vapour, The thlckness of oach 111m

‘vfﬁlwss found by 1nterferometry.‘ The complcte slldes were -

ed at 84“0 and typlcql a elng curves are ‘shown - in. fl
?1 qnd 22 for :gold bthkanmeS of 14)03 and 9258 .

pectlvely. ln-flg‘ HeRll We can uee that‘wn alumlnlumu:4

;tlkthlckness Of O 61 or ‘oL times thc weld thlchnesm Eave

-“'ithe full rafleetivity ch%nge, but if the alumlnlum $hickness
"was only 0 19 times the gold thickness n0 fefleot1v1ty

-chﬂnge took place.. Thim suggested a eritlcal thleknesu_5'-ﬂ4

- firatlo of golﬂ to alumlnlum lylng between 0 61 and 019,

“VZJPlg. 5 22 dimllarly*suggests & oritical -bhickness ratio

between 0 71 and O 43.4 From thege and from . three other”v

ﬁmlides pfepared, it was' varﬂfied that the effect depenﬂs

-.,-.;~.; e
SR

T
_i'«
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Fig, 5.21 Ageing of Gold Surface at 84°C for Gold
Thickness of 1450R

(a) Aluminium thickness = 2758 (Al:Au = 0.19)
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(b) Aluminium thickness = 8808, 13008 and 53008

(Al:Au = 0.61, 0-90, and 3.7)
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Pig, 5.22 Ageing of Gold Surface at 84°C for Gold
Thickness of 9258,

(a) Aluminium thickness = 4008 (Al:Au = 0.43)

i

(b) Aluminium thickness = 6508, 1900& and 36008
(Al :Aw = 0-71, 2¢1 and 3-9)




-denenﬁ on’ thc thmcknes& ratxo rather thqn on . the absolute :

r;fthickneoseo of thc fllMﬁ, and the valua oi the crltical

Pfﬂthmckne sa rﬁtlo Wan faund to be Oc ﬁ If the aluminlum was

' fmore thaﬂ half the O'old thickness the full reflect1v1ty

change took place.; If the aluminium was less than helf T
',;itho gold thickness no roflectlvity change took place, and
 #f1t Would appe&r that the diffusing boundary did not 1f'esu::]m
the glass surface.f Slnce the 1aﬁt1ce wpacings ogf gold

.1qnd aluminlum are neafly identical, the value of crltlcal

__tmcknesq ra.tio seems to_ imply that behn.nd 'bhe boundary

, f?fthere muut be at leaat one alumlnmum atom fer every two <

i;;ﬁold atom .
. | efleotlvity changau at tho alumlnium surface ,
 71Were stuﬁied Wlth slides h%Vlng a 51ng1e alumlnium 1ayer

but With three separ%te gold fllms of dlfferent thioknesses.

':‘§: The completed wlldes were aged at 84°C and typical curveu"

'Zfo;are hown in, flg. 5 23 and 5. 24 far alumlnlum thicknesses

31A%gof 6353 and 10603 From flg. 5 23 it oan be seen that a-

 ”7;?critical thickness ratlo of gold to alumlnlum would have '

Alni}l 8.. The portmon wzthia;

??2ﬁgave some reflect1vxty ohan

ﬁfto 119 between 2 4 ana 0 55-; In flg- 5 34 3% can ‘be’ seen.LV
ifthat the crltieal rntlo would have ﬁo 11@ between 2 8 and N
quid thlckness of lBOOR (raﬁlo 1+ 8)€Ti

Bol Fe

ié‘ahd so ‘we can say that this.

| Iivuro Would lme close to t‘E critlcal thlcknens ratlo but

would be sllghtly less than*it From- these and from four

e
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Fig. 5.23 Ageing of Aluminium Surface at 84°C for
Aluminium Thiclkness of 6354,
a) Gold Thickness = 3508 (Au:Al = 0.55)
(b) Gold Thickuess = 15008 and 27308
(AuiAl = 2.4 and 4-3)
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Fig. 5,24 Ageing of Aluminium Surface at 84°C for
Aluminium Thickness of 10608 .
(a) Gold thickness = 6358 (Au:Al = 0:60)
(b) Gold thickness = 19008 (Au:Al = 1.8)
(¢) Gold thlckness = 30008 (Aun:Al = 2.8)
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other glides prepared it was verified that the offect
depeﬁds'on *he~thiekﬂesslyatio"rﬁTher than on ‘the absolnte
thichnems of the films, and the crmticat thieknesa rotio

W&u found to be 2 Ou

Thls vesult 1nd10ates that behind the baundary
there must be nt l@ast two wold atoms for evcry one
.1;aluminium atom. From moasuromenﬁd at the gold uurfaee

i W§ hévé.aifeady4coneluded-that there must be at most two
~gold atoms fof every one aiﬁminium atom., This seems to
‘smggeat that there‘is_prefépeﬁﬁial formetion of a compound

, with_one'aluminium.atom associaﬁeé'with two gold atoms

ie€e with.composition.AngAl.

-Values‘qf,critical thickness ratio have been observed

at 8490; mhe;valueAwiil.vary‘Withﬂtemperature,‘hnwevér,
unless the.acti#ationﬁenergy infboth directions is identical.
:The éotiVatidn energy*ét the'géld'aurfaée wag found to-be

22.6 keal/mole, whilst that at the aluniniun. surface wos

. found %o be 23 5 Lea@/mole.f The figures are close %o one

another, and 1t seemed likely that the difforenee between
them was due to experimental errar. Te check this posuibility
' peolmen was prepwred With a gold thxcknes -of 22604 and “
. an aluminlum thickness of . lllOK. This gave - a thickness

' ratlo of gold to ﬁlumlnlum of 2 04 and S0 was very close |

to the critical ratio. Thi$ megnt thot reflectivity
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Fig. 5.25 Ageing Gold-Aluminium Film with Gold Thickness
| of 22608 and Aluminium Thickness of 1110R
(Au:Al = 2-04), Graph of reflectivity against

time at (&) the glass and (V) the air surfaces.




- changes could be observed bothﬁét»the_gold and at the
aiﬁminium sgrfaces, 'Eorﬁions of +this specimenﬂwere aged
ot two widely diffefent temperatures (84°¢ and 160°C)
‘and_the reflecﬁivity changes were observed at both surfaces.
-The‘resuthAare shown in fig. 5.25, and it can be seen

that the‘ratib of the ageing periods at the‘two surfaces

is the same at both temperatures. If the activation

enexrgy were élightly’different, we would. expect one of the

curves to show a longef‘agéing period than'the'éther at the

Sameltempefature. We would alsb expect a different value
'cf ciiticalrratio at 160°C, and so one of the curves would
. show less change in reflect1v1ty than at 84°C. Since the

curves remained the same shape at both temperatures, and

-+ since the reflectivity at each surface dropped to the same

}value at both temperatures, it appears that the activation
energies are equal in the two directions, and hence that
the value of the critical thickness ratio must be the same

for all temperatures.

5.5 Results with Aluminium Substrating the Gold

Several specimens were prepared with the aluminium
substrating the gold. It is well known that an aluminium
surface oxidises very readily and it seemed po¢81ble that
some oxide would form on the alumlnlum between the qluminium

and gold evaporations and-that this oxide might hinder



}  diffusion. It waq declded bo mtudy thl» oxidaetion before

obtaining any agelng ourve

Several slides Were prepared with four separate
thick aluminiun films and a fairly thin gold film -
overlayering 111 four. The delay before evaporatlng tho:
."gold Qverlayer' as different for the four alumlnlum filmgq?

and vafiéd’from 20 mln. to %-mln.; The complete slides were

- plaeed'on on electric hHot-plate which heated up slowly .

. from rdém'temperaturé'at a;raﬁ§ of 7°C/min;." Thé'féﬁpefature |
at whlch the eolour of. the gold. surface changed Waa noted B

for each part. of the sliae.’ Results ere shown in tabulnr B

:*_:form 1n tahle 5 1 ior different reﬂldual ga% pressures.

vThe preusure 1n the vacuum chamber. W&a kept eonstant for the
_durwtion of the evaporatlng nerlod by conxinually adjustlng

%ha le@k valve.’

Very little oxmdwtlon took.-place.-at. Dressureu i

= under 10 z mm. of mercury, qnd even forx a del y of 10 mine

*ubctween the evaporations, very 1itt1e 0x1de was formed. At .

'- $f1O 4 mm., oxzde form« more readily, bt even here £ delay of'

12 min. would permit very 1ittle oxide to fonm. Wlth the«:~
”_higher pressure of 10 -3 mm., oxide beglng to form very ‘
'quiekly, %nd eve aftcr é-min. some oxmde 13 definltely

. presenﬁ.f The l&wt result gzven is for- a residual wtmosphewe.;i

-1:fof hydrogen wnd shows considerahly reduged oxidatlon

compared w1th an amr atmosphero at the same:: pre ssure.’
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;ﬁ@HE\FORMATION~0FTOXIDEfONsALUMiNIﬁM{Am5ndw;éﬁEssuﬁEs

‘-;(Temperature at which dlfqulon takes place in. thln fllm fﬁ’?;‘

e oouples of alumlnmum + &olﬁ)

Pressure 1n ‘?;'Delay between Al and Au Evaporatlonu I S
mm. of mercury :20 mln. IOImin. 2~3 mln. ;%-& min;’175

':~~‘;'ﬁi§ide?§l°f‘5fi 121‘8:"41?5 “ f:'140°0‘3 CUi3see - 138% |
107 | a70%¢ },156°C‘_ Q.148°c¢;‘f;1459c.;
1073 §:11 26090".3180°0'*f, 165°c a,. 149°c

10“3 *

(hydrogen) 1ex7e 161%C \1149 C o 142°0

20 min, - B.ﬁih.f”."aggminl' 1 min.

",1 _ Belser, (1960)

440° 2300 150 10%

P IR SRR

;l*-Pres ﬁfe'mEQSuréd hy‘é*Pehniﬁg”gﬁuge; ‘EvaﬁorationS”wéreﬂ'
emrried out- at pressures of 5 %107 =3 mm.,‘andfresultu ‘are’
for o elng only at 10 3 nml between evanorwﬁions.
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Belser (1960) h%s studleﬂ the same - ofxect in aluminiumr
golﬁ films by measurlng ﬁhe temperature above whleh dlffusion
: 'caused a meas ure%ble 1norease 1n reﬁlatance. He does nOo'
  give the presuure ﬂt Whloh tho evanoratzons Were carrled
i ;0ut, but it was. prabably under 10 mmm,anﬂ certamnly
~,under'10 3 mm..> The 3051atqnoe techniquo is very uensltlve
%o thp flrst stagea of . dlfiuqlon and changeo were observed

‘wt 70°C for a delay of 1 mln. where very 1ittle oxmde was-
"present.' On @being for longer periodu between evaporationb,.
‘however, the thlckness of the oxide lﬁyer appeared to
‘1ncresoe con81derably, untiﬁ for ‘a delay of 20 min. a

temperature of ﬂ40 ¢ wws required for dlffu ion. The rate

‘51 0f Qxld%ﬁlon appearo to have. been very muah hlgher than

-thnt found 1n the present 1nvestigat10n, although the

- fresistanee teehnique is very sen31t1ve o dlffu@lon and

"“5should glve temperatureo under thoso found from ob ervatlons

Jof colour chqﬂ Pven at pregsure of- 10 -3 mm., a delay

Auof 20 mln. requlred a, temper&ture of 200 G for diff951on in

"QQ:,the present investlgation, and 440°G accordlng to- Beiﬁe?'s'

, tresultp. This 1s a ma. joxr. dlscronancy between the two sets

-fﬂ?of result Sy but LS not due.. to errors Ln the present lnvest~ .;
atlon in which reuults thwined at dlfferent pres&ures |

‘ agree well. 8 0

: In the preparatlon of dlifu31on couples GV&POP&thHw were

f{owrrleﬁ out wt nresmures of 2-5 xlO-;_mm,,;LErom table 5.1




,élt cqn be seen that provmded the delay between the alumlnlum -
fand gold evaparatlons is 3 mln. or less, no dlffloultles

will arise from Iormatlon of ox1de.xf

Reflect1v1ty oh%n ges w@ré*sfﬁdiédlfi%;t“at the
:ﬁlumlnlum uurf%o ‘The gald ves made WOTE th@n tw1ce the
aluminiun thlcknesg 5o prevenﬁ ehangeq taking place at the

g igold aurfaee before they took plaee mﬁ the aluminiun
surfaee.‘ Aﬂeing“was earrled out on therhot—stﬁw ‘
reflectoneter for - eanvenionce, and approximately cgusl

: for difPerent Film Fthicknegses -

 agein0 times were used(rather than a standard ageing
dtenperature. A typlcal agelng curve is shown in fig. 5 26.,
- The ratio tl/%q was calculnted for the 6 speelmen» prepared ;,
. ond plotted,aga;nst alumlnium thickness (figs 5.27). The
-,ipoima all lie near the theoretical curve for a light .
_penetiafiqﬁfof.SOCR, the value found for aluminium

overlayering the. gold.

The'activétion'enefgy ijqiffusiﬂn‘W&S fOu$d by ageing“

o _the speelmen shown in fig 5.26 over a temp@rature ‘range

- from 99°C to 171°C. From a graph of l°g10t60 againut

(l/T) the activatlon energy was found to be 23 3 keql/mole.

This g%ve a mean value ior D' of 0- 63 em / ec., The“e

“‘figureu abree satisfaetorily with the value B= 235"

ikc%l/mole qnd D‘ = 0 )1 cmg/seo obtelned W1th a gold _

‘“ ?Jsubstraﬁe qnd &1umin1um overl%yer. Hence the ordor of

'('-.-':.', .
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Fig. 5.26 Ageing at Aluminium Surface at 164°C with Gold
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- evaporation are-shown in fig.:SaSO; Aunealed films of .‘
the intermetallic compound Audl, had a=ﬁery’@ronounced.
purple colour ¢n‘aﬂreement wmth omuervatmons on, bulk
 a1loys (Coffinberry and Hultgren 1938) : Tth alloy ig
called "purple gold“ b@eause of its unusual sppearanee.

Tue vefyllow re?iectiv1ty of tﬂis phase,‘together wmth

1ts brittleness and hlgh meltlnp pomnt, indx ate 1onmc or )

covalant bonding rctherAthan metall&q{' 

Iniageingpobservaﬁions.With‘a'gold sﬁbstrate and
aluﬂmnium overlayer, the remlecu1v1tles of the phaaes
formed at the glass and air surfaces were 4’;@ and 52%
‘--respectlvely~for-mereuryfyellow lighta HeGults’wiﬁh an
aluminivm ub“trafe and gold overlayer gave final reflect-
'1v1tles of 48% ‘and )3p at the glaus and air surfaeeg. _

' In ome case we. would expect a compound rlch in gold at the '
glass surf%ﬂe. In the other case we would expeet

commound rlch in aluminlum ai ﬁhe ﬁlass surfaee. Slneé-'

the vemluotlvitles of the phwse farmed are ‘the same, we
must coaclude that the same compound is belng formed in
both: coses. The 61f;erene@ in f@fl@ﬂtl?lBleS at the glnss
and alw surfaces is due to the presencu of %he glams W1th -
.'1ts refractlve index of 1+5, Thim w1ll normally tend to ‘

_'reduoe the refleeﬁlvity somewha't.
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leues of 47¢o, 47$d and’ 481% havg h%%ﬁﬁfbﬁnd for

:Jgﬁémng<ohservatlons at the glass qufche ﬁiﬁh meTCury -‘

yellow, green and blue 11ght rQSQGGtively (fig. 5¢2)

'Mhese figure» for reflect1v1ty eortalnly do not £it “the

,  $@£1ectiv1t1es found for flash evaporated alloym of AuA12
fov Au4Al (fig.i; 30), and 1t appears that only umall

lamount 0 thbse pha&es are present. The refleetivitle df

7 flash evanorated AvAL (52%.51% 50%)" and AugAl (49%-48% 475 %)

 ¢¢$ ‘the observed renultg satiufwctorlly, and hence it

Seens that the reflectivzty changes are. due to ‘the formatioa

- of these phmseg.; Observatlcns of critlcal thickneus ratio

‘1ndieate that the reflectivity changes are due to Au2A1
'rather then to AuAl. .

j5{7A Discussidnj

| We must expect all thermally stable phases to be o
;preclpltated nt the goldnaluminlum 1nterface at the beglnnlng,-

lof dlffu31on., Rexlectivity measuremean both at the gold

‘lsfmand at the aluminium surfaeeo seem to indlcate the motlon of

g :a nartlcular phqbe boundary, @nd in v1ew of: the crltlcal

thicknebu ratlos whleh hQVG been faund, it Would appear |

¢ ‘that a layer of Au2A1 1a hcing iormed. Thib has been g

conflrmed by me&surementn of ﬁhe reilectivities of the

goldwaluminium alloys.

‘ o : I -
For diffusion into the aluminium, D! has been found to
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be 0-51 exlg/sec and B to be 23;"5_1cc'a1/molg.' D' at 84°C
can be calculated from these and-is’fbuﬁd %0 be 2.0 x107%?
ch/See. D! at 84°¢ for diffusion into the gold has already
been found to be 10+1 x107%5 cu?/sec. In a given time, the
penetration of the reaction boundary layer is proportional
toufﬁ*. llence the ﬁenetration of the diffusion layer into
the gold is 2+3 times gfeater*than its-penetratioﬁ into the
1 alumlnium. If the dl££u31on 1ayer is homo eneous, then we

| would expeet 2 3 gold atoms’ to ‘be ass ociated with every -
aluminluml \This is elose to the composition: of the comgound-f>
i,AuQAl, the difference belng due probably to errors in the‘g .

‘determination of D'

.
REMAY

The valués*bf éritiéallthicknésS ratio 9nd the reiafiVe f

‘j,rates of dlffusion are- both in ﬂgreement W1th the formation

“iof the compound AuzAl.' It is difficult to see Why

-dé;prefsrential'format;on*qf this phase‘shoul& occur,_aince«wé’

:w“ffwbuld‘expeci all thermallf stable phases o' be foriied. It

fwould appear that there are only two reasonable explanationu

‘”for the observed result Sy either th%t the light measurenent3 

; - are peculiarly sensztlve to. thls phq e and not t0 other

.phaoes, or that the lﬂyers of other ccmpounds formed are
extremely thln and have 1ittle effect upon the measurements.f
,The first explanatlon geems unlikely as AuA12 has a pronounced
”purple coloratlon and any q1gnificant %mount of it should

‘ have affocted the reflectivity meauurements. 1Aippeclmen
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;ngth gold %nd alumlnlum layers 1n the ratio of approxlmatelyjl
'VFl to 2:was aged 1n i furnace at 300"& for 6 hr.. "On ¢ -
' 'aremova1 the fllm h@d 8- defmnite red oolour bui unfortunately‘fé
Lwes badly aggrewatea anél its reflecmvity coula niot e

~measured., The second of the two explanations 1mplles thau- 5f

’“&the dlffusion rate is higher 1nto the Au2A1 than into the P

“.other. compounds, nnd eonoequently the zone is much wider

than the other zones formed.v The theory given in ehapter |

'ﬁ '. 2 9 indlcates that this is quite likely.n -;}yffﬁwx‘”

It has been shown that D' 1nd E arc the same for very

.....

”éfﬁthln gold fllms au for thieker ones. This means that the

f:i ﬁ&meohanlsm of diffusmon 1n very thin fllms 1s the same as 1n e

‘,thlcker ones:}“Fllms 1esv than lbOK thiek have very wide %Tfﬁfﬁ

":}graln boundarieam(bennett and Scott 1950), and we would.

’ #gex@ect b to be less and‘D';to be hzgher for these fllms 1f

' ﬁgrain boundary diffusion Were occurrlng._ Hence we cqn may

that the ﬂifiusion obperved 1s e true volume dlffusion, mo t{:;*

’ngprobably 'a, vaeancy‘meehanlsm. It would bo expeuted that :j}?f?f

iigfthe values of diffuulon coefflclent and activation energy '

ade falrly elose to’ values for: bulk gpeclmens, but

)':ﬁunfortunately the é figures are not avallable for thls f‘“L‘:

E ystem.”-7ﬁ T
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~ CHAPTER 6

REFLECTIVITY CHANGES IN SILVER-ALUMINIUM

6.1 ‘Introduction

Thin film diffusion couples of silver-aluminium gave
pronounced reflectivity changes despite the similarity in
reflectivities of silver and aluminium (94% and 8T5%

respectively).

The phase diagram of silver-aluminium is shown in fig.
6.1. Two phases (}A ands) should be precipitated at the

silverwaluminiumfinterface at the beginuning of diffusion.

- Both silver énd aluminiuwm have a bright coloriless
appearanée. The appearance after ennealing is darker but
stillAccloriesé. For this reason, the waveiength‘of the
lightfﬁée& makes little difference to the values of
. feflectivity cptained. Mercury green light (A = 5461R%)

N was used throughout this investigation.for,convenience.

6.2 Réfiectivity Onangos a% tho Silver Surface

136°C was seleeted as a convenient agelng temperature
as this allowed most - of the films to be %ged in the hot air

oven, Slides were prepared with s1lver films of different

thicknesses in. the range TOOR to 47008, overlayered with s
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'thlek film of alumlnlum to avomd thlckneus ratlo dlfflcultles.
I"Typioal agelng/curves are - shown 1n.£ig. 6.2 to 6.4.A The .
iiﬂfshapes of the gurves dlffered, the length of the 1n1t1al
 'p1ateau 1ncreqsing w1th thioknéss as ‘in gold-alumlnium. It
"'dmfgleult to explaln'the-marked-change 1n reflect1v1ty from~
 194% to;Ssﬁﬂon any basis other than the formatlon of an
ihﬁermetallle compound in v1eW of-the o1mllar refleetlvi%ies““'
of silver and aiuminlum and the low solubllity of alumlnlum ‘

in silvers ' In order to check. thls explanatlon, the ratlo yf"

"f'tl/%e'waé'calculated‘for all the gpeclmeng_prepared and

' ylottedfagainst film‘thidknéss (fig. G;E)ﬁ fﬁhéﬁvalue$3
obtained were consistent but'layiwéll away:frdm{ﬁﬁe¢¢ur§e‘
‘fbr a light penefréﬁion”of 4003 fhe expectéd'value for
»llght penetratlon into smlver, and clcse to the curve, for a
-‘light penetfatlon of 11003, much hlgher than the thzckneus .

