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ABSTRACT 

.... 

.... 

· Evidence is presented which indicates that the porosity formed during 

diffUsion processes in Cu-Ni and Ag-Au couples is heterogeneously nucleated 

.in the presence of a relative excess' concentration of vacancies resulting 

from. the unequal mass flow of the two participating constituents. The 

nature and extent o~ porosity is dependent on the purity of the sample and 

thus appears to be related to the number or "potency" of nuclei available 

for vacancy agglomeration •. From metallographic observations on the distribu­

tion of porosity, it is estimated that pores will form when vacancies are 

pumped into any small region of the diffusion zone at the rate of about 

' l015/cm3/sec in oxygen-fre-~ high conductivity copper and 1017 /cm3 /sec in 

.. spectroscopically pure copper. The higher supersaturation required for the · 

nucleation of pores in spectroscopiCally·pure copper is consistent with all 

•. the quaiitative observations made on the formation of. porosity • ... . ·:· ., 

~ .. 

.•. Estimates Of the relative fraction of :t,h~ excess vacanCies which "eOn-
' 

·.·--dense to form pores on the copper-ri~h ~ide have been obtained. iri two 

ways: 1) from the ration Of the overall expansioi1 of the couple to the 

normal Kirkendall shift, and 2) from.th~ Z.atio of: the measured pore volume 
' ... 

J ' ~. 

to that associated with the net vacancy flux, as derived from.concentration-
., ~ ,, 

.··· 
·,~ ' \ . 

, .. ·,r 

. ... ·' 
... ~ ·, 

· .. •,,''" 
,,,.,,' 

'\,( .;.· .... 
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penetration profiles~ Both estimates are in reasonable agreement and indi­

... cate that upwards of 90'/o of the excess vacancies agglomerate. as pores ra~her · 
t; .r 

:,J.· ;~ - • . 

than being annihilated at jogs on dislocations· or:.Other ·sinks; in spectre-:: 
. . . 

scopically pure copper i about 50'/o of the excess vacancies end their lives. 

at pores. It is concluded that, contrary to the usual assumption, disloca- .' , . 

tions are not very effective sinks for .vacancie.s Under conditions (e.g., . 

· relatively low vacancy super saturations) which prevail within the diffusion 

zone. The ·observed differences in the extent of porosity in the two grades 

of copper are believed to be due to differences in nucleating sites available 

for vacancy condensation rather than to;differences in the ease with which 

dislocation climb can take place in these two materials. 

Additional observations indicate that the presence of aluminum oxide 

particles or clusters in silver has influenced the·normal distribution of 

porosityin silver~gold diffusion couples. The.se particles or clusters may 
.. . 

be acting as favorable .sites fOr vacancy condensation . 
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I. INTRODUCTION 

It is now wel~ established that, in the presence of a chemical actiyity 

. gradient, the two components of abina;y alloy ~iffuse at different rates. (l, 2 ) 

This leads to a net mass flow of the constitutents relative to the lattice. , 
. This phenomenon- the so-called Kirkendall effect - is manifest by the motion 

. of inert markers which are located wit~in th~ ~iffusion zone. 3 If, for 

example, markers which are assumed to be fixed relative to the lattice are 

placed at the original weld interface between two dissimilar metals and 

diffusion is allowed to occur, the interface markers wili be displaced toward 

the side of the coupJ,.e which is richer in the faster diffusing component, 

this usually being the side having the lower :melting poin:t· The observed 

.·. · marker displacements are considerably greater than· can be accounted for by · 

any changes in density due.to changes in ~omposition and, .significantly, 

the shifts are proportional to the square root of the diffusion time. FUrther-

.. more, ·in most systems which have been studied,· pores of macroscopic size have 

been observed on the side of the original diffusion interface which originally 

. 4-23 
contained the more mobile constituent. · 

· , .. · These :facts have generally been interpreted as evidence in :favor of a 
...... {. 

vacancy diffusion mechanism in close-packed metals and in alloys of the 

substitutional: type. ·Thus, a net mass· flow of·:the two constitutents, arising .. ,· 

>"'- ,~ ... ~ 
. ( . 

~·-'.j} I . 

from the presence of a chemical activity gradient, can easily be ·accounted 

.·:for on the assumption .that vacancies exchange more readily with one component 

than with the other . T~e -vacancy model implies, therefore, that the_net 

. ·. flux of atoms out of the side of the couple co11tainir1gthe more mobile 

constitutent'be counterbalanced by an equivalen:t net flow of vacancies into 

this region. The. presence of porositY, on the side of the couple suffering 

a net loss of atoms is consistent with·the.vacancy model since the porosity 



.·· .' 

··.'.··' 

'/ 

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

responsible for diffusion. 

Since the net flux of vacancies associated with the unequal mass flow 

of the constitutents is far greater than the concentration of vacancies 

present ih thennal. equilibrium, it is i1ecessary to postulate.the existence 

.. of sources and sinks for vacancies \vithin the diffusion zone. Possible· 

sources and sinks include the external surface of the specimen, grain and 

subgrain boundaries the dislocations. The available evidence, both experi~· 

mental and theoretical,. indicates that dislocations,· by clim'b'ing, provide 

. 1,6,12,14, 
the major sources and sinks for vacancies within the. diffusion ~one. 

16,17,22,24-29 .. 

· The climb of. dislocations implies that plastic deformation must take 

place during chemical interdiffusion and that deformation processes play.· 

an essential role in accommodating the unequal mass flow. The many obser-

vations which have 

t
. 6,12,16,25,26 
~on, 

been reported on recrystalli.zation, 
22' 24' 26 

polygoni za-

. b da . 1-'. 24,26 d f . 1". 14,17, 
gra~n oun ry ~gr~~~on, an sur ace r~pp lng 

22,59, 60 within the diffusion zone between dissimilar metals attest to the 

fact that plastic flow actually does occur and that .stresses of appreciable 

magnitude are generated during diffusion. These various phenomena. have 

been explained in terms of the generation and movement of dislocations by · 

. 17 26 59 60 
climb or by glide processes. ' ' ' .. · 

However, the factorswhich control or influence the formation of 

porosity are not nearly .so well understood. , In particular, only rough 

estimates are available for the critical degree· of vacancy supersaturation 

__ ,,required for.the nucleation of a pore of stabl~ size, and the details of 

the miclea.tion procesq can only be hinted at in most cases. Seitz
28 

has 

di.scussed the formation of :porosity in the :presence of a nonequilibrium 

"·'·. 

