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L R FORVATION OF POROSI'I'Y |
DURING DIFFUSION PROCESSES IN ME'I‘ALS

Dennis M.vMaher '

“fﬂg“Inorganic'Materials Research Division, " .
. " Department of Metallurgy . .. -~ !
'’ 'Lawrence Radiation Laboratory = .- -

. University of Callfornia 1?;:vﬁ
L Berkeley, Callfornia

o September 1962
. ABSTRACT

v:f'ﬁridencevis presentedfwhich indicates thet thetporosity;formed during
‘ diffns{oniprocesSes in Cu-Ni and Ag—Au-coupleS'is heterogeneously nnclested-
‘it?ln the presence of a relatlve excess concentratlon of vacancies resultlng
-Vgﬁfrom the unequal mass flow of the two partlclpatlng constltuents The
Jt'f nature and extent of porosity is dependent on the purlty of the sample and :"
'Jthus appears to be related to the number or potency of nuclel avallable
| :,for vacancy agglomeratlon. From metallographlc observatlons on the dlstribu~p_o
u'tlon of por051ty,>1t is estimated that pores w1ll form when vacancies are
'1‘?;'pumped into any small reglon of the dlffu51on zone at the rate of about o p'

f;;lo 5/cm3/sec in oxygen-free hlgh conduct1v1ty c0pper and 10 7/cm3/sec in

: filspectroscoplcally pure copper. The hlgher supersaturatlon requlred for the
lirxpfnucleatlon of pores in spectroscoplcally pure copper is. con51stent with all
ﬁ}?the qualitatlve dbservatlons made on the formatlon of por051ty |
» Estlmates of the relative fractlon'of the excess vacanC1es whlch cbnéf
'5i;dense to form pores on the copper r1ch s1de have been obtalned 1n two o

,t'ffhways l) from the ratlon of the overall expans1on of the couple to the

"-Cfnormal Klrkendall shlft, and 2) from the ratio of the measured pore volume'

“»,

; ; to that assoc1ated with the net vacancy flux, as derlved from concentratlon-':;

‘,t
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"711penetra£ron profiles.‘ Both estlmates are in ressonable agreement and 1ndr-'
cate that upwards of 90% of the excess vacsn01es agglomerate as pores rather:
than_belng_annlhilated at jogs on dislocétions'orpOther'sinks; in spectrof{.r
| scopically pure_copper;_ebout 50% of tne_excessfﬁacsncies end their livesi . ot
!.'et pores; It is poncluded thot, contrary’to the-usual.assnmption, disloca-::v |
':'”tioﬁs are‘ﬁot-#éfy effective sinks for'vacancies undervconditions (e.g.v
7relat1vely low vacancy supersaturatlons) Wthh prevall W1th1n the d1ffus1on
o:zone.v The observed dlfferences in the extent of poros1ty in the two grades;i-
ﬁ?:of cOpper are belleved to be due to’ dlfferences in nucleatlng sites avallablerw
‘1:_for‘vacancy condensatlon rather than tOEdlfferences in the ease with whlch’
’dislocation cliﬁb'can'téke pIace in these two ﬁateridls.'
. Additional observatlons 1nd1cate that the presence of alumlnum ox1de
‘r, particles or clusters in sllver has 1nfluenced the normal distrlbutlon of
:',por051ty 1n 81lver-gold diffu51on couples. These-partlcles,orvclusters may -

be actlng as favorable 51tes for vacancy condensatlon.




I. INTRODUCTION -~ = =

.

;-It is nov vell-established that, inzthe presencezof a chemical'activitv'
'gradient, the two components of a binary alloy diffuse at different rates (1, ).V
. This leads to a net mass flow of the constitutents relative to the lattice.

‘,This phenomenon — the so—called Kirkendall effect - 1is manifest by the motion‘
lof inert markers Whlch are located within the diffu51on zone.3' If, for »
) L example,.markerS‘which are assumed to be‘fixed:relative to the lattice are
‘wrfjfplaced at the original weld. interface between two dlSSlmllar metals and
'f.difqu1on lS allowed to occur, the interface markers will be displaced toward
1:-Tthe s1de of the couple which is richer 1n the faster diffu51ng component,
R this usually being ‘the side having the lower melting p01nt. The~observed
"'marker displacements are cons1derably greater than can be accounted for by B
‘1ﬂany changes in den51ty due to changes in comp031tion and, 51gn1f1cantly,

. the shifts are proportional to the square root of the diffu51on time. Further— :

'-,more, in most systems Wthh have been studied, pores of macroscopic size have

‘IITibeen observed on the ‘side of the original diffu31on 1nterface Whlch originally'l'
:.'f{?contained the more mobile constituent.u-lv23 .. |
Thése facts have generally been interpreted as’ ev1dence 1n favor of a ?ii-ﬁ
fﬂilvacancy diffu51on mechanism in close packed metals and in alloys of the
‘7;substitutlonal type. Thus, a net mass flow of “the two constitutents, arising
'v~yf;.from the presence of a chemical act1v1ty gradient, can eaSily be accounted
M“v"for on the assumption that vacanc1es exchange more readily w1th one component
(‘than With the other. The vacancy'model 1mplies,.therefore, that the net
;“Q”’:fhii_mflflux of atoms out of the s1de of the couple containing the more mobile -
.constltutent be counterbalanced by an’ equivalent net flow of vacancies 1nto .

'-this region°_ The presence of poros1ty on the side of the cOuple suffering

-a net loss of atoms 1s conszstent With the Vacancy model Since the po osity



o may reasonably'be supposed to result from an agglomeration of the defect

- responsible for dlffu81on.

L present inh thermad equlllbrlum, it is necessary to postulate “the exlstence

.
s

' Slnce the net flux of vacanc1es aSSOC1ated with the unequal mass flow

B . 1
of the constltutents is far greater than ‘the concentratlon of vacancies C

f}of sources and s1nks for vmcan01es wlthln the dlffu51on zone. Possible’

sources and s1nks 1nclude the external surface of the specimen, graln and

:'*subgrain bOundaries the dislocations. The avallable ev1dence, both experi—f

,mental -and theoretical, 1nd1cates that dlslocatlons, by cllmblng, prov1de

1,6,12,1k,

.the major sources and 51nks for vacanc1es w1thin the. diffu51on zone.
16,17,22,24- 29 '

The climb of'dislocations implieS'that plastic deformation must take

3place during chemlcal interdiffusion and that deformation processes play

an essential role in accommodablng the unequal mass flow._ The many dbser-
22,24,26

o vatlons whlch have been reported on recrystalllzatlon, polygoniza4f

1 22,59,60

tion,6’12’l6’25’26 grain boundary migration,zu’26 and surface ripplinglu’le |

‘within the diffusion zone between dissimilar metals attest'to the

‘ fact that plastlc flow actually does occur-and ﬁhat stresses of apprec1able

magnltude are generated durlng dlffu51on.' These varlous phenomena have

‘been explalned in terms of the generatlon and movement of dlslocatlons’by '

C climb or by gllde processes

17,26, 59,60

.-However) the factors”which conbrol or. inf]uence the formation of
poros1ty are not nearly s0 well understood; In partlcular, only rough ,f .
estlmates are avallable for the crltlcal degree of vacancy supersaturatlon

requlred for. the nucleatlon of a pore of stable 51ze, and the details of

28 :
the nucleatlon process can onJy be hlnted at in most cases. Seitz~ has

‘discussed the formation of porosity in the presence of a nonequxlrbrlum
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e

"f concentration of vacanCies and has derived estimates for the crltical nucleus

- This point of v1ew has been debated at length

‘ highest value being for zone- refined material.

:pressure required to eliminabe pores of known?size;already formed.

;r:

'size. Br:.nkman30 p01nted out, however, that these estimates 1gnored the fact -
:délthat_a two-dimensional tensile stress is established on the side of the interf B

;A'facelsuffering.a net loss of atoms and‘that,_infthevpresence of this stress, .

3
¥

nuclei'of'a critical size may grow by absorbing vacant lattice sites even

“when the vacancy concentration is maintalned at or .near.its. equilibrium value..

31 32

While.lt is now'recog—f

nized that mechanical stresses may indeed 1nfluence the formation of por051ty'f

s.during diffu51on, it appears that, even in the presence of a stress, a crlti-
ipcal pore s1ze ex1sts which must be exceeded 1n order for the nucleus to be
" stable. This critical size w1ll depend upon the excess vacancy concentration

dAas;well as on the magnitude Of the'stresses within the diffusion zone.

In actual difqu1on spec1mens, the relative excess concentration of

“vacancies, R 3 requlred for the formation of a: stable pore nucleus, namely,i

R.v; ﬁl; -1 'F
| e Nv'o_ : 3.
where
d'Nv'=_numbe;“of Vacancies per unitdvolune‘actuallyvpresent-in the
| ';imetal R e | . -
‘iNvo‘= number of vacanc1esvper unit volume in thermal equilibrium,

4:has been approx1mated 1n several ways.i For example, calculations of the
vnet flux of vacancles into a- given region, based on the observed concentra-:
Aa}d;tion - dlspance curves and a knowledge of the intrinsic difquiV1t1es, to-xv
U';Agether w1th estimates of the s1nk den31ty have resulted in Values ranging |

... from 0.0l to. lOO at the p051tion where pores just form in derass, the

13’18 Values of R of about

0.01 haVe-been estimatedjfor Cu-Ni couples-from measurementSVOf the critlcal'

21
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vn Although these estlmates are only approxlmate, 1t ‘seems clear that the - ¢
'relatlve supersaturatlon at- Wthh pores actually form in dlffus1on spe01mens

is much less than that Wthh would be necessary to nucleate pores homogeneous-"

It:has'therefore been proposed thatjporosity forms by a process of hetero-

- geneous nucleation;e,and that favored nucleating sites exist either in the

f bulk of the material or at the origiﬁal'weld‘inferface. Brinkman30 has argued

" . that stress concentrations which deveiop within the diffusion zone might.

nucleate cracks or fissures of a crltlcal size purely by a mechanical means.
However, the dbv1ous ease with which such stress: concentratlons, even if they
r did arise, would be eliminated by local relaxation and plastic flow makes this
" possibility apoear extremeiyvuhiikely.QQF A strong?indication that iﬁteroal
- surfaces such as particles or inciusions‘represeot'effective nuclei for the
.dformation of porosity iS»brovided by the work of‘Resnick.and Seigle.l8 Durlngv
‘de21n01ng experlments on brass of commer01al purlty they found that porosity
.developed to a considerable depth below the surface of the specimen after
evaporatlon of only a small amount of zinc. When the brass was zone reflned
':however, pracfically no-pores were formed_within,the body of the specimen,
o even upon compieﬁe'dezincification. Resarck-andnSeigle_concluded‘that the
B most likely nﬁcleating sites in~arbrass.ﬁere zinc oxide parficless
The work to be reported here was undertaken 1n an attempt to obtaln more
cjspeC1f1c 1nformatlon about the nature of’ the nucleaﬁlng sites for porosity
'_ in other(metals; For this purpose, the*formatidn’of porosity and the
accompanying:ddmensionalvchanges.were_stsdied infdiffusion couples prepared
from maﬁerials.of.differenfipurities, as;well‘as;materialsoin which known ': e
" dispersions of'secohd‘phase‘barticles were delioerately introduced. The
“c0pper~nlckel and s1lver-gold systems were selected for study partly because

a complete serles of SOlld solutlons are: formed in both cases and becausev

’l)“ .
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fqrpartlcles as nucleating 51tes.