.'of & near opaque 811ver fllm. '

: The results in thls system %re not. explicable simply

”“_‘on the baq1a of a. shqrply deflned ‘phase. boundary.‘ In. Vler 

Aﬁfof the 1arge change in reflectlvlty, we are obv1ously

'“M;observlng 3, phase boundarya but ih thls case 1t appears o *;-‘

" e diffuse. since’ the length of tho 1n1t1a1 plateau W&ui\

’%*ﬁeonsiderablx'less than @xpected. 1t appears that compound

'-‘was bemng formed near. thé smlver surface almost

-
~*1nstantaneously. The alhminlum for the farmatlon of thms

of thms oom@ound must h@vez%een introduced 1nto ‘the smlver -
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Fig. 6.2 Ageing of Silver-Aluminium at 136°C.
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silver thickness of 7808%.
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Fig., 6.3 Ageing of Silver-Aluminium at 136°C,
Reflectivity change at silver surface for
silver thickness of 1930%.
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Fig. 6.4 Ageing of Silver-Aluminium at 136°C,
Reflectivity changé at silver surface for
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Fig. 6.5 Graph of Silver Thickness against Ratio tl/tg.
Theoretical curves are plotted for light
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‘;elthex whll t'it\Wéé?beingfévaﬁorﬂféa ox duffngithm'veryz

flrbt stages of dlffumlon,. Ve muat a sume that S0116

:fialummnlum penotrated 700& 1nto the 31lver lattice. “These

“faluminium atoms would nct be v131ble in the Q11ver in vmew

of the - olmllarity 1n roflectiV1ty of - thu two metals..
Afsoon as 1ntcrmeﬁallmc comwound began to. be PIe clpltated
;Tiihb reflectlvlty Would begin to drop. Thlg-would happen '

earller than emgected beeau e of the presenoc oi aluminxum ‘

""f@toms in the 311ver latﬁice, wnd woul& glve ﬁhe uhorﬁ

iglnltlal pl%teau obuervcd. The reflentivmty w@uld ‘cease

;changlng when the ormglnal 1nterface arxlved atb- Lhe metal
_ .uriace, glving an apparant 11ght penetratlon of (700 + 400)Ri‘
f'f;x 11003 B =