' 

.-~ 
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concentration of vacancies and h.B.s derived estimates for the critical nucleus 
·\~. ~· 

size. Brinkman30 pointed out,-however, that these estimates 'ignored the fact 

that a two-dimensional tensile stress is established on the side of the inter..; 

face suffering a net ioss of atoms and that, in-:the presence of this stress, 

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

whem the vacancy concentration is maintained at or .. near: its. equilibrium value •. · 

This point of 'view has been debated at 'l~ngth. 31' 32 While it is now recog-
. . . . ~ . . 

nized that mechanical stresses may indeed influence the formation of porosity 

.during diffusion, it appears that, even in the presence of a stress, a criti.,. 

. :cal pore size exists which must be exceeded in .order for the nucleus to be 

'· stable. This critical size will depend upon the excess vac9-ncy concentration 

as.well as on the magnitude of the stresses within the diffusion zone. 
. . . . . . . 

In actual diffusion specimens, the relative excess.concentration of 

·· vacancies, R , required for the formation of a: :stable pore nucleus, namely, . . c 

·' 

where 

N v 
Rc = N- - 1, 

vo 

• '~ l 

,/ 

N = nUil;lber of vacancies per unit volume actually present in the 
v 

_ metal, 

N = number of vacancies per unit volume in thermal equilibrium, vo 

has been approximated in several ways.· For ex~ple, calcUlations of the 

net flux of vacancies into a.given region, bas~d on the observed concentra-
• • I 

· tion ·- distance curves and a kriowle.dge of the .intrinsic diffusivities, to-

gether with estimates of the sink density have. resulted .in values raRging 

from 0.01 to 100 at the positionwhere pores just form in a.-brass,. the 

highest value being for zone .. r~fined material.l3,l8 Values of Rc of about 

0.01 have been estimated. for Cu-Ni couples from measurements of the critical 

pressure required to eliminate pores of known size already formed. 21 



-4-. 

- fl. Although these estimates are only approximate, it seems clear that the ·· ; · ,!;~ .. 

relative supersaturation at. which pores actually.· form in diffusion specimen.s 
. -;•:· 

is much less than that which would be necessary to nucleate pores homogenegus- · 
. 28 
ly. 

It has therefore been proposed that porosity forms by a process_ of hetero-
. . . 12 ~ 

geneous nucleation and that favored nucleating sites exist either in the 

bulk of the material or at the original weld. interface. Brinkman30 has argued 

that stress concentrations which develop within the diffusion. zone might 

nucleate cracks or fissures of a critical size purely by a mechanical means. 

However, the obvious ease with ·which such stress: concentrations, even· if they 

did arise, would be eliminated by local relaxation and plastic flow makes this 

. possibility appear extremely uniikely. 29.: A strong. indication that internal 

surfaces such as particle_s or inclusions represent ·effective nuclei for the 

formation of porosity is _provided by the work of~ Resnick and Seigle.18 During 

dezincing experiments on brass of commercial pu;r:ity they found that porosity 

. developed to a considerable depth below the surface of the specimen after 

evaporation of only a small amount of zinc. When .the brass was zone refined, 

however, practically no pores were formed within .the body of the specimen, 

even upon complete dezincification. Resnick and.Seigle concluded that the 

most likely nucleating sites in a.-brass were zinc oxide particles. 

The work to be reported here was undertaken ·in an attempt to obtain more 

specific information about the nature of the nucleating sites for porosity 

in other metals. For this puxpose, the ·formation of porosity and the 

accompanying dimensional changes were studied inidiffusion couples prepared 

_from materials of different purities, as well as:niaterials in which known 

dispersions of ·second phase particles were deliberately introduced. The 

copper~nickel and silver-gold systems wer~ selected for study partly because 

a complete series of solid solutions are:formed in both cases and because 
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these systems have frequently been investigated· in the past. Controlled 
.· -~ . ' ' 

dispersions of AJ.2o
3 

particles ~r clusters were produced in some copper apd.' 
. . . 

. ·silver specimens by internal oxidation. Oxide dispersions of this type ha'{e 

the advantage that they are thermodynamically stable at the diffusion tempera~ 
. . 0 

·· tures. The average size of the particles is of the order of 500·A or less 
. 33 ' 0 . . . . 34 

in copper ·and 50 A or less in ~ilver. · It was hoped to obtain est~ates · 

for the vacan9ysupersaturation at which pores are nucleate~ in these various 

materials· and in this way to assess the relative effectiveness of the A12o
3 

particles as nucleatingsites. 

; ·.·.·· ' . .. ,·. 
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II. EXPERIMENTAL PROCEDURES .. 

Sandwich-type Ou/Ni and Ag/ Au diffusion couples with tungsten wire 

markers embedded at the interfaces were prepared by pressure welding. The 

nature, distribution, and amount of porosity which develops during diffusion 

was observed metallographically in couples prepared from components (i.e., 
.. . : ~ . • f'<ii 

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

of porosity was also followed as a function of time using metallographic 

methods •. An attempt was made to correlate the observed porosity with the 

dimensional changes which normally accompany the diffusion process in sandwich-

type couples, and thereby ascertain what fraction of the net vacancy flux is 

responsible for porosity. For this purpose, interface marker shifts were 

·measured relative to reference markers located well outside the diffusion 

. :. zone and the fraction of porosity was determined :by areal arid linear analysis. 

Concentration-penetration curves were' also obtained.on a limited number of 

couples in order to facilitate the above ;correlation and to permit calculations 

. to be made of the vacancy supersaturation at points where porosity just 

. begins to form within the diffusion zone • '' 

'A, Materials· 
·r• . . 

The starting materials employed in this investigation are listed ~elow; 

along with their nominal purities and th~ s;urce'of supply, where,known: 

1. Spectroscopically pure copper; 99·,999% Cu; American 

Smelting and Refining ComPany. 

2. · . Oxygen-free high conductivity copp~r; .· 99· 99</o.: Cu. 

3· 'Nickel; 99·999% Ni; Mond Nickel Cozhpany. 

4.· ultrahigh.-purity silver;. 99.9999% A~~.Consolidated Mining 
. 1 . (' . 

and Smelting Company of Canada, tt·d •. · 

. I 
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5· ·Silver; 99·999% Ag; Western Gold and Platinum. 
·.: •, 

6. Gold; 99·99% Au. 

7. Alundnum; 99· 999% Al. 

The analyses of the spectroscopically pure copper and oxygen-free high 

conductivity copper (referred to in the remainder of this report as nSpec" 
..... '. 

copper and "OFHC" copper, respectively) are listed in Table I. 