V-

'_these systems have frequently been investlgated in- the past. Controlled

dlsper51ons of A12 3 partlcles or clusters were produced in some copper and

';s1lver spec1mens by 1nternal ox1dat10n. 0x1de dlsperslons of thls type have'l
'the advantage that they are thermodynamically stable at the dlffu51on tempera-
“tures. The- average size of the partlcles is of the order of SOO A or less3'4;

~;in copper.33 and 50 A or less 1n(s11ver.3h‘ It was hoped to obtaln estlmates

for the vacanoy'supersaturation‘et whichipores are nucleated'in these variOus

kr materlals and in thls way to assess the relative effectlveness of the A1203 3;»v

[ R




I1. chERIMENTAL PROCEDURES. )

SandW1ch type Gu/Nl and Ag/Au dlffus1on couples w1th tungsten wire

Sor

;‘markers embedded at the 1nterfaces were prepared by pressure weldlng.v The |

x.nature, distribution, and amount of porosity which develops durlng-dlffusron .
wfvwas observed metallographlcally 1n couples prepared from components (i e.,

_Cu and Ag) having different purities. . The growth and movement of the zone

- of porosity was also followed as a functlon of time using metallographlc
.1dmethods.; An’ attempt was made to correlate the observed por051ty with the
dimensional changes which normally accompany tﬁe“diffusion process iu_sandwiche_
”.type couples, and thereby ascertain What.fractio; of the.net vacancy-flux is

‘ frespon51ble for poros1ty. For this purpose, interface .marker shifts were

'uvmeasured relatlve to reference markers located well outside the dlffus1on

zone and the fractlon of por031ty was determlned by areal and linear analy51s. '

"*i'Concentratlon—penetrat1on curves were also obtalned on a llmlted number of

,_.couples in order to fac111tate the above correlatlon and to permlt calculatlons_*

”'“U;to be made of the vacancy supersaturatlon at p01nts where por051ty Just

> .beglns to form w1th1n the d1ffus1on zone:’ . ﬂ\"V

IS

MaterialS;

4"-

The startlng materlals employed in thls 1nvest1gation are llsted below,

‘f'f>along with thelr nomlnal purlties and the source of supply, where known.;&"”

JVf_;l. Spectroscoplcally pure copper, 99 999% Cu, Amerlcan :

wi'Smeltlng and Refining Company.u _“f,;";> ':r:r.‘.'_-‘._r_ el
o ‘2.‘d0xygen—free high conductiv1ty copper, 99 99% Cu.. _d - |
"

'1’_.3;t5Nickel, 99. 999% Ni; Mond Nickel Company.-
1'&.; Ultrahlghrpurity silver, 99 9999% Ag, Consolldated Mlnlng B f

'iand Smelting Company of Canada, Ltd.ﬂl

-
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- Silver; 99.999% Ag; Wéétern Gold.and:Platinum. E

' -_'6' Gold;.99_.99% Au.

7. Aluminum; 99.'_999% M.

‘;iThe analyses of the spectroscopically pure copper and okygen~free‘high.
eOnductivipy copper (referred to in the'remainder~of this feport as "Spec"

_ copper and "OFHC" copper, respectively)~ere listed'in Teble T. ~

‘ Dilute copper-alﬁminum and. silver-aldminum aliOys'were'prepared from

" these stafting materiels; these alloys»ﬁere then inpernally oxidized in

order to introduce a fine dlsper31on of second—pheee oxide (i.e., A1203)
partlcles.. The copper alloys (nomlnally 0.10, O 20, 0.50 at. % Al) were made
from a .master alloy of OFHC copper - 5 at,%.Al.. The alloys were melted and
:cast in en induction furnace under a positive pressure of predried helium;
Melting was carried out in an alundum crucible and the alloys were chill

cast in a water cooled copper mold. The:lngots were machined to ellmlnate-
--surface defects, and after cold rollingvﬁo'appropriéte'thlckﬁess, the
.alloys:iwere homogenized for four days at:9966C in a dynamic vacuum of -

~ 7% mm Hg In order to accomplish the internal oxidation w1thout the forma-
tlon of an external cuprou;OX1de scale, the alloys were embedded in a mlxture '
vof cuprous oxide and copper powder and- annealed}lﬁs1de a closed iron ‘cu‘be.35 :
- The 0.10, 0.20, O. 50 at %.Al alloys were 1nternally ox1d1zed at 950 C for 2,

3 and 8 days, respectlvely.v These times were more than adequate to ensure
'complete ox1dat10n based on the data given by Rh1nes.3§ s

. © A gilver - O 5 at %.Al alloy was prepared from a master alloy (5. 0 at. % Al)
;oy'lnductlon meltihg»ln a dry helium atmoaphereo. The alloy was melted in a

. reactor grade graphite’crucible and chill cas? into:a water cooled»copper

 mold fitted with reactor grgde graphite:liner,.;The'oaSt:ingot was machihed.




Nominal -,Fe- >let‘ é':ﬁ~Sb?,f"

OFHC Cu | 20 2 <15 1<5 0

’ Elements llsted were not v151ble spectrographlcaljy, ' SIS
o values given repreuent lanus of sen51t1v1ty or thr anqlvblcal techniques.

x .
Chemical analysws
o

A

X~ rEyY f]uozeccencc »ualyais I
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to eliminate surface defects before cold rolling to a thickness of O. 50 cm._
.The foiled strip was then homogenized at 920°C for 2 days in vacuum. Internal

-oxidation of the silver alloy was carried out in flowing oxygen at atmosfzi

pherid, pressure. Two bars (18 cm x 1.6 cm x 0.3 cm) milled from the honoﬁ'f
genized alloy were supported by a stalnless steel wire in the constant

temperature zone of a vertical resistance furnace and oxidized for 120 hr

“at 900°C.

B. Specimen Preparation

For the purposes of these experiments, it was necessary that the com-
ponent materials be dimensionally stable and also that they be free from
any pre-existing porosity. To minimize possible complications from, grain
boundary dlffu81on, it was also desirable that a relatlvely large and stable
grain size be established prior to diffusion. Finally, of course, the opposite
faces of each specimen had to be as nearly parallel as possible.

It is believed these requirements have been satisfied quite closely..
Dimensional stability was achieved by annealing the specimens after final
nachining for long periods of time in vacuum at temperattres about 50°C‘

higher than the actual diffusion temperatures employed. This treatment

‘also led to the establishment of a stable grain structure;, the average grain

size in all materials being of the order of several millimeters. The'

épecimens appeared to be completely sound and free from voids or cavities

"’_under microscopic examination. Parallelismfbetween the opposite faces of

- the specimens was maintained by within £ 0.002 cm by careful machininga.

Specimens were machined to the formvof reCtangular‘parallelepipeds'

~ having the following approximate dimensions:

(1) Copper and internally oxidized copper alloys.‘

2.5 em x 24 5 em x 0. 3 cm.-'
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":(2)' Nickel: 2 5 em X 2 5 cm X O 2 cm.:;
| da(3) Sllver and 1nternally ox1d1zed silver alloys.,
1.67cm x l 6 cm x O. 3 cm. Co

t_ '(_l#)‘ -Gold. 1. 6 cm x 1 6 cm x 0.0k cm.

<

'The large surfaces of- each sample were carefully ground by hand through

s R
No. h/O emery paper after machlnlng and JFinal heat treatment. Extreme. care
f,was taken to ensure that the ground faces remalned plane parallel. After

:igrlndlng on’ the papers, the spec1mens were pollshed on a vibratory pollshlng

L wheel us1ng 3u diamond paste on a s1lk cloth. In th1s manner specimen

»flatness was malntalned and the resultlng surfaces were smooth on a mlcro—"
";'scoprc'scalee Immedlately prlor to assembllng a dlffus1on couple, the pollsh-

ed surfaces were glven two or three llght passes on No. h/o emery paper in -

v;fﬂlorder to roughen them 50 as to increase the p01nt contact at each 1nterface.' X

VsllFlnally, the'samples were washed w1th soap,and Water, rinsed flrst ln_ace-

f,v_tone and thenvahsolute alcohol, and‘dried'betweeh filter papers.

Cs ‘Assembly‘audeelding of ﬁiffusioﬁfcouplesm

| h?Each'diffusion‘couple'consisted of:sir indiwidual.pieces,-assembled.gs
showh'in Fig. 1. Ih all.couples lnterfaCe "O" répresents thedreference planea:
~.,relat1ve to whlch ‘the marker shlfts were measured. Table II lists the
:varlous couples whlch have been examlned in thls‘study.
A spec1al Jlg was desmgned whlch greatly facmlltated accurate position--
 ing of the markers (1 mll tungsten w1re) at’ the respectlve interfaces before o
.."_weldang., In the Cu-N1 couples, lS parallel wires spaced approxrmately l 5 mm’ v'

P - . ;.‘
vf'apart were placed at each 1nterface, 10 parallel markers, also spaced about ;

. l 5 mm apart, were 1nserted at each interface in the Ag-Au couples.

The constltuent pleces were inserted in a stainless steel clamp Wthh
was securely tlghtened. A thln‘coating.of aluminaﬂwas first appl;ed:to the
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-» Interface 2
-» Interface |
—» Interface O

—» Interface [’/

NN

- Interface 2’

N\

Fig. 1.