Values of D' at 136°C were calculsted from the tlme o
tahen for the reflectxvmty to stop chnnglnﬁ (flg. 6 6) .
f f;D' was eonstant abovo a film thickneds of 1900ﬁ but below
| thmb flguxe D' increnmed gfeadily, till W1th 2 illm L
.Hﬂthlchness of only oOK,L:zb was 7 ﬁmmes higher thau the. -
eonstant value. Thms varlatmon 1ndlcates thab the results'
;are not churacteristno merely of {nberpenetra%ion, a8, thma
’lwould not affect ﬁhe motion of the orlnlnal phase bound%ry,-_
and D oalcul%ted from %he bime b ken for the reflectivmty =
: to wﬁop chanwing shoulﬂ bb conutanb. The sf ady value of D'
'*;Vat 136°G qu 2 7 x10“14 bm?/ﬁec | | i

~~~~~

f
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'Eﬁiffefent'porﬁioﬁs“éf!fhéJSQme slides wére aged over
Qa temgerature range from - 117°0 to 240°0 to find the
actlvation energy. Typlcal reuultu are. shown,lnlfig. 6;%;.;
' f6 4 @nd 6 8 for 8 silver thickness of 4610ﬂ. From a plot
‘»of log10 70 agalnst (1/1), the activation energy was found |
to be 27 kcaLﬁmole. From the kaown value of D' at 136°C,

,D' wes calculated to be 19 0 em /sec.

| Several slides were prepared Wlth very thin silver
:-‘fllmu 1n thc range 70ﬁ 40, 350ﬁ. These fllm thicknesses.
m° were determineﬁ by measurlng the reflect1v1ty and transmls ion
' 'Tof the films, and uszng the results of Sennett and Scott. |
'»ﬁ(l950) Typioal agelng curves are shown in fig. 6 10 and -

ﬁ:ﬂifﬁ 1l. Even with a lem thiokness of only TOR :the 1nitia1

;ureflectiv1ty was high (85%), and this 1ndicates that no -

':-_1ntermetallic enmpound 13 present prlor to annealmng. The <

| reflectivity began to drop immedlately on heatlng, and w1th.
- the thinnest film (703) fell only 14% since the diffusion
" zone’ in- thls c&se wau very thin. Slides were aged over a'f

'fftemperature range from 84°0 t0 l42°0, -ond. from the graph- of '

fQ 1ogl0 70 agalnst (1/T) the qctivation energy was found to

1 f. be 27 6 koal/mole, in excellent qgreement with the vwlueﬂT

*i;‘of 27 5 kcal/hole found for thlcker fllms, and this

={indicates as. before that grain boundary diffu61on 1s not -

..*ioceurrlng. Values of D‘ were calculated from the tlme ;,“"

~taken for the refloctlvity to stcp changlng.. Theso values ;
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Jhi*lwere eonverted to 136°C using the value found for the

;59f§act1vat10n encrgy, and have been plotted wmth the results

:!ﬁf?}for thleker filmq in’ figs 6464

4‘“"3?56;3u;aéfiééfiv;tyychangés gt %héiAluﬁiniﬁm'Suifééeffwwn 

t - -' N [‘-_1.:\_ ' ', N

Reflectlvity changes were also: studled at the alumlnlum"

”“ffsurfaee.. blides were prepared with “the aluminiun thicknesu

:”i‘5Varylng in the range 5003 to 14003. and With very. thiCR

”"rj°1lver substr%te fllms to prevent thlcknegs ratlo dlfficultlem.

7f;fThe slmdes were aged at 140°G and typical mgeing curves are

\  ishown 1n fig. 6 12 to 6 14.5--'

mhe wlumlnzum was found to age considorably 1n the

; f§fg1nit1a1 part of the ameing curve, and allowance had to be _

'u””t:;made for this beiore qnalyslng the results in detail. It

J.’was found that the effeet was independent of the 311ver R

':fffsubstrate thickness and substantiqlly 1ndependent of the

K alumlnium thicknGOSd The agelng curve -of o thick aluminlumx‘<

;lféfilm w1th a comparatlvely thln ollver oubstrate is 5hown

'Euﬁln fig. 6, 15. The oorreupondlng refleei1v¢ty drop for;a“*

‘ ¥sing1e %lumlnlum fllm 1s shown in’ the saﬂe flgure. This"

‘f“drop is very smal3 (1% in 40 hr.) eompwred w1th “the agelng

.~01 the substrated alumlnlum fmlm (7% in 40 hr.) There

| V?ilmust therefore be a dlfferenee 1n struoture between the

ﬂ?fﬁtwo films. The true dlifu51on refluctlvity changes in S

.l7~3fig. 6 12 to 6 14 were found by 1ncrea81ng the experlmental»
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réadings by-an—amognﬁ dorrespon&iﬁg-to thé aluminium ageing
in fig. 6.15. . This gave the ':E‘iné,l.ré:ﬁ‘leéti‘wtrity*to‘ be
\61%: +l% 1n~e#ery~ca-' The large 1nit1dl ag elng wao
probably eaused by the alumlnlum having a dlfferent struouure
~when deposited on a silver_oubstrate compared.w1th when .
‘deposited on & glass subﬂtrate.' It may p0851b1y be 1
qssoclnted wmth the ponetration of silver into the alumlnlum

as discussed below,

The shapes of the éﬁrvesiwere agaih éﬁaréétefi tic-bff“

the.ﬁotion of. & 6hase boundary. Values of the ratio ﬁl/%2'

were calculated for all the specimons prepared and are
plotted in £fig. 6. 16 agalnst the ajumlnium thickneus. The
‘.p01nts lie nowhere near. the expeeted éurve far °OOK llght
| penetratlon, and it was iound thab the be%t 11t was fcr a |
- &1Jght penetration of 7003 Thls eifect was ascrlbed to thel
presence of smlver atoms Ln the alumlnium lattiee, the" '
penetration %aklnb plaoe elther durlng evaporatlon or. in f,:

the very Tirst utageu of agelng.

From the time taken for the reflect1v1ty to stop
~changing, values of D' at 140°C were cnlculated for all the_.ﬁ-
: glldes prepared. D' was Lonstanﬁ for nlumlnlum thicknessegf -

above 8008, and the mcan value WWS found o be l 22 xlO-l4 -

1
T

'cmz/seo. .

Diffepent'pértions~¢f the,same\élidé$5wére-agéd'oﬁer
L o o S
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Fig. 6.12 Graph of Reflectivity against Time at Aluminium
Surface at 140°C for Aluminium Thickness of 6958,
(a) Experimental curve, (b) Ageing curve for
Aluminiuwm, (c¢) Experimental curve corrected for ugeing
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Aluminiun Thickness of 2050R. (a) Experimental
curve, (b) Ageing curve for aluminiuwm, (c)
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Fig, 6.14 Craph of Reflectivity against Time at 140°C for
Aluminivm Thickness of 44008. (a) Experimentsl
curve, (b) ageing curve for aluminium, (c)
experimental curve corrected for aluminium ageing.
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Fig. 6,15 Ageing of Thick Aluminium Film at 140°C.
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with a thin silver film,
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. a-temperatureVTange-to find the activation energy.. IFrom a'
plot of- 10& t6b against (l/T), the actlvatlon energy was
found to b@‘21-7 keal/mole,‘and, from the known value of

D' &% 140°C, D! was caloulated to be 6.4 oin°/scc. -

644 Efféct'of Thickness Ratio

| To gtudy the elfect of the thloknebs ratlo, several

|  811des were prepared with a SLngle 1ayer of allVLT and :
with four separate alumlnium films of- diiferent thlukneuses.
Reflectlvlty measurements were made at. the 81lver surface,
 and a typlcal awulng curve is shown in flg. 6.17. From
zithe 6 slides. prenared, the orltzcal thmcknass ratio of

‘qlumlnlum to 31lver was found to. be Qs 5. Slnce ‘the lattlce

T‘zspacings of 311ver and - alumlnlum are nearly 1dentlcal, thls

' r seems to 1mply thwt ‘behind the phase boundary there must be

at,least one alumzn;um atom for every two silver atoms.

Reflect1v1ty ehanges at the aluminium ¢ urfaco were

“:istudxad WLth Sllden having a sing1e aluninium . layer and

?4_‘three separate silver films of dlfferent thicknesses. The

'-ﬁslides-wergaaged:aﬁ 140°C§-and=a-typlca1 ageing curve is
| sﬁéWn5in fig; 6.18, The portlon w;th a silver thickness
K of 3700ﬁ (ratzo of szlver to alumlnlum 1 9) gave almost
'the full reflectlvity change, anﬂ 50 we can uay thwt thms
1Pratxo lles close to the critic i rotio but is slightly 1@Su
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Pig. 6.18 Ageing of Aluminium Surface at 140°C for
Aluminivm Thickness of 20004,
(a) Silver Thickness = 21008 (ALl:Ag = 0095)
(b) Silver Thickness = 37008 (Al:Ag = 0-54)
(¢) Silver Thickness = 51008 (Al:Ag = 0-39)
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.ﬁhaﬁ iﬁu From the 7 mlides prep%reﬂ tho orltlcal thicknesé&b
ratio of ﬂllver 0. &lumlnlum was found to bo 2 O., The aﬂfff

result& indmcate thab behind the phqse boun@ary there ;
must be at lea&t two silver atoms for every one aluminium.;:1:¥
atom.l” S S R | SRy fp s
o Ffom meaaurpments at the: ollver surface we ha%e h
“iconcluded that behind the pha“e boundary there must be -
-at loast one aluminlum atom for every two qilver qtoms.

”‘Trmm observations at the alumvnium qurface We have found

'-%hau the%e muuﬁ be at moqt one alumznium atam for cvery

.two silver atoms. This seemq to.ouggegt that there is

proi‘ev'(,n’bial formamon of 't;he conmound Ag2A1 (‘S pha.se).

‘Values of>critical,thickness ratio.have_begnsobservedf £f1
Aat-the~fwo-nemr1y equél femperatufes of-136§0:%nd-140¢0.
, The aetlvatlon energy atb, the 51lver surfaec was found to,if:__
be 27+ 5 kcal/mole, whilst. that at the aluminium surface
was . found $0 ‘be 277 keal/mole.' These-figures~are nea:t:'l;sri~
identicel, end this means ‘that -t:he value of the. cri‘tical |

thlckness ratlo w111 be the same for all temperatures.

5 Reflectivity Results w1th Alummnium Subutrating the
Silver ;‘ ' - -

S In alljabservationsgwith{aluminiumfsﬂbstrating_the_f“‘*‘"

silver, precautions similar 40 those observed in‘gold—-
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:<dlum1mium were taken t0 prevent formation of an oxide

'”1ayer on: tha aluminium between the: evaporatlon».‘°

| Reflect1v1ty ehqnggg were studied flrst at the
. aluminlum ﬁurface, ualng a thick silver overlaypw to» |
prevent,thickness ratlo.dlffleultles,_ A_typ10al.age1ng
curve is_ghownbim Tige G.lé.f Theiratiovti/ta-was‘calculated
“for;%he‘lolsP@ciménS prepared, and is-plo%tcd against
aluminium thickness in fige 6.20. The'poiﬂts lie nowhere
near the thgoretlcal curve for a light penetratlon of
3008, The fit for the previous value\of-7003 is also. poor,
and-the;hest'fit was obltained on‘éssuming 8 light penetration
.of 9003¢"It would theréfOTQ appear‘that tho value of light
_L:penetration whleh is obtained in this uystem is not a
‘.fundamental quantity buﬁ depends ‘on the order in whleh the

meﬁqls a?e evaporated.

Phe activation energy of diffusion waé'found-aS’ﬁefore.

The value obitained was 27Q¢~kcal/méle,'and'this g&veva

;mean value for D} of 1.8 om /sec. 'These figures agree -

satisfactorily W1th Values of E-m 277 keal/mole and

D} = 5.6 om’ /Sec obtained With a 51lver bubstrate and
| 'alumlnlumioyerlayer. henc@ the order of evaporqting the -
metal films mak@s no algnmlgbant &1£ferenee~to the value
of diffueion coefficient Qhéﬁineda.

Reflectivity changes we & also studleﬂ at the 51lver

L )
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Fig. 6.19 Ageing at Aluminium Surface at 222°C with

Silver Overlayering the Aluminium. Aluminium
thickness = 27004.
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jsﬁffééé§ The silvgr tqrnlshed ra%her ruadlly A% the -

-rhighatemperatures used on the hot-smage reflectometer, an61;“

"“chonuequently 1t;proved 1mposalblg to obtain a elnﬂ ourveh ¢t,

for ilver thicknesses abovc EOOOK» A typlcal ageing

_:;;._épi#v'-;e-,ig__.jfsmwh;‘in\;’fig.; G\ 21, and “the. velues of the’ ra:b.e.o

”:,l/T tor:the T peelmens prepared ara plotued agnlnsﬁ thewjt

}ﬂllver thxckness in figy 6v22,¢ “The, pomnts on ﬁhlm grqph

“7fjiﬁlle bctween the theoretlo@l penetratlon of, 4003 and the

T4

fwexperimentqlly found value of 1100& for silver overlayerea-

'wa1th alumlnlum.~ The best flt as obtanned for a lighﬁ

51*?f?penetration of 700&. This again conflrmq thaﬁ the value'ﬁ

'ﬂimﬁof light penetrmtlon is not a funaamontal qu%ntlty in this-;f«;

g y tem but depends on the order 1n which the metals qre

4{fevgporqted.f"

'**143' Was calcul tod qssumln he aetlvatlon eneway of

27 5 hch/moleffoundlfor ObbeerthHS wiﬁh alumlnlum

wﬂwmwmwwﬁwwmwwmmmv~

The reflectivlties of a series of szlver—aluminium

.'7“$;alloys prepared by "flash“ evaporatlon are shown A0 ilé'

- :"f""-‘:;:?3:3"i

The reoultg of Wulff (193A) ;br therreflect1v1ti§s_g5;'”
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Fig. 6.23 Graph of Reflectivity against Concentration

for "Flash" Evaporated Silver-~Aluminium

Films. (a) Measurements at air surface,
' (b) measurements at glass surface.

@ indicate results of Wulff (1934).




’;,”.of several bulk allayo mre shoW1

"?[3 rcoul? since alloys 1n this ccneentration range should

'2>T§”con51 t of aluminium grains 1mbedded 1n w matrleof theff3*>

ﬁ*fi a highef refleetxv1ty tbaﬁ pure\wlum1n¢um.

‘n”the>sqme di%gram.z Th?

"fftwe %etu of resulvs havo +he;same general trend, except that

}

n?%:wnlff found that the refleetxvlty of aluminium lncremsed

{Wlbh small addltions of ullVOr. Thlw lm an unemgected

" 3§*~A1 evtectlc.“ The euteotlc?has & reflect1V1ty less ﬁhan

thah of aluminlum, and we would éxpeot a mmxture,of 1t wlth_ ,TS

aluminlum to have a rafleot1V1ty 1ntermed1aﬁe:between the

two.- Wulff's resultu may have been oaupe@ by WOTklng with

a sugersaturated solld golutloa of ailver 1n %luulnlum 1n

whlch the:f phase had not nr601p1t%%ed out'-iIt»would not:d'

be vrprlslng 1f'a'solld solutlon or silverhln aluminlum h%d

Tj'--!.K‘ho reflectiviﬁiesfi

\'fofzyure mluminium anﬂ pure eilver (78% and 88 rospectively) ;-f

normally found 10? %heue met%lsgs Thl% 111ustrate the o

difficulfies c%u&@d 1n bulk pecimena by uurf, films.

\]it““ 2
R -
vulue of 72 1¢ rather)qbav‘ the value o; GS%Lfound With SIS
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evé‘POi’a‘ted. filiiils. cl

In the agelng observations with a: &1lver uubotrate
‘i.and %lumlnium overlayer, the reflectiv1tles of the phases
| formed at the glass and air surfaees were. 55% and 615%
reopeetmvoly. Results with an alummnlum snhutrdte and

t‘figllver overlayer gave flnal refleetxvmtles of 55% and 613%

{f ng_at the glass and air surfaces. In the one case we would

*iu‘ﬁ;expeet i—eompouna rich in silver wt the glass surface.. In o

'ﬁfgthe other case we would expecﬁ a compound rich in- alumlnlum

’ at the glass surfave;f'Since the reflectivxtmes of the tWO

’,,are the same, we' must conelude that the aame compound is fﬁ

7be1ng formed in both eases.:fi!

Thisféonclusioh is‘éohfiﬁﬁedjby the velues of 57% and

7‘_'365%'£QQnd af:thg.glass-and”air surfaces for a flash

.évaﬁbrﬁfedlspeéimen'dfrthe:g phase (AbzAl) This résﬁlt
ialso shows that AgeAl is the main phase pre ent in the
‘diffusion zone, and is 1n agreement With observations of
the thlckness rﬂtio. The .only other stable phase, the/4
phase, has refleetlvities of T76% and 82% and so can be

present only 1n very small qunntltiem.

AY

‘6;71gDisdﬁééiongi

.>', Reflectiv1ty measurements ‘both at the 81lver and at fi

the wluminium surfaoes 1ndleate the motlon of a. partlcular
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phase boundary, and in view of the.eritioél‘thiokness
- vatios Whlch havc been found, 1t would appear that a layer
of Ag2A1 is belng 1ormed. This ham been conflrmeﬁ by

meaﬁufemonts of the fefleet1v1tle of the/4 andjj yhaqes.f?ﬁkfﬁz

For diffusion in the mlumlnlum, D' ha" %een Found tdiﬁ’;t 
be 6+4 em~/sec and B to be 27-7 koal/mole., DY at 136°C . i
can be calculated frum thesG values and. 1s.found “to be i
87 x10” 15 enf/sce. DY at 136°0 for diffusmon Aduto ‘the. .:5'" 

15 omg/sec.i-”

silver has already ‘been found $0 be 27 xlO
Hence the penetratlon of the dlffus1on 1ayar 1nto the
silver is 1.8 times breater;thanxlts @enetratlen-into the “ijf;f

aluminiuvm. If'the“diffusiOn”layer is homngeneoﬁs'we

would expect 1. 8 ullver atums to be assoclated wmth every ﬂ"4f'

alumlnium atom. Thls is close to the compcsmtion of the
com@ound AbgAl, the difference belng due probably $0 errora ”

in the determlnatlon of D,

The ‘velues 6f critical thickness'ratiéfand*ﬁhe relative\
rates of diffusion are both in.agreemeht‘wiﬁhfthe¥fdrmafionf--
of' the éampcsund 'AggAl .:(jpha;‘sé“)s ‘Only two phases” (/u'md'f) .
can exisb in aiffusion couples of 311ver~alum1n1um, and 1%
is not aurprlslng that only . the‘g phase is. observed. ,  |
'_Presumghly a thin layer of the}J phase is formed, but 1ts |
~ presence is mas ked by the: 1arge amount of‘f phese..~

,'r




8.

“'fB&ékiey(1946)lha studied bulk dlffuﬁlon cou@les of
‘,éilverawiﬁﬁiﬂium;_ He - ﬁged speclmeno,between 3oo°c and. 500 c
*ff%nd in evevy case. observed a broad band of the compound o
B AggAl with sharply defmned edges. }A umall amount of- thez?i\:
'flphaue wws also present in the dlffﬂuiOﬂ aone, but ltuj-'f
SVchickncss was only around 1% of the thickness of the AgéAl
aone.‘ These fesults 1re in exeellent wgreement w1th those .

Iound 1n thmn fllmq where only the Ag2A1 was observed.

”Véry'lar e valueﬂ for app%rant llght penetratlon have

:ubeen found in. thig qystem, far greater th&n can; be. explained

Coby ectual 1ight penetration, The results were. wsoribed to

ilnterpenetratlon durlng avaporation or at the very beginning }
B fbeglnnlng of the dlffuaion anneal, wnd it was shdwm.that }‘Aig
 this ‘could certalnly account for the very largeﬁyglqes;gfu

1ighﬁ penetratlon observed.*

It mlght be thought that 1nterpenetratlon took place. 
intor gramn boundarle and dlslooatlons in the substrate o
3~metal. A lﬂrge %pparent lighﬁ penetration would be obserVed
at the: substrate surface and an analagouo effect would be
| seen “at the overlayer metal surface as some parts of ﬁhla

o would be thieker than - others.: It would certalnly beA_

'”:,90351ble to explaln the appwrent penetration 1nto the silver

3iby the aggregated utructure of .silver; but it would not

g TN

vf,‘be posulble to explain thefslmilwr effeet observed with an

:
I
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aluminium substrate and silver overlayer. Aluminium is
Aiknowp-to havagaxvery,continuousgsﬁructure;(Benjamin ahd

Weaver ;961);ana penetration into it would be difficult.

Silver—qlumlnlum is well known as on age—hardenlng

ﬂalloy c*;yrs".:em, and aluminiun can take uy to 24% gilver in
solid solution at high temperatures. It seems qq}te W£W§A

 90$$1b1e “theot aluminium can aecept 8, con31de;g£ie éﬁount N 2
of silver in metastable solid solution at low temperatures.;
We nust oonsider this diffusion to take place qulckly

"elther during evaporatlon or during the first stages of

4the diffusion anneal or ‘both, This would give rise to a

'reglon.of supersaturated solid solution at the interface

between the two metalu, but such. a reg ion would not be

: visible in v;ew:qf the 31mllar1ty;1n reflect1v1ty of the

- two metals. Precipitation of the com@ound woﬁld then

take place and reflectivity changes would be observed, in

the initial staoes, the smlver atoms would require to

move only small dlstances to react with aluminium atoms

%0 fonm AggAl. The value*of"aotlvatlon<energy'would be

‘charaetorlstic of compound fonmatlon, but D' would be

“considerahly hlgher by vlrtue of the short ‘aistances the

- atoms requlre to move.. This argument therefore explwins

- “uﬁtlsfactorily the 1arge values of D' obteined in thin

i}‘fllms_despite'the eonstaﬁt value for activatlon_energy»




ot .
T s
Coat
[ANEN

5§fﬁ§£éffé6$ of the 1n1%¢a1

1?%13 charqcterlstic,of the inltlal stages of dmffu51on only. R

| nﬁln bulk diffusmon oouple *where the alffugion couples are

‘izmany mlarons thlck the effect would nct be observable, and f}i

.} B Yo "--

“ th1s exPlalns‘why Buckle obt&mned ;harp boundarles to the

Tho explwn taon g&ven above caa account for the ”gtif’

.ﬂf3,§Aqmountu of'silver 1n solmd solutlon %t hlnh temperwtures

; R 1'\

:on the other hand,f

i)

“‘ompgund AuA12 would prevent thlg_i :-f

‘~* :\.‘f 3

wnd‘gold £ave 51m11ar meltxng pomnts,




see any explanation - ‘other than the dlfference 1n the phnseﬁ:_f

diagrans whleh can explain the results.

Values. for actzvatlon energy have been found to be G
the same in very thin £ilms (<:4003) as in thmcker ones.v‘i
. Since such. thin films have very. 1arge $ra1n boundarias, we
would expect the actlvatloa eneréy 1n theu to be lower if f
graln boundary diffusion were occurrlng. We can therefor
_say that the ﬂiffusmon observed in ullvermalvminlum, a8 1n‘i; 31
f gold—aluminlum,‘ls true volune dlffublon, most probably
ﬂa vacancy meehanlsm. We would eapecu Lhe valves of
'di;fHSLon coeff101ent and activation energy t0-1ie fairlyk
close to the values for bulk specimens, and in table 6.1
the corresponding rewults are eompared. Diffusion is

‘generally slower into the‘higher mgltmng point component

e~

(LéClaire 1949), and s0 Wé wohld-ekpedtfbf %o be considerably
lower for diffusion of aluminium imbo silver than for
diffusion of silver into éluminiﬁmé Good agreement is
obfained between.bulk speéimens and thin £ilm Specimens for
diffusion of silver into alumlnlum4 The agreemcnt for
diffusion of alumlnlum into silver would be expected to be ..
~poor. Ve must therefore accept thét diffusion of silver
into alumlnium is the rate determinlng process 1n thin ;1lms,
'Jand that the apparent difiusion ob$ervat10no at the smlvef :
 surface are due simply to the loss of ilver in the iormatlon;
of the compcund Ag,Al, :{i7‘ ; . 3 | | -

l




PABLE 6.1

VALUES TFOR DIFFUSION COEFFICIENT IN SILVER-ALUMINIUM

N - Db, E |
Syétem ‘ cmg/sec . keal/mole |
| silver into Aluminiwn Ged - 3 I
- (Thin Films) | | N R
~ (Thin Films) " ‘
Silvar into Alumihium 5 1e1* . " 32;6ﬁ
(Bulk Specimens) ’ g
Aluminium into Silver not available
(Bulk Specimens)

* posults of Beerwald (1939)

I
t
[
\ N
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»ACHAPTﬁR 7"

RLFLECTIVITY CHANG&S IN GOLD—CADMIUM SILVTRmLADMIUM,