Dilute copper-aluminum and silver-aluminum alloys were prepared from 

these starting materials; .these alloys were then internally oxidized in 

order to introduce a fine dispersion of second-phase oxide (i.e., Al2o
3

) 
t: 

particles •• The copper alloys (nominally 0.10, 0.20, 0.50 at.% Al) were made 
' ' 

from a.master alloy of OFHC copper- 5 at.% Al. The alloys were melted and 

cast in an 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·ingots were machined to eliminate 

surface defects, and after cold rolling to appropriate thickness, the 

.alloys:were homogenized for four days at:990°C in a dynamic vacuum of 

-4 
~ 10 . mm Hg. In order to accomplish the internal oxidation without the forma-

tion of an exterrial cuprow oxide scale, · the alloys were embedded in a mixture 
I: 

of cuprous oxide and copper powde~ and·ahnealed inside a closed iron tube. 35 

The 0.10, 0.20, 0.50 at.% Al alloys were internally oxidized at 950°C for 2, 

3 and 8 days, respectively. These times we·re more than adequate to ensure 

· · complete oxidation based on the data given by Rhines.36 

A silver - 0. 5_"at~% Al alloy was prepared. from a master alloy (5. ~ at.% Al) 
/ 

by induction melting in a dry helium atmosphere~ •-The alloy was melted in a 

reactor grade graphite crucible and chill cast into a water cooled copper 

mold fitted with reactor grade graphite liner. :The cast ingot was machined 

·!',; 

. j 
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Spectrographic Analysis of Spec aild OFHC Copper (ppm)_ 

-.•:. 
; . 

Nominal t Fe 'p c Sb Pb Sn Ni Bi Ag Cr Si 

Spec Cu , ___ <7_·~------~~<10 <lQ .<10 <10 <3 <20.' <5 <1 

<30 <10 
. ·X-l<-A-

20 2 OJ.i'IIC <15 <50 <10 <LO <5 <40 

."·<-
·: :· ~ ' .. ---· ... 

~- . 
: , .. _,. 

* 
- '. ~ 

Elements listed i'rere not visible spectrographica.lly; 
values given represent lir.1i ts of sensi ti vi ty o:f the em::.ly l;ical techniques • 

Chemical analysis 

·X·:\-Y.· · · 
X--ro.y fluorescence 8l!P.1ysis 

'<' . [ 

·.·.,·... : '· 

, .. _ -. 

'·' 
''• 

... 
' 

-., .. _: ··.· .. · 

... '' 

.: ·-

_ _.,.' . ' 

.' .. ·- ..,..,_:· 

Te Se S Mnl 
I 

** *'* 'f· 
<20 <LO <1.0 

·. _.·. ~ .. 

*K-* . +:-X· 
<50 <20 20 <10 

·-.. 
·"';, . ' 

-.' 

·-..'·' 

·., .· 

. ' 
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to eliminate surface defects before cold rolling to a thickness of 0.50 em. 
~ -' 
~:-:1;,; 

Th~ 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 atmos~ , 

pheric. pressure. Tw.o bars (18 em x 1.6 em x 0.3 em) milled from the homo-

genized alloy were supported by a stainless steel wire in the constant 

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

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 diffusion, it was also desirable that a relatively 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 

machining for long periods of time in vacuum at temperatures 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 

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

under microscopic examination. Parallelism between the opposite faces of 

the specimens was maintained by within ± 0.002 em by careful machining • 

Specimens were machined to the form of rectangular parallelepipeds 

having the following approximate dimensions: 

(1) Copper and internally oxidized copper alloys: 

2.5 em x 2.5 cmx 0·3 em.· 
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(2) Nickel: .2.5 em x 2.5 em x 0.2 em • 
. ;: 

(3) .· Silver and internally oxidized silver alloys: . 

1.6- em x 1.6 em x 0.3 em. 

(4) Gold: 1.6 em x 1.6 em x 0.04 em. 

The large surfaces of/each sample were carefUlly ground by hand through 
. / 

~; . ·~ . 

. ~ · .. ,-:' 

No. 4/0 emery paper after machining and"final heat treatment. Extreme.care 

was taken to ensure that the ground faces remained plane parallel. After 

grinding on the papers, the specimens were polished on a vibratory polishing 

· · wheel using 31J. diamond paste on a silk cloth. In this maimer specimen 
. . 

flatness was maintained and the resultirig surface~ were smooth ori. a micro~ 

scopic scale• Innnediately prior to ass~mbling a 'diffusio~ couple, the polish-
. . 

ed surfaces were given .two or three light passes on No. 4/o emery paper in 

.'. order to roughen them so as to increase the point contact at each interface. 

Finally, the s~ples were washed with soap and water,. rinsed first iri ace-

tone and then absolute alcohol, and dried between filter papers. 

C. Assembly· and Welding of Diffusion::: Couples . 

:E!ach diffusion· couple consisted of :$ix indlvidual pieces,. assembled as 
. . 

shown in Fig. 1. In all couples interface "0" represents the reference plane 

. relative to which the marker shifts were :measured. Table II. lists the 

various couples which have been examined in this study. 

, A special jig was designed which gieatly facilitated accurate position­

ing of the markers (1 mil tungsten:wire) at the ~espective interfaces before 

welding. 
. '.! r: . 

In the Cu-Ni couples, 15 parallel wires spaced approximately l. 5 rmn 

apart .;.ere placed at each interface; 10 ':Parallei:markers, also spaced about 

1. 5 zmn apart, were inserted at each interface in :the Ag-,Au couples. 

The constituent:·.piec.es were inserted ina stainless stee'l clamp which.· 

· was securely tightened. A thin .coating .of alumirta· was first applied to the 

• ,I ' ' '~· 
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-+ Interface 2 

-+ Interface 

-+ Interface 0 

-+ Interface 1
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-+ Interface 2 1 

MU-27705 

Fig. 1. Assembled diffusion couple of the A/B/C type. The 
various marker interfaces are distinguished by number. 
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TABLE·II 

. Diffusion Couples Examined in this Investigation 

Number 

·. 1 

5 

6 

Type of Couple: A/B/C 

Spec Cu/Ni/OFHC Cu 

Spec Cu/Ni/Cu-Al-0 (0.1 At; ojo Al) 
,, 

· Spec Cu/Ni/Cu-Al~O (<).2 At. ojo Al) 

Spec Cu/Ni/Cu-Al70 (0. 5 At~ % Al) 

Ag ( 99 • 999%) /Au/ Ag ( 99 • 9999%) , 

Ag (99·999%)/Au/Ag-AJ..-0 (0.5 At. ofo AI:) 

. '· 
stainless steel end plates in order to ·prevent· tl;l.e specimens from bonding 

· to the clamp during the welding operation. Pre.ssures of approximately 

2000 psi (Cu-.Ni system) and 1000 psi (Ag~A~ system) were applied to the faces 

of the clamp so as to embed the markers and to bring the specimen surfaces 
. ' 

·into intimate contact. After tighte?ingJ the entire assembly was heated in 
'i 

vactiUm..in orderto pressure weld the individual sections of the couple to­

gether. Initially} an OFHC Cu/Ni/OFHC Cu couple and· a Ag/Au/Ag couple were 
·. ' 

··satisfactorily welded without markers merely by heating under· pre~ssure for 

1 hr at 750°C .in vacuum (10:":3 :. lo·4 lJn1l Hg) and thenallowing t~e assembly 

to cool slowly in the furnace. Metallographic examination indicated that 

all of the weld interfaces had remained plane and that they were free from 

voids or cavities. 