MU-27705

Assembled diffusion couple of the A/B/C type. The
various marker interfaces are distinguished by number,
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_ TABLE II S
lefusion Couples Examlned in thls Investigatlon

f-l::'g' ‘.*:i Spec Cu/Nl/OFHC Cu
o ‘ Spec Cu/Nl/Cu-Al 0 (0 1 At. %'Al)

: -Spec Cu/Nl/Cu-Al-O (o 2 At. #a1)
) Spec Cu/Ni/Cu—Al 0 (o 5 At. %.Al)
Ag. (99 999%)/Au/Ag (99-9999%) .
A (99.999%)/hu/Ag-41-0 (0.5 At. % A1)

RV,

a0

stainless.steel‘enddplates;in'order to;prevent'phevspecimens from bonding

%o the clamp during the welding'operation;, Pressures of. apprbximately
2000 ps1 (Cu-Nl system) and lOOO psi (Ag-Au system) were applled to the faces ’

L of the clamp so as to embed the markers and o brlng the spec1men surfaces

i

s‘jlnto 1nt1mate contact.{ After tlghtening, the entlre assembly was heated in

l' vacuum 1n order to pressure weld the 1nd1vidual sectlons of the couple to-.

:“.'_gether. Inltlally, an OFHC Cu/Nl/OFHC Cu couple and a Ag/Au/Ag couple were,'
}satlsfactorlly welded W1thout markers merely'by heatlng under pressure for

} 1 hr at 750 C in vacuum (lO~3.- 10 lvL.'mm Hg)‘and_then allowing the assembly :
‘“-l‘to cool slowly in the furnace. Mepsllcgraphic'exsmiuatdcn indicated that

f.all of the weld 1nterfaces had remalned plane and that they were free from -

: volds or cav1t1es.

A slightly more reflned technlque was employed in weldlng couples con-

ftainlng markers. The weldlng operatlon was carrled out in an all metal

.|-
high -vacuum furnace capable of reachlng pressures as low as 10 -5 mm Hg. A

'Spec Cu/Nl/OFHC Cu couple of the type shown in, Flg- 1 with markers placed
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afveach of the interfaces was welded soundly using the following procedgre:

T

1
%

¥

1. The furnace was evacuated to.about 10 ' mm of Hg. - I+%
2. The temperature was raised to 800°C and stabilized while
the clamp contaiﬁing the sample was supported in the upper:
(cold) portion of the vertical resistance furnace. ;
l3s The assembly was slowly lowered into the hot zone and held
for approximately 1 hrvat 800°C at a pressure of approximately
lO-'6 mn Hg, after which it was raised back up into the cold
zbne and allowed to cool to room temperature.
In view of this early success, no difficulty was anticipated welding
couples having an internally oxidized alloy as. one of the components. As
it turned out, however, the same procedure as that described above failed
to yield acceptgble welds with Cu-Ni couples of type 2,3, and b, Metallo-
graphic examination following preliminary (25 hr) diffusion anneals at
- :
900°C showed thaf the three similar interfaces (2, 0, and 2') and the
high-purity cbpper-nickel interfaces (1) were sound, but that thé Ni/Cu-Ai-O
interfaces (1') had not been adequafely welded.

Consequently, thewelding conditions, i.e., time, temperature, and

pressure, were varied over wide limits in an attempt to overcome this -

‘problem. Despite exhaustive efforts, however, a satisfactory method of

wélding has not yet been found. There appeared to be a number of possiblé
reasons for the failure to weld the internally oxidized copper to nickel.

For example, the presehce of a thin oxide film on the surface of the com-'  ”

~ ponents might have prevented adequate diffusion from taking place. These

oxide films would probably not have been broken down mechanically as a '
result of plastic floy at the interfaces, nor would they have "dissolved"

during welding since the copper was already saﬁﬁrated with oxygen.
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It could not be established with certalnty'by metallographlc examlna—«.:
’utlon alone whether or not sound welds had been obtained at each of the ;
© various 1nterfaces. In fact,.lt was generally necessary to carry'out att

least a prellminary dlffu31on anneal (25 hr at 900°C for Cu/N1 couples, l

- hr at 875 C for Ag/Au couples) in order to ascertain the ‘quality or char-- L

acter of the weld 1nterfaces. Couples whlch were poorly welded sometimes - -

fell apart immediately follow1ng thls prellmlnary anneal ( or durlng subse-
quent anneals) In & few cases, the presence of voids or cav1t1es due to

- faulty weldlng could be recognlzed and dlstlngulshed from the por051ty re-
sulting from d1ffus1on. In general, however, the soundness of the dissimilar '
'1nterfaces (l and 1! ) was difficult to assess - even after the 1n1t1al diffu-

sion anneals, except by carrying out some type of destructlve test. Conse- -

- quently, all couples Wthh appeared to be welded, Judglng from the appear—'

. ance of the 1nterfaces under the mlcroscope and Wthh remained 1ntact after :

the preliminary dlffus1on treatment, were carrled through subsequent dlffu-

s1on anneals.pt

.‘ D.. Diffusion‘Anneals :

The diffuslon anneals werevcarried;out in'a closed duartz tube under a
‘: positive pressure of high purity‘argon;\‘The quartz container was initially
v'evacuated to about 5 x lO-7 mm Hg; flushed witn argon, re-evacuated; and
filled with argon to a pressure of appr071mately l/h-atmosphere. The sandwich-
type couples were supported inside the tube on two hlgh-purlty alumlﬁa knife
edges. ‘The quartz tube was 1nserted rn a vertrcal re51stance furnace after
vvthe desired temperature in the hot zone had:been estaplished and stabillzed. 5
__fAfter avpredetermined diffusion'tine,-the tube containing the. specimen was
'withdrawn from'the.furnace and allowedfto cool to room temperature. Because

of the relatively rapid heating and cooling rates, no corrections were
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necessary for the amount of diffusion which ocburred during heating and
All diffusion anneals in the Cu-Ni system were carried outvat 900°C; ?
the Ag/Au couples were 21l diffused at 875°C. A close check on temperatur¢

conditions in the hot zone was made throughout the diffusion anneal using a

. calibrated platinum-platinum rhodiwm thermocouple. Temperatﬁre fluctuations

 during s run were with *1°C. Tt is believed that the actual temperature of

the sample was known tc with +3°C.

E. Metallographic Observations on Nature, Distribution, and

Amount of Porosity

The nature, distribution, and smount of porosity which normally accom-

panies the_diffusion process was evaluated metallographically. In addition,

‘the surface topography of the couples in the vicinity of the diffusion zone

was studied. After each diffusion Lreatment, the couple was carefully

v‘polished in a plane perpendicular to the weld interface and photomicrogréphs

were taken to illustrate the distribution of porosity and the effect of
interface markers on this distribution.
The metallographic preparation of couples required extreme care in order

to obtain a true indication of the nature and extent of the porosity. Con-

_ventional practices were, in general, insdequate, especially for the Ag-Au

couples, in which a large number of irterconnected pores form very early in

37

the diffusion process. Vibratory polishing techniques™ using fine diamond

abrasives, followed by ‘hand polishing on a silk cloth with l/h p-alumina

 (Linde A) slurry resulted in s reasonably -satisfactory polish with Cu-Ni

couples. The Ag-Au couples had to be poliished entirely‘byvhand to prevent

excessive smearing and enlsrging of existing cavities. A variety of polish-

ing clothsj.("Metcloth", hyloﬁ, silk, and "Microcloth'") and abrasives vere
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tried during the rough polishing'period. The alumlna slurry on a nylon

\cloth generally gave the most satisfactory final pollsh.

‘The fraction of porosity was determined'by areal analysis. This - ;t .

‘was done by superimp051ng a square grld on the progectlon screen of a Leltz

metallograph and counting the fraction of grid 1ntersectlon p01nts (out of

a total of 8&0) 0ccupied‘by pores.‘,The entire interface was sampled in a

'random fashlon.

Wlth the Cu-Nl couples, an electrolytlc etchlng technlque flrst suggested

-‘by Barnes38 was used 1n order to determine the dlstributlon of porosity thh '

jh reépect to-graln boundarles and-to locate the p051t10n of the etch limlt

o on.the7nickel side of the couple.v-The electrolyte'consisted of one part

"1concentrated nltrlc aC1d and two parts methyl alcohol, a current den51ty

ifh of l 5 amp/cm was employed the etchlng tlme belng 3 to 5 sec. In additlon,v.

; the pOS1tlon of the etch limit w1th respect to the reference 1nterface, "O","

’ was measured w1th a travellng.mlcrosc0pew

F. Measurement of Dimensional Changes and Motion of Porous Zone

The dlstances between marker 1nterfaces were determlned with a

'travellng mlcroscope hav1ng an accuracy ofLiO,S u, the measurements were
}"reproducible to within *2 u and were'always made with respect to the center
_of the wire marker itself. The couple was placed in a suitable_holder;which~

.was attachedvdirectly to the movable stage of the microscope. ' This holder

"3was designed so as to allow both a rotational adjustment with respect to -

the direction of'travel and a tilt adjustment;with respect to the direction =

of 1nc1dence of the light source. Hence;'it was“always possible to ensurel

'that measurements were made in a directlon perpendlcular to the reference

interface and that the plane of the sample was. perpendlcular to +the optlc'

ax1s of the mlcroscope.
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Before and after each diffusion anneal, the surface was carefully 5
pollshed metallographically and the distance between individual markers ? '
was measured. The marker dlsplacement D was calculated from

A=x =X (1)

where

o]
]

initial distance between a reference marker, located

well outside the diffusion zone, and a moving marker,

e
i

the distance between fhe séme two markers after a
diffusion time t. '

It was assumed that the markers at interface "0" were fixed relative
to the lattice as well as to a reference point outside the specimen and that
the markers at the interfaces 1, 1', 2, 'and 2' had been displaced as a re-
sult of the unequal mass flow during diffusion. In view of.this assumption,

. the following generalized notation was adopted in regard to the marker

" shifts: :
8 = (xg)pg = ()i | | (2)
e L | (3)
Ay=by =4y = (Xt)zo ()10 - ()

' where

A = the displacement of the m@rker at interface "L" with respect to
a reference marker at interface "0" on the B side. Tﬁis is
usually called the "Kirkendall shift."