: GOLDnINDIUM AND | oILVEH~INDIUM

Tel. Inffddﬁcfién”‘

: ﬂefleetlvity ehan es have heen vtudied in. thin

- Film diffusion oouples of gol&~cadmium, ‘silver-cadmium,

~ ,gon—lndlum wnﬁ smlver~1nd¢um with the cadmium and the

 w1na1um overlayerln the @ld and silver. Redf lectivmty

‘; changew took place at both surfaces, but beeauue of therm

aggreoated nature of evapornted cadnium and iandium films,‘

‘meqsuremonts were only poaﬁlble at the glaad surfaee.

The phaoe diagrams of the Four systems are shown

uﬂuin ilg. 7,1 to 7 do. All‘the systems form several.

1ntemmed1%te phwwes apparcntly ateble at low ﬁgmperatures,

and: all °how consmderable solid bolublllﬁy of the lower

#'”affmelﬁlnﬁﬂpplnm metal- in the éOld and silver.

The four systems showed diffusion at a measursble
‘,rate %t roon temperature. iThis wa.s used as the standard

'agelng temperature 1n gold~cadm1um and in ullvermlndlum,

'  ﬁwhi1qt 1n 1lver~eadmium and - gold«lndlum, ageing

© " hoks
measurements were made on the)stage refleetometer and

no standard ageing temperaﬁure wag used.

t
)
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Fig. 7«5 Ageing of Gold=-Cadmium Film at 21°C with
Cadmium Thickness of TOOK. ‘Reflectivity
change at gold surface with mercury light of

wavelength (2) 57908, (b) 54618, and (c) 43582,
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Tt;OVer ‘a, temperature r%nge to flnd the act1Vat10n energy.

“fFrom a graph of 10310 65 ag%lnst (1/T), this was found mo

Plve slides were prepared wzth one gold fllm and

':;_iour geparate cadmrum fllms of dlfferent thlcknesses,and

\-_¥§these gave the crltlcal thioknes ratio oi eadmlum t0 gold B

%0 be 1 4.@ Thls corremponds to a cadmlum ooneentr%tlon of

M'¥238aﬁ by weight’ qnd reference to fig. 7 l 5hows that thiu

5”16 close to the composition of the compcund Aqu.' We can .
| itherefore eonclude that the reflect1v1ty ehanges observed

‘Were due to the formation of thls compound. «;;

= 1vifi ‘The: reflect1v1ties of o gerleu oi gold—cadmlum

”wllcyo prepared: by “flash“ evaporation are dhOWﬂ in

””\}v~fmgq TeQe- C&dmlum Was dePOSItGd ¢n o hlghly dggregated

ﬁfarm and 1ts reflectiv1ty varled from 52% ‘o 70ﬁ on the

one. sllde. These flgure Were somewh%t below the value

*M?fof 78% found for a bulk speclmen (Handbook of Physlcs end

Ohemls'try 1957) A "flasht evc,pora"bed film with the

'wwddltion of 5 at. % of gold to the chmlum eonden*ed in a

'i;5n0n~aggregated form, probahly because the condensed gold

"ffatoms acted as nuelel for the. alloy film. - The- reflect1v1ty ff‘

}iﬁof this alloy was pproxlmately SOa, 1ndlcating the,.‘f”

‘,"freflectivity of cadmlum to be slightly hlgher. The

lf;reflecﬁlv;t;eﬁ of the‘pp&se qumed-by dlffgsgon,(fig. TS .
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'*ﬂéi%Weéé561%, 6?%“and567% forfﬁercuryAye1low, gfeég‘andjhlue_a
Hffglight rcspeetlvely.y These flgure feAin Satisféctory |

R agreament with: the valueu found” For the AnCd and'x phaueq--l:

; 7*ﬁQ:1n "flagh" evgporated qlloyu, indlcatlng that the oompound

formed by difiumlon was one of these two: phases.

'u5§ Meaaurementu of thiekness ratio 1ndloate the eampound Aqu

“}ﬁ-rather than “the. 3’ ph%se.

'-'7.3‘ RgfléQtivi§y ﬁhangés'inESilver-Gadmium 

Since both silver %nd the compound formed by

" ; fd1ffus1on in this gystem were cclourleﬁs, ‘the wavelenwth

'%of the light used iﬂ meaaurlng the reilectiv1tleu made

7??:11ttle difference to the actual values of reflectlvity ‘

‘fObtalned. Mercury green was used throughout the

measurements.

The change in the shape of the ageiug curves for

dlfferent 31lver fllm thicknesses overlayered with very

~“thick cadm:.um films i.a shown in figs 7.10 and. 7. 11l. The
:';curves all -showed the sudden reflectivity change asocciqted

| if Wlth +the motion of.a phase boundnry, and plottlng the

'EQj‘rmtlo tl/t 1n flg. T 12 showed that the oxperlmental

4kpoints 1ay falrly nEar the theoretlcal ourve For a llght
Tl ponetrat¢on of SSOR ' The expected light . penetraﬁlon for
 5*.l.a 81lver fllm hms heen shown to be 4003 qnd 50 - we muut

"f;aecept that the phmse boundary was sllghtly dlffuse, the'>
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Fig. 7.10 Ageing of Silver—-Cadmium at 86%°C. Reflectivity

change at silver surface with silver 14408 thick.
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Fig. T.11 Ageing of Silver~Cadmium at 143°C., Reflectivity

change at silver surface with silver 35008 thick.
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. owtr& 1503 llght penetratlon belnﬂ caused presumwbly by

R penotr%tlon of the cadmium 1nto the smlver. g

': A% tha end of “the reflect1V1ty changeu Juut

dlseussed, the reileet1v1ty 1ncreqsed agaln by -about 4?

This effect Was small but wag observed in &11 the qpeclmens-r~;

*a‘prepared. It appears that i% may hﬂve been due to_a

"w~?jehange in eoncentratlon in the pha%e whleh diffuued up - to f ﬂ?5

o the sllver surfﬂce, but 1n v1ew of the small ooncentrstion5f

| ”;ranges of the 1ntermed1ate phaseh in &ilver-cadmlum, Lt

fiappewrs that thlu gﬁplon&tlon 1& unllkely. & more probablel

-;;explanatlon 1% thnt the offeet was due to the presence 1n

i:~;the dlffusion zone ofa second phase, whlch, followmng

‘ ~¢hort1y bohlnd the flrst pha&e, 1tse1£ eame u@ to the glagsfﬁifT

t jsurfaoe. Thls would moan that the oQCDﬂd phase vmslble was' ?

ﬂ‘fmuch the Wlder of the two and nad o hlgher owdmlum

"ffeoncentratlon than the Pirst phase.”

Dmfferent portions of the same slmdeu Were a ed

-quwovef 8. temperature range to flﬂd the actlvqtion energy

. "Vﬂof dllfHSIOn'; From a; graph of log10 2% agalnst (1/T)

“ﬁthig W&o founﬂ to bc l4 9 kcwl/molc.: The shape of the
r*abelng curve dld not V@ry W1thxtomperature, qnd, in
-:«pwrﬁloular the final reflectivmty increase did not ch%nge.ﬁ“"

velatlve to the rest of the eurve Hence the actlvatlon

' energy a uoeiatoﬁ Wlth the first P&Tt of the re;lectivity ;xl¥*“
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77gfgchqn§@ W&w the‘vwme ao the actlvation onergy a socmnted

wﬂ?iﬁwlth the Second part of agelng tha feilect1V1ty 1ncreaqe.;3vf€

j;or each ‘pecimen, Qlot log!ﬂ -&gainut (I/T) and draw in ﬁhe fﬁf

L?moan line eorre nondlng to an nctlvatlon energy ‘of 14 9

ﬂﬁgfffour 6;fferent‘thlcknesmes of cadmium ovarlayer.i Thc

w“iﬁ;reflectance_andi65%’reflectancet *If in iaet, the
ﬁﬁffg7feflect1v1ty changen were due to change in. eoncentratlonfﬁl?W"

'wffenly 1a one phwse, thon thip pha e was the % phaso.' If ﬁhefﬁ.;ﬁ,

w*i!reflect1v1ty ch%nge wero due to the nre ence of two phaseshﬁ

Gin uhe dlffu51on zone, then the‘seconﬂ comyaund formea

\“ffwoula be theEXJEh%ue ao thms?was mnch the wider of the two.35

ﬂiThe flroﬁ (lower'refle0uiV1ty){eompound W&m probqbly the

. p pha e., for 'th:u,s :“w.:v,s 'tho only compou:a.ci wh::.oh hac?. a_.

uAhlpher 61lvor concenﬁration than the'K phaﬂe,

a g
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| ”he“refleétiﬁitiéS'6f‘%'sefieslof siléefnéadmium‘
1ﬂslloyu prepared by "flash" evaporatlon are shown in flg.
‘C7 13‘. The refleetlv1ty of pure cadmlum has been taken to
{'be 80% for the reasons already glven.. The reflect1v1ty
’of the‘ﬁ phase is 66% and this 1% in good agreement Wlth-

‘the final reflectivmty of 65% obtalned in the dlfqu1on

.f"”couple. Therg phas e has a reflect1v1ty doflnitely less _; *_

‘than 'tha‘b of 'bhe ¥’ phaSe, and "Lhe value of 62@% is :m

*u:.good ag reemen% Wlth the 61% found as the minlmum 1n “the:

' "-meqsurements.?g

_agelng curves These changes teﬂd to conflrm that the :LSF
7rofleot1v1ty ohanges are caused by two separate phases in
the dlffu51on 4one, the flrst helng the: low reflect1v1ty

ppha,se 'md the seconﬁi "the h:.g,her refleotivi‘ty ‘6 phase.

7~4"Refleetiviﬁy%Ghanges@in-@axa;inaium;li“

The effect of 1ight waveiength on a typleal
_;kaoelng curve 1n this systom 1s showa 1n fmg. 7 14. '?ff,fzv‘

‘*~37Mercur¥ yellow 11ght has been u“ed fcr all subsequenﬁ

B 0«""" .

The change in the shape of agelng ourves for ;,,'

‘fhﬁ.gdlfferent wold thicknesses overlald with very thlck 1nd1um o

fllms is shown 1n fig. 7 14 to 7 16 The eurves all

- lshowed the sudden reilect1V1ty change ausoclated wmth a

”*flphase boundary, and plottmng the ratlo t / (flg Ts 17)

showed that the experlmental points 1ay fairly near the
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theoretical ourve £or a ‘light penetration of 5008, The
’:expecﬁedflightfpeﬂeﬁmqtion forx sh&old £ilm is 4008, énd

"9 50 we' must nccept that “the - phase boundwry Was Sllghtlﬁ'

;f}dlffuuei the extra lOOﬂ 11ght penetrwtion being caused:

by penetre%ion of indlum into the gold. The effeot -
'appeared greater for thick gold fllms “than for thlnner :
f”ones, and indeed ior gold thlcknegses lesg than 10003

the effeet appeared negllwable.<

At the end of the first reflectivity change the
}roflect1v1ty 1nereqaed again by aboud 5% to 60%. The
effect wag small but was observed in all the specimens
aged. None of the inteﬁmediafe phasés in the gold-indiunm
" éystém,céﬁ exist over a wide rénge of'céﬁcentrétion, and,; ‘
ag in Siiveracadmium, it seemed that fhé‘effeet was mosd
probably due‘té-the presence of éAseéond phase,whichb
'follnwing Shorﬁly’behind the firs% ﬁhase,‘itsélf came up
"ﬁo tﬁé‘ginsé surface. ‘This'ﬁould'méan that the second
3 -phase v1sible wais muoh the wider of the two- and had &

'iihL@her 1ndiun coneentraticn. f

: The.activation energy of diffusion was found by
.   againg diff@renﬁ poftio@ﬁ of the seme slides over a temp-
leratﬁre range, For & sbeéimén 2730ﬁ thick, whose ageing -
" icurve at 139°0 is ShQWH lﬂ figy To 16, the overall time of

.dlfLHSlon varied frcm 43 dayS at 21°C to 3 min. at 145°C.

P
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The shape of thé ageing bﬁx;\re--did-n‘o“t vary significantly
with. temperature, ‘indicating that the wd-'-doﬁipomms had
similar activation energies. 'Froﬁ a p10t~0f'log10t65
againé‘b'('l/‘r), this activation energy was found to 'be
1949 kcal/mole, and this gave the ‘mean value of D} to be
0¢38" cmg/Spc. '

_ The cri%ical thiokness r%tlo of 1nd1um %o gold wag
found t0- be 1 5. This thickness oorrosponded to the
minimium 1ndium-thiokness giving a reflecﬁ;viﬁy 'drop toy{
uﬁdé@*éd% and did‘not distinguish: between the compound with
55¢% reflectance and that with 60% reflectance. The
compound with 55 refleeﬁance was found only in' small
- proportions, hcwever, and indeed in the speeimehHShown‘inf_v .
fige 7. 15 with 680% gold thmckness, the compound was
hardly seen at all. The crltlcal ratlo therefore Corresybnds
o - the second oompound formed. A ratio of indium to gold

0f 145 correaponﬂs to an 1ndium concentration of 36.8% by

- weight, This 1ies on the comp031tlon of *the phase Auln.

The first compound observed must have had an indiun
coneentration less than this and therefore prohably

oorresponded to the ¥’ phase.
‘- § Nl '

‘Phe reflect1V1tpCs'of a series of goldmindium ‘
.alloyu prepared by "Elask" evaporatlon are shown in fig. .

7.18, Indium’ was aggregatéd at tha air surface, but not,.

i
1
i

l'
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kapparently, at the glass surface,which had a reflectivity
of 88%. The.reflectivity of the Auln phaée was 584%, and
‘thi wa.s 1n -good agreement with the final wreflectivity of
-.60% obtqlned in the diffusion couple. From ageing
”measuremnnt g, the reflectiv1ty of ‘the ¥ phase was Ffound to

bev55%. 'The reflect1v1ty of +the X’phase prepared by "flash!

‘5~eveporat10n was fairly close to that of the Auln phase, and

‘certainly did not appear.to have a8 1ower reflectivity than
. it. Thiu is not 1n good %greement with ageing results and
- is probably explalned by the "flash" resulta only 'be:.nb

approximately correct.

7.5 Reflectivity Changes in Silver-—Indium

The wavelength of the light used for studying
diffusion in this system mekes little différence to the
roflectivities obtained. Mezrcury greeﬁ ligh% was used fox

observations on this system.

The change in the shape of the ageing curves for
different silver thicknesses overlaid with very thiclk
indiwn filws is shown in £ig. T+.19. The curves all showed
- ‘the sudden reflectivity change associated with the mdtion
of 5 phase:boun&ary, and plotting the ratio tl/'b2 in fig.
;j7}20 égainsf the silver film thickness showeé that the

”eﬁperimental'poinfsvlay'fairly near the theoretical curve
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‘“: ior %ﬁllght penetratlon of 65QR}xfﬁhg;ékpébféﬂﬁ;iéhﬁ gi

1nd1um intoithe silver, Values of dlffusion coefflclent

a.waq found to be 14 1 keal/mole. Substltuting the value

'EQVIOT‘D; at221°c,!D' wasjfound”to_ba Is 4fk10A3 cm /see.

Ty TN “ cam

The critlcal thickness ratio of 1nGium to siIVer

'?f'.wau found to be 3*0, corresnondlnp to nn.indlum coacentratmon**5
7”¢}of 67% by weight.g Thld lzeg fairly close to the _
_;‘comeWﬂuian of the eompound AgIn2 which we. can’ wecept as

Ok @a being the mqin phase prebent 1n the dlfiusion zone.

,,,,,

. AR 1 ! “ Y R A V. e - \.-_5‘\-g» St L
'.lfx;_ .‘;z-,, '1 V. ‘. N » 1..~‘,:..-» '; e ~-'_‘-..4"--r~..-~-¥-,

‘"ﬁtheue results whlch phase;wam formed.i

xThlekneus ratio
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‘jgﬁmcaﬁurementn 1ndlcate the form%tion of the eompound

s

,JAgInE and the "flash" GVadoration reoults are 1n a@reemant

f.wmth thmg eonolu 1Qn,h

‘ ‘I 6 Dlmcus 1on

o The reflect1v1ty changes in ﬁhe four uyotems |
uqu7cr1bed ln, th;s chaQter were all charaetoristio OI the

!ﬁmgtlon of a phase boundqry.; This phase boundary Was

j-5sharply deflned in gold—cadmium, but ia the other uystems

1ikiit was slightly dlffume and gavejanomolous valucs mof{r“"

fﬂs;light penetr%tlon.f In gold—lndlum the effecﬁ was small;"
oo & ‘extry |
the m&ximnm&genetvatlon belng npprox1mately 1003 and for

: ¢;gold thmoknesses Yess than 100ﬁ no inuerpenetratlon ot

'iall was;observed.,-mhis:Qomparatively sligpt,gffect,can ,

7§robably<be,éxplained.quitexsimply-by interpeuetrafidn

ST into graln boundaries, dlslocqtlons or other defectm ¢n

l,lﬁhe old, owus¢d by the high. temperature of the conden81ng

7A?f1hd1un atoms and. by raulent heatiag from the hot cruezble.

ff”he efLee 2 Wlll be greater ;n thlck @old fllms than. in
chln oneu beceu%e of. the correspondmngly greater Lnd¢um
:iﬁfllm thzcknesses vsed.‘ No u1m¢Lar ‘éffect would be expec éd;

:451n goldueadmlum as the evapor&tlng temperature of cadmium

*?@:(26400) ;s 1ow compared W1th %hat of’ indxum (952°C)

';;_'&fﬁ‘)‘,,»f. £ *"'.“"

The 11ght penetraﬁions were rsther greater 1n

tjszlver—cadmium (9508) and mllvernlndlum (6503) than in
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gold—cadmium and gold-indium, but still very much less than
than in silver—aluminivm (11008). It appears probable that

' penetration of cadmium and indium into grain boundaries,
dislocations or other defects in the silver could probably.
account for the observed results in this case also, |
Silver has s more highly aggregated structure than gold -
l(Sennett and Scott 1950), and penetration of it would be
somewhat easier. The éffect will be greater with indium

- than with cadmium because of the higher evaporation | _
tenperature of indiuﬁ. Values of D' were quite.consisteht
in these systems and no complications arise from sn initisl.
 fast diffusion,as in silver-aluminium. Gold and silver

have aimiidr atomic sizes, structures and melting points,
and it would be difficult to find- any other reason for
7'reuults with silver to be different from results with gold.--
.:The Phase diagrams of gold—-cadmium and silver-cadmiunm, aad

of gold~indium and- silver-indium are very similar to oneJ
_another. Hence it would be diffiqnlt_to éxplain4differeneés

in light penetration by differencies in the phase diagroms.

Values for diffusion coeffiéient-and.activatibn
energy for the fouxr systemslare SHown in tabie T«le Xo
results for bulk s peclmens of gald—eadmlum snd gold~indiun
are aveilable, but valuem have been given for smlverucadmium
ond silver-indium (Jost 19;3). The‘thln fllm values of o

activation energy are very'much“less than bulk values, and .




TABLE‘7;1'

VALUES OF DIFFUSION GOE?FICIENT AND ACTIVATION ENLRGY IN

GOLD~CADNIUM, SILVER~OADMIUT, GOLD~INDIUM _AND SILVER—INDIUM
e | Df &t 21°C D, E
~ Systen cmz/s_ec | cm-z/soc keal/mole
(a.) Thin Film Hesul‘ts“
Gadmivm into Gold - 1£05‘xio"14 0483 1846
'cadmlum into Silver 204 x107%2 | 370 x10™4 1449
| tnatun into Gora '4:8 x1o "6 o.38 19:9 ,
'Indmm 1n1;o S_ilver‘ ' S.biq. xlO ~14 led x10 3 1441
(v) Bulk ‘S_:pepimﬁens“
| Cadmivn inte Silver 748 x107%%' | 449 %1072 2244
‘Indiwm into-Silver  -4-2.x1o“23'"7-3 X107 2444

v




it might be thought that this dlscrepwncy was prooi of

- ~d1fferent meehanism of difiuaion in thln fllms compared

with bulk dp001mens. Wo have, however, shown 1n silvera;;Iﬂv
‘aluminium that the iéoter diffu51ng metal determlnew thex:

" rate of dlffus1on and a similar offeet would be expected -;i
o occur in 311ver—indlum.. Szlver hos o hlgher melting' »
point than 1ndium, and conmequently dlffusion of - gilver _ ‘
Cinto indium w1ll bc the .faster dlrectlon. Hence,'&ié@%ﬁﬁ§#§.ﬁn‘
diffusion of: 511ver into indium w111 be the rate RN
determlning process and the reflect1v1ﬁy chan ges at: the
‘silver surface will be due simply to the los s-of-smlver-lnq'°
-thé:formation of'ﬁhe intermefallic’com$oﬁﬁd.‘ Thig will ; $i
have o much lower activation energy than- dlffusion of

“indium 1nto silver, in. agreement w1thxthe experlmental
Iresults.. A value of actlvatlon ener &y of 14 l kcal/mole

for dlffu31on of 31lver into indiunm appearo a very reauonable&_ 
Tigure.. Tor diffusion of silver: 1nto 1éad, a value of s
“actlvation energy of” 15 1 -keal/mole hao beeﬂ found, and

8 fairly. smmilar "alue would be’ empeeted for dlffu81on of
iandium 1nto 31lver. An explanatlon exaetly sxmilar to the

above holds in silver~cadm1um.

" Buckle (1946) has studied: bulh dlffusion oouples
- of silvpr—eadmium.' He -observed two- phases in the dlffu91ons
"-zone'but1did-not:ident1fygthe~actual—phaseﬁantlnvtheau. |

. i



96

;.,présént'investigafion, fhe-probablé.presenca of two phases
has been showan and it has proved pQSblble to identify

', these phwses. From the resultes’ glvennby Buckle we can

© “ealeulate D latseof?"c. to Be 9. 3 x107L0" en®/sec.  On

.extrapolatzng the results obtalned 1n the present

- finvestlgation to. 300°0, D‘ ig found to e 5 8 xiO =10

':v"cm /%ec, 1n gcod agreament w1th Buckle S vqlue* Buekle

'on]y glves resulﬁs at 3oo°c, qnd sc it is not nosulble 0
i.compara values for: qctlvetion energy. It would appear,
uffhowaver, that the mechanism of dlffusion in bulk couples

"and thin fllm eouples of ullver-cadmium is the sa ame.

'"”Iﬂ néﬁe of the four Sys%ems'describod'in~thism

) chapter was there any trace of the formation of a solid

o  solution in the silver and gold before the phase boundary

pwaa observed. Thls 1°-rather urpriuing, ior the solid

naolubilitles are falrly large, and in the case of 31lver-

-ﬁ;fcaamlum it 13 42 ot %o Two possible explanqtlons of the

'lresults can be glvcn.‘either that +the reflcotiv1ﬁies of +he

'“ 'thlid solutiOHS are 1ittle dlfferent from *he pure metals,

ox that very 1ittle solid solutlon is actually formed.
ﬂThe first explanatlon seems unlikoly in view of the

dlfferent appearances of, say, gold and cadmlum, and,

:“ﬁaﬁindeed, in 311ver~cadm1um, ? fquh evaporated alloy it

V25 ate % cadmlum.had a reflebﬁlvity 11% less then that of -

. pure silver, We must thergfore conclude that only a very :
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. CHAPIER &

REFLECTIVITY CHANGES IN COPPER-ATUMINIUM

;8@1 ”ihtfoauctigﬁj:j;$-yﬁﬁ T

1'{‘.4 R

Reflect1V1ty changes dn’ thln fllm.ﬁogplés éf -
l*éopper«alumlnium proved very 1ntere ting, beéause a two
 §stage ageing curve was obtained at the alumlnum aurface.:AE;}*gp
Ghanges took plwce at both metal surfaoes and measurementsf
were made of diffuumon in both dlrections._ The copper waﬁ}ffi

.invarlably dep031ted before the alumlnlum,since the copperffffii

"ﬂ;ﬁoxidised readily in alr without the protectlon of the

. alumlnium film. The phase aiagram for copperualuminlum

i shown in fig. 8. 1.»4‘L;

‘ A 179°G wau.belected as the standard aoeing temperatureﬁw
ﬁ_for dlffusion in both direoﬁions smnce this allowed most

;f?{films o be aged in the hot air oven. L  :

8.2 Refleeﬁivi%yAdhangés~ét thé'ébbpéﬁ Suffadé*l‘

The effeet of llght wavelength on a typioal agelng

;curve is shown 1n ilg. 8, 2.; Mercury yellow was selected

f X

"‘for all further meamurehent on this system smnce the

,1‘\‘:.~

‘refleot1v1ty ohange (25%)kqu greater with 1t than wmth -

mercury green (ll%) or menewry blue (7%) =
. a | T
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Slides were prep&red with. copper fllms of dlfferent
u.thieknesses in the range 3003 t0 18004, overlaid ‘with thick
'fllmu of alumlnlum to avold. thickneas ratio dlfflcultles. :
~Typ10a1 agelng curves are shown in fig. 8.2 and 8.3. The}
ourveo qll showed “the sudden reflectiv1ty change |
characﬂerlstle.of a phase boundary. In fig. 8.5 the ratio
tl/%thas.beeh plpttéd against £ilm thickness—formall the
specimenéAprepared; Ehe points lie eloée to'the~theoréﬁical