A slightly more refined ~echnique was employed in welding couples con-

-·taining markers. The welding operation was carried out in an all metal 
. ·I . 8 

high vacuum furnace CBJ?able of .reaching pressures as low as 10- mm Hg. ·A 

Spec Cu/Ni/OFHC Cu couple of the type shown in.Fig. 1 with markers placed 

.. ;. . 

...... _ 
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at each of the interfaces was welded soundly using the following procedtire! 
;l 

The furnace was evacuated to about 10-7 mm of Hg. 
"t 

2. The temperature was raised to 8o0°C and stabilized while 

the clamp containing the sample was supported in the upper. 

(cold) portion of the vertical res·istance furnace. 

3• The assembly was slowly lowered into the hot zone and held 

for approximately 1 hr at 800°C at a pressure of approximately 

-6 10 mm Hg, after which it was raised back up into the cold 

zone 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 acceptable welds with Cu-Ni couples of type 2,3, and 4. Metallo­

graphic examination following preliminary (25 hr) diffusion anneals at 
/ 

.-/ . 

900°C showed that the three similar interfaces (2, ·o, and 2') and the 

high-purity copper-nickel interfaces (1) were sound, but that the Ni/Cu-Al-0 

interfaces (1') had not been adequately 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 

welding has not yet been found. There appeared to be a number of possible 

reasons for the failure to weld the internally oxidized copper to nickel • 

For example, the presence of a thin oxide film on the surface of the com-

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

oxide films would probably not have been broken down mechanically as a 

. II . II 
result of plastic flov at the interfaces, nor would they have dissolved 

during welding since the copper was already saturated with oxygen. 
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It could not be established with certainty by metallographic examipa-.'-
•· 

tion alone whether or not sound welds had been obtained at each of the ~ 

various interfaces. In fact, it was generally necessary to carry out at 

least a preliminary diffusion anneal (25 hr at 900°C for Cu/Ni couples; i 
hr at 875°C.for Ag/Au couples) in order to ascertain the quality or char-

acter of the weld interfaces. Couples which were poorly welded sometimes 

fell apart immediately following th::i.s prelimin~ry anneal ( or during subse-

quent anneals). In a few cases, the presence of voids or cavities due to 
< •• • 

faulty welding could be recognized and distinguished from the porosity re-

sulting from diffusion. In general, however, the soundness of the dissimilar 
.. . 

inte;faces (1 and 1 1
) was difficult to assess eve~ after the initial diffu-

sion ,anneals, except bY. carrying out some type. of destructive test. Conse-

quently, all couples which appeared to be welded, judging from the appear-

ance Of the interfaces under the microscope, and which remained intact after 

the preliminary diffusion treatment, were carried through subsequent diffu-

sion anneals. 

D. Diffusion Anneals · 

The diffusion anneais were carried out in'a closed quartz tube under a 
' . . 

positive pressure of high purity argon. ' The quartz container was initially 

evacuated to about 5 x 10-7 mm Hg, flushed with argon, re-evacuated, and 

filled with argon to a pressure of approximately 1/4-atmosphere. The sandwich-

type couples were supported inside the tube on two high-purity alumina knife 

edges. ·The quartz tube was inserted i:h a vertical resistance furnace after 

the desired temperature in the hot zone had been established and staldilized. v 

___ After a predetermined diffusion time,· the tube containing the specimen was 

withdrawn from the furnace and allowed to cool to room temperature. Because 

of the relatively rapid heating and coqling rates, no corrections were 
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necessary for.the amount of diffusion which occurred during heating and 
( 

cooling. 

All diffusion arilleals in the Cu-Ni system were carried out at 900°C; 

the Ag/Au couples were ell diffused a.t 875°C. A close check on temperature, 

conditions in the hot zone ¥as made throughout the diffusion anneal using a 

calibrated platinum-platinum rhod·i~ thermocouple. Temperature fluctuations 

during a r~n were with ±l°C. It is believed that the actual temperature of 

the sample was known to with 

E. !-fetallographic Observations on Nature, Distribution, and 

Amou.."lt of Porosity 

The nature, distrj.bution, and a:ro.ount .of porosity which normally accom-

panies the diffusion process wa.s evaluated metallographically. In addition, 

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

was studied. After ea.ch diffus::ton ·;.reatment, the couple was carefully 

polished in a plane perpendicular to the weld interface and photomicrographs 

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 tn1e ind.i.cation of the nature and extent of the porosity. Con­

ventional practices were, in general, ine.dequate, especially for the Ag-Au 

couples, in which a la.rge number of interconnected pores fonn very early in 

the diffusion process. Vibratory polishing techniques37 us:i.ng fine diamond 

abrasives; followed by ·hand polishing on a; silk cloth with 1/4 1-l-alumina 

(L~nde A) slurry ·resulted in a reasonably·satisfactory polish with Cu-Ni 

couples. The Ag-Au couples had to be polished entirely by hand to prevent 

excess:i.ve smearing and enla.rging of existing cavities. A variety of polish-

ing cloths .. ·· (i'Metcloth", nylon, silk, and· ''Microcloth") and abrasives were 
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tried during the rough polishing period. The alumina slurrY, on a nylon 

cloth generally gave the most satisfactory final polish. 

The fraction of porosity was determined by areal analysis. This 

·was done by superimposing a square grid on the projection screen of a Leitz 

metallograph and counting the fraction of. grid intersection points (out' .. of 

a total of 840) occupied by pores. The entire interface was sampled in a 

random. fashion. 