A, = the displacement of the reference marker at interface "2" on
the A side with respécﬁ to a reference marker at interface "0"4
on the B side. This represents the overall expansioﬁ of the

couple.
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A3 the dlsplacement of the marker at 1nterface l with respect

' to a reference marker at interfacev"Q" on the A side. o

" This notation is 1llustrated schematically in- Flg. 2a. The corresponding

"shlfts whlch oceur at 1nterfaces 1' and 2' are des1gnated by Ai Aé ’ -and ¢

pHAB , respectively.r Tt is evident from Eq. (h) that only two of these marker ;;ﬂb“
;?Shlfts, namely Ai and A@ (or Aif and A2 ) have been measured 1ndependently.v |
| The motlon of the porous zone w1th tlme was followed in a manner S1m11arrﬁ*fa
'to the marker dlsplacements, i e., 1nterface 0 was assumed to be flxed and ”"
hence taken as the/reference pos1tlon.i Therefore,'”:f5»- o '
AI=(xt)I o,-_.' -(}SO)lo : l B ”(5)
W’:‘___AII TAT (xt-)r_r_o i (xt).I o (1)
':uhere :.” .‘
;i;;réi‘= theddisplacement.ofuthe boundary (i):of:the‘poroushzone closestif
S 51,- to the 1nterface marker after time t, :'v*p | | |
Esfplfraiiwe the dlsplacement of the outermost boundary (II) of the porous - fs;f-f
.Hhi . zone after time t, ?:f | -._’f Voo L
'W‘= the w1dth of the porous zone after tlme t.
v?b:Thls notatlon is represented schematlcally in Flg. 2b._;vr
é Concentrat1on-Penetratlon Curves'p-
Concentratlon-penetratlon.curves were obtalned on a Spec Cu/Nl/OFHC Cu o
:f:‘couple after 720 h of dlffu51on at 900 C. A productlon model XR 710 - ,t _n5 »

' Q*Applied Research Laboratorles electron probe mlcroanalyzer was used for -
: this purpose. The unit was operated at 25 kv w;th an effectlve probe dla-"

"'jmeter of 2 3 W and probe current of approximately O 57 u-amp, measurements
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Fig., 2. Notation used in evaluating (a) dimensional changes,
and (b) motion and width of the porous zone from the
experimental measurements,



- dent at 90° “to the surface and the X-ray take off angle vas 52 -—

- average dlsplacements, Ai (or Ai ) came closest to the average of the

v_standards and follow1ng the correctlon procedures recommended by Birks

0.

- were made only under stable probe condltlons.' The electron beam was 1n01- o

A step scan analy81s was performed between the two markers whose

entlre set of .15 markers. Between each measurement, the spec1men was

rimoved a predetermlned distance of anywhere from 5 to 100 W in the direction '
. of dlffu51on. The'lntegrated 1ntens1t1es of,the CuKo. and NlKa radlat;on ‘_91
' emitted'from the sample‘were monitored simultaneously. The observed X-ray'

. emission 1ntens1t1es for copper and nlckel were converted to percent com-~ -

p031t10n by using- the measured 1nten51t1es of the pure materlals .as

39

~ (see Appendlx)

In addltlon, proflles were obtalned ‘along a line parallel to the

dlffu51on dlrectlon at the markers whlch exhiblted the" mlnlmum and max1mum

vKirkendall shlfts (Ai or Ai ). The proflles obtalned in this case consrst

of an 1nstantaneous chart recordlng of the X-ray 1ntens1ty, the chart

. pos1t10n belng coordinated with the movement‘of;the speclmen stage,,one

element at a time was monitored and>sﬁage.movements of'96 M per min were

N

o employed.'

Concentratlon proflles were also obtained parallel to the Cu-Nl weld

chf 1nterface i.e., nonmal to the dlffus1on dlrectlon, in the v1c1n1ty of the
;ptwo markers between wh1ch the step scan analysms was taken. These measure-

‘Lments were made on the copper 51de of the couple at dlstances of 100 and

200 H from the weld interface. f'{”f;:”{fjv. j_% j?li’f:7 AT ‘; -

1
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IIT. RESULTS

In the Cﬁ-Ni sjstem, marked differences in thé amount and distrﬁbution:
of porosity and in the dimensional changes accompan&ing diffusion have béén.
observed between couplés prepared from Spéc Ca and OFHC Cu. A detailed
study of thé pofosity and marker shifts ﬁas teen made in both couples and

the results obtained are reported and comparezd below. The difficulty experi-

. enced in welding the internally oxidized copper alloys precluded a similar

investigation with these materials. Welding problems were also encountered
in the Ag~Au system élthougﬁ this’did not become apparent in some cases
until the couples had been diffused for times as long as 50 hours. Since
the soundness of the original Ag-Au weld interface was in question even in
those couples which remained intact, 6nly a limited number of dualitative

observations will be reported for this system.

A. Nature, Distribution and Amount of Porosity

1. Cu-Ni System

In agreemen£ with the results of previous studiess’7’9’lo’12-lu

metallographic examination disclosed a progressive increase in the amount

of porosity formed on the copper side with increasing diffusion time. A

'_ significant difference in the extent and distribution of the porosity was
- observed, however, between Spec Cu and OFHC Cus This is illustrated in

.- Fig. 3 in which the distribution of porosity in the two grades of copper

1s compared after 480 h and after 720 h of diffusion at 900°C. It is
evident that after equivalent diffusion times, the porosity is distributed

over a much wider band pafallel to the weld interface in the OFHC Cu/Ni

than in the Spec Cu/Ni couple. In both systems, the total number of voids

within the porous zone was found to increase with time, this increase being
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Fig. 3. Comparison of porosity developed in OFHC
copper/nickel and Spec copper/nickel couples
diffused at 900°C., Arrow indicates limit of
porous region, Unetched; 55X, (a) OFHC
copper/nickel, 480 h; (b) Spec copper/nickel,
480 h; (c) OFHC copper/nickel, 720 h;

(d) Spec copper/nickel, 720 h,
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more‘apparent between 240 and L80 hours than during the next 240 hours.

Most striking, however, was the marked increaselin the width of the poroué“
zone with time in OFHC copper; in addition, voids in OFHC Cu were ffequenﬁly
Observed relatvively far in advance (i.e., fﬁrther‘toward the pure copper l
side) of the main body of the porous zone. In contrast, there was only a‘
moderate gréwth in width of the porous zone with time in the Spec Cu/Ni
couple and individusl pores were seldom seen at any appreciable distance
beyond the rather sharply defined boundary of the porous region.

After 240 h the majority of pores appearéd.to be completely isolated
in both OFHC copper and Spec ccpper. In general, this was still true in
OFHC Cu/Ni after longer diffusion times. On the other hand, the growth
of individual poré; in Spec Cu/Ni was great. encugh after 720 h so that,
in many gaseé, the pores now appear to be interconnected (see Fig. 3d).

| A'significant number of ﬁores ﬁere found to have crystallographic

‘outlines, especially after diffusion for 720 h. In fact, pores within a
given grain frequently exhibited straight sides with common directions.
Three-, four-, and six-sided shapes have been observed. Crystallographic
characteristics are expected since, given éufficient +time, the bounding
surfaces of the pore would tend to assume a minimum energy configuration
with certain low index planes being preferred. Barnes,6 investigating
porosity in Cu/Ni couples, repor%ed that many of the straight sides of
pores were parailel td slip lines within the same grain, suggesting that
the pore faces are parsllel to {111) planes. |

In the as-welding condition, the tungsten wifes were soundly embe&ded
at each interface, and no voids were observed around any of the markers.
After diffusion, however, voids developed at the markers on fhe copper=

rich side, and these grew to substantial size with increasing time. This
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effect was somewhat more pronounced in Spec Cu/Ni. In some instances, thei,f;
, v01d which partlally surrounded the marker actually appeared to mlgrate h
awvay, leaving the marker in a relatlvely sound env1ronment. When thls
happened, the v01d, after 1ts dlsplacement, stlll retalned the curved shape
of the wire marker around which 1t had orlglnally formed. The observations }
indicate that the tungsten marker 1tself41s an effectlve sink for‘Vacanciesr |
As such,_the markers’also have avnoticeahle'effect~on the distribution of . -
vorosity, especmally in Spec Cu.. L - |
Thls can be seen from Fig. L in whlch the nature of the porOSlty in the ”i

_l v1c1n1ty of the interface markers is shown after 720 h of dlffu51on at
900°C. In OFHC Cu. (Flg. ua) the. W1dth of the porous ‘band is only sllghtly
) perturbed at each marker, and pores are formed 1mmed1ately in advance ol
the markers cn the copper-rlch 51de. In Spec Cu, however, the dlstributlon
8 of por051ty is 80 strongly influenced by the markers (Flg. Hb) that the,

,porous band assumes a 51nus01dal form; moreover,gpor051ty is completely; ’
~ absent in the region immediately in advance of the marker.‘,This again
suggests that the marker 1s actlng as an effectlve sink. | | |

Seith and Ludwiglu previously reported that(the nunber of pores Wthh :‘“

. were formed 1n a copper-nlckel couple was somewhat smaller in the 1mmed1ate
t v101n1ty of tungsten markers (~ 20 ). The moreurecent observations by
Meechan and Lehmanuo.concerning the formation of%porosity in "pure" copper
in the presence of a large temperature gradlent are also percinent. -They
a:found that the'porosity developed along_a curvedztrace which dipped down
to the quartz fibers (~ 25 1) that were;used'asilnterfaCe markers, leaving. -
“a;pore free region immediately above thefmarkersiﬁhln many‘respects the -

porosity observed in Spec Cu is similar to thatfseen»by Meechan and lehman.



Fig. 4.

" =252

Markers

Markers

(b)

MU-27698

Effect of interface markers on the distribution
of porosity in copper/nickel couples diffused for
720 h at 900°C., Unetched; 70X, (a) OFHC
copper/nickel, (b) Spec copper/nickel.



i shown in Flg. 7 which represents a sectlon parallel to . the orlglnal weld

Lo are observed both at graln'boundarles and W1th1n the gralns themSClves,'

1y ev1dent in this figure.