 _curve for a 1ight penetration of 5903 The expected light
penetration for a copper film is 400& and we must therelore ‘

conolude.thax the phage boundary'was-sllghtly dlffuse.-

Values of dlffus1on coeffmclent were caleulated irom :

“[the tlme taken for the reflectivmty to cease changing. The,'

-values were¢ consistent, - and the meen value of D' atb 179°C

. was L. 2; xlO =15 om /éec.‘

'Diffe@ént portions: of the one slidéjwére'aged over
' a temperature range and the activation energy was found“tp

" be 3149 kcal/ﬁdié."‘fhis gavé'Dg:éqda1:ﬁo‘4;0 em®/sec.

8.3 Refleotivity ,,chang.es aft' _the ?_Aiu&xiinium' JS‘ui-faoe

Refleetiv1ty changes wgre aJso studied at the
alumlnium burfaee. Slides weré prepared with aluminium

thlckne sses varyﬁng 1n the range 1803 to 27301 with very

- thlck copper substrate films} In the very thin films

i
!
¥
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(< 3008), thicknesses were found by measuring the -

reflectivity and tronsmission of the slides and using the

results of Walkenhorst (1941) to find the film thicknegs.:glf

Typical ageing curves are shown in fig. 8.5 to 8.8, The
curves are characteristic of the motion of two separate
phase boundaries, the first with a reflectivity of 53%. We -

will analyse the two paris separately.

The aluninium was found to age somewhat in-the
initial part of curve, but this effect was small compared .

with subsequent reflecetivity changes.. The ageing was

greater for thick Iilms than for thin ones because of the -

longer sgeing times involved, and consequently the
reflectivity ofEEQEOnd plateaun varied fromIZQ% with an
aluminium thickness Qf‘5353‘(fig; 8,6) to 684% with en’
alurinium thickness 6f‘27308 (fig. 8.8).

The curves all showed the suvudden reiiectivity

ehangé associated with the motion of a phaée_boundary. In

fig. 8.9 the ratio t,/t, has been plotted againet aluminium .. -

thickness fox nll the specimens prepared, taking 12-%9 the o
time for the first part of the ageing curve to bhe eompleted

- The points lie near the theoretical curve for a light .

penetration of 750&~ and we must therofore conclude that the_i»-

phase boundary was diffuse, the extra 4508 light penetraﬁlqn

being caused by the presence of copper atoms in the‘
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1um lattloe._ mhls Denetratlou‘must have taken

D' lncreased steadily With deereasing

.f'-_ot surpriszng,ff

:2§$$?t “tofprow is not

ff*fﬁiknoWn wnd may vary W1th thioknosu.. Nqne cf'the




: ”fffpenetrwtlon has llﬁtle effec%.

102

T \5"5, R IR ‘:' ' e
\

ﬁr wh1ch nght reasonmbly be takcn to be 400&,'1nd10atlng

"Qgthat a8 far %0 this phase 1s concerned,amy 1n1t1al

EQ?’SE&” Values offD' at 179°C Were calevlated for this

”- part of the' agelng curve from.the time taken for the

‘"*f?frefleetivity to cease varylng, calculatlng from the tlme T'"

l

”‘ﬁfforlnin.q D' was found to be oonstant wmth 1ncreasing

ot ) x‘

"*“ﬁfllm thlckness (flg.‘B 11), ana the mean value Was

et
: e :2
.

35 xlO 15 Cm /»ec., awill be llttle dlfferent 1f

.<‘ T

"wﬁf alculated fromjﬂhe end_oi the flrst stage of diffuuion,‘

lfiifelnee the majorrpart of ihu total geing tlme (approx.,g

77“i:85%) ig for the;secbnd stage of dlffuleH-‘ Tt would
”ffmake D' no more than 12% greater than the calculated |

P

Different portions of the swme slldes were aged

PR

tﬁﬁqffovor a temperature fange from 124°C to 266°C to flnd the
Aﬁ?aotlvation energy. Typ10a1 results are shown 1n ilg. 8 12
’fﬂand 8.13 for an aluminium thlckness of 1090ﬁ The :
'-relatlve positlons alang the time axis of tlhe two parts
:_“of “the. ageing eurve did not appe%r to vary at all. HeﬂGGi 
.f the activation energy -associated with the formatlon.af the

first comnound was, the same as. that aqsoclnted with the

formation of the second oompound. From- & graph of: 1oglot60"

:‘,fngalnut (1/T) this aetlvation onergy was - found to be
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;;{5vkca1/mole¢ Values of D! were calculated . from the
;fdiffasiqnwcoeffipients.(D') at.179%C. :For the first paﬁ%'
offthe«ageing.cuﬁve Dy -was found to be 22 ema/ﬂec,'and'

~ for the second part 4.7 om?/secu

8.4 - The Refléeﬁivit .of Co.'erfAluminiumigiloysﬁk,

| Thé reflectivities of g seyieé 6f eva@ofateé
.éoppéf—alumiﬁium aiioj fi1m$ %relplotted in fig;:5'l4 '
vas a function of the alloy concentratlon. The rosulto
obtamned by Holland (1958) using a s¢milar technlque are.
wlso plotteﬁ on the same dzagram. The agreement between

the two sets of results is 1n.genera1 quite satisfactory.

Aiieys'of copper containing up to 20% sluminium in;'

solid solution had o definite yellow tint,‘in agreement

with Holland's observations.»‘whis yellow colour has

,never heen observed 1n awelng observqtlonu at the copper
surfaco, and :1.nd3.co:beM that only very thin layer of this

w so11d solutlon was foxmed.' Thls is in agreement with

.observations 01 the systems gzven in ehapter 7, in none of

whlch solld solutions wore observed.

luA

-Two componnds have! bean -observed by agelng at the
»alumlnlum surface, the first wlth a reflectmvmty of T2%

and the second with a refleQﬁévity of 53%. There can.bg,hqg‘
‘no doubt that the firstibomﬁbgnd formed is the O phase

'
t
I
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Fig. 8.14 Graph of Reflectivity against Concentration for
Mercury Iight of Wavelength (a) 57908 (b) 546118
{(c) 43588. @ , ¥, and W represent the results
of Holland (19585 for the same wavelengths.




o log

(GuAlg), as . thm reilectlvity of 74o Pound for an -

fev@poraued alloy illm ¢> Ln good aﬂreement Wzth T2%,

»lfi fThore dis fmther mere uneertamnty aboux tha second eompound

"fifof 10 between the two values oi reflectlvlty can ﬁfdbéblyff‘

fgfformed, and o reflect1v1ty of 53% is. 1n wood qgreement : |
x w:t.‘bh the "Zz Phase (;4~~%), the ‘5 jphaue (48 ,o) 'md *the $  ]-._,
5;phase (30/), and the compound formeﬁ mwy be any one of -

:p-theue 'bhree. vl

‘ >“:The refleot1v1ty om the compound formed by

3xﬁ1ffuulon at the oopper surface was 43%;;3Thﬁs Wﬁm

'“" 5presum%b1y the oame compound as was formed in the seOOnd ’”;,,;
s ’ . *.;.n- -

‘"stage of ngeina at the alumlnlum surface.' The ulfference_f*f

"

fiibe explalned by the glaua surface Whmch reduces the ugyf?}ﬁi
f fref1@etiv1tyvme adingse It iu ﬂgain~d1ff:eult to say o
-';fwhether the phase fomméd g the 8 phﬁue (A7w), the Si
,-J?phase (4)%) ox: The‘?z phqae (50 %), qm they all have ,"

ff ‘«refleet1vlt1e whmoh are: 1n modorate agreement thh the

4 >,lobnervod vmlueu.“‘ﬁxf?Vi”iﬁff?Q*1'

N . '_1, .
tt \ffp BT

“73ﬁ8 Effeot of Thlcknews Ratio \

N -fuv-'-w" ":~.ip| "l'..".\ “es

Several slldes were prepared wzth ;glngle layef
. of copper wnﬁ four separaﬁe élumlnlum fllms oi dlfferent

i ‘c

thloknesses.; The slldeg were aged at 179°0 and

"1 rexlectiv1ty meuuurements Qere made at the copper surfaee

(flg. 8 15) From the.se%en slideﬂ prepared”the crit10a1 ‘ 

i
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Fig. 8.15 Ageing of Copper Surface at 179°C for Coppex
Phickness of 17708. (a) aluminium thickness
= 9308 (Al:Cu = 0-53:1), (b) aluminium thickness
= 18008, 31008, and 52008 (Al:Cu = 10, 1.8,

and 2¢9:1)
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Fig. 8,16 Ageing of Aluminium Surface at 179°C for
Aluminium Thickness of 11208%.
(a) copper thickness = 2008 (Al:Cu = 5.6:1)
(b) copper thickness = 3608 (Al:Cu = 3.1:1)
(¢) copper thickness = 710R (Al:Cu = 1-.6:1)
(d) copper thickness =11508 (Al:Cu = 1.0:1)
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crmt cal thickmeso ratio of alumlnmum to ooPper was found
bo-be 0. 9, corrg%p@ndlng to anaalum1n1uu eonoentrafloﬁ o
0 22%: by Wei ht;“wﬂexgrene ‘tévfxg. 8oL uh0V$ thqt e ;
iiﬁ,closgatovﬁhg~c¢m@031tibnsvqfﬁthe~8“ande;Jph33é§;,:~*
indieating that one-0f these is ;Qrobablyﬂ the yli@.‘sé*'-'fox‘med'.;-»;

R S ' \—"' X

. Refleeﬁ1V1ty chwnges Q%?the alumlnlum surface4wefe
vtudled w1th slide& having 8, 31ng1e aluminium layer and
'-four'&eparatewbhmcknes aes cf copyer Oub tr&te.-nA\ﬁypigalgv»‘a

;mgelng eurv@ at 179°C i shown‘ln figy 8. 16. Iﬂiﬁhis[g :

~ease two- crluical ratlos requlre b0~ be found, eorreapandlng

to the First- and seoonﬁ parts of- The agclnm* curves’ f*?*?'t.7‘¢'

— ~i PN N\ ERR IRy ! Ey ““‘ s

In fig. 8 16 1t can he een that for the flrsﬁ o
,part of the qgelng curve, the erltloal thlckness~ratio Of
'alumlnlum to oopper llea betweeﬂ l 6 anﬂ 3 1. From the
‘Ttwelve slide& prepmrea this wws narrowed to xaxio of
falumlnium to eappef of 2 6. We h%ve shown 1n Ge 4 that the
'-flrst part of the abelnﬂ ourve corresponds to iormation of
OuAlg, The - crltlcal thmchness ratlo lf thzs phase were ?
Lormed alonefthrou hout ﬁhe dmffumion eouple would be- 2. 86.~
“Hence we mnst eonolvde thaﬁ the aifus lOﬂ“ZOﬂG‘OOHSlSBw]j;
mainiy of- CuA12 w1th only a Vmall amount ox “the copper-

: flﬂh phase p?esenb. ‘

N
S
{

For the second part;cf the qgeing curve it can. be

seen in fig. 8. 16 that the - pritloal thlekness ratlo of"



-

'“f8;6‘1bis“ﬁssicﬁ?”

P

~'_’:m bhe dli‘i‘uolon zone (:f.‘

o ;;r'bhc, copper surface. - ‘i)he}

" appear

0“3311 ,me‘bal, uu,ri'aeea 'hhc\ﬂ uhi

e'z.,urement of crmtlcal 'i’hml{nes a:tlo and

;:mea.mromcnt& oi‘ 'the alleys :Eormed :mdl.cavbe 'the Presence oi""f;-f -
[at lOaut two phaseu 1n th Qiffu810a zone (fig. 8 17)
"“"':?;";};:“f"b}'lo :f’LI“““hf“‘

u'ba,ges of agc,:,'nb the 9 plmsp is muoh wic’ier ‘thfm

‘“}”-;ff"bhe 3 }}hase.- Nev«.,rtheless"l"biie 3 phase”i ,lways pre..,ezm’f}l___:’”_‘-"""'”’-‘

8\1‘7(&3)) even azh 'thc:;- bcgz.mung

x' .:

oi ld_}_i‘ _gusg_gn and .L'L 1.., 'th.s }_C)h'l.oe 'Lha:b is alW“LyS seen a'b

agez.ng cux‘ve*“»a‘a the eamer sv.rfa,ee;- .
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. reaehed the alwnlm.um surfsce.’ 'Thiu" indie't'bem thét 'bhé

copper a‘homs a,:ee, bemg u°ed up m: the same rate. whether or

not ‘bhe B phqse is S“blll growing. Hence 3.n 'bhe f:.ru‘b

p%rt of the agelng eufve most of the oopper atom:a react N
RTE form the g ;phase and only a- i‘ew :{‘o:em 'i;he 3 phase. \ In
'bhe ..second part o:f:‘ the ageing: eurve all ’t;he copper atoms: . _
reac't; wi‘bh ’ohe 9 pha,se *ho form S‘ (:E:s.{“. 8 17(@)), and ®0
aﬂb this stage the 3 plmse will appear 't;o grow nore -
qu:z.cl:ly 'than in 't:he i‘:.;rst par*t of ageing.

:D' '.:-;,t 1’79"0 for rll:l?:tus:r.on mﬂso the copper ‘has
been iound %0 be 1 25 xlO 15 ema/sec. In 'bhe firs t pa,r\‘s"
of 'L'he agelng curve a:b 'tshe alumimum sur:ﬁaoe D' has -

been found 139 be equle 'bo .1 xlO -4

s\ / ec, Hence 'bhe
penetra*blon o:f:‘ ‘bhe dlffuslon 1ayer :Lnto 'bhe aluminium :1.,.,": |
2 97 tlmes tha.“a 1111;0 “the copper. Th].s eorx‘es;ponds '!:o 2
ra’clo oi‘ 2 6 :E‘omm from observations o:E errblc'zl thmkness
ra'bio, the dz,:f‘fe:r:'ence being due probfa.bly 1;0 c,rrors in 'bhe .
determln%'bn.omof D' This '\, :sl:n.n J.ndlca'besz that in. 'm |

:L:nf::.nme &J.ffusion eouple ‘bhe (28 phase would grow muoh i‘aster

'bhgm 'bhe f pha.se. :

G dgn In the ‘uecond pa,rt of 'bhe alwninmm agelng ourve
D' ab 179°0 Was- found “bo be 2 35 xlO =15 emg/sec.

| Henee fbhe penetrat:t.on of 'bhe &:L:Efus:wn 1ayer :mto ‘the 9

"bhe “Dene*bration 1n‘bo “bhe copper. The
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. Gensity of ﬁhgfenphése.iéfgiv@n‘as 4+ 34 gﬁ/ee (Bradley
... and Jo#éé_l934) and‘from-fhis we: can worlk: out the
;“concentration 0f~therphase~formeﬂ t0.be 23+4% of aluminium
by ir-:éighta - The. 3 phase which has been postulated from-
~thickness ratio. measurementu hws an alumlnium'concentratmoﬂ
" of 25% by Welght, in good agreement wmth the value glven -

above.-~

| o A large vglue for apparent light penctratlon has
~been found for the-first part of- th@ ageing curve at- the
-alumlnxumlgurfaqe,*iarmgreatefnthanfcan-be;explained~by
'actu@l:1ightjpgpéﬁration.j«Qhe value of D' was also found
,ﬁohindrease,witﬁiﬁecﬁeasing‘film:thickness, tillwwithia
. wtpickness of318Oﬂ,D!~waSKthreertimes higher than the

steady value.

' These observations are very similar to those found

in silver~alum1nium and it appears that a mimllqr explanation

hpldg.in,bath:eases. As.ln.sllver—alum;n;umt aluminium can
;take‘u§ c0pp§r;in solid solubion at highgtemperatures; and -
~fiﬁ seems quiﬁe pessible-that‘aluminium,can-anept a |
considerable amount of. copper in:metastable spiid solution
.atklgw tenperatures. Welmust\consider that the copper
diffuses into fhecaluminiumneiﬁher-during.evaporatiOn
‘,,orkduringmthe.iirstﬁsﬁﬁgas bf»gnnea1ingnor both. This

would give rise to a region of supersaturated solid



: aolvticn of- eopper in the alwn:_nl'tm. . Prec:: ;pl“ta'blcm of 'the

»5;:-15}1@ aiumlnium rich~ compound would. !'bh@fl“"hmk@ plaee. - ~hhe 9

-_--pha»e e an reflectn.v:-.“cy ohsmg,es woulc’i be observed. In 'lme
-:Lm.tmal stages- ‘the e pha,se would be 1):\‘.‘6(31}_‘)113&138(‘1 read::.ly, |
- and .80 ZD' would be h::.gher as- obServec! e*xperimcn’tally. .

;o . A A . . :
e STegs o0 sy e

L NN
SFeo T,

As preclgltqtmn proceeds 'bhe efiec't of the 1n1'b:|.a,1'

H.;::f"LS't dn.:i?fuswn w:z.ll dlminlgh,cmd ’che phase edge wn.ll o

| "'.;'ftend to- follow ‘l;he mo*bion of a- normal- phase, boundaz'y. e

. _{Because 0L 'i;he J.n:l.'b:l.al fant Gi:f.‘fu,alon, however, the ')hase

’ bounda:ry will be: ra-bh@:r* -éliffu e, a,nd th:x. w:.ll glve m

o :;~‘a110molous light penetration for all 'fllm -bhiclcne SGS'-

.., changes - I LT TP

_::The value of DY will- "t;o:ad ‘bo 8 conu'bam'i: value_ for 'th:n.ck

,“_;ﬁ‘ilms, and beyond a- certpln ‘th;z.ekness (7003) Will how no :

Only a uligh'h siiomolous effect Was observed wrbh :

Vm‘bhn qeoond Qhasc 'I.‘ormecl (S ), presumably ss:.ncc 'bh::.s phase

grew. mu,oh more slowly them 'bhca 9 pthe mmd m:'ec imt%ion U

, »'oI.‘ "bhe 9 ;phaue woulél 1°emove the effeo*b o:E “bhe me‘tagtable

“ csolz.d .aolu'biom fI.‘he 1.Lgh'b penetrat:.o:n a’b *bhe cogper

-surince W&‘Lﬁ 550R sln.gh*bly greater 't;h'm “the 'theore'bieal

va.l.ue of 4003-. -+ This.- diacrepémcy‘ maa,y llave been due bo- the '.
formation of: & mc,‘castahlp» “Olld solut:a.on, or n.'t: may |
:‘z..)mmply have: ‘beeﬂ caused by pene bra”slon of "ohe condensmg

-~almn1niwn 1n1:o :mperfec'b:.ong in the capper




In dlSCHuSln@ bhe Ob“QTV&thﬂu on dlffu31on we-
,nhavo oans¢dered that copper aﬁomu di¢fum1ng 1nto the
5mlummn1um are- rasponaﬂble fer th@ observed. results.  h ,

}Buekle mnd Blin (19b0) and dw Sllva and- Mehl (1950) have

~%:1ncht1gﬂted the- Kirkemdqll effect 1n Cu - Cu+-12%A1

rdif¢u¢10n eoupleu. They ------ found that 1nert mquers moved
:Q%OWardu the'alumlnium rzch szde, 1nd10at1ng that the
'Talumlnlum atomu Were more moblle thwn the copper atoms.
”A slmil%r result mlght be- ewpectad in o copper—alumznium ”

dlffu ian eouple but 00 vesults are- avwllabl@ for uhlm;l'l

(R . L .
Yot e -

Tt 16 not poseible 4o explain the prosont Tasults
A;Qn $he‘basisiofjmavementwpf;ﬁhegaiumin%ﬁmlaﬁﬁméHfon?the~ f¥$"ﬁl
ifollowing reasons 3 - ;§<3w~¢;;§r;*ﬁ§%:?g:fj }“‘

f(a)~ Only one- reflectlvity ohange takes plaoe at the

copper surfmce aﬂa this ,uggests that there is no tendenoy )
for the f phase "o trensform’ 1111;0 'the 9 pha,se even when
ifexeesu aluminlum is- avallable. ' | ' |

(b) Thc yellow culour 0f- the solld uolutlon of alumlnium
"1n copper has never: been observed =it should have: been- 1f |
ialumln&um dlffused 1nto thc eopper.l | |

:(c-) Ars. alwn::.n:u.mn rz.ch Qha,se (the B pha.ae) has been
observed to- grow much quter than a eopper rlch phase
'i(the j? phase) Ix %lumlnlum dlffused 1nto oopper the

mntrlx would be copper rleh,and we would expect the copper
rich phase ‘o grow fauter.~ |




(d) AP})&J?@H‘J 1n1'h3,a1 pone'bratlon is: gr.ceabex for the 9

Dh&uL than for the j’ phase, 00n9¢uu$nt w1th the penetratlonﬂA .

'Aof alummnmum by the coyper atom o No anomolous effecﬁ
. wereé: detecteﬁ at the copper surfae 1ndloating that very

few aluminium atoms penctrated into ‘he " eopper.=”'

| - We Would expgcﬁ d;ffusiop in.cpppe$~a}pg;niu@ to
be a ‘true volune diffusign,as.inhthe.othér met311635t9m$
inve&tigateda’_We;WOuld-antioipate thatjthe'valnes of_-'
VHQiffusion.éogfficient and aptivation~egergy;wou;dvligii; '
‘ faifly close td the.va1ﬁes for bulk specimens. . Tt table
8,1 the eorrééppnding~resulfé”are‘eoﬁpared. Thé égfééméﬁf :
- between thiﬂqfilm ﬁalues“and~5ulk'vélué3"fof-thé*diffﬁéioﬁ
‘of copper 1nto aluminium (1.0. the faster dlreetlon of-
: ﬂiffusmon) is- good, with D very close and B around 10%
‘less in thln fmlms."The agreement between thin fllm |
aLues qnd bulk values Ior the dlffu81on of alumlnium into
copper 13 poor, wlth both D and E helng cons 1derab1y .,
dlfferent. “We mﬁst therefore oonelude that diffu31on of
‘   copper 1nto the alumlnlum 1s %he rate determinlng process;ll
'and thao the refleotivity observatlons at the eopper

:5surface are due smmply to e loss of copper in the

formation of 1ntermetallie compounds. :




| DABLE 8,1

. YALUES ¥OR DIFFUSION COEFFICIENT IN COPPRR-ALUMINIUM

S
::§¥Stems !',; o emé/see ~ keal/mole .

Aluminiumainﬁé‘QOPQQmw 4o . 3149
‘ (Thin Films) o . o
aCopper into Aluminlum | 22 e
RS ! 407} o ' 31'. 5

(Thin Fllms) o

Aammtntan into Somper | 3002 | gt
| (Bulk SPGOlmenS) BN Foaeoe ":;- Ty ‘;..-
.Cappex mnpo“Aluminlu@- f éijui

pock sl s sanst
‘(B'U.lk' Specifmene_); HESS4 EE A e

is :l X '.‘-; . .;_3- : .

Results of Brlck and Phlllns (1937)

f;;f Results of Matano (1934)
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‘CHAPTER 9

- REFLECTIVITY CHANGES IN GOLD-~LEAD

“9,.1 Introduction

The reflectivity changes discussed in chapters
5 0o 8 have been shown to be characteristic of the motion
of a'phgéé boundary; Schopper (1955) found that in. gold-
lead fhe reflectivity changes were caused by the gradual
Tormation of intérmetallie compound at the gold surface
(chapter 152). As this appeared to be a different mechanisu
of diffusion from that normally olbserved, it was decided |

t0 repeat Schopper's results in more detail.

The phase diagrom of gold-lead is shown. in Tig. 9.1,
Two phases appear stable at low temperstures - AuPb,, and

Aung.

Gcld was usually deposited before the lead to
prevént éggregation effects in the lead affecting the
.~gold filﬁs. ‘Reflectivity changes took place at the gold
surfaée, tﬁe reflectivity dropping 4o a value close to that
of lead. No change was ever observed at thg lead surface,

- even with vexry thin lead films and thick gold ones.

- Gold-3ead diffuses at room temperature, and this

has been used as the standard ageing_témpérature.
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Fig. 9.1 Equilibrium Phase Diagram for Gold-Lead
(Hansen 1958)




Reflectivity
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0 20 40 60 80 100
Time in Hours '
Fig. 9.2 Ageing of Gold-~Iead Tilm at 21.°C., Reflectivity
change at gold surface for gold thickness of
14108, Reflectiwity measured with mercury

light of wawelength (a) 5790ﬁ (b) 54618 (c) 43584,




Reflectivity
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Time in Hours :
Fig. 9.3 Ageing of Gold-Lead Film at 21°C. Reflectivity

change at gold surface for gold thickness of 6001
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Pig., 9.4 Ageing of Gold-Lead Film at 21°C. Reflectivity
change at gold surface for gold thickness of

50508.
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Mg. 9.5 Graph of Gold Thickness against Ratio tl/tzo (a)

i.s the curve found experimentally. (b) and (c)
are theoretical curves assuming a sharply defined
phese boundary for light penetrations of lOOOﬁ
and 4008, (d) is the %heoreﬁioal line given by

Schopper's theory.
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Fig. 9.6 Graph of Reflectivity against 't/d2 for Specimens

ghven in fig. 9.2 to 9.4.
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Fig. 9.7 Graph of Log,,tg, agains? 1/T for Gold Thicknesses
of (a) 33008, (b) 14108, and (c) 600Af.
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ﬁéflédfi%itﬂﬁﬂhanfes at‘fhefébidusurfaoé

}“;The effect of 11ghﬁ wavelengbh on 8, typ10a1 ageing
l;;curve is- shown 1n flg. 9. 2. The reflect1v1ty change wmth‘

”mevoury yeTlow 1x@ht (30a) was greater than with mercury »
ﬁi“blue llght (25%) or mercury green (18%), %ﬂd has been |

-““;used for a1l subsequent meaburementg.

AP

Slldes were prepared with gold films of dlfferent

V- th1oknesses in the range 3008 to 5050& overlaid with very

fthlok films of 1ead to dvoid’ thlekness ratio dlffleultles.-ﬁ

wmoal 8geing curves ave showi in fige 9.2 o 9.4,

Film fhiéknes«es above 6003 had aﬂ'initial platean

'1lbon the agemng curve, but the length of the plateau was much

less than was iound in systems wmth a &harply deflned

"f”'phase boundmry. This 1s Well 111ustrated in fig. 9.5, in.

”]whmch the gold thickness is plotted qgninst the ratio tl/tg.

ﬂ‘hJThe values obtained were conulstent and lwy on a smooth

fpurve, but_thlg‘curve~wau~1ar away from +that obtalnedlfor‘;
‘W”V46Oﬂ”ii§ht;p?p@ﬁratioh éﬁd5éid-ndt coinci&é‘with‘any

i éurVe-fdr,a fixed:valué;bf liéht‘pengtratiqp;

Values of D' Were caloulated from.the time taken “3“‘
';for the reflectlvity to oeaso ohwnglng, ﬂssumlng the _
results to be ehnraetermstlc of the motion of a phase

vboundary,: The meqn value of D' &t 21°0 was . found to be



-
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2417 xlO"ls.cmg/sec, The values were consistentvand-did.