With the Cu-Ni couples, an electrolytic etching technique first suggested 

by Barnes38 was used in order to determine the distributio~ of porosity with ' ·. 
i ' . . 

respect to grain boundaries and to locate the position of the etch limit 

on the nickel side of the couple. ·.The electrolyte consisted of one part 

·concentrated nitric acid and two parts methyl alcohol; a current density 
. 2 . 
of 1. 5 amp/ em was employed, the etching time be:i.:ng 3 to 5 sec. In addition, 

the position of the etch limit with respect to the reference interface, 110 11
, 

was measured with a traveling microscope .• 

F.. Measurement of Dimensional Changes and Motion of Porous Zone 

The distances between marker interfaces were determined with a 
. ' ' 

traveling microscope having an accuracy of, ±0. 5 IJ.; the measurements were 

reproducible to within ±2 1J. and were always made with respect to the center 

of the wire marker itself. The couple w~s placed in a suitable holder· which 

.was attached directly to the movable stage of the microscope. ·This holder 

·was designed. so as to a~ow both a rotational ad4ustment with respect to 

the direction bf travel anda tilt adjustment with respect to the direction 

of incidence of the light source. Hence, it was·always possible to ensure 

that measurements were made in a direction perpendicular to the reference 
' . . . 

interface and that the plane of·the sample was perpendicular to the optic 

axis of the microscope. 

' '' 
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Before and after each diffusion anneal, the surface was carefully 

polished meta11ographically and the distance·between individual markers 

was measured. The marker displacement 6 was calculated from 

where 

x = initial distance between a reference marker, located 
0 

well outside the di~fusion zone, and a moving marker, 

x = the distance between the same two markers after a t· 
diffusion time t. 

'' • 

(1) 

It was assumed that the markers at interface 110 11 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 1
, 2, 'and 2 1 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: 

L\ = (xt )10 (xo\o 

~ = (xt )20 - (xo)20 

~=~ -~ = (xt )20 - (xt )10 

where 

L\, = the displacement of the marker at interface "1" with respect to 

a reference marker at interface "o" on the B side. This is 

usually called the "Kirkendall shift. " 

~ = the displacement of the reference marker at interface "2" on 

the A side with respect to a reference marker at interface "o". 

on the B side. This represents the overall expansion of the 

couple. 

(2) 

(3) 

(4) 
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~ =.·the displacement of the marker at: interface "1" with respe9t 

to a reference.marker at interface 112 11 on the A side. 

This notation is illustrated schematically ih Fig. 2a. The corresponding 

shifts which occur at interfaces i 1 and 21 are designated by L\ ', ~ 1 , and.' 

-~ 1 , respectively •. It is evident from Eq. (4) that only two' of these marker 

shifts, namely L\ and L\ (or L\ 1 and L\ 1
) h8.ve b~en m~asured independently. 

. . . 

The motion of the porous zone with time was: followed in a manner similar 

to the marker displa9ements, i.e., interface 
II II · ' · · . 
0 was assumed .to be· fixed and 

// ; :, 

hence taken as_ ~he reference position •. Theref~re; 

,/ ~ = (xt)I 0 - (xo) 10 

~I.= (xt) . -. (xo) 
· II 0 : 10 

W =~I-~ = (xt) 
. · II 0 

~ = the. displacement of the boundary (I) of the porous zone closest 

to the interface ·marker after time t, 

~I = the displacement of the outel'lll.ost bo1111:dary ·(II) of the porous 

zone after time t, 

W =·the width of the porous zone after time t • 
. . 

· .. _This not~ti~ri is· r~presented schematically in Fig· •. 2b~ · 

G. Concentration-Penetration Curves 

. . . 

(5) 

(6) 

·(7) . 

'. ·. ' 

couple after 720 h of diffu~ion at 900°C •. A production model XR 710 - · ~-

·-Applied Research Laboratories ~lectr<;m ·probe mic.roanalyzer was used for 

this ·purpose. · .. The unit. was operated at 2.5 kv with an effective probe dia-

meter of 2-3 IJ.·and probe current of approximately 0.57 p.-amp; measurements 
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MU-27706 

Fig. 2. Notation used in evaluating (a) dimensional changes, 
and (b) motion and width of the porous zone from the 
experimental measurements. 
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were made only under stable :probe conditions. The E;!lectron beam was inci­

dent at. 90~ to the surface a~d the X-ray take off angle was. 52 ~ 0
• 

A ste:p scan analysis was :performed between the two markers whose 

average displS.cements, L\ (or L\• ), came closest to the average of the 

entire set of.l5 markers. Between each measurement, the specimen w~s 

·' moved a predetermined distance of anywhere from 5 to 100 1..1. in the direction 

of diffusion. The integrated intensities of, the Cuka. and NiKa. radiat~on 

emitted from the. sample were monitored simultaneously. The observed X-ray 

emission intensities for copper and nickel were converted to percent com-

:position by using the measured intensities of the :pure materials as 

standards and following the correction procedures recommended.by Birks39 

(see Appendix). 

In addition, :profiles were obtained along a line :parallel to the 

diffusion direction at the markers which exhibit.ed the minimum and maximum 

. Kirken?sll shifts (~ or L\, ). The profiles obtained in this case consist 

of an instantaneous chart recording of the X-ray intensity, the chart 

position being coordinated with the movement of the specimen stage; .one 

element at a time was monitored and stag~ movements of 96 1..1. :per min were 
\ 

employed. ' 

Concentration profiles were also obtained :parallel.to the Cu-Ni weld 

interface i.e.; normai to the diffusion d.irection, in the vicinity of the 

two markers between which the ste:p scan analysis was taken. These measure-
. ' . . 

·. ments were made on the copper side of the couple at distances of 100 and 

200 1..1. from the weld interface. . . . ' . . . 
. .. ~ .-

. c. 

; ~ ·. 
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III. RESill;JTS 

In the Cu-Ni system, :in.arked differences in the amount and distribution 

of porosity and in the dimensional changes aLcompanying diffusion have been 

observed between couples prepared from Spec Cu and OFHC Cu. A detailed 

study of the porosity and marker shifts has l::een made in both couples and 

the results obtained are reported and comparr::d 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 although this did not \)ecome apparent in some cases 

until the couples had been diffused for tim~s 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, only a limited number of q~litative 

observations will be reported for this system. 