Ph°t°mi°r°3raphs of electrolytically etched sections showing the aiss ﬁ%:f

eioptrlbutlon of por051ty relative to graln'boundarles are presented in Flg._'r“
5 and 6. It is evident (Fig. 5) that the location of the porous zone and ' ai s é

dlstributlon of pores w1th1n this zone is not dependent upon the Orlenta-_:-' ; g

" tion of the grains nor upon the availability of graln boundaries. ~ This also

appeared'to be true even at en earlier\stage in the formation of porosity,t
7namely after 240 h. Flgure 6 shows, at hlgher magnlflcation, regions 1n SN f
' OFHC Cu and Spec Cu in whlch an unusually hlgh concentratlon of . pores vas

7observed at graln boundarles. A more typlcal dlstributlon, however, is
S * Lo
'__1nterface near the p051tion of the markers 1n an OFHC Cu/N1 couple.:_ Pores o

and the scale on whlch the poros1ty is dlstributed is obv1ously much flner-:

'than the average graln slze. Thus, wh;le there may be some sl;ght_tendency,p‘

. '>for-poresito form preferentlally at grain boundaries, this preference is
not very'pronounced.‘ o R o 2‘:_. o . SR
.Pores are also found oceasionaliy,at'twin‘boundaries; as illustrated

in‘Fig. 8.3The crystallographic:nature‘of somexof these pores is particularf

By areal analysis, it was found that after 720 h of diffusion the
- pores accounted for a total of 16% of the volume of the porous zone in -
' OFHC Cu and 23% in Spec Cu. Considering the width of the porous zone,

' (See Table IV) these values correspond to a total pore volume of 5 8 X C

S,le.3 cm3 per cm? and 3. O x lO -3 cm3 per cm for OFHC Cu and Spec Cu, T SR R

"jrespectlvely._

ThlS couple fell apart durlng machinlng after havmng been dl fused for
296 h at 900 C.” - .
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ZN-3968

Electrolytically etched cross sections of
copper/nickel couples showing the distribution
of porosity relative to the grain boundaries.
Arrow indicates position of etch limit, Note
evidence for preferential penetration of copper
along grain boundaries on the nickel side,
Couples diffused for 720 h at 900°C. 100X,

(a) OFHC copper/nickel, (b) Spec
copper/nickel,



Fig. 6.
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ZN-3965 s

Photomicrographs illustrating the presence of
cavities at grain boundaries as well as within
the grains, Couples diffused 720 h at 900°C,
Electrolytically etched; 215X, (a) OFHC
copper/nickel, (b) Spec copper/nickel,
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ZN-3210

Fig. 7. Distribution of porosity in a plane parallel
to the weld interface near the position of the
markers in an OFHC copper/nickel couple
diffused for 296 h at 900°C. Unetched;
165X,
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ZN-3967

Fig. 8. Porosity observed within a heavily twinned

region in an OFHC copper/nickel couple
after diffusion for 720 h at 900°C, Electro-
lytically etched; 275X.
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2. Ag-Au System v
The general appearance of the porosity formed in Ag (99.999%)/Au

| couplesvis shown in Fig. 9. The nature of porosity in this system appears :
to be somewhat different fromvthat.found in ¢u/Ni couples. Instead of beipg
roughly sphgrical in shafe, the wvoids appesr to be elongated énd interconn;c-
fed by "channels". As in the Cu-Ni systeu, the amount of porosity and the
width of the porous zone increased progressively with time. In general,
the observations were enfirely consistent with those made by previous inves-
:tigators.T’9’12’16’18319’22 However, the porosity seen in couples prepared.
from the internally oxidized silver alloy presented a distinctly different
’>'appearance from that observed in pure silver. A spongy layer in which the
porosity was distributed onla scale almost too fine to be resolved in the
microscope was found near, hut still diéplaced from, the marker interface.
Even after the most careful polishing, it was difficult to obtain a true
indication of the structure of this spongy layer. It did appear to be quite
brittle, however, and the spongy material was easily brokenvaway.during polish=~
ing. |

Isolated pores of macroscopic size were found beyond this spongy region,
o i.e., at distanges furfher removed from the interface. These pores were
quite crystallqgraphic in nature as distinect from the more.rounded and
- elongated voids found in relatively pure silver° The crystallographic
nature of the porosity in this case may be related to the fact that the
silver matrix was saturaﬁed with oxygen. It is known, -for example, that
silver evaporates more readiiy in an oxygeﬁ contdining atmosphere than in

an inert atmosphere;hl it is also possible that the presence of oxygen might

v . . L2
accentuate the anisotropy in surface energies..
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Fig. 9. Distribution of porosity in a silver
(99.999%)/gold couple diffused at 875°C,
Arrow indicates limit of porous region,
Unetched; 120X, (a) 25 h, (b) 50 h.
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B. . Surface Topography of Diffusion Couples

The étructure which dévélbped on surféces prerpendicular to the welé
intérface in cépper/ﬁickel couples after heatiﬁg in argon for 240 h at 900fC"
:(total'diffusion time = 720 h) 1is shown in Fig. 10. ' The following featureg',
arevevident:.‘ | | f
(l) ;Pores which-wére originally present on ﬁhe polished surface
or which may have broken through the surface during the
diffusion emmeal. S |
(2) Plastic deformatibn within the diffusidn zone, as evidenced
” particularly by recrystallizatién and by the surface rippling
which appears on both the niékel-rich and copper-rich sides
: ‘of the interface.v
BarneslT has made a detailed study of surface rippling in the Cu-Ni system
and found that the direction of the ripples in each grain corresponds with
‘ tﬁe intersection of a {110} plane with the surface. He con¢luded that the
surface rippling is a direct result of volume diffusion and ﬁe associated
the rippling with the climb of dislocations.
More recently,'a study of such surface effects was made on single cfy-

60

stals by Ruth.”’°C Gold-silver alloy couples (i.e., 68 wt % Au = 32 wbt %

Ag'vs. 18 wt % Au - 82 wt % Ag) were employed. In agreemeht with the work
17

of Barnes, the ripples on the'gold-rich side were found to correspond with
" the intersection of a {110} plane with the surface, but rippling was only
observed in those regioné where .a <112> direction intercepts the surface and
passes through the specimen axis. It was concluded that, on the gold-fich
side, excess atoms are accommodated either at jogs on edge dislocations, thﬁs

resulting in:dislocation climb in the {110} plane,; or at the crystal surface

as a result of rapid diffusion along the so-called "dislocation pipes". The
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Fig. 10. Structure developed on the surface of
copper/nickel couples after heating in argon
for 240 h at 900°C (total diffusion time 720 h),
100X, - (a) OFHC copper/nickel, (b) Spec
copper/nickel.

)
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combined effects of dislocation climb and pipe'diffusion would producel

. surface protusions. SdbSequent sintering could‘then cause these protru--%:

sions to take the form of ripples with the observed orientation. Recry- !

1

stallization in the diffusion zone on the silver-rich side made it impossi-

 Dble to carry out a similar analysis. Nevertheless, it was felt that the;

same mechaﬁism, except opposite in sense, could account for the rippling
observed on this side of the diffusion couple.

The surface topography of the gold-silver couples has also been examined .
and the structuai features which have been dbserved are vitually identical

22
to those described by Ruth. ,60 It is believed, therefore, that a sub-

stantial amount of diffusion occurred even in those couples that uwltimately

fell apart. In our case, however, it is likely that a significant part of
this diffusion took place by transport through the vapor phase across the'

incompletely welded Silver-gold interface.

o
-

v ' .
C. Dimensional Changes and Motion of Porous Zones

1. Cu-Ni System
The normal Kirkendall shifts for Spec CuZNi and OFHC Cu/Ni are plotted

as a function of,the square root of the diffusion time in'Fig. 11. Each

- point represents the average of 15 individual measurements, the spread in

- these values being indicated by the vertical bar through each point. .The

straight lines shown have been calculated by the method of least squares.

- In both systems the interface marker movement appears to be adequately

described by a parabolic time law of the form
A=at +0b,
where

. the slopé of the line

©
It

o
It

the intercept along the "displacement':-axis.

i
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Fig. 11. The normal Kirkendall shift as a function
of the square root of the diffusion time at 900°C,
Each point represents the average of 15 mea-
surements. (a) OFHC copper/nickel, (b) Spec
copper/nickel.
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The values of the sloPe derived,from the least square llnes are 2 2 p-hr .
" for OFHC Cu/Ni; 2.0 u—hr -1/2 for spec Cu/Ni. The fact that the lines do- nct'
pass through the origin may simply indicate that a finite time is required
before the steady-state concentratlon at the marker interface is established.
| The observed dimensional changes in the direction of diffusion are -
summarized in Teble III. For a given time of diffusion, the overall-expan-' o
| sion is'considerably smaller in Spec Cu than‘in OFHC Cu. The ratio of the
' average overall expan31on to the average Kirkendall shift, A?’Ai’ is alsov
- shown in Table III. It is evident that in both cases the overall expansion -
" represents a'significant fraction of the normal Kirkendall shift,_zgf%i ;
‘, being approximately twice as large ih OFHC Cu than in Spec'Cu.- After 720 h
, of dlffu51on, for example, this ratio is O. 87 for OFHC Cu and O. hs for Spec
Apféi appeared to be constant with time in Spec Cu but decreased from
1.2 after 240 h to 0.87 after’720 h in OFHC Cu.- ' | |
The measured expansions after 720 h:
Zé = 2.k x 1073 cm
Z§l= 5.2 x lO-3 cm

~are in good egreement with the expansion calculated from the total pore'
3.3 3

volume, i.e., 3.0 x iO- cm” per em’ and 5.8 x lO "3 cm per cm2 for
Spec Cu/Nl, and OFHC Cu/Nl, respectlvely, on the assumption that the dlmen- |
sional changes resulting from the formation of porosity are entlrely con-v""
© fined te the direction of diffusion. This assumption appears to be justif
.fied experimentaily. Measurements have been made of the laterel dimensionai 1
changes, i«e., the~distence betﬁeen adjaeent mafkers at a giveniinterface,n-
and these have been found to be negligible withih the uncertaintyvof fhe
4,12,16

measurements (* 2u). Other investigators ’~<’—° have also reported that

" in massive diffusion couples the dimensional changes transverse to the

i/e RS



Vﬁ;ff;TABLE'iII_-  Dimens1onal Changes ;n OFHC Cu/N1 and Spec Cu/Nl Couples '
‘ IR lefused at- 900 c - R . .

 ‘Diffusion Time o S o ;'*. Kirkendall shift o Overall expansion K Contréétion_bn‘
e Hours = .. 'Cqmponents Ai’- AE' n v‘,:v._l;the Cu Side -

Tagn
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TABLE IV Motion of the ZOnévbf_PdrOEityvf'- .

:  7(Valﬁesf}epresen£ averagevOf,15 me3SUréménts)f» .