- not inecrease significantly in thin gold films,

-iﬁ.ﬁiéwééf %he constancy of D' and the comparetively
'3 small'variatioh-bf the ratio tl/% uwith thickness, we can
make the eurves prqctically coinclde by plottlna against
t/d . This is illustreted in fig. 9.6 and oonflnma
Schopper's resultu shown. in flg. L 2, qlthough the fit is

hot as good as Schopper obtained.

lefereat aoxtions of the same slldes were aged

o over & range of temperature from 21°C to 110°c. From a

"r“}plot of 1Oglot60 agulnsi (1/m) (flg. 9.7), the mean value

“«found for the aetlvatian enerby wos 17 1 kcal/mole., This

::?igare is 1n excellent agreement with Schopper's value of

-_rfl7 0 kcal/hole.

It is intéresting to‘compére'fig. 1;3,@h0wing the
experimental points used by Schopper Fox finding the
activation energy, with fig. 9.7. The results in the

ipreqont investigation hove. béen obtainad with Aifferent

‘,\portlons of the one.slide, and 0. errors -in film thickness

f.determination,and spread in the value& of diffueion
*ieoefflcient do not affect the results. The points all
”1ie wlmost exactly cn stralﬂht 1ines,and dlfferent film
thickne ses. givb llnes W1th equal gradlentu, 1ndxoat1ng

'tﬁa%;gpread in D';yaluea lies in Dé rother than in




¢ a&n be

f‘égmaklng;the mean valuf_of D' af 21?0, Do

1f%£w¢th Schopper s‘value of 0 016'03 /sec,deupite the uue

?fof two rath@r dlfferent theorles.»”“

fowébo a8 ed 1n.an ovea at 36°G]and typlcal result is

‘sthown 1n fi@** f”ﬂfrrom the eiaht gpeczmens vrep%red

?the value of the or1t10a1 thlckness ratio of 1ead to golﬁf*

:fiflgwas found to be’3 6. If the lea& thlckness*wasﬁmore than

fﬁ; ;336 timeu the 001& thlckﬂ@”&, the full reflect1v1ty ‘
yfsﬂ*féhange %ook plaee.v If the lead thloknens Waugle s thanf
ﬂ{w:ifthls,igome raflectiv1t? chmn e took placéfbecause cf thé
ifﬁf;fdnffnsémess of the phémé\ﬁguﬁdgfy, buﬁg&he'full efleotivityt
ﬁ.?:iijx_‘p’xi-?“'sé 525 -W‘?JS"_ anli*biﬁ;ﬁ%_xji‘ri‘gdg S e 4
b :

Sehopper hqs clammed”th%t 1ead thlchness thce

thms h%b not been found Anithe @resent invesﬁlpation. &Iﬁ”
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Me. 9.8 Ageing of Gold Surface at 35°C for Gold Thickness
of 7354,
(a) lead thickness = 8208 (ratio PbsAu = 1-1:1)
(b) lead thickness = 13908 (ratio PbiAu = 1.G:1)
(¢) lead thickness = 33308 and 48108 (ratio

PbsAu = 4.5 and 6.6:31)
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Fig. 9.9 Ageing of Gold-Lead Film at 21°C with Gold
Overlayering the Lead, Gold thickness =
7808 '
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Fig. 9.10 Ageing of Gold-Lead Film at 21°C with Golad
Overlayering the Lead., Gold thickness =
24508.



gola}thicknessugavg-some*refiecmiVity-changé,ﬁﬁt‘not*bys:Lif'
anyfmeinsfthé~fdll drop"ta’sbﬁt T vmew of the. 1arge-}

number of- speclmens studied in the present investlgatlon,  i;“l
all of whieh Were in agreement wmth & crltlcal ratio of . |
e 6. it seems probahle that thmv 1s the accurate value. f4€; 5ﬁ
_r%tio of lead to gold of 3 Gacorresponds to % 1ead ‘ ; o
ﬂconeentratlon of 68 O% by we&ght This 1s very‘close to;zzfa’f
the eompo 1t10n of the intermetallic compounﬁ AuPbQ,.aﬂd'ﬁifiéi
1t therefore seemo 1ikely that the reflectivity changeg_"fi‘iigi

are due to the formatlon of thls eompound'

943 }Refleetivity_Changes Withﬁﬁead Substrafihg‘thefeqid/; f‘

aeveral &peclmens were prupared with lead substrate
- films and golﬁ Overlayers.g Precautions smmilar to tho“e '
observed in. goldwauminlum were taken %0 prevent any

pos51ble oxide formatlon on the 1eaﬂ between the evaporatlons._f

o Typlcal reoults are shown 1n flg. 9 9 and 9 10.~
Oxidatlon or aggre ation appeared to take plaee as: thc AuPb2
 »reached the air gurfaee, and the reflectivmty tendod +o gaﬁg_fg
drop to a flgure much less than the 60% expected £or the'. |
'reflect1v1ty of the compound.i Thls effect was partloularly
notloe%ble in thick gold filmé and in theue the aggregationz-
was so bad thwt the reflectlvity fell below 20%. The

sgeing curves were aeflnltely ch@racterlstio of the formations{
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of compound, but because of the aggregation it was not
possible to debermine the ratio fl/t2 in these films.,
This was most unfortunate, because measuréments\of this
would have given valuable'information.on the méohanism of

diffusion.

The diffusion coefficients were calculated
~approximately from the time taken for the reflectivity to
dfop t0 60% (the reflectivity of AuPbg). From ‘the 10
specimens prepared the mean value of D' ab 21.°C was fbuﬁd

40 be 1.05 x10 ~15 om /see.

Different portions of the specimen. 24508 th1ck,~.i’7w
whoso ageing curve at: 21 C is shown in flg. 9.10, were
aged ovér the. temporature range 21°G $0 l33°0. All “the
ageing curves h&d the same form W1th %nglnltlal plateau
fcllowed by a reflectiV1ty drop to: a very 1qw‘va1ue. A '
graph of logio 70 against (/1) wave'the activaﬁionienegé%j-;;.
%o be 176 keal/mole, in excellent mgreement With the S

value of 17-1 keal/mole-found earlier. DY was found uo be

0+016 emg/see, again in good agreenent with the value of '_;ﬂ

0+014 cm /see found w1th lead overlayering the gold.

Thése results indicate that the order of evaporatlng the

motel films makes no difference to the value of dlffu51on‘: “v*

coefficient obtained,
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9.4 The Reflectivity of Gold-Lead Alloys

The reflectivities of o series of "gold-lead
| ‘alloys prepared by "flash" evaporation are shown in

'"f{b;EQ;iii"‘mhe'%wb ihﬁéfmétallfd*ecm@bﬁnd$:héﬁ“fairly

‘“~s1m11ar reflectiv1t1es, but with mercury blue light the

'.Mf?reflectlv1ty of Au,Pb was §Ef&nlte3y Loss ‘thon that Of -

1J&rtﬂi—'ba  The reflectivit" nf the phase formed by dlffuslon
at the gold ‘surface was 514%, 51% and 53% % with' mercury

" yellow; green and blue light respectively. These f£igures

"4:go in thé,samé sequence_&s'flaéh-evaquhfeéféiloys of

| i}AuPbé ﬁhighthSjrefieotivifies of 52%, 53% and 56%., The

| fefiecfiﬁi%y7df‘Aﬁ2Pb- goes in the different sééﬁenée 54%;‘
539 and 485%, @hd*éo”wé‘cansséy5thaf this is not the
compound giv1ng the reflectivity changes on. agelng.

f} These results indleate that the oompnund formed. by dlffuoion

in thlg.system is AHFbgq .

-Au?bé»has alimost the same refleCtiVifyFasjpure lead: .

‘T’@ﬁbifquiOﬂ of %his ¢om§oﬁhd up to thé 1eadksurfaéa;WQu1d""‘

therefore not give any refleot1v1ty ehange. This would
~explain why 1t has proved 1mp0331ble to obﬁ“ln ﬂ& Jlfquion

'fqpservaﬁionﬁ.at the lead surfaceu -

. C

Schopper aﬁtampted 0 meauure the reflectmvmtles_;'A

f*ﬂ’jof a nﬂmber of galdnlemd alloys by evaporatlng o 'Wedge=-

) f‘shaped goldvf11m~ppﬁo 8, glass substrate, and 639031ting
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Pig. 9.11 Graph of Reflectivity against Concentration for

"Flash® Evaporated Gold-Lead Alloys. Reflectivities

measured at the glass surface with mercury light

of wavelength (a) 57908, (b) 54618, and (c) 43581.
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a unlform lead film on top to | gLve .series of gold-lead
conoontratlons.l The fiim.waa then annealed at 70°C for
K hr. to allow all the reflectivity changea to be compleﬁed.

Sohopper measured the refleotlvity at vaflouo points ﬂlong

,.Athe glass surface, oalcul%ted the coaoentrationo at theso

'f901ntu, and took the reflectivity valueg as ohwracterlstio

o .0¢ these ooncontrations. This proeedure is not permlss&ble,

‘ _however, Refleetivity changes certainly take plaoo at |
"the,gold durfaoe, and tho valuo of the thiokness ratio
Will deférﬁine*the reflecfivif&. No refleotlvity change
talkes ploce at the lead qmrface, however, under eny
‘clroumstqnceu. At onc surface there 1s a reflectlv;ty
nntermedlate between 0*old and 1eqa~=at the other there 13)
tho refloot1vmty of pure lead. The system in: this final
'smato is oertalnly not ) homogeneous elloy. A homogeneous
nlloy can never be obtalned in o dlffu31on oouple if the
overall~eomposition lies in a miseibility gap in the phase
diagram. 'Suoh~a‘diffusionﬁoouplo will always oonsistfof '
- two separato; ph&sés with a phase boundary between them.

The-diffusion:ooupie used bj“Sbhbpper"woul& therefore

e alwajs consist of the. two separate phasos:Au?bg‘ona golds =

--Sehopper_foﬁnd.thaﬁ the addition of 12% lead %o
_the gold caused iﬁozfefleéﬁivity to Tell to that of pure
“leadi ThlS s nét 1n agreement with ‘the Tes ults ‘shown in:

‘in £ig. 9. ll, Where a “flash" evapor%ted ‘alloy With 8

A
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*lead coneentratlon of 14 qt % (15“ by welght) had a

’refleotlvity con51derably dlfferent irom @ure lead.

'”9 5 Dl euosion mQ;}A

OﬁSer#@tioﬁs ofv%he value of the oritical-thiokneés
raﬁiagiﬁéiéate‘iﬁaﬁ the-raflectivity-ehangeS'are-due;tOA,
the*formation.df the eompoﬁnd.AuPbg. Measurements of the
refleetivify of AuPb, confirm this conclusion,and show that,
since AuPb, has the same-refiectivity as iead,no reflectivity
éhangeé would be visible.ﬁt the lead surfaceﬁGVen'though
fdiffﬁsion\into it took places It is not surprising that
5AuPb is the phase observed, for there is some: donbt
'whether Au Pb is. stwble nt low: temperatures a8 indioated»
‘on the phagg.diagram‘. Kleppa ond Clifton (1954) have
lféﬁﬁd‘thatlAuérb~dié$ooiated<inxo-AnPh2 end gold on cold
°worhing. Thls 1nd10ates that Au Ph is unstable below -

»fjfbelng increaued hy eold work.‘.-\

In v1ew of the eonstqncy of D', we can. say that the'

};?;ffgrowth of the the phase boundary obeys the parabolio law

he:experlmentalfv_luesﬁfor tho ratio tl/% dld

= A

y-ifi;not flt the curve for a leht penetration of 4003 thus

;’itshow1ng that the phase bounaary was dlffuue.. The

”“7fﬁexper1meatal values did not lle on any curve for'a fdxed

'fﬁgévalue of li_vﬂ

wpenetration, and the apparent value appeared

St
gt
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‘b0 1noreﬂ e with gold thzckneqq, Thio.indjcaﬁés that the

bonudaxy becamm moTe - and more dlfJuse withe 1ncrea$1nb g

'hﬁ} gola- thlcknems.

Schopper'a theory of a 'radual change in

e concenﬁration 1b an d%ﬁf&@%lVg one to apply in view of tho

'”~51m111r1ty of the curves on plottln eln&t t/& (fzg. 9 6)

o although aecordlng to tnls theory the inltlal plateau

mhould only oompflse 15% of thetotal ageing pérlodg

‘] rather dlfferent from the 20% to- 35% Observed experlmentnlly.

,=This theory Would not be ‘expected to- %pply in a sy tem
\'wwhich;§a§~a mlggipllity gaps In goldwlead there is no
éblubiiity fréﬁ*?ﬁre~golﬁ~t0 pure lead except for the
4 pompounduAuPbé;énd“so~Schobpei'é‘theéry~could¥notvappiy

" here, - -

Penetration into grain boundaries and dislocations

“in the gpidwﬁyythePéondensing:lead'atoms~does<n0tnseemu~

' '5possible{*“Lead*has an-evaporati@n tempéfature~of only

TL82Gy much 1@»3 than alumlnlum whlch did not penetrate

’ -f@lnto-vold at all.» In any ease, lead has 8 large atomic

;ibiﬁe (3. 503) and would flnd ponctr ation into: the gold more
dlffloult ﬁhan, say, alumlnium wmth its smaller atomlc

size of 2 863.;

Fujlki (1959) has made an electfon &1ffrqctlon

study of sucee351vely evaporated gold-lead films, and has
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claimed that diffusion into the upper Film took place
‘1nstaataneou 31y on- evaporation. . iThis effect was observed
*w1th:gol&nsubstratingwand overlayering-the :lead, penetration
oceurring respeetively’ihtOwthe leaﬁwand~into-the“gold;“M
He- found that anncallng the gold-at 200°¢- for 1 hrs-
comyletely ellmlnated the 9enetration, and Pug1ki
@btributed hlu ﬁo a, ohange in structvre of thc cold.
.‘Fuilki' exp@rlmen%m are- 1nteremtlng althouéh it seems
unllkely that 1emd atons- have sufilelently high enorgieu
lto remove large numbe;s of - gold~ atoms from.thelx lqttlce
mltes;ng ﬁlmplo eaporlment wasg owrrled oui to see- whethcr
‘Fuamhl 's explanatlon might be respons ible for the -results
obt11ned in the present mnvestlgatlon.r-A~gold-f11m~wam-
:evaporated onto a: glass suhmtrate, and lead-was dummediately

2{&9@031ted over half- the- area 0f-the gold.~ The slide was-

- w~romoved from the vaeuum ohqmber and- lelded ¢nto two.

.“:jhalves. The

ingle gold iilm.ww annealed at 200°C for

"“i hr 20 miﬂ.yin4a hot 1r oven. The fllm ‘was~returned to’

\,the vacuum ehamber and load W&S evaporwted over the golds

hijeeordlng to Fuaikl thlu qnneallng should cert&lnly
\‘:”lprevent mny penetratlon of the wold 1nto the lead. The

‘ﬁ.agelng curves of the two halves .of. the: %llde were obtained .

‘  on the hot stage refleetometer. No difference whatsoever

L was found between the two ageing ourvea, the dlffusion :

jcoefflelents and the ratio tl/% of both being the same.

. ,‘, k
."‘| N
. b L
T
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'henee Fualki s expl%naﬁlan does noi hclp Lo aecount for

the obseérved ageinﬂ curves. . - - BRI

fhé éxﬁefimenféi“ageing results which have been

obtained are not charaéteristic’ of the motion-of a sharply
defined phasefbbﬁn&éry;~ahd~tofexplain4the results we- -

. must assume’ a fairly- éradual incveasé in the amount-of
H AuPbé present-at the' surfaces- It has been s shown' above that'
1mterpenetratlon ¢cannot- explaln the results, and: ln any
-case the boundary "becomes more and more diffuse with -
'iﬁcfeasingufiim thickness (i.e. the apparent light
penetration incréases) which is not characteristic' of the

interpenctration found, for example, in silver-aluminium.

* “The reflectivity changes have been-shown t0-be due’ to-the .

fdnmation~of-the’edﬁpOundfﬁn?bé;~and4in view offthe“appafenff
 ‘gradua1~change'iﬁ~cOnéentrgtioh;we&muSt‘6oﬂclﬁdevthat
'preéipitatidn is takingﬂblacéwa%%alnumber~of%poinﬁs-
aistribu+ea~thfou ghout a- reglon of the film, -This must
-be the reglon in-which gcld and lead are mixed together
~and~mustahavetbeenﬂiarmed.byfdlffuslonmoivthe‘pure“metalsr
 l'at‘£he begihﬁing-of’agéipgé_j e |

b ‘. k]
."'; [

It 1s not surprlslng that 1n1tla] fa%t dlffuulon

?.takes plnce in goldmleqd to*gmva the apparontlyﬁgradval

increase in the- concentratlgn of the compound.- AuPb is f'
the only thermally stable pﬂa e in the gold-lead system

cand- it is- formed with low energy by a peritectic reactlon.

i
1

L
f
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in éueh:a vstem‘orderlng wovld be expec%ed o' oeeur.
-¢a3T1y ﬁlowly and inltial Az fus10n<mi ht be- expected
~$0- have- a- con81derab19 1nf1uence on the a elng curve
*obﬁalned. Eeadwha&m, very:l vge atomno q1ze -and- diffuulon
'w111 fako plaee qumekly in- gold—leaﬂ becaugu of the- large
-dliference in; qtomle @1?99 (Le Glalre 1949)~ It‘Lm"PO Slbi@
thqﬁ O‘otl_d w1ll move . 1nto 1ntef%tlolql 9051t10ns in the
10&& _attlce, amd thls:mochqnlsm will oceur very- quickly
f  in- v1ew of the- low eetlvntlan energy of- diffusion. These
"explanation% are not valmd in the other myﬁteMw with gold
~(gold—qlum1nium, goldweadmium anﬁ gold~1nd1un).~ These

systomu therefaro show no- 1n1t1a1 d1£fualon and so- form

A

(o)

- fai rly uharply;deﬁlned"@hage}boundarleua*ﬂ-’

?or ﬁlffﬁSIOR dé££asiaa at the gold surface, D'
‘has been found- t0:be -0+ 024 cm / jec and B o -be-17.1 kecal/moles
'“The se-values ame in @meellQnt agreemend wuth Sahepyer's
flwures ‘0£v 04016 on! /sec anid 17 0 keﬁl/molc.~'601d~ha~ &

higﬂer;melt;nngo;nt-than Jead waa 80 diffnsmcn of gold

‘;uﬁihto»iéadwﬁili”hé*their te deteranlné proocss, the -

ﬂeoneentratlan changes at the,gold surfaee-b 1ng-due
imply to” uhe loss of golﬁ 1n ﬁhe iormation of . AuPbg. In

. “,'l .
”m glven time the penetraﬁ;on 1nto the lead Wlll be 3. 6

i

“‘thlmes @reatcr than 1nto t%? 801d- The diffusion

‘;‘.u

'lcoefflcmen%”iﬂ ﬁhe dead’ wmil therefore be 13 «0 tines

[ B
! r

greaﬁer;than.ﬁhat‘pbsexveqfat,thgugold Purfaee. . Fox




“5'5iig1ven 1n Je t (1952) D 13 glVGn:

;fﬂ1fwood ag”eement Wlth the thmn fllm results, and E ia glVPﬂ

:wi{xn good agreement, eonflrmxng that dlfiu31cn 1n the

'”mecompoundb

“f{f;thln fllmﬂ to he eharqctorlutlc of dlffusmon of lead 1nt0

:"ﬁfgold, and attrlbuted the difference eomnared W1th bulk

ﬁf{values to the large aetlvatlon energles requlred for

.Edlffu 1on qt the leﬂd surincé we therefore obtaln the

1;v&1uos 0 18 cme/dee mndtIT 1 Keal/mole;j'MeasurementS |

‘hfon bulk speelmeﬂu for the dlffusmon ofﬁgold“,nto 1ead %re:

ﬁjs 013) cm /Mee, 1n ;]

ngs 14 O }eal/mole, in- req&onable wgreement wmth the 17 l

iikeql/ﬁnlc iound 1n thln films. The two sets oi rosult af:J

'i,asﬁer dlf&Othn doe determmne the rate of‘formation of"A

Schopper;took the vnlue of actithlon energy 1n

'fjflmttLQQ changew in gold compared with lead.;tlT kcal/mole i};ﬂ;a

Tu}f}aoeu appear to be a very low value of actlvatlon enorgy

“*ﬁffor dlffuolon o; 1ea 1nt0 gold in v1ew 01 the hl&h

: v';meltlng pomnt oi gold, and partlcularly because of the

”“?f(JODt 1952)"
'*flead 1nt0 gold;

:*-;:?00ﬁ1V&ﬁ10n onergy ob&orved at the gold uurface 1s

'hlarge ntoqu 3130 of 1ead.v A flgure hlgher thrﬂ the 4 4

f{kcql/mole found for the dlffu51on of 1nd1um 1nto szlver

JOUld wppe%r most llkely for the dmffuulon of

[jFrom thls we must conelude that the

"Wicharaeterlqtlc of dmifusmon 1nto the 1ea

ﬁ'father than 1nto |
. ,l'[,hg rrold. | ELN. Ij‘. Ve :




. GHAPTER 10 . . . . -

" REFLECTIVITY CHANGES IN SILVER-LEAD .

. 10.1 _Introﬁuetion

d -'. 'l

- e elgnt metal pairs which have SO xqr been

1nvest1gated have ‘been 1ntermediate phaue syatems, and the .

! areflcct1v1ty changés have’ been dhown to be due to the

iormatlon of 1nt&rmetalllc compounds 1n the diffusion
~ zone, As’ shown 1n.qhapter‘4¢4, silver-lead, although a

non~migelble system,tgave-a‘definite,refleetivity;changeu

0N annéaling;and‘this-ghgnge“did*not appear tp‘be cpused

by aggregatibn’or gimilar effects,

@he phaoe diagram for ilver~lead 13 shown 1n fl?-‘_‘

10.1. mhe two metals appear almoat eomplctely nonrm1301ble{‘ﬂ'

At 150°C. the solubility of silver 1n lead is 0w 06 at. %

*whilqt the solubllity of lead in‘311ver has not been
determined but must be 1989 than 0 1. at %.;

Silveriwas-always evaporated.befowe theflead; and
- ageing took'plaee~at the éilver-ouerQe{:'Né*réflectiﬁi%y
- changes were ever observed ‘at the lead surfaee on annoaling.mlt
'Several apecimens were prepared with the sllver Lllm
'fOVOrlayerlng the lead, buﬂ in'ino case was any q>elnp

observed at either the 31lveriorﬁthe lead surface.
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Fig. 10,5 Ageing of Silver-Lead Film at 96°C,
‘ Reflectivity change at silver surface

for silver thickness of 1808.
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Mér¢ury_green light was used for all reflectivity
- measurements on this system, the silver having a

- colourless appéaranee befdre and after ageing.

10,2 Reflectivity.@hanQQS'at the Silver Surface . ..

;46°C was sélectea,as a, éfandard~agéing‘ﬁempefatu?é
as this éliowed mést ofﬁﬁhe films to be -ged in the. hot~‘
alr oven. A large number of ulidem were prepared wlth |
the silver thickness Varylng in the range 400&‘#0‘14003.‘
Above this thickness limit no refleetivity changes were
observed. The results ShOWeﬁ a Wide soétter, and‘inzfig;
10.2 the final reflectivity obtained after égeing'has beén'
plotted against film'thickness. Graphs of reflectivity
against t/ﬁeiare,platted in: fig. 10.3 for three specimens
whose final reflectivities lay close ‘to the mean line
drewn in fig., 1o.é.‘ The reflectivity change decreased

with inecreasing film fhickness.’

It can be seen in fig. i0.3 that the tangent ﬁrawné
at the begiﬁniﬁg:of'diffﬁsion is pracﬁicélly'the»éame fdr'
all three Silver'thicknesses. Hence values of. dlffusion
coefficient (D) eﬂlculwted from the intercept of the
‘tangent on the t~ axis at 51% remlect¢v1ty (the refloct¢v1%y
of pure lcad) using Schopper's formula (? 18),will be

-eonsistent., Stricitly speaking, Schopper 8 theory will

:lix apply Only in miscible systgmw, and the agreement of the




”results for different thmekna ses must be condidered

"fﬁrather fortuitaug.. The me&n.value of tﬂe dlfiuSlon

' “eoeffio1ent’at 146°G W&& l 4 xlO =14 cm2/sec.;3Tmi5

L Different pdrtions of thé samé slidéé5weie,égedA

*‘over a. range of %emnerature frcm 102°G to 241°C. It was

.;v;[found that:the shape, of “the curves did. not vary with

temperature.ané that}the.flnal-reflect1v1ty;wasxalways
the same. The'égti&étiqﬂnénefgy“wgs 6éiéﬁiétédf%o'be
211 kea’l/molé ,and-this did not vary {vith ';'ciifferem
‘gilver thickness. Thls gave D, “$0-be" 18 8 xlO =3 em /»ec.

, Several alide were prepared W1th very thin 311ver

illﬂo in the rqnge 603 0. 2503 and typieal ageing curves:

- are shown ln,f;g,a10.4 end 10,5. Even with a silver ~

; thickness of only 60%, the'ini+ial~reflurt1v1ty~wa 63%,

_whlch is - qulte hlgh 1£ one: takea lato: ﬂccount the low -

_f.reflectlvity leaﬁ fllm behind', the $1lver, S0ME of which -

) 1had dcubtleSSapenGtratedutn~the~g1ass urface becau e of
the aggveg&ted nature of @ 60& thick ﬁllver lem.< Thin-'
1ndlc%tes that no dlffusion took place before @nnaallng f‘

ﬁhe fmlmu. The rafleoﬁivlty of all the fi&mu fell %o around. -

55%, juut greater thaun: tha reflecth1ty of pure lead andqe};rl%f

in agreement W1th the resultd found for rather thmcker L

'1;%}f11ms. The. aotlvation energy for these thin fllma Was