A. Nature 1 Distribution and Amount of Porosity 

1. Cu-Ni System 

In agreement with the results of previous studies5, 7,9,lO,l2-14 

metallographic examination disc.losed 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, howe~rer7 between Spec Cu and OFHC Cu. This is illustrated in 

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

is compared after 480 h 'and after 720 h of diffusion at 900°C. It is 

evident that after equivalent diffusion times, the porosity is distribtlted 

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

.than in the Spec Cu/Ni 90uple. 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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MU-27700 

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, 7 20 h. 
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more apparent between 21~0 and 480 hours than during the next 240 hours. 
·,' 

Most striking, however, was the marked increase in the width of the porous;' 
L 

zone with time in OFHC copper; in addition, voids in OFHC Cu. were frequent;ly 
\ 

observed relatively far in advance (i.e., further toward the pure copper 

side) of the main body of the porous zone. In contrast, there was only a 

moderate grovrth in width of the porous zone with time in the Spec Cu/Ni 

couple .and individual pores were seldom seen at any appreciable distance 

beyond the rather sharply defined. boundary of the porous region. 

Af'ter 240 h the majority of po:r.es appeared to be completely isolated 

in both OFHC copper and Spec ccpper. In gen.eral, this was still true in 

OFHC Cu/Ni af'ter longer diffusion times. On the other hand, the growth 

of individual por{~ :i.n Spec Cu/Ni ne .. s great. enough af'ter 720 h so that, 

in many ~ases, the pores now appear to be interconnected (see Fig. 3d) • 

• A significant number of pores were found to have crystallographic 

outlines, especially af'ter diffusion for 720 h. In fact, pores within a 

given grain frequently exhibited straight sides with connnon directions. 

Three-, four-, and six-sided shapes have been observed. Crystallographic 

characteristics are expected since, given sufficient 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, reported that many of the straight sides of 

pores were parallel to slip lines within the sam~ grain, suggesting that 

the pore faces a.re parallel to (111) planes. 

In the as-welding condition, the tungsten wires were soundly embed.ded 

at each interface, and no voids vere observed around any of the markers. 

Af'ter diffusion, however, voids developed at the markers on the 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, the; 

void which partially surrounded the marker.actually appeared to m~grate 

away, leaving the marker in a relatively sound environment. When this 

happened, the void, after its displacement, still retained the curved shape 

,of the wire marker around which it had originally formed. The observations 

indicate that the tungsten marker itself_is an effective sink for vacancies. 

As such, the markers also have a noticeable effect on the distribution of 

porosity, especially in Spec Cu. 

' This can be seen from Fig. 4 in which the nature of the porosity in the 

vicinity of the interface markers is shown after 720 h of diffUsion at 

900°C. In OFHC Cu (Fig. 4a) the width of the porous band is only slightly · 

perturbed at each marker, and pores are formed iimnediately in adyance of 

the markers on the copper-rich side.· In Spec Cu, however, the distribution 

of porosity is so strongly influenced b:Yi the markers (Fig. 4b) that the 

· porous band assumes a sinusoidal form; moreover,: :porosity is completely 

absent in the region immediately in advance of the marker. .This again 

suggests that the marker. is acting as an effective sink. 

Seith and Ludwig14 previously reported that1the number of pores which 

were formed in a_ copper-nickel couple was somewhat smaller in the immediate 

vicinity of tungsten markers (~ 20 ~). The more recent observations by 

. 40 
Meechan arid Lehman concerning the formation of:porosity in "pure" copper 

in the presence of a large temperature gradient are also pertinent. They 

found that the porosity' developed along a curved trace which dipped down 

to the quartz fibers (""' 25. ~) that were used as. interface markers, lea:ving 

--a pore free region immediately above the markers·. In many· respects the 

porosity observed in Spec Cu is similar to that seen by Mee~han and Lehman. . . . 

') 

.. 
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Fig. 4. Effect of interface markers on the distribution 
of porosity in copper/nickel couples diffused for 
7 20 h at 900 • C. , Unetched; 70X. (a) OFHC 
copper /nickel, (b) Spec copper /nickel. 
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.. 
Photomicrographs of electrolytically etched sections showing the dis~ 

tribution o~ porosity relative to grain boundaries are presented in Fig. 

5 and 6. It is evident (Fig. 5) that the location of the porous zone and' 

distribution of pores within this zone is not dependent upon the orienta-

tion of the grains nor upon the availability of grain boundaries. This also 

appeared to be true even at an .earlier ·stage in the fonnation of porosity, 

namely after 240 h. Figure 6 shows, at higher magnification, regions in 

OFHC Cu and Spec Cu in which an unusual~y high concentration of pores was 
·, . . . . 

observed at grain boundaries. A more typical distribution, however, is 

shown in Fig. 7 which represents a section parallel to the original weld 
. . . . * 

inter:fac<7 near the position of the markers in an OFHC Cu/Ni couple. Pores 

are observed both at grain boundar~es and within the grains thems~lves, 

and the scale on which the porosity' is distributed is obviously much finer 

than the average grain size. Thus, while there may be some slight tendency . 

. . for pores .to form preferentiaily at grain boundaries, this preference is · 

not very pronounced • 

. Pores are als·o found occasionaliy at 'twiri boundaries, as illustrated 

in' Fig. 8. :.The crystallographic nature :of some. of these pores is particular-

ly evident in this figure. 

By areal analysfs, 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. I~) these values correspond tO a total pore volume of 5.8 x 
. . . 2 : 

10-3 cm3 per cm2 and 3.0 x 10-3 cm3 per em for OFHC Cu and Spec Cu;, 

.respectively. 

* This couple fell·apart during machining after having been diffused for 
296 h at· 900°0 •. 
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ZN -3968 

Fig. 5. Electrolytically etched cross sections of 
copper /nickel couples showing the distribution 
of porosity relativ e to the grain boundaries. 
Arrow indicate s position of etch limit. Note 
evidence for prefere ntial penetration of copper 
along grain boundarie s on the nickel side. 
Couples diffused for 720 hat 900• C. 100X. 
(a) 0 FHC copper /nickel, (b) Spec 
copper/nickel. 
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(b) 
ZN -3965 

Fig. 6. 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 interfac e near the position of the 
markers in an OFHC copper/nickel couple 
diffused for 296 hat 900• C. Unetched; 
165X. 
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Cu 

ZN-3967 

Fig. 8. Porosity observed within a heavily twinned 
region in an OFHC copper/nickel couple 
after diffusion for 720 hat 9oo•c. Electro­
lytically etched; 275X. 
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2. Ag-Au System 

The general appearance of the porosity f011med in Ag' (99·999%)/Au 

couples is shown in Fig. 9· The nature Of porosity in this system appears 

to be somewhat different fr.om that found in Gu/Ni couples. Instead of beipg 

roughly spherical in shape, the voids appe~:;.c to be elongated and interconnec­

ted by "channels". As in the Cu-Ni syste:ll, the amount of porosity and the . 

width of the porous zone increased progressively with time. In general, 

the observations were entirely consistent with those made by previous inves-

t . t 7,9,12,16,18,19,22 H l d 1ga ors. . owever, the porosity seen in coup es prepare 

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 on a scale almost too fine to be resolved in the 

microscope was found near, but still displaced from, ·the- marker interface. 