- Time (h) '

Measured Quantity » .  OFHC

Cu/Ni,
M '

" Spec Cu/Ni

H

I

Di splacement of boundé?Y_I']‘;f' 83

T2

\Displacemént_of boundaiy T

:'-3607

175

Width of porous-zone

286

103

Distance between interface
" marker and boundary I .

36

30

Displaéemént of boundary I

e

93

Displacerent of boundary II.

222

vy

- ‘Widthvofvpofoﬁs zone*;;-

'357":'

129

vaisﬁaﬁcé.betwéen‘inteffage?i B
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diffusion direction are extremely small —-.of the order of 0.2 =~ 0.7%.

In Fig. 12@ the average overall expansion and the average contractiqpf-:'
on the copper side are shown as a function of the square root of the |
diffusion time. Like the normal Kirkendall shift, A, and '53 exhibit a
£1/2 time dependence for both OFHC and Spec éopper. However, the least
square linés thiough the data for Zé and Z%, if extrapolated to zero timg
would not coincide with the extrapolationvfor Z&, The reason for this
discrepancy is not known, nor can any explanation bé given at present for
. the fact that thé/overall expansion in OFHC Cu/Ni after 240 h is greater than
.the expansi&h on the nickel side;

It will be noted from Teble III, in which the minimum and maximum
shifts are.also iisted, that the scatter in the measured marker displace-
ments is quite large - significantly iarger, in fact, than the uncertainty
in any individual meﬁsurement. Wide variations of this sort have commonly
been observed in the pgst.u’l9 It appears froﬁ the data that the behavior:
of individual markers is qualitatively similar to the average, in that the
displacement of any individual marker increases paraboiically with time.

‘No correlation was found.betweeh the marker enviromment (i.e., the size of
" the void surrounding the marker, the distributiqn of porosity in the
vicinity‘of the marker or the proximity of the marker to grain boundaries)
‘and the actual extent of the marker shift. As will be shown, however, there
did appear to be consistent differences in the amount of diffusion which
occurred locally near fhe markers exhibiting the minimum ana maximum shifts.
~The position of the pofous zone with respect to the Cu-Ni interfece
and thé éverage width of this zone was;determined<after 480 and T20 h in

OFHC Cu/Ni and Spec Cu/Ni. The results of these measurements are listed

. in Table IV. The average displacements of the boundaries of the porous
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Fig. 12, Average dimensional changes in the diffusion
direction, The normal Kirkendall expansion
(51), the over-all expansion of the couple
(A,), and the contraction on the copper side
(A3) are shown as a function of the square
root of the diffusion time at 900°C, (a) OFHC
copper/nickel, (b) Spec copper/nickel.
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j'zone are plotted as a function of the square root of the diffusion time in e
Fig. 13. . In Spec Cu, as well as OFHC Cu, both boundaries of the porous

zone migrate parabolically‘with time in a direction awvay from the original-:
‘marker interface; The average width of the porous region also appears to

' increase approximately as tl/2 in both cases; The porous zone in OFHCvCu.

s ‘about three times as wide in Spec Cu and.this ratio, OFHC Cu/wspechu’l

" ‘:remains approximately constant with time.

The nickel-rich boundary (I) of the porous zone has actually moved away
: from the Kirkendall,interface in both OFHC Cu andepec-Cu. This behavior
~ had not'previouSly'been”observed in the Cu-Ni system,‘although it'had been
"t found in the Ag-Au system; the motion of the porous. zone away from the
,.interface has been attributed to elimination of the finely distributed
porosity formed early in the diffusion process by a sintering mechanism. 9512‘.
‘ It should be noted that the porosity does not always end at.a sharply
. defined plane, especially in OFHC Cu/Ni, but instead a few widely separated'““

'«'pores appear considerably beyond the zone :of. maximum porosity. In this case,’

‘the position at which the maJority of the pores ceased to form was taken as

- the outermost limit of the porous ‘zone.

2. Apg-Au System

v Silver-gold couples which showed all ‘of the surface characteristics

.:rthat are believed to be associated directly or indirectly with volume

.ii diffusion,22 and which subsequently fell apart in the later stages of the f'

diffusion cycle, also exhibited marker motion that obeyed a parabolic time. o

:  law. The dimensional changes observed in Ag (99.999%)/Au couples were o
’similar in nature to ‘those found in Spec Cu/Ni, namely, Ai>'éé and

Aé/Al 3 « 0. 6. The magnitude of the observed Kirkendall shift |

‘e

f(a = 5u - hr l/ ) is in reasonable agreement with the values reported by
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Seith and Kbttmann,lo and Heumann and Waltherl9 when appropriate account o
s
1s taken of the different diffuslon temperatures employed‘by these inves-

tigators.
On the other hand, in internally oxidized silver-gold couples,
B,> B+ and K,,/B 1 ~ 1.0 - 1.3. In addition, the normal Kirkendall

25 u - h_l/e) was much greater than that in Ag (99.999%)/Au.

n

Whether or not the observed differences between couples prepared from the
internally oxidized silver alloy and 5-9's ‘silver are real is difficult to

say in view of the fact that many of these couples were not completely

welded.

On polished sections of the Ag-A1-0/Au couples there was evidence that

*
graln boundary-cracking had occurred on the silver side. To detexrmine if

" this had influenced the dimensional changes, three identical pleces of the

oxi@ized-alloy were welded together with tungsten wire markers at the re-

- spective interfaces and the relative displacements of the markers were

measured after diffusion at 875°C. The observed marker movements were far
too: small to account for the dimensional changes in the Ag-Al-O/Au couples.

D. Concentration—Penetration Curves

The data obtained from ﬁhe microprdbe step-scan analysis (see Appendix)

were plotted on probability papers This>permits the tails of the c-x curves

- to be defined with much greater confidence than would be possible by plotting :

the concentration profiles directly. The "smooth" probability curve was then
transformed to regular rectangular coordinates and plotted in the usual
manner as in Fig. 1l4. The experimental points are represented in Fig. %h
by clrcles.

From the concentratlon-penetration curves, 1t is possible to determine

the mass flux of both'copstituents across the original weld interface.

¥ ‘ . o
This may possibly have been accentuated by polishing.
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Fig, 14, Concentration-penetration curves derived from
microprobe analysis; corrections to the C-X curves
due to the presence of porosity are indicated. The’
amount of porosity on the copper-rich side, and the
amount of nickel diffused into the copper side and
the amount of copper diffused into the nickel side
across the original interface are represented by the
crosshatched areas, (a) OFHC copper/nickel
(b) Spec copper/nickel.
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Before this can be done, however, the c-x curves must first be corrected

' - for the presence of porosity. This correction is also required in the cal-

culation of Dc as a function of composition since changes in density in-

hem

validate the usual solutions to the diffusion equation.u3 The poroslity

L
correction has been made in accordance with the method outlined by Balluffi.

For this purpose the distribution of porosity és a function of distance from
’ *
the Kirkendall interface was determined by lineal analysis from photographs.

The corrected c-x curves are shown in Fig. 1llk. The amount of porosity formed

on the cdpﬁer side and the amount of nickel whichdiffused across the marker

interfgce are represented by the hatched areas.

Thé ares ACu under the c-x curve lying to the left of the marker (i.e.,
Kirkendall) ihterface is proportional to the number of copper atoms which
haye diffused across theé interface into the nickél side. Similarly, the area

ANi lying above the corrected c-x curve to the right of the marker interface

-

1s proportional to*the atom flux of nickel. The difference between these two
quantities should.thereforevrepresent the net flux of vacancies into the

copper éide. These quantities are given in Table V, the values listed being

based on unit area of interface. In T&bie v, AP corresponds to the amount of

porosity obtained from linear. anslysis. Thus, the ration, Ap/ACu—ANi’ should

be a measure of the fraction of the net number of vacancies which end their

.lives at poress

Values of thé chemical diffusivity ét selected compositions were then
calculated from the corrected c-x curves by applying the Boltzmann»-Mad:ano)45
analysis. Dchem is plotted as a function of composition in Fig. 15. The
errors in calculating the chemical diffusion coefficient are greatest at the

extremes of the composition range where there 1s the largest uncertainty in

* ' ' 4
The total pore volume derived from linear. analysis agreed very closely

with that obtained previously .-by areal analysis.



-46-

T I T I T | ! | 1
120 F
—e——QOFHGC GCu/Ni
100 —&— Spec Cu/Ni =
8
o
x 8O0F
(&
@
[
~
L
£
£ 40
o
20
0

0o 20 40 60 80 100
Atomic percent copper

MU.27939

Fig. 15, Chemical diffusion coefficient as a function of
concentration for OFHC copper/nickel and
Spec copper/nickel at 900°C.
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TABLE V  Relative Amounts_(cm3/cm2 X 103)vof Copper
and Nickel Diffused Across the Marker Interface

Components 7 ACu Ami ACu"Awi AP ’ ,AP/ACu'ANi o

OFHC Cu/Ni  T.6 1.3 6.3 6.0 0.95

Spec Cu/Ni 6.2 2.0 b2 3.0 0.71

détermining the exact slope of the c-X curve. Consequently, near the

copper-rich end, Dchem was calculated at a number of closely spaced Iinter-

vﬁls, and the best smooth curve was drawn through the‘resulting points.
ﬁifferences 1n:the molar volumes of the diffusing cgmponents end variations
of these molar volumes with composition have been neglected. No appreciable
change in the overall voluﬁe of the couple would be expected in the Cu~-Ni
‘syétem since the molar volume 1g virtually a linear function of the atomic7'~'

3

frac'tion.h.6 If the volume of nickel, 3.3 x 10"3 cm” per cmg; represented

by the Matano érea in the case of OFHC Cu/Ni (sée Fig. 1ka) 1s replaced

- by an equal number of copper'atomé, the volume increases to 3.6 x lO~3 cm3

3

per cm2. ‘The difference, 3.0 x lO-h cm per'cmg, corresponds‘to a dlsplace-

mént of the Matano interface of 3 u. This shift can be neglected compared

to the accufacy of the penetration ﬁeasurements (~ £ 2 u) and the approxi-

N mate nature of the correction made for the expansion of the couple resulting
. from the formation of porosity. ”

The intrinsic diffgsion coefficients DCu and DNi; éorresponding to

the concentration at the maiker interface (1 and 1') were then calculated

~ from the Darken equations:.

v=(D, =D) -EEE _ (9)

Cu N



oend it D= NNi Dcu Cu DNi"ifuf -
'l:pfwhere L
'a"f_v = average marker velocitv .