‘l'siouna o be 20-7 keal/mole, and D Was cmlculated to e A;};??57
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.2 xlO 3 cmz/sec. '@héSé‘éféfih ood agreement wmth the
*%@valueu foun& 1n thle@f fllme,,wnd 1ndlc}tes that graln
L;%beund%ry diffusmon 1s uot ypsgon31ble ior tha obmerved

Several ul;des were prepared wzth one_sllver filmj\ﬁ--

5and four Glfferent thlekneuses of load overlayerflfiﬁ,,w

'Vfﬁsevefy case: 1t wm ‘found that the le%d thlckness Was

';f&uflleient to glve the full reflectlvlty change at the
:”ﬂqilver surfaccv iﬂd thau only 35 a .p 1ewd or oven 1essf3h':

a8 aece sary to glve the- full reflcct1v1ty eh&nge.

1043 *mn@.ﬁeflééﬁivity,ofaSilvejvzéaaﬁAxlcigg?l“ﬂ;

\.,‘11'. Sy st - AN v :;. api el . & 5 D

The feilect1v1ty of a serles of allverule3d;;wlygﬁﬁgw \

‘1:alloys prepared by "flash“ evaporation are uhcwz,'ﬁ*figﬁ5“

’}:110 6., The.. reflectlvity of the °11ver was falrlv seasiﬁmve?}%
_to small amounts of lead. The addltlon of 10% 1ead to ‘
;the silvor causcd the refiect1v1ty tc drop fully 18% _

T(ﬁBeyonﬁ approxzmateiy 40% lead, the reflectlv;ty Wﬂa““ {fx

B 1rly GlOwG to that Of 1oad. It soemg Texy - llkely that

4t s ‘the: sen 1t1vlty of s;lver to small amount% Df

;Llaad that allows refloctlvi y changew to be seen at the

silver: surfaee on abein?. :ff?*fiiﬁ“""** w'ff+““‘

E,lQ.é-,Discﬂssibn T |




Reflectivity

0 20 40 60 80 100
Ag Avomic Percent Pb

Mig. 10.6 Graph of Reflectivity againsﬁ Concentration
foxr "Flash" BEvaporated Silver—Lesd Films,
(a) Reflectivity measured at air surface

(b) Reflectivity measured at glass surface.
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&qsumlng that Schoppor'a theary for & migeible; ysinm can
be applied. ”ha dlffusmon eoefflclent “hag been fouadhto
be coa 1utent, aad foy dlffulen of lead 1nto‘silver in
-t;m.n fums, D, h-a,s ‘been-found: o be: 1.8, xlO -3 enf/sec: and
B tc be- 21 1 kcal/mole. Valueu of dlffuuion coefiicient
for diffuslan of 1e@d Lnﬁo 51lver are- aot glveﬂ in tho |
llterature but value of D 7-4 xlO =2 cm./oeu and

15.1 koal/mnle for cilvgr dlffu81ng into 13&& are
qvoted 1n Jomt (19)2) Thiq is the faoter dlrectmon of
dxflusxon, and a eonulderably hxgh@r value of aotlvatmon
onergy woul& be expeoted for dlffuslon 0¢ leaﬂ 1ntcis¢¢ve¢,
The valua of D\~1n~%hin fmlma 4srin-good. agreeman% with-
buik valve for ﬂlffualon“ofzsilver into lead, ‘but - the

aetivatlon energy 1u-eon 1derab1y hlgher. It would

-therefor appear that the results are eharacberlstlc of

&

; H

ﬂiffuulon of lead 1nto silver.w»

R P N :
- 2 L et b

“The cxnerlmental results suggest,therefore,a dlffu31on
of lead into “11?@?.-‘mhlﬁ“dlffu610n is not a result of -
penetratlon of lead into~silver:during evaporation, for
the ;eflectlvlty of 1lvexsisw&ensmtive~%o~smallﬁamounts;
of laad, and any signlflcanm aﬂount ox iﬁ in the silver
would affect +the- erlLQtIVLtY. Even wmﬁh thin silver

| fmlms, howgver, the- refTect1V1ty of $he: silver appears

L (

unaffeehe@ by the evapcrablcn of the- lead overlayer.- In

any-casey no trace. Qf 1nterpenetratlon has: been observed

—— e e [N “



';31;§*§‘

with % 1ead subgtrate and 31lver ovexlayer, although

i

such a- sys tem would be empected to show 8 muﬂh gruater '

effect because o the high evaporatmon temperqture of ”}fjf'”'

1311ver (1047°0) compared with lead (718°C),and the smaller
‘%tomlc size of silver: (2 893 eompared W1th 34 508) which
‘would Qermit penetratlon of %he substrate fllm more*?‘f’”""ﬁ

onsmly. L

We must conclude that diffusion of\léédfihﬁo

silver*takeé«place'dﬁring“annéaIing} It is surprlsing

. that- oﬁCh & large mmount of- dlffﬂulOn takea place in- thmg

?system in view of the almost complete lack of solubllity
“shown in the phase'diagram. It has been shown by Raub
 and Engel (1943), however, thaﬁ in electrodep051ted
.alloys, szlver can- take up t0- 10% 199& by welght in
‘;suporsqturated solid soluxion. .and- 1t seems probable that
a 31mi1ar effeet can take placo in evapora%éd films of
ullver under: certain clroumst nces. The amount -of lead
“that- can -diffuse into the silver depend.; on the ‘bhic_mess .
‘of -the silver,aﬂd is vcry muoh greater for thln Films -
Tth@n for $hick: ones, prabably because o: tha greater

*‘digorder in thln illms.s The amount of penetratlon w111

vary W1th thlekness,'but the actual value of éiffusmon

A i

. coefficient and actlvation enérgy w;ll rema;n ‘constant

k

ysmnce the" basmc mech&nlom ofxdgifusion romalns the ame. "i;aﬁg"

~This is - in full. agreement wmﬂhxthe experlmental results
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in'whidh‘tﬁg'diffﬁ&iéﬁ“ooefficienﬁ and- acbivation energy

are ‘constant for- film thicknesses of*frdmfﬁeﬁnﬁo 14003§ﬂ~ 

It is-mot surprising that the spread-in £inal-veflectivities -

in fig;}loi2fis*so 1arge,-béoau89 the'finalzféfiéetivity«mm

is d3fﬁnétionfof§the~strudture;of‘the~film,ﬁhiqhﬂwillwgu;a-

depeﬁditb-awiarge;extenﬁ~dﬁ %he-evaporafiﬁﬁ?ééﬁﬁitionsf;
:-We”ﬁév;ishéﬁﬁ"{ﬁﬁf éiffugiﬁﬁ.iﬁ\thiﬁifiiﬁg.o%w

' silverwleaﬂ is‘ﬁvvery-ﬁnusuaiwmechanismy¥de@en@ingwoh'ﬁhe i

-ablllty of thin films filmq of silvexr- to take up- 1ead in |

 sup@rsatvrated solid solubmon.~ Sueh diffuszon wmll ‘not-

‘generally oceur 1n non—mlscible syqtems, Wthh would

“onormally uhOW no reflect1v1ﬁy ehan ;68 on ageing.
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. GHAPTER 11

ELECTRON DIFFRACTION INVESTIGATION .

il,lf-Ihfrdauetibg o

Plootron dlffrqctlon is probably the 51mplest

‘(:;techniquo fcr observmng dlfqulon in thln metallic fllms. -

?lefraetion of- electrons caﬂ take place elther by _
"transmlsSIOn through a, thmn fllm or by reflcctlcn from

its surface. ‘The 1nutrumenﬁ avall%ble was - an electron

| mlcrosoopa wzth 8- subs1d1ary dlffractlon mechanlsm, and

»

"~on1y transm1031on exaﬂlnation was 90331b1e. Thls meant
.,that the maxlmum posslble thlckneos of the metal films was
' ~approx1mately 3008, aince above\thls thlckness the rings -

became blurred. - - - R P L

| Care Was talken throughout the 1nveqt1gatlon to _‘f i‘ﬁ.

keep the prOJector lens settxngs on the mlcrogcope constant, y
so that the magnlflewtion of all the photegraph& was- theiﬂ,i”H 
same. From +the Bragg Taw _ ‘l ”_5

| W= 2asing (11.1)
vwhorefk is the wavelsngth of the oleetron beam, d is the
".1attlce spwcing,e is the angular deviatlon of the- eleetron

beam, and n i an 1nteger. For any settlng of the lens

~system




D= 2r R
| 1119 - | o . v-(ll';zu)"f:
whera D is tho dlameter of the dlffractlon rlng.. Frdmw'ﬁ"
(11, l) wnd (ll 2) we-~ flna ce e . . L
DA =k (11.3) -
where k is a. constnnt for one settlnf of the 1ens system.
Ik can be found, rmng dlameters can- be eonverted 0

valueu of d spacxng‘j'
sli.2~rﬁigériménf§ir

E“Q$;~éaiculated from'a:diffraetignnphotographxéf‘*
a materiai Withuknownwlatﬁicejépacings;}-Afgdidwfilm;was5
used‘(fiv 1111) and the resui%m4dre~shoﬁﬁ«in5tablé 1l.1.
The: rlng dl&meters were measured by meanw of low powexr
<‘trmve111ng mierosoope, whmlpt the d spa01ngs were calculwted
‘nKHOWlng the: atrueture oL~ gold to be. £ G.c. wxmh a lattlce
spacing of 4088 The mean value- of k- obtalned was . ~-71
ém~ﬁ,rané-over awperlodeLMmonthsﬂwhls-varmedwby.only»-

%
- The specimens_used;in ﬁhia?ihvestigation.wer@
Iprepared=unﬁer~exactly*themsame~cdndition3.asvthe~fiims
used Tfor reflectivity observations, - Films of. tho two
metals were evaporated nuoeess1vely onto a glass mmcroseope

sllde and - formvar coverad electron microsoope ‘eride placed.

side by gilde in the vacuum ch%mber., Formvar films were: -\~\“'

[ .
S e




1ll«<1 Electron Diffraction Photograph of a Gold Pilm

used for Calibrating the Electron Microscope.

TABLE 11.1

CALIBBATIOW Of MAGHIPICATIOW OP ELECTRON MICHOSCQPK

No D Calculated d k
(cm) (i) (cm-1)

1 1.15 2.34 2 69
2 1*34 2.02 2 71
3 1.90 A 1%43 5 2.72
4 2.24 1.22 "3 2.73
5 2.33 2 1.17 2.72
6 - 1.01 -

7 2.93 0.93 2.72
8 3*00 0.91 2.71

Mean wvalue of k = 2»71 cm-A
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~used a; conden51ng gurfaces as 1t hms been suggested “'”T.
(Van Itherbebk et al 1952) thau the- struoture of fllms on
‘iormvar«and-on-glasa~1s smmalar.~ The grlds were shielded
irom,the glow dlscharge durlng the pumplng cycle.- Three
upeelmens were prepared at each evap0¢ation, one of eaeh

. of the parent metwls, wnd ‘a compoazte film af the two.

Diffractzon phatographs of the three films were

tqken 1mmediately after removal from the vacuum chamber.f«ﬁiffﬁ

- The composmte film and’ the glass . slide Were both 1nserted :

in the hot air oven and aged for a suitable perlod.: Onv

removal,a second diffraction yhotogrsph was taken yand the: uJil

»rexlect¢v1ty of the glass qlide was founds Thls was »
repeated for further agexng perlcds umtil ﬁo,”wbsequent
change -in refleotxvmty Was obtalned.j The reilect1v1ty
measurements enabled a graph of- reflectivxty agnlnst |
time to-bhe drawn, wnd the dlffractmon photographo showed |
the composition of +the- £ilm at different values of- roflect-J‘f{

. -‘ lVl’by.
11.3 Results

(a) Gold-Aluminium The composite film of gold-aluminium -

was aged at 58°C. The graph'df reflectivity against time
- for the glass slide is shown in flg. 1l.2. lefractlon
~photographs of pure oold and pure aluminlum are shown in.

fig. 11.3(a) and (b). The rlng aiameters of- aluminium |




70
60 - Air Surface

Glass Surface
50-

0 1 3

Fig. 11.2 Ageing of Gold-Aluminium Film used for Electron
Diffraction Measurements at 58°C. Gold thick-
ness = 100A, aluminium thickness = 120A.

(a) Gold Film (b) Aluminium Film

Gold-Aluminium Composite Film

(c) Unaged (d) Aged for 1 hr.

(e) Aged for 17i hr.

Fig. 11.3 Electron Diffraction Photographs of Gold-
Aluminium Films.
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ana gold are .almost exactly equal as ﬁhey have q1milar’
w“i c e. structures with lattiee wpaelngs of 44 053 and

4 083 respeetlvelya--Flg;-ll-3(e) shows the composite
Pilm 1mmed1ately wfter evagoration. ;The.riﬁQQQQfe
ohafacter&stlc oi- pure %lumlnium amd pure nold and no.
trace of intermetallic compounds. LS sean.« "Ageing for
Z-hr‘ also thWGd rlngq eharactorzsflc oflthe pure mctal

konly.~ After agelng for 1 hr., however, extra rmngu

" became visible (fig. 11.3 (4)). Agelng for further

‘perlods up to lJ? hr. aia not prodvce extra rlngs nor @ny'
'change in the relative 1nten~1tles of- the rlngs (flg.~-

‘ .li 3(9)), and the reflectivmty remaxned cons tant.

Thu results show that rofleotivity chaﬁéeS“éﬁé _
associated with diffusion and the- formation of 1nxormetallic‘
f;eqmpounds, Bre»umably & thin 1ayer of eompound had- been -
~formed afte$v%vhr.'ag§1ng;3but anyaalffraeﬁlon‘effects~9£

iﬁhis layer were obscured by: the patﬁerng from the thicker

aluminium. and gold layers.

-The:fiﬁgldiaﬁéjé;s;of the phptograph_ﬁor 1 hr,

- ageing werenamalxsed:in~some.defail\ﬁq see.Whethef
.particular inferme#g%l@crqgmgaundé.could:bemidgntified;

The resulta“are~showg=inl$ablér;1,2f‘ Th@.probgble-presence :
- oF AuzAl.in\mhg,Qiffygiqn;zone’hgs.heen sho@n“fxpm

measurements of the thickness ratio and relative rates
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.. STRUCTURE OF GOLD~ALUMINIUM PILM AGED FOR'1 HOUR AT 58°Q . - . .
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";iof diffusmcn., Unfcrtunmtely the structure of this phase 15
»;<4xeomplex aad h&m nOu been detewﬂlned (Cofi&nbevry and 3" '
V'-;;uultgren 1938) The Lk upaaln g Of‘thlu phmse-were~fouﬁd”
71L§;oxperxmen$wlly by taklng an X&ray pawder photograph of
‘," 5bfa1ns‘4¢1eﬁ From:a; bulk spucamen=of-the niloy. ~The&e
“rosults are uhawn 1n aolumn )*Qf table ll 2, and it can ‘
*:ffbe &een that good apreement was obtalned with the observéd:i:'
”fﬂfi:d spaclngs in the d;ffractmon photograph.v Diffractlon -
““ :r1ngu were observed 1n the photograph whleh could not |
“be axplalned by AugAl or- the pure metals (oolumn 6)’. It
‘i';:was found that a wP&Clngm xor the eompound AuA12 fitted
%these remalning rings- satisxﬂctorily (eolumn 7) Rlngs
o %t d qpaq1ﬁgs of 2. 693, 20 083 9nd e 593 eould, howevzr, bef'
__aue Only ‘t;o AugAJ |

i From these reuults we must conclude that in thln
"Tfollms Au2A1 and AuAl2 are both formed 1n 4he- dlffu81on

23}if§zéhe;~”Presumab1y small quantitles Qi other phases ‘were:

\ﬁklipxewent but %ny effc@ts were- ma“ked by the 1ar

”ifﬁ?fquantlties of the main ph%ses. %glgfm_~“

f;(h) Sllver—Alumlnlum The a elng curve of the silver— g

"""""

":;_fblffrqctlon photographu of the Dure metalu are qhown in-
ff f1g. 21, 5(a) and (b), and 1@ cam be scon,thah “the two

'ﬁif@photographs have 31m11ar rlng dlwmeterS,Since both metals }1'?’




Fig.

Pig.

11.5

90 -
is*

S
iH
70 - Air Surface
60 - Glaae Surface
0 1 2 3(hr.) A
11.4

Ageing of Silver-Aluminium Film used for

Electron Diffraction Measurements at 85°C
Silver thickness =

100A, aluminium thick-
ness = | 60A.

(a) Silver Film

(b) Aluminium Film

Silver-Aluminium Composite Film

(c) Unaged (d) Aged for 1i hr,

(e) Aged for 4i hr.

Electron Diffraction Photographs of Silver-
Aluminium Films.



comaounds fowmed hg uhesdlifu51on.‘

shown 1n table 11.3.

'Tho d pmclnge are‘

Only two 1ntermetalllc compounﬂs




PABLE 11,3

- BIRUGTURE OF SILVER-ALUMINIUM FILM AGED FOR 1 HOUR AT 85°C

o e | ] oo el
(em) | (&) (%) ()
1 | vWe | 2007 2050 | 2450
2 § | 1e15 | 2.32 234 2431
3 S | 1.22 2+19 2419
4 | woliv0 | 2.05 - 2,02
5 M | 1460 167 o 1469
6 i {1.88 | 1.42 1+43 . 144
7 1 | 2008 | 128 131
8 1| 2420 1.21 | - 1e22 1+22
9 W | 2024 | 19 . 120
10 woo| 261 | 1c02 . 1405
11 “yW | 2482 0¢94 - - 0+92
12 w | 27997 | os91 - 0¢91 0+90
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Wa(o) copper—Aluulnium The - agelng eurve of the eepper~

"aluminium smoelmea mt 121°G die- ohOWﬂ 1n fige ll 6‘ ThlS

'“1; ~19 not the complete ﬁgelng curve, and eorresponds only to:'\' 1

‘ ?the first stage of ‘ageing at- “the aluminlum surface. The

*'wgeLng eould not be contlnued beyond thlm ‘stage beeause

off- breqkin up oi the formvar film. lefr%ctlon photo raphm(-;

of-the gure metals- are uhown in- flg, 11.7(a) end (b) The N
‘GijO ite- fllm 1mmed1ately aftcr evanoration showed rlngp ”I‘
'.ehsracﬁcr¢ut:o 0¥ pure aluminlum and.- pure. copper with no -

trace of: dlifuu¢on (flg. 1. 7(3) -and table- 1lad )y whilst

agelng foxr 20 min. gave a-similar photograph. Agelng for"‘**'

*_5:4r min.: gove a- photograph (ilg‘ ll 7(6)) showmng rln g9 of)'f

\'tho pure metﬂls but wmth two extr& rlngs at a- spaclngs

‘"ﬂﬂof R 90& -and- l 51ﬁ, show1ng that uome dlffuulon had taken 1

"iplaee, but it was not possmble te identlfy~theoompound

'fformed from these spaczngu.- Aqelng-for 1.00- mln. g&ve a-7"

‘-:§eomp1etely new- diffractlon pattern (flg. AL.7: (e)) and nonel

. of the. ring eorresponded to- copper or- aluM1n1um. The- d

;gpaclngs~of thlw~photograph~are shown in- table 11.5¢ and 1t

:  ¢0&& be been tha? ‘the-d- spacingg of CuAlE (h.c. tet,‘fmf

am O 07& ~&o87ﬂ)*fxt%the~ohservedwvalues-very'well;faﬁd*'

Lt B0 We- st conclud@ ~that -in: thxa*narﬁ‘of the ag elng curve o

'\_f;GuAlg 1u~the maln yhaoe present. It was- not posuible to

“'t%ke further dlffraetlon photographs 28 the. formvar film

Nﬂghroke up WLth the heat. - ,r- , -




Fig,

Fig.

80

70 Air Surface
Glass Surface
60
0 / 1 2 (hr)

11.6 Ageing of Copper-Aluminium Film used for
Electron Diffraction Measurements at 121°C.
Copper thickness = |00A, aluminium thick-
ness = 110A.

(a) Copper Film (b) Aluminlim Film

Copper-Aliminium Composite Film
(c) Unaged (d) Aged for 45 min,
(e) Aged for 100 min.
11.7 Electron Diffraction Photographs of Copper-

Aluminium Films.
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L RABLE 1145

~

“*.. SURUCTURE OF COPPER-ALUNLNIUM FILU AGED FOR 100 MIN. AT 121°C

T e oame 1 5 ] Observed | Galowlabed d
©ollo ) Tgn't; : b . | 4 Spacings | Spacings of GuAl,|.
Clemy ) (R

Wl o8 | 3.0 3:03
S | 1.09 2448 245
s | 1w ”’2U141. ’ 2.14

S| 178 | 1.2 | 151
2405 " 1.29 1 1529

B

T3




ot L(a) GolduLoad Diifractlon phOuographg oifthe pure meuals ':; 

f(b). The aom3031te ;1lm

} t{fgfare whﬁWﬂ 1n flg:lll 8(3)'

‘1?gfdhowed . QompletelygdlffexP“tnstructure, however‘ whlch

| ?fwa& not charaoterlstiewof the pure metal (flg' 11 3(°))

523”hls ?hotomraph waﬁ taken 25 min. after evaporau¢ng the

'The gold calour wt the glas 3169 had

,WBW1+h theﬁd &ﬂaqings of?Aug?b (fsc c-;? 7'943); but
ﬁﬁaa be aeen 'h=column 7“°n oxaéllent f¢t was founﬁ for
: - by 1 ;

;AuPhg (b c'%Ct.yii 7 3q§xcbw »553)¢ We ean thewefore

°‘f§0301udgf“hat AuPbm 18 thc %SUH Qr Qﬂ1y phase presenu in

'wﬁfﬁhe dlffﬂSlOﬂ zone.f Sghoppdr‘(1955) reached a slm;lar ' V




(a) Gold Film

(b) Lead Film

(c) Gold"Lead Composite Film

Fig, 11,8 Electron Diffraction Photographs

of Gold—Lead Films, Gold thickness
= 1001, lead thickness = 1001,



TABLE 11,6

- STRUGTURE OF GOLD-LEAD FILM AGED FOR % HOUR AT ROOM TEMPERATURE

N ‘; Observed | Calculated d Spacings
Noo | Am%el D lda spacing | aw . - Pb AuPb,
(em) - ,4.(ﬁf‘ (8) - (&) oA

W fosy | st . sae
R I A N
- vS 0:97 | 2.83 ‘ - 2486 2481
; M'l"lé;jii'? a 2047 B ’2548f'é-47ﬂa
vs |1t | 234 | 23
‘wo | l:gi,  oo | -::'2?22:~?
Wl 1.36 | 2.02 | ‘Q:Qg: AT,
v | 1.43 | 292 o 1.89
J‘\VW ' '1f5é;;> _-1f89if"“4 ".Jf;2f lf; :g;fél‘ | |
v 161 f1'1-70ﬁl;5;- T nen
m | 1.70 EETT- N 1.2
l48é ,‘1;51'}1 | 19 152 |
| 190 | Teas 1443 ~lf43i 1046 .

O ® ~ oW A W N

H OB B e
W MR O
=
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~ conglusion using X= rey analysis on o thin film diffusion

-u;fcgpﬁlﬁi*ﬁafiu"};-;\f‘] e

:pll 4 Dl cussion ;

The electron dlifraction inveutigatlon on gold~

“"53:alum1nium, silver~aliminium-and copper-aluminium: have

'"shown-oonclusxvely-th@t reflectmv1ty~ch@ugeswon ageing

:-;are~due-%o7diffusion-andfthe formation of intermetallic

compounds. If there is no change in reilectmv1ty on -
‘.’anneqlxng, there lm no change in the correapondmng |

| %fdiffraotion pmttern.~“

‘ In table ll 7 the compounds obsevved in the diffu31on'~
zone by electrcn dlffraetlcn Wﬂd by reflectmvmty
fmeasurementaware;gmven‘:jﬁhe-phases_fgundiby;electron _
ﬂdiffractigﬁlWexekgeneral;y the same\a$;ﬁhqae~f§nnd~from

. refl@eﬁimitywothrﬁatiéﬁﬁ;‘-#aAA»x e g

| Electron dlffraction could be used to determine
,diffus&on eoefflcientﬁ Wnd‘actmvation energies. in thin
f,fllm eouples. Michel (1956), 1ndeed, has. used this tech—~
13Anique to show a- porrelat@on betweeu the formatlon of
_Lintermetallmc oompoundu in the diifuslon zone-and -
'lfdlffu31on coefflclents ewﬁripolated from bulk values at
lﬂ;hlgh tempcratures. It 15,!'%Wever, very insensitive

' method of followxng the ageing prooeas, slnce the patterns

IR I

i
A}




TABLYE 11,7

COMPARTSON OI' COMPOUNDS OBSERVED BY ELECTRON DIFFRACTION AND

BY REFLECTIVITY MEASURBUENTS .

Compounds Observed

Compounds Observed

System by c.de. by Reflectivity.
-Gold—Aluminium_ AnA12 AuQAl AuaAl
Silver~Aluminium AgoAl Angl'
Co@per—Alumin%um Cudl, CuAl,

e €
Gold~Tead AuPb; AuPb,,
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?‘.o£~ﬁhér@ure‘meﬁai§ ténd:%o‘nhsoure»the-Weaﬁérﬂlinesldf.the._
ﬁfalloy 1n tbe early st@pes, and- ﬁhere is. usually a TLme
lmpge before these lines beeome~uu&£lcienm1y~&1$binct.
”fOf 0bm€deﬁlOﬂ. These critlclsms qpply only- Lo SRR
‘*ransmxss;on olectfan diffractlcn and- not bo refiection

'teehnlqve.~mivf*www
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CHAPTER 12

POLARISING SPECTROMETER OBSERVATIONS

S 12.1 Inﬁraductién

Measurements of diffusion have so far been
"'made by Studying‘changesVinvreflectivity. A second

oPtienlfmethod'which c@n‘be-used~is-t0 study the-phase

%ﬂchange on reflectlcn from the metal surface. This

1_teohnique can’ only be used for ObuCTVdﬁlﬁnu at the metal-

adr interface Whlch llmltw 1ts mCOQO cons 1derably.

The phase shift and reflectlon ooefflclent of a

\:lplane polarlzed 1ight wave refleeted from a metal uurface

,fﬁj;depends on whether the 1ncldent beam 19 polarised pwrallel

‘”Lﬁfior perpendlcular to the plane Of 1neldenee-“ Drude (1890)

!Qgiﬂpons1dered:the caue 01 an 1ncldent llght beam plane - —_

L4 to the plane of 1ne¢dence, qnd showed that,

;athe reflacted beam would be elliptlcally

4&359ip01arlsed.f Me%suramentw of the degree 0f elliptieity _' 

: sf‘ienable 'bwo emgles -&7/ mﬂdA —--‘to be :E‘ound, -where ‘ban l:[f

\ }fls the fwtio of +the refleetlon coefficments fox. parallel

:cmd perpe,ndieuler 3.nc:1.de1me, and where A is  the relative

B phwue shmft 1ntrodueed between the two eomponenta..-u-

In the present iﬁvestigation, mea&ﬂréments:were




macle of *Lhc chang e in _lp’ B,I’J.dA on agemnb uhln film coupleu

~j0¢ goldnnlumlnium and 11ver—alum1ﬂ1um |

S 1z.e msnmemal

The @Yperlmental measurements wera made on a

ciDOlﬁleing upectrometer hased on tha da81 gn: oi Tronstad

h‘f:and Feachem (1934) | A eompensator was placed in the 1lght

| - beoam between the polarl jer &nd the speclmen, glVlng an-

T;ilneldent beam thwt wau-elllptically polariscd.  The

\degree of - elllptlelfy cf the bOﬂm eould be adausteé 80 a8’ f“’5“;

 -®0 glve plane polﬂrlsed llght after reflection at the
gmetal surface.” The compensator uscd W&u a mlea quarteeriﬁz
~“wave plate w;th ltS pr1n01ga1 ax1s at 4 to the pl&ne of e
51ue¢dencc.~ ‘The’ degree of: elliptleity could be wdauﬁted o

”by varyln ' the metting of the polarlaef :Planewnolarlsedji'

',ﬁlight was de%ected by obtalnlng an* extgnotlon posztion