Even after the most caref\u 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 broken away during polish-

ing. 

Isolated pores of macroscopic size were found beyond this spongy region, 

i,e., at distances further removed from the interface. These pores were 

quite crystallographic in nature as distinct 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 saturated with oxygen. It is known, ·for example, that 

-silver evaporates more readily in an oxygen containing atmosphere than in 

41 
an inert atmosphere·;· it is also possible that the presence of oxygen might 

t t th . . t . f . 42 accen ua. e e amso ropy J.n sur ace energ1es •. 
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Fig. 9. Distribution of porosity in a silver 
(99. 999o/o)/ 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 Cou;ples 

The structure which developed on surfaces perpendicular to the weld 

interface in cop;per/nickel couples after heating in argon for 240 h. at 900°C 

(total diffusion time = 720 h) is shown in Fig. 10. The following features 

are evident: 

(l) Pores which were originally present on the polished surface 

or which may have broken through the surface during the 

diffusion anneal. 

(2) Plastic deformation within the diffusion zone, as evidenced 

particularly by recrystallization and by the surface rippling 

which a;p;pears on both the nickel-rich and copper-rich sides 

of the interface. 

Barnes17 has made a detailed study of surface ri;p;pling in the Cu-Ni system 

and found that the direction of the ripples in each grain corresponds with 

the intersection.of a (110) ;plane with the surface. He concluded that the 

surface rippling is a direct result of volume diffusion and he associated 

the ri;p;pling with the climb of dislocations. 

More recently, a study of such surface effects was made on single cry­

stals by Ruth. 59,60 Gold-silver alloy cou;ples (i.e., 68 wt %Au .,. .32 wt 1o 

Ag:·v:s. 18 wt %Au - 82 wt tfo Ag) were employed. In agreement with the work 

of Barnes,17 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 regions where.a <112> direction intercepts the surface and 

;passes through the specimen axis. It was concluded that, on the gold-rich 

side, excess atoms are accommodated either at jogs on edge dislocations, thus 

resulting in·.dis1bcation climb in the (110) plane, or at the crystal surface 

as .a result of rapid diffusion along the so-called "dislocation :Pi;pes". The 
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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 produce 

surface protusions. Subsequent sintering could then cause these protru- i 

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

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

ble to carry out a similar ·analysis •. Nevertheless, it was felt that the. 

same mechanism, 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 structual features which have been observed are vitually identical 

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

stantial amount of diffUsion occurred even in those couples that ultimately 

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. 
// 

.------
/' 

C. Dimeztsional Changes and Motion of Porous Zones 

1. Cu-Ni System 

The normal Kirkendall shifts for Spec Cu/Ni arid 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 

where 

a = the slope of the line 

b = the intercept along the "displacement ":-rods. 
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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 lines are 2.2 J.L.;.hr"'1/~ 
for OFHC Cu/Ni; 2.0 J.L-hr-1/ 2 for Spec Cu/Ni. The fact that the lines do ~~t 
pass through the origin may simply indicate that a finite time is required i 

( 
before the steady-state concentration at the marker interface is established. 

The observed dimensional changes in the direction of diffusion are 

summarized in Table·III. For a given time of diffusion, the overall expan-· 

sion is considerably smaller in Spec Cu than in OFHC Cu. The ratio of the 

. . - !-
average overall expansion to the average Kirkendall shift,.~/~, is also 

shown in Table III. It is evident that in both cases the overall expansion 

represents a significant fraction of the normal Kirkendall shift, ~~~ 
being approximately twice as large in OFHC Cu than in Spec Cu. After 720 h 

of diffusion, for example,.this ratio is 0.87 for OFHC Cu and 0.45 for Spec 

Cu. Aj:~ appeared to be constant with time in Spe~ Cu but decreased from 

1.2 after 240 h to 0.87 after 720 h in OFHC Cuo 

The measured expansions after 720 h: 

~ = 2.4 x 10-3 em 

~~.= 5.2 x 10-3 em 

are in good agreement with the expansion calculated from the total pore 

volume, i.e., -3.0 x 10-3 cm3 per cm2 and 5.8 x 10-3 cm3 per cm
2 

for 

Spec Cu/Ni, and OFHC Cu/Ni, respectively, on the assumption that the dimen-
. ' 

sional changes resulting from the formation of porosity are entirely con-

fined to the direction of diffusion. This assumption appears to be justi-

fied experimentally. Measurements have been made of the lateral dimensional 

changes, he., the· distance between adjacent markers at a giveri interface, 

and these have been found to be negligible within the uncertainty of the 

. ) . 4 12 16 measurements (± 2J.L • other ~nvestigators ' ' have also reported that 

in massive diffusion couples the dimensional changes transverse to the 

',\ 
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·· · . TABLE III Dimensional Changes in OFHCCu/Ni and Spec Cu/Ni Couples 
·Diffused at 900°C 

·Diffusion Time 
Hours 

240 

480 

720· 

~~ .. :~ ·'· - ',;. ' 

·: t.'· .. ·. 

··, 
,) 

. · 

··Components 

. OFHC Cu/Ni 

Spec cuiNi 

OFHC Cu/Ni 

Spec Cu/Ni .. 
OFHC Cu/Ni···· 

Spec Cu/Ni 

0' 

Kirkendall shift 
'1_, p. ' 

min 

+17 

+16 

+26 

+26 

+44 

'+44 
·' 

max 

+39 

+33 

. +58 

+64' 

+81 

+68 
·' 

ave 

+30 

+23 

+47 

+42 

+6o 

·+53 

,_,._ 

Overall. expansion Contraction on 
··the Cu Side 

min 

+27' 

+ 6 

+25 . 

+ 9 
.. 

+41 

+12 

. ·-".-- :. 

.. ~,· Jl... · .. 
·. ~'· ll 

. . 

max 

+42. 

+19 

·+56 

+27 
.· . . .!:·;',' 

+64 

ave· min max ave 
.. ·, .. 

+35 . +16 . 0

- 6 . + 5 

+10 - 2 -13 
: ,,:. ---. 

+44 + 8 -25 . ~ 3 
· ... --~ •· ..;~ ••• ; r 

+18 - 7 -48 -24 
, . · .. 
+52 

.·_.+41' ' +24 ~10 -50 ° .,.29 
.~ .... . .. _ .. .: 

. 
. ; . . ... 