= atomic fraction'of copper b

R
it

f—IatomicjfractiOn-of nickel-%

"z
|

;o ey T - S
'»--dX = concentration gradient

. ‘fDr% chemical diffusion coefficient corresponding to the composi?'ih3:'

’ tion at the markers._'U"‘t

The average marker velocity was calculated from the marker displacements =

R

;“f"hZi and Al' according to the relation:h§ T vjhv_,- ’_ﬂ, | 'g;fj"'" S
The derived values of DCu and Dy, and the ratio D /D are'listed'e"

in Table VI together with the concentration at the average marker inter- |

' “*f= face (l and l )

;‘TABLE VI Intrinsic Diffusivities in the Cu-Ni
' System at 900° C

Do - . Composition . Chemical o Intrinsic. ' C :
S ,v;Components .at markers, diffusiv%tyy- L diff&sivities ‘ y Cu
SR NCu- £ 'Dchem(cm /sec) ' (em®/sec)

- Cu . TN

COFHC Cu/Ni - 0.800 " 3.3x107% 9.0 x 107 1.9x 107 k7

. Spec Cu/M  0.793 Vla.h x 10’%l 5.8 x 107 1.5 x 10 3.9

g | ‘lThe concentration-distance profiles obtained at the position of the inter—“ :
ifiif. face markers which exhibited the minimum and maximum Kirkendall shifts after
| 720 h of diffusion at 900 C are given in’ Figs. 16 and,17. Aside from dis-
T turbances in the microprove analysis due to the presence of porosity (Fig. 16)

the profiles obtained on the copper~rich side are virtually the same at both o

oy .
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Concentration-penetration profiles for a OFHC
copper/nickel couple diffused 720 h at 900°C., Un-

corrected x-ray intensities (normalized) are plotted
as a function of distance from those interface markers
that exhibit the maximum and minimum displacements,
The photomicrographs (inset) show the distribution of

porosity at these two positions,

The intensities were

scanned in the directions indicated by the dashed lines

on the photographs.
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Fig, 17. Same as Fig. 16 except for a Spec copper/nickel
couple diffused 720 h at 900°C,
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these marker positions in OFHC Cu as well as Spec Cu. On the nickel-rich E_;ﬁ

side, however, it appears'as though avgreater amount of diffusién has taken
place in the vicinity‘of the marker which shows the minimum displacement.
This same‘behﬁvior is seen in both OEHC and Spec copper. A measurement ofv:
the position of the etéh 1imit (see Fig. 5) relative to these same markers
verified.thaf this effect wés, in fact, real.*

Concentration profiles ébtained.on the 00ppér side parallel to the Cu-Ni
interface indicated.that, at distances of 100 and 200 W from the marker in-
' terfage, ‘the composition was essentially constent in both Spec Cu and OFHC

Cuo

The ‘position of the etch limit,’when related to the corresponding c-x ~
curve, was found to agree with the point of maximum penetration of
copper into nickel to within £2 at %
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IV. DISCUSSION @ .,

. In the analysis of tnetdata itfwill;be assnmed"that diffusion takes

| o placejtyva vacancy mechanism in the two systems:investiéated,_and that'the,
formationvof porositv'is indeed the‘result-of the condensation of vacan- .“
B cles. Both the dimensional changes and the amount of porosity formed in
the diffusion zone will thus be determined.by the relative fraction of

vacancies that end their lives at pores and at dislocations or other sinks.

If all of the excess vacancies created on the copper side of the original in-"

terface are annihilated.at dislocations, it would.be expected that the
' contraction on the copper side would be approximately equal to the expan-
sion on the nickel side and therefore that the overall expansion would be
essentially ZeroO. On the other hand,.ifathe excess vacancies are entirely
R absorbed at pores, then virtually no contraction would occur on the copper

" side and the overall expansion of the couple would to a first approximation,

;'f be equal'to the normal Kirkendall shiftﬁi The experimental observations

”-.indicate that the’actual behavior’lies SOmewhere between these two ex-
“tremes and.that in OFHC Cu a greater fraction of the vacancies condense to

form pores than 1n ‘Spec Cu. Y
Estimates. of the relative fractions: of vacancies which go to pores and
to dislocations have been obtained in two ways.. (l) from the ratio oflthe
| overall expansion to the normal Kirkendall shift’ (see Table III), and (2)
frOm the ratio ofvthe measured pore volume to that calculated from the
., net vacancy flux (see TablevV) Both estimates arerin.reasonable'agreement'

and indicate that upwards of fifty percent of the vacancies go to form pores
~in Spec~Cu,,whereas perhaps as much as 80 to 90 ,agglomerate as pores in

OFHC Cu. These estimatés are based on the assumptiOns that the atOmic volume
of a vacancy is eqnal to thevatomic volume of a copper atom and.that the

. .
a0
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" volume occupied.by a cluster of n vacancies 1n a pore is the sum of
- the volumes of n isolated vacancies (or copper atoms). Recent theoretical‘
and.experimental work indicates, however, that the volume occupied by a

vacancy in copper may be significantly less than one atomic volume, per- ;

61,62

. haps as low as 0.5 atomic volumes. ~’ It would also be expected that

" the relaxation around a clueter of vacancies might be even greater than
‘that around an isolated vacancy. As a consequence, the fractions of vacan-
cies which end their lives at pores may be actqally greater than the
estimates obtained frdm the present measurements.

Barnes6 estimated, on the basis of the relative expansioﬁ and. con~-
traction on the two sidés of a' Cu/Ni diffusion couple, that roughly half
of the vacancies condensed into pores, the other half presumably disappear-
'ing at dislocations. The copper used by Barnes, although admittedly from
another source, was stated to be spectoscopically pure, and might corre-
spond to the spectrographically pure copper used in this inveetigatien. :
In the same study, Barnes6 measured the overall expansion as well as the
1 .density changes which occurred in multi-layer diffusion couples prepared
, from both "commercially” pure and spectrographically pure copper sheet.
The magnitude of the expansion was significantly greater with commercially
pure copper although this was not pointed out by the author. The present
observations therefore seem entirely consistent with those of Barnes and
suggest that more potent nuclei for vacancy:condensationvmay exist in
* OFHC Cu than in Spec Cu.

The chemical analyses of the two grades of copper used in this study
do not, however, furnish any positive ciues‘concerning the nature of thesel
nuclei. It 1s seen from the.analyses given in Table II that the 1lron and

sulfur concentrations are somewhat higher in OFHCYCu; and 1t 1s sugpected
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that the phosphorus, selenium or tellurium contents may ‘also be higher,

.since these elements are frequently-addednto OFHC Cu in order to improve -

.machinability.so Hence, some second phase constituent, perhaps a sulfide, R

"selenide, or telluride of a trace impurity such as iron, might possible be B o

.present. Such compounds might have the requisite thermodynamic stability
at the diffusion temperatures to serve as effective" nuclei. It is also
possible that an oxlde may'be involved and that the differences in the 3

oxygen. concentrations between OFHC and Spec Cu might be sufficient to -
account for the dbserved.behavior. : | |

Some indication that oxide particles or clusters may act as favor-'
able sites for vacancy condensation is provided'by the observations on o
. the nature of the porosity in_pure silvervand the*internally oxidized

vsilver‘alloys. .For example; the Veryifinely.distributed porosity seen

~ near the marker interface in the okidizedpalloy was absent in pure silver. )

If the observed dimensional'changes in'thesevcouples'are'associated aL<

rectly with the diffusion process and are not caused by secondary processes,

‘they would also suggest that a greater volume of porosity is formed in
.ry‘Ag—Al-Q,._Resnick and Seigle ' reported thatlin Ag/Au couples prepared
| vfrom silver having a high concentration of oxygeng the nature of the‘v
,f-poicsity'was altered, presumably by the presence of‘AgéO._
| The relative excess concentration of vacancies present . in the diffu~
| sion zone at the point where pores Just cease to form (i e., boundary II
:of the zone of" porOSity) was calculated using an expression derived.hy

'Balluffi.lB' The rate at which vacancies accumulate per unit ‘volume witlin

, 2
the diffusion zone is given byz 8
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| where Nv 1s the actual number of vacancigs per unit volume, Nvo 1s the
equilibrium concentration, R = (Nv/Nvo - 1) is the relative excess con-
ceﬁtration, Iv is the vacancy current, &nd T is Vacancy.lifetime. By
making reasonable approximationé, it 1s possible to obtain an order of
mdgnitude estimate for the ratiopRc/T correspondiné to the conditions under
~which a gtable pore of criticel size will be formed. Since the number of
vacancies created and annihilated within a unit volume of the diffusion
.zone will be large compared to the change in‘the.number maintained there,
the term 5NV/5t‘must be relatively small. In addition, it may be_assumed
that the'motion‘of the vacancies is largely determined by the pumping action

of the chemical activity gradient and not by any vécancy gradiénts which

//

are established during diffusion. Div Iv may then be approximated by:

> [ aNCu ' | |
- [(DCu- Dy ) 83?"} o | | (13)

and assuming that the ratio of intrinsic diffusivitles, K = DCu/DNi’ is

'essentially independent of concentrétion, Eq. (12) may be rewritten as:

N 2

+ KN

Nyy + X Now Ny ¢

V
N N1 Cu x° X

where N is the total number of atoms per unit volume.

The magnitude of the term (NVO/N) (Rc/'r) in both OFHC Cu and Spec
Cu has been calculatedffrom Eq. (14) at the ?o;ition tn the diffusion
zone where porosity Jjust ceases to be observed.. The right-hand side of )
the equation has been evaluated from the c-x curves and the corresponding

diffusivity data. It shotild be noted that the application of Eq. (1k)

assumes that the porous zone is still advancing at the time diffusion is

2
Mo _?g_,[--»- 1-x) J [D O Moy + {BBD + D N(l-K) }zaam} } (1)
. U

Y e

s,
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':::finterrupted, this certainly appears to be the case in the couples studied

}:;here.. The calculated values for (N /N) R /T) in Table VII. suggest that
'ff‘pores will form when Vacancies are pumped into any small region of the diffu— -
- slon zone at the rate [ atv I ~ (-N R /T)] £ about 1015/cm3/sec in omc s

'3'7;Cu and lO 7/cm3/sec in Spec Cu.; The higher supersaturations required for

. the nucleation of pores in’ Spec Cu than in OFHC Cu are consistent with all

"'*i,of the qualitative observations on the formation of porosity. It is believed "Q'
"”M“that these differences can be explained in terms of the nature and number T

"';.;Zof effective nuclei that are present in the two grades of copper.