“Fﬁ_ffor the wnalyuof. If P and A are the required angles N

ol rotatmon of the" polarl er anﬁ analvmer from %he plane
f 0£ 1ncldenoe,g7and[§‘oan be- 3ound from.the relationthps
tfmgf‘tfm.h. 1 |

~ S s:.nA-_—-- _cos.?]?.

1A7&iagiamﬂdf thé ﬁ?@éfétﬁswi -shown in fl ' lg.l,‘ffi*

"Lens Ll foeusaud an 1mage of the source, an 80 watt
‘ meraury dlwcharge tuhe, onto a screcn, 1n Whlch a plnwf

Qholeg(ai)aagted:as,a‘p01nt;gouree. Lens L2 and’ fllter P




Specimen

Pig, 12,1 Diagram of Polarising Spectrometer,
S, Source, L1L2L3 Lenses, A7 Aperture, F

FPilter, P Polariser, W Quarter Wave Plate,

A Anslyser,
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_gave. o beam of ya;fjgallél‘mon_ochromaﬁio light of wavelength

| ':;_5461-2 -;»"“‘;Ifhe-"»pfolafifs er- 'a;nci . ana,-lys er were | :ﬂieol pric*m’s ~

o 'mounted on 360° scales wh:z.ch eould be e ac’i 'bo *o.10,

ﬁ'-ﬁ‘he er:‘mf 1n se*uting 'the e:h.'b:;.nc silon. positions, however, was.

:E'a,lrl;y conmderable, m*o”bably ~0+2%; ginece 1o half-shade-
*-d-ev:l.c:e Waw u.,-.ed-a- LenS L3 ac'bed as an-eyepicee- am:“z foeusaed

- ().rl “the surf'we of . the upeclm@n. ‘ |
12.3. Regults

Measuvements were first made at the aluminivunm

",uurface of a gg,oldwalmnimma diffusion. couple. “Graphs of

:veflect:z.vn.ty, qf amd A agmngﬁ ---- tine-for- the one specinen
| ;;;me; ...-.hoxm_ 1-n...£1ga:;;-12.8;a:--- :Re-flec:‘bn.vrby _anﬁ- pol‘arlsa'b:.on'
" "ljigtlleasurements <were: made 'tggethex*r +o0--avold errvors-due to

-variations in: the agelng- condltn.ons.-- ~Phe voriation in

g/amdA:L e.c-y .ama,ll, ‘md conwequentl;y the experimental

'poin*bs a,re uomewhat inaccurate. - Paking into aceount the

""ex':cor :m "ﬁhe x*e%d:n.n@s, which~ia: --O 28, Tor ?d’ﬂd =04

:fo:«?A ) WO can see: 'hhat the- expemmfanual points-lie

on’ :smocrl:h curves-. {I.‘heue eurves ::s.re of exactly the same
. :ﬁ‘orm as: the I'eflec-blv::.ty ag(.nn t ‘t;:.me curves, with an
1ni't1al plfvbeau a,t a constmnt value of l;/and A followed by

{ .
o fw, ouclden ch-mge .

K

Sllll.!.l&l‘ mec.,surement were nade st the aluma.nn.wa

.mr:cace of =y s::.lver»alummnmwn dli‘fusz_on couple (i‘a.g -12.3).

lt.,




Reflectivity

a
0 50 100 150 (piy) 200
(a)
-164 °
-162°
¥~160°
é—158°
] ] ! : t
0 50 1.00. 15o(min) 200
(b)

Fig., 12.2 Ageing of Gold=Aluminium Film at 105°C.

Variation of (a) reflectivity and (b)\P’ and A
with time for an aluminium thickness of 820K,




; X
B 80 -
o
R
B
5,5:‘ 70 4
o
60 W
50 1 -] 1 ]
0 5 10 15 20 (ny) 25
(a)
440 X
.:[f - 164°
430 -v°!! &) ,
) % 9y N A
T A O ' - 162°
42 | |
A
N 1L60°
O ®
4'10_. (1Y
| | I 1 T L 158°
0 5 10 15 20 (hx) 25
(b)
Fig. 12.3 Ageing of Silver-Aluminium Film at 141°C.

Variation of (a) reflectivity and (o) \_?
and \ with time for an aluminium thickness
of 24008%.
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ﬂ.‘hp graphs of. 'eind’ f against, ’»’t:ime‘ agairi h‘m’i. exactly the . -

gme iorm as 'bhe reilectivity ag&.t.ﬂst uime ‘graph. . The

varlatlon 1n ﬂd»w*belnwwlessmthan:in¢goldﬂalumlnium,"
there vs more unceﬁtamﬂ%y wu~to ﬁefﬂhape#6f7$he<curVQSa
"'#ﬂf1é54f.ﬁiseﬁ§9ioﬁ |
| Drude (1890) has derived equations for the
Vi refro,c"bive 111(1@},. of a; metal wur:{'ace 1n Germa- af @’ A

and Q (the fmﬂle of incldonoe)

iz S e R : .
ke , " gin®ten®deos 2 Y

R s ‘nf" L+ cos f%in22¢ L (12.1)

1s:~= ns:.nA‘tcm 2_!? o (12.2)

where the refractlve index of the surface is given by -
AN ; ; B A ;TL, ‘

fn fhe€ééSe of aluminiumy-a layeerf;oxidg_@ppxagy 508
thlck lm presenﬁ cn the metal surf cevan@feéuations.(lqu)
and (12 2) eannot e usedy ~Expressions-have been-
‘devived (Drade 1891) for.the obseyved-values of Y and
for a clean metal surface .covered-with o ¥hin: non- -
wguﬁ;abgprbingwpx;dq;ﬁﬁlmytmﬁqugqqgtions-age,ihqwever, |
ﬁr'nsolublenunlessQaasumptidnﬁxarelmmdevof-theirefraetive
1nﬂex and thlekness of - the. surfaee Tilm, It is for this
reason that the re ult have not beeﬂ analysed in more
detail to detarm;ne n and % and to work out the theoretiowl

- reflectivity values. £rom 'bla;am. Values of 44+0° and - -

sy ; »

T
IR L
! )




14 7 oo

169 9° 103 ‘ én&* ot pare alum&nxum afe An good agreeme&mz
;W1bh the flbuCPﬁ of 43 and 161 O° obtalned by

’“Winterbottom (19)5) 1or the same expeulmental oondltions.

s Polarleauion measurements gave.agELng curve ;
1;010 ely 51milar tO*tho e ohtamned by ceflectiv¢%y

'"*meaﬁuremonts, and 1n p&rtleulnx tho ratio ul/% ueems to

be the samo for hoth. We mnst therefore conclude ohat

'llght penetratlon 1nt0 the metal has the ame effect for?J'ff~l"

‘lboth refleet1v1ty qnd polarluatloﬂ meauureuentm. Xt
mlght hnve bGGﬂ thoughu that polariswtion measvremcnos-":

;"were more chwvacterlstlo of the qurface of %hc m@tal,sq
they aro sen51tive to: ﬁhe pre&enco of surfaee oxmde laycr

“but the ewperimenﬁ L observatlonb do not-ag ree W1th thms.~f¥$

| Relleetxvity @ﬂd'pclqusation Obm@fV&thﬂm‘ ivé;;‘iiJC
- the same iarm of :ageing- curves, but reflect1v1ty |
"menuufementn wr@ to be preforred becwuaes
Tf(a) eflae%Lv1ty meamufomentavarp mueh more acﬂurate
-(b) fefTLct1v1ty medsuremunt" Ban he mhﬁe nt both the
‘fgla J and alf aurf%ceu.;":‘* : ;_' | ‘
(c) f@fle@tiVlty measuremenﬁs are@éé§& anﬂ“qﬁigk,f'f‘“g




’"giﬂenergles 1n nine’ motal 3ystem

”f~§e¢1eetivity'meaquremenuu atitho mebal svrfﬁe pvoved tc f_“fﬁf

PR

-

El'Thé ﬁéth&d ve rcpeatabl@ fe uTt and pﬁovod to

U be very u1$131qgt0ry,} Repreduemble %gOLn curves were

1f7[¢wepe oh,rlctef¢st10 of_

-

Awener@lly ohtwmnod. The ct¢thlon ene 3'1 S AOE Glffu Lon ;:jf

'gwere found v51ngfﬁlflerent portlons of Tha cne evaporaued

53¢p@emmcn,; Thi“‘gava mo t 9aflsfaetory graphmifor i;nding

'7{*th¢ %ctlvation energy,,51nce_1u d;d ﬁOb involve meauurementsr”f

'fwof flim thmol s Wlﬁh oonuequent errors.fw

The reflect1V¢uy chanﬁQ" n the sy memb anegtlgated4¥

the motlon.of a phaai}bauadary

'-Jmather than of %’gradual ehange 1a eoncentration. The
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| 3]com@o 1t10n of the ;ntermedlqto phase eauld usually he B

'Vfﬁdedueed fvom meauuremez s of the valua oi tho critlcql

. thiekﬂ@dm I’d.'tl().

Most af the sywtam 1nvest1gated gave refleet1v1ty

“?iiﬁehqngem ab both the gla 'S and 11? surzaccm. Mewsurements

=*qu$ the two murfaccu qlways gave the SAMS - actlvation o

'}ﬁenorglos, iﬁdleatlng that the ohnng@s obscrved at both 1.
== raxt
7 i,——'

‘”fjuur¢qeeg were due “£0-the mntion of only one - of the ) "f Stgplor

"‘fgzconstltuent atom : Mcasurements of~ the relatlve r%tos 0¢ IR

‘“'ﬁidxffuulon at both surfaces gmve 8 seeonﬂ choek as te tho

 §phase or phaaes formed.“w

Evaporated alloy films We @ prepared elthe¢ by

wﬁéi“fla h“ evapor&ﬁlon Qr (1n the case: of eoppar—alumlnlam)

?nghy evaporatlon of the alloy.; Theoe onabled dlrect

casurements of the weflect1v1ty of the alloys to be

“"*made.: Ocmparlboa wmth th@ refleot¢v1ty of %he phase

’3{f:formed 1n the dlfquan couple gave a thxrd check ap to Qiff?;

ithe phaue or" ph&ﬁes formed"‘

Electron dlffraotion oboervqtlonﬁ gave a diree

lf”ﬁfiﬁdloation of the phasew formeﬂ in the diffusion zone.

l’iféﬂmh@ﬁ@ fesult werc gen@r%lly in agroemont wlth reflect1v1ty

_obsefvatlons.

‘3ﬁh§’f¢fléﬁtiVity>éhaﬁges were. shown to be' dve, in -
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gemeral,_to bhe formatlon of_a gartieulnw 1ntermed1ato'

'5ph% e QX phase&.“ In QOﬂg of the vystems LnVQSulgatGd,

sevefal phameg appeared tharmally stﬂble at iow temperaturcéw
:but th@ reflect1v1ty ehwn es appeared to bo due +0 only

-one ef th@ phau@s.~ There dxd not Seem to -be-much - |
~eorr@lat10ﬁ-hetweeﬁ the~phases formed in dlfferent systémé:'Jﬁ

‘Iﬂ sume syutoms (¢or oxqmple Woldhlead) 1t scems pfobable

Tyfﬁgthat the publlshcd yhmse dia ram ip 1ncorrect ot low

j1tempera%urpa atb whleh ﬂlffusion was studied, and- that

'>tho ccmpouﬂd formed was tho only thermwlly qtable phase. “In

7 bhe G%her'SySuemu 1t 9PQGWTQ PrObﬁble that all ph%des

would be preclpltated at tha 1nteri%oe at the. be¢¢nn¢ng
‘ilof Aiffusion, but that one- pha e would gfaw:fagter-%hag
;the~0ther33\ Aepordlng to Buckle s-theory (chapter 2.9),
;{the rate —of wrowth 0¢ a phase depenﬂs on the d1£1u810n
 ¢00£$101ents and coneeﬂtratlon limmts 1nvolved.~;The~
‘}phaae-ﬁhat~grew Iaetesz may huowhave~aay\alloy Qaneenﬁéntipnry
‘”Séverai of the- phaaos xogmed appe red to exlst over-a -
"Zeroﬁcqndéntratmqngrange. This was umexpected. as it o _
beféééﬁ~from equifions€{2-27)§and;(2~28) that these;phases‘:
fshoulﬁ not be farmed.,‘ﬂbwever;:in terms~of-the-a%omic~
. imovementg ﬁloeubmed 1n the noxt scoilon this is aoo

uurpri 1ﬁg. ;'“-*A -

D¢f£vsiom OOOfflClOﬂtu and aetmvatmon energ ies‘were7]f"

fouad to be’ the same 1n very thxn fllm. (‘43003) ags in.
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':“ﬁigfthlcker Fllms, 1ndlcwt1nu %h&v thc dlffu ion oboerved wes

o true volumo dlifusion rnther th%n graln boundmry

 ;61ffusion. Thls doem not mbroe wmth thg theory ivon 1m '

“'*“f2 10.“ For\dlffusion in goldwwluminlum at 84°0; i the

!; ﬁ;actlvation energy ior oraln bouﬂdary dixiv&lon ¢s taken

'yfﬁg_to be 50% OI that for volume ﬁifoulOﬂg the ratio

/ ds fcunﬁ equ@l to lO7 In 2 10 1t was hown thmt

'  ‘f¥1i_ D' /D' was 105 or grewter, then graln boundary dlffuuloﬂdf'“

ffmhould bo the domlnant methoa for tranuport of atomb. ~Iu;

‘;\l“ therefore urpfiwlng that wraln boundary dlffu 10n 1$;,5-

‘yjfnot ecourrlng, pwrtloulafly slnce thia fllmm>afe known

.ta eonthn lqrge numbors of graln)bound%ries._ The dlffuuionrfl

[~;,observe@ Lb of rather a &poclal kinﬁ however,\81nce‘1t ;

"71 31veu rise to intermedlate phaaes. It wovld be vewy

“dlfflcult to 1mag1n@ thls diffu51on taklng place along

"”fé bra,in bound ry.

Obaervablons on: mO&u of the mot 1ms 1nvestigwted'

y“lﬂave uhown th@m values fov dlffusmon coexficlenu wva

.“ﬁa351Vﬁt¢on energy 1n %hln fllme are wmilav t0 bulk

':}fﬁvalues for dlffﬂﬁlon 1n the xauter dlvectmon (1 e for .

‘:*adlffR$10ﬂ 1nto the lowor moltlnb p01nu metal) Thc ‘ﬁ”'l

’* ;gObmorved diffu810n eoefflclents %u the ether metal surfaco

<i?fworo then due 31mply to the lop% of metul Ain the forne thu;v

‘”#330¢ iﬂtewmetwllic eompound. e




Several. of the systom% examined ‘had eonsiderable
'ffsolid solubility in “the hlgher mel't;:a.nb point - component...lﬁﬂ
no" easu, however, was any trace of thls soliﬂ solutlon |
VLSlblG on ageinb, whleh shows - that the amount formed Wa; g
very sumall, This suggests &galnvthat.dmffus;on into the “
low melfihg-point metal'ig the rate determining*prdcess}-.-1?'
and S0, only a very thin 1ayer of alloy rich in the hlgher'if
'melting point metal’ Wlll be ionmed.‘ None of the systens ' /
1nvestig&ted had aby oon31derab1a solid solubvllty in the.
lowexr meltlnbvpoinj.metal,:smnce,thl wﬁgxhlgher valency '
oneﬁ(meevVRdtherywand_Raynor'1956) Conwequently uOlld |
so;u*én;pns- might be formed, but would not be d._e‘bec’bed..._

. The phwwo bound ary was frequently oharply deflned, o
but 1n cert11n metal palrs a dlffuue boundary was observed.
"~ This wa% attrlbuted elther to penetrﬁtlon of the ubstrate*~
metal durxng evaporatlon of the overlayer, or. to the effects. .

. %/w /‘u

s of an initial ¢ast dlffu81on to form supersaturated so1ia -huJ 2
,.dolutlen before preeipltation of the eompound.J Thls. : *‘?‘;4gf
Cinitial fast diffusion was apparently characteristie of f*ﬁ;m'

 'the first, Stab85 of diffu31on bcfore equilmbrmum eondltloné

wexre establl hed acrous the- phwse boundary.= Klrkaldy ,”: |

(1958) has dlqcvssed this effect “and oonuiuers that noﬁr !ﬂ:ftf
equllibrlum condltlons eould eyist in a dlffusing sySuem A

for experlmentally 01 mificant tlmes, the effect appearing

a8 deviatlons from. the parabolic lsw, 32

‘% 't, near the




}\

*Q*Etlme orlgln.' Such 1 devmatlonpwab ubserved 1n the nresent SR

i""fflnve$t1gat10n.- Thl& effect could only be Qbserved lﬂ

| J?iihlnjl lm?dlffu81on GOH@lﬁu Whlch measure the flrst SUQgeg‘fy“‘

'533301 dlffvélon;\ Bulk diffuslon aou@lew WOUld never how

7thls effect, ana @11 1nvest1@atmons on them hqve icund the R

h wraﬁdfic 1%W to be oboyed.nfﬁm'"f

"fﬂ: prev1ous section @nahle g3 mechani s for the flow of %toms
' ¢n 8, dlffu@lon eouple o be d@dueed. Gon 1der m couple Of
fkltwn metaln A anﬁ B wmth ne J;mible texminﬂl &olxd solution e

‘.;and one’ 1ntermediate phame,z' (flg, 13.1) {}We Wlll a8 sume

*: g,that B ha & hlghor meltlng point th%n A,ul em th&t
'fkaEdlffu31on of B o; Ais the rate detcrmmnmng procems.u The

'»:,“mpeh%ulsm cf dlffusxon 1s the same as ;n bulk speeimens qadf'“

ff[lb a. brue: volume dlffusion. InterstLtmal dlffusian is.
ﬁéizégenerally unllkeIY, 51nce the atoms ofa fOT example, |

;;,511vev wné aluminlum wre lmost 1dentlcal 1n size.-fw

ﬁirurthermore, observationg ‘of the thiokness of several

T

‘"ﬁafdlfvu ion counle_'Showed thwt bhere wa; no ehan e inl

| a,,l 7

};ﬁeﬁ¢ntefut1tial dlffus1on qu taklng pl%ee. Hence the diffumlon |

B

:3¢f;thiekne55 after ‘11fu810n, such &s would occvr if

""ﬁ;is most probably a vmcaacy meohanism., Dmffusion ol metal

from B to A implieq q mmvratxon of vaeanciec from A to B.“-

G S
SR




1+0

Concentration

Pig. 13,1 A Diffusion Couple in an Intermediate Phase

System with No Terminal Solubility.

FPig. 13.2 Diagram of an Edge Dislocation with Jog
at X.
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Vacancies generated in metal A close %o the ¥ surface

%enﬁ”f6 bécbmé%oécupiédfby‘ﬁfbméAdf"B; Metals .B and A

' reaet o formimqre*K phage, and vacancies move into. the

'Klﬁyer.*'Vaéan¢iés‘iﬁ7the'X{sqrféoe close to-the:interféée
Cwith metal B ‘woﬁ:c.d tend to. 'iieéonié*‘:%'céupiea by atoms.of B
ffoﬁ%he pure metal, and the vacancles would move inﬁo the .TH
pure metal. If the mean vacency coneentration-in the.

‘phose remains eonstant, there must be steady drift of
vacanecies frqm'A.tp Bvcauaing.the‘prdcesses-at'the‘two
ﬂinterfaces'to'takeiplaoe at the-same‘rateliand=giﬁing o
vates of diffusion in agréemeht'wiﬁhrthe'éxpéfimental .
obse'rv@;*bionfs. - The ¥ phase:v'rouia advance. \‘in'td._; Aa:b one. . .
éidé, and woul&Aapyear toﬂadvance-infb B at'the:dther,'thg;f'ﬁ
"mea sured rates of dlfiuSlon differing beowuae of - the |

atomic ratio in the compound.- -

.The:gourde‘0£ %he vacencies is of greaﬁlinteresf;.‘*“
A certain nﬁmber‘eXist in. fhermal equilibrium in a metal at:

low temperqtures (apprex1mataly l in 106

lattlce sites),

but this number iq far too r*:cnalil. to aceount for the observed
mwss flcw. ihin filma are’ known to oontaln 1%rge numbers

of vacanciew (Selt? 1946), wnd it mig ght be thought that
these gave the obaerved mass flow.é In equation 2 11 it

has been shown that the rate of dlffusion dependu on the
vacancy cancentratlon and on the height of the potentlal

: barrler, 80 that the oversll aetlvation enerby is made up of



ntwo terms; the 0etivaﬁ10n energy to form v&can01eq ond the
:_ aetlvatlon energy for thelr motion.' Tho two terms are
“‘generally mound to be. approylmate1y equal.' If the excess
”vacancies in thin fllms were rewpon81ble for dlffu81on, E
.woulﬂ be around half the values observed 1n bulk speclmenn,
'and D' would be many oraers of magnlﬁuae higher. Phis is
:; net in dgreement With the exper%meatal vqlueq,'aﬁd so we
muut oonclude that lwrge numbers of vaeancleu arve generatod- 
Sine metal A near the 1nterface Wlth tho S phase, and thwf |
<these‘a:aqabuorbed in metal B. Aeoording.togL3101a1ra,
-(1953),1dislooatidns act as ideal,sourqeé éﬁﬁ.g;ﬁks-fof
- ﬁadancies, and - thin filmg are known: to, h&ﬁe 15fge'numbers

of- dlleOﬁtions {(Bassett Menter and Pashley 1958).

‘. jogged-edge alsloc%tlon 1s;ﬂhown in fig. 13. 2. If-an atom B

at X moves one place to. the right, & vacancy is left av

- X and this may then diffuse away, by exchange with. other

atons. IF this is repeated for all the nlanes shown. in.

- the- diagram, the’ dmslocation Will move across from one

~ gide of the crystal to the other to form a new plane of

atoms and ‘o provide,an.equal number of vapgnoies.

-~ Accomodation is therefore'provided for the het'number oﬁ
-atoms of B diffusing into A (flg. 13.1) by the vexry

‘process which: produces vacancles for their tr%nsfer.

A'jogged'dislooafion~bén(similarlykact‘as a sink

for vacancies. MNotion of thé ‘vacancy to X (fig. 13.2)
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X méve& the - Jaorone posmtion 0 the lefn and results in the
':eimmlnatlonjqﬁ,_he vacancy. -Addmn one plane of vscancies
.tpaihe‘dislocatioh.removéé*one~planexof atomsllrom the metal,.
Hénce‘in"fig; 13,1, metal B becomes thinner because of thé_

~ “absorption of 1&?@9 numbers.ofzvacaﬂﬂies.A'

It can be shown (van Bueren 1960) that in. a

- pormal netal, diSlOC&tiOﬂu cau ca311y gupply the necesuary

. e \.-,1:»711/ I[nrx.e/

‘ !’)’x:-"w“\ 5L’.1u teds N

’ umber of vaoancies in thls way.

1343 mmré_work

It is con81dered that certaxn lines of investlgatlon

ni_far1°ing out of the prauent work could be tackled and might

o lead to 1n‘berest1ng results,

*Mogt 0£ ?hé inﬁe;esting‘gystems giving:reflectivityuv
. changes in“thinifﬁlm diffﬁsion*couples have‘been~inveut-'

ig%ﬁed, and 1t seems unlikely thmﬁ & more extended investi-

.....

- f;ngation would glve muoh more useful information., Copper~

*1,;.z¢nc Would, however, be an 1nteresting system %o. study.

'jOoleman and Yeagley (1943) have studied reflvctLVLty

changes at the alne &urface in thls system and ptate that

= _that thée activatlon energy of diffusion was the same as

_1n.bu1k specimens,\but that K was qeveral orﬂers of

’3magn1tude hl her.; ?he formula (1 l) uﬁed by Coleman and

' |
Yeagley was | purely empirlcal, but it ean be: ‘shown that in..

i




fhe praotlegl ew&c, where the oopper thlckncss is much -

u&greatev than the ‘zinc thlckneSb, the value . of K, is very

J,;;fclose bO tha value of 3' ‘used in the present 1nvest1gation.‘ki‘

';;}It would be 1nteremt1ng to check the result on this system - -

-it R ee whether agreement was obtained wzth Goleman and
o Yeagley.J Tf ne 1s found to be four ordero‘of magnitude |
H.‘hlgher thﬂn in bulk specimens, it will be totally dlfxefent  _

‘_‘from the result found-in the present 1nvest1gation. A

‘ theoretioal eanlanqtion for +this dlscrepaney would Ye
\=.very dlfflcult to find. The explanation. given. by
,Coleman and Yeagley (1944) in terms of preferred orientation:
-in the*pﬁecipitatéﬁ-layer qéems most unlikely, siﬁhe it |

Vlnvclves assuming &t (111) £ibre orlentation in o copper -

film on & plass substrates Such an orientation has never

| " been observed by other workers.

The whole questlon of “the orientation of the

' ﬁa%preclpitated layer ig of great ¢nﬁarest, ~Work on age-

hardenmng 1ndleate“ that there is 8 relation between the

;,;orlentatlon of the phase preclpltated and the bulk matrix %7'

'*' 1(Barrett 1952) : Woo Barrett %nd Mehl (1944) have found the-

fsane orlentqtion relatlon in. a dlffuslon 1ayer of‘3 -bhrass

’f;on oopper as 1n %ge-hardening. No work has been carried

’Ti;g'out on thiu subaocﬁ in thln filmu. In tho present investi-

\

"'gatlon tho substrwﬁe metal Was alwaya randomly orlented

E and no: effect would be v181ble by electron diffraction.




T
1

N

}fffy”hb pﬂoblem coald Ba nmvanaeaﬁjy by

S%uQLLd e ;3};

Tsfprep&WLnﬂ‘a smﬂglc crySuaE noldifilm, usxng the muthod o:

 fﬂ“fvamaley§(1959) of eanOfaﬁln ot a,8¢1V@f 111m depeaibﬁd

li.ﬁomAmieé uuff@ce heléfnt’270°3.jkwhe bilver could thea befﬁj‘"'

‘J*”}faisgqlved-aWay Lﬂ nitv&ckaeld oOvle@vc a'SLﬁ 10 C?y$ﬁa1

ﬁﬁ;gold falm.f’FV&por tln alummnium on EOP woulé ”lV@ tWD

\ T“fmetal W¢uh thp smme erlent t10n~vaﬂ X eing of Eh¢s $

,1fﬂgﬁupuctm9n, prp“inztwﬁiom 0 tbe compounﬁ Would twke plaea,“7glf§i

iand by wtudylna tha extrm uﬁOtS 1n ﬁhu dlflract¢on,~f.

éyhotogvaph, 1 5hould be possmble to ﬁeiermlne.the

?oricntatlon of.ﬁhg pr@GLpitath layer qad cheok whethernvfi' '

”:and phanomena SLmll@? %o tho o found ln agc~f1-*f“:

f"ﬁlf;hardonlug 1n bulk*netals’aro obﬂerved.: It would Be
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Ref]eet;on olecbwou dL&fracﬁxon Wou]d be a uqezul
',imcohngque :or repeating the wesults obtalueﬂ in the

TT pLO”en¢ 1nve bi““°lon’ qnd *OT mbudyiﬂg SJbbomg 1n WhlchtiJ“'nh

-l’ffoilQPtLVlty Ch&ﬂgéu oould not be. obsorved. Tt wa

";unxowtunate that no'@ueh Lnshrumenﬁ Wau avallabla ¢n thc~

»,pro%ent work. _,ufgjﬁjwn‘

In th@ eourse of the preuant work tho author

fWQT:has been surpvlsed ab tho lack oi ex;stino rcsulﬁw 1n

7,_bulk difqulon eouples wibh ﬁhe pure metalﬁ. Very few

‘ ‘*awobgerthions haVG bean made o the motlon 0¢ ph& S bOUﬂﬂ&rleS f*

‘flﬂ diffusion eouple ( Buakle 19A6 1957 1958 Klvkalﬁy 19)8
E Phllibar'b ‘and A.dda 19)8) Tt is -mu. ma.., 'bhese observatloms .
fmxght well be e&temded.v | | N
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1. -INTRODUCTION

&@ &? f¢lmu Q& uﬁ¢iarm,%hlokﬂ@&: @an @%ﬁiiy he f'

Q@mﬁuucgﬂ my vaeuum ﬁovaaiﬁien, Whaﬂ ﬁw ﬁmah Pll&d &f@

oflgposited o woon bop- a¢ tha @thef anﬁ ﬁh@ rdanl?ant(

%imﬁ%éiii@-xilm i aﬁnealeﬁa Qiffusion will ﬁeﬁéw@ily’.
oceur (unless the mebols. are csmpl&%&ly immlscmble),
“fﬂgiviﬁﬁ rise 5@ Ql&d aeluﬁloﬂﬁ 9% sntermatallic eamgavn@%
o boths in some casen -compound Formation: has boen
.@onﬁiﬁm@ﬂ by_&le@yfanidlffraﬂtiem:Q@”@sﬂm@e&.irém"@%hér
héaaﬁﬁﬁﬁm@n%? such: a8 @l@@ﬁfl&al ?eéigtame@ oxr adhesion.

- (Weaver and HiLLl 1959),
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