:'-'· 

1.20 

0.43 

' . .. 
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'··' . . .· ·. ~ • .... 

-.... 
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.TABLE IV Motion of the Zone of Porosity 

(Values represent average of 15 measurements) · 

Measured Quantity , 

Displacement of boundary I 

. Displacement . of boundary II 

Width of porous zone 

Distance between interface 
marker and boundary I · .. 

Displacement of boundary I 

Displacement of boundary II 

:·i 

Width of porous zone· 

Distance between interface 
marker and boundary I 

'i. 
,, 

~ .... 

...... · .·.·, .,. .. _: 
,I ; .··~-·. 

' ~ . 
. ' . ~ . 

':-. :c•, 
- ,{ ~-: .-:' '· . •' •·· _ .. - .. . . .. 

-:_ -_· '~- .'. ',:--'·.'· 

""· ..__ r' 

·: ,•' .·.··\, ·' 
···' . 

·. ·'·; 
"1:- ' 

; ··, .· 

. : · .. 
,· 

·.,_;. 

·::_ : .. 

...... _" 

;' ·, 

.· ... 

OFHC.Cu/Ni, 
1..1. 

83 

360. 

286 

108 

357 

48 

'•) . ;, 

··.> 
- ~. :~ 

.,.;. .· 

,,.r . ••. 

. ·,: >-.· -· -: 

';' 

,_: 

;.· 

_..~· .· . .. 
·.:-; 

. ' 
I 

f,•j 

. · .. · 
. ~: ' 

' . 

·spec cu/Ni, 
1..1. 

... 

72 

175 . 

103 

30 

93 

222 

129 

40 
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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 contraction { 
' 

on the copper side are shown as a function of the square root of the 

diffusion time. Like the normal Kirkendall shift, ~ and ~ exhibit a 

1/2 t time dependence for both OFHC and Spec copper. However, the least 

square lines through the data for ~ and ~~ if extrapolated to zero time 

would not coincide with the extrapolation for ~' The reason for this 

discrepancy is not known, nor can any explanation be given at present for 
/ 

the fact that the overall expansion in OFHC Cu/Ni after 240 h is greater than 

the expansion on the nickel side. 

It will be noted from Table III, in which the.minimum and maximum 

shifts are also listed, that the scatter in the measured marker displace-

ments,is quite large- significantly larger, in fact, than the uncertainty 

in any individual measurement. Wide variations of this sort have commonly 

been observed in the past. 4' 19 It appears from the data that the behavior 

of individual markers is qualitatively similar to the average, in that the 

displacement of any individual marker increases parabolically with time. 

·No correlation was found between the marker environment (i.e., the size of 

the void surrounding the marker, the distribution 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 the markers exhibiting the minimum and maximum shifts. 

The position of the porous zone with respect to the Cu-Ni interface 

and the average width of this zone was· determined after 480 and 720 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 
(~ 1 ), the over-all expansion of the couple 

(~2 ), and the contraction on the copper side 
(.&3) 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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zone are plotted as a function of the square root of the diffusion time in 

Fig. 13. In Spec Cu, as well as OFHC Cu, both boundaries of the porous 

zone migrate parabolically with time in a direction away from the original · 
" 

marker interface. The average width of the porous region also appears to 

1/2 . 
increase approximately as t in both cases. The porous zone in OFHC Cu 

is about three times as wide· in Spec Cu and this ratio, WOFHC Cu/WSpec Cu' 

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 and Spec Cu. This behavior 

had not previously been observed in the Cu-Ni system, although it had been 

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 
. . . . 9~ 

porosity formed early in the diffusion process by a sintering mechanism. ' 

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 l.imit of the porous zone. 

2.. Ag-Au System 

Silver-gold couples which showed all of the surface characteristics 

·.· · t.hat are believed to be associated directly or indirectly with volume 
. 22 

diffusion, and which subsequently fell apart .in the later stages of the 

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

· law. The dimensional changes observed in Ag (99. 999'/o)/ Au couples were 

similar in nature to those found in Spec Cu/Ni, namely, ~>~ and 

~~~ ':. 0.3 ":' 0.6. The magnitude of the observed:Kirkendall .shift 

(a~ 51-l ... hr-1/ 2 ) is in reasonable agreement with the values reported by 

: ..... 

·J . . 
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ng. 13. The average displacement of the zone of 
porosity as a function of the square root of the 
diffusion time at 900• C. The crosshatched 
area represents the average width of the porous 
zone. (a) OFHC copper/nickel, (b) Spec 
copper /nickel. 
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Seith and Kottmann, 10 and. Heumann and Walther19 when appropriate account 

is taken of the different diffusion temperatures employed by these inves-

tigators. 

On the other hand, in internally oxidized silver-gold couples, 

~~>~,and~~/~,- 1.0 1.3. In addition, the normal Kirkendall 

shif't (a~ 25 ll - h-l/2 ) was much greater than that in Ag (99·999%)/Au. 

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 th~ Ag-Al-0/Au couples there was evidence that 

* grain boundary:- cracking had occurred on the silver side. To determine if 

· this had influenced. the dimensional changes, three identical pieces of the 

oxidized· alloy were welded together with tungsten wire markers at there-

spective interfaces and. the relative displacements of the markers were 

measured after diffusion at 875°C. The observed marker moveme~ts were far 

too small to a·ccount for the dimensional changes in the Ag-Al-0/Au couples. 

D. Concentration-Penetration Curves 

The data obtained from the microprob-e step-scan analysis (see Appendix) 

were plotted on probability paper. This permits the tails of the e-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 r~ctangular coordinates and plotted in the usual 

manner as in Fig. 14. The experimental points are represented in Fig. 14 

by circles. 

From the concentration-penetration curves, it is possible to determine 

the mass flux of both. constituents across the original weld interface. 

* This may possibly have been accentuatedby 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 e-x curves must first be corrected · 

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

culation of D h as a function of composition since changes in d.ensity in-· c em 
' 4 

validate the usual solutions to the diffusion equationo 3 The porosity 
' 44 

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

For this purpose the distribution of porosity as a function of distance from 

* the Kirkendall interface was d.etermined by lineal analysis from photographs. 

The corrected e-x curves are shown in Fig. 14. The amount of porosity formed 

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

interface are represented. by the hatched areas. 

The area ~u under the e-x curve lying to the lef't of the marker (i.e., 

Kirkendall) interface is proportional to the number of copper atoms which 

have diffused across the interface into the nickel side. Similarly, the area 

~i lying above the corrected e-x curve to the right of the marker interface 
// . 

is proportional to·the atom flux of nickel.. The difference between these two 

quantities