- In order’ to obtain a numerical value for. R itself, the quantity Nvg

‘must be approximated. 'Simmons and Balluf£16 have’determined the equilibrium,ii,_
vconcentration of vacancies in copper by a technique involving simultaneous .
:“.i{fmeasurement of the linear macroscopic expansibn, AL/L and the X-ray lattice s

| i.d:parameter expansion, Aa/a, during equilibrium heating.‘ No knowledge of the'vi.‘

",”‘{ volume relaxation around the vacancy is required since this relaxation contri- giﬁ"'

o butes equally to AL/L and Aa/a. The measurements:-'yield. a value of NVO/N vof_

3y 107 oo I R

A reasonable upper limit for the lifetime of ‘a vacancy can be estimated

v'ﬂ_by assuming that at the diffusion temperature only dislocation Jogs are

_ '7dj7effective sinks for vacancies. With a total dislocation density of lOT/cm
; §'3jfand assuming that one site in every lOOO along a dislocation line is an.
5 7;_effective sink, a vacancy would take on the average lO Jumps before being

.th; 'annihilated-; The vacancy lifetime under these conditions is at most l sec d-v

Y



TABLE‘VII Data for the Determination of the Relative Excess Concentration
of Vacancies Necessary for Pore Formation

_ -Composition - 5 , ) .
Components’ at boundary - aNCu 0 NCu Dchem, —ség—- K= DCu Nvo Rc
. II of the : - ON e —_ =
ox 2 2 Cu D N =
- _porous zone : ox em”/sec Ni
Neu Nivg B
| | ' . =10 -9 . -9
. OFHC Cu/Niv 0.995 0.005 0.40 - 94 1.3 x 10 1.k x 10 .7 9.6 x 10
Spec Cu/Ni 0.95 0.05 3.6 -86l 7.0 x 10’11 6.5 x 1_0'lO 3.9 4.8 x 1077

]
N
7
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"reported previously by Balluffi and’ others.

. upon the stacking fault energy (4o ergs/cm or 70 ergs/cm in copper). oL

. uite uncertatn.

S _"-584»" | C

v“:;;where n'j is the average number of Jumps & vacancy takes in its lifetime,lti:h S
;,tv is the characteristic atomic frequency (taken to be “the Debye frequency),_~a;gp f
‘?iﬁme 1s the vibrational entropy of - motion of a single vacancy (assumed to B

| :.’:'be 2R),2 B 1s the energy for motion of a single vacancy (~O 88 ev for
| copper),sl ; is the Boltzmann constant, and T is the temperature. These

e values for —> and T lead to critical supersaturations of O 0003 in OFHC

N

" Cuw and O 02 in Spec Cu. Both values are in the range of supersaturations

13’18 21 It has been shown that ‘

' vacancy supersaturations of the order of l% are required for an unextended
,._edge dislocation to act continuously as . a sink for vacancies by a climb
t ,.process )29 Even if such supersaturations existed,within the diffusion |
. zone (as appears to be the case in the Spec Cu/Ni couple), climb would be.
I:ff more difficult in copper because the dislocations are, in general, extended.; o
‘This-means that “the partials cannot move out of their slip plane without _f:'"
'*“;ﬂcreating a sizeable surface energy miefits The amount of misfit will b

s depend on the extent to which dislocation jogs are. dissociated and therefore

:5,

5_?_The exact geOmetry of jogs associated with extended dislocations is still :f

6o- 67

Nevertheless, a supersaturation in excess of l%

1{fj_}would.most probably be required in order for the dislocations in copper A

**.ﬁ;to move in a non-conservative fashionand thereby function as effective

’Hfjvacancy sinks., .

Other things being equal, the relative fraction of vacancies which _.7v'

”'*iend.their lives at pores and at diolocations will be determined, at least
"~f in part, by the ease - with which dislocations climb Hence, eny factor
:_,'which makes climb more difficult will favor pore formation, assuming that

o the density of nuclei is not changed‘ One would therefore expect to find ,

AT B o
1 T
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large amounts of porosity in both Spec Cu and OFHC Cu, which is in agreeme?t :

with observations. Whether or not the observed differences in porosity”

between Spec Cu and OFHC Cu can be attributed to differences in the ease

“with which climb occurs or to differences in the number or "potency" of

nuclei cannot be clearly established. However, since climb is already
difficult invboth caseé, 1t seems more ressonable to assume that the

differences in porosity are due to the presence of more effective nuclei

for vacancy agglomeration in OFHC copper.

The possibllity that defects which are found In quenched metals and
‘ L

alloys (i.e., dislocation loops and .stacking fault tetrahedra) might actually

_represent an Intermediate step in the formation of porosity observed in

diffusion coﬁples recently has been considered.53 -This p0s5$bility'seems
ﬁnlikely since defects of this type are formed in the presence of an éxcess

vacancy concentration far gfeater than that which exists in diffusion couples.

‘It is felt that the magnitude of the excess vacancy concentrations normally

developed in diffusion couples is far too small to enable either dislocation

loops or stacking fault tetrahedra tb nucleate. In addition, collapsed

vacancy discs and stacking fault tetrahedra are known to anneal out at

temperatures well helow those usually employed in diffusion experiments and,
therefore, they would not be expected to be sfable at the diffusion tempera-
turé. - | |

The concentration-penetration curves .(see Fig. 1l4) for OFHC Cu/Ni and
Spec Cu/Ni couples do not eXactLy superimpose. This could possibl& be the
result of enhanced diffusion through the vapor phase or along poré surfaces.
Since the vapor pressure of niqkel is lower than that of copper by a factor

of lO5 at the diffusion temperature, pores might, in fact, act as closed

circuits for the transport of nickel and open.circuits for copper.hh As
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was pointed outpb&fThomasvand'Bircuenall,?y if surface andluapor diffuslon-ﬂerff?'A
are fast-compared,uith volume diffusiOn arouﬁd a pore,.porosity will | |
.'accelerate diffusion; If surface and vapor transport are slow compared
| v'”-‘with volume diffusion, a1ffusion will be inhibited. Translation of the . e
Hpore produces a greater average displacement of the richer component ouv o
: the side of the couple toward which the pore is moving, i.e., Cu. There-j~f _ . s
- fore, because of the presence of a greater pore volume in the OFHC Cu/Ni s

couple, enhanced.vapor transport or surface diffusion might possibly have;

- occurred to a greater extent, thls could account for the dbserved differ-' :

ences in the c-x curves.
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e V. CONCLUSIONS

The differencgs in the nature; distribution and amount of porosity
observed in OFHC Cu/Ni and Spec Cu/Ni couples are attributed to
differences in the number and/or effectiveness of availsble nuclei for;
vacancy-condensatioﬁ.

The location of the porous zone and the distribution of pores within
this zone is not dependent upon the orientation of individual'érains
nor upon the a&ailability of grain boundaries in coppe;/nickel couples.
The overal expansion of OFHC Cu/Ni and Spec Cu/Nivcouples is accountedb
for guantitatively by the formation of porosity in fhe diffusion zone.

Approximately 50% of the net vacancy flux goes to form pores in Spec

Cu, whereas 80-90% of the vacancies agglomerate as pores in OFHC Cu.

It appears that dislocations do not provide very effectiﬁe sinks for
vacancles during diffusion processes in copper/nickelycouples.

It is‘estimated.that pores will form when vacancles are pumped into

~any small region of the diffuslon zone st the rate of about

1015/cm3/sec in OFHC Cu/Mi and 10-7/em3/sec in Spec Cu/Ni.

The relative excess concentration of vacancies in the diffusion zone
at the locations where pores initially form ls estimated as approxi-
mately 0.0003 in OFHC Cu/Ni and 0.02 in Spec Cu/Ni after T20 h of
diffusion at 900°C. | |

Aluminum oxide particles or clusters in silver appear to have influ-
enced the normal distribution of porosity in silver-gold diffusion _
couples, and are, therefore,-believed.to ﬁé acting as favorable sites

for vacancy condensation.



‘f-APPENDIXg ~E'f'f-ﬂ e Z*L_'fg'!f'
In a binary alloy, e.g., Cu-Ni, the weight percent copper is given
l'by the ratio of the corrected intensity of the characteristic CuK
"radiation emitted by the sample and that obtained from the pure standard.‘ -f;j

Corrections to the measured X—ray intensities must, in general, be made ‘_,*’. A

55 T a) absorption in’ the sample and in the standard, b) fluorescence

“'7‘effects, c) back scattering of electrons, d) variations in the specific

ldecelerating power of electrons with atomic number.lv"'
: The copper-nickel system appears to be nearly ideal since all of the l"'

"jQTGQUired corections are.small.‘ As Poole56 has shOWn, both c) and d) are

'if; negligible when the atomic numbers of. the components are nearly identical, L

‘~ifﬂQ.N1K and MK

‘ “as is the case with copper (z = 29) and nickel (Z 28). Yo fluorescence ,f»f.
'correction need.be appliedtto the Observed CuK intensities since neither

B excites the K shell of'cOpper. The absorption ¢orrection is

'cflialso quite small inasmuch as the mass absorption coefficients of cOpper and

‘njnickel for CuK and NiK are’ small and of the same order of magnitude.

58

’.}V_Nevertheless, an absorption correction has been made in accordance with the*

" ;lmethod;proposed.by-Birks.39 The_magnitudepof this.correction is less than .

-fl;fl.O%'over the'entire'concentration'rangetand is therefore-of‘the same order

'tr5bas the uncertainty in. the measurements themselves. »Thefresulting»calibra-‘ o

".1tion curve relating relative intensities of CuK to atomic percent copper,

this shown in Fig. 18 ‘ |

Since the K shell of nickel is excited by’ the CuKB radiation, a7fluores5;.a.vﬁ
 cence correction would.be necessary when making the analysis with respect { e
.V jto NiK «» This effect should’ be small, but might be significant enough to |
account for the fact that the sum of the relative intensities I, /I(Ou) and

/I(Ni) departs from unity'by as mnch as 3% in the intermediate composition

' ranges,'
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Fig, 18, Calibration curve. Relative Cuk x-ray emission
intensity vs atomic percent copper in nickel,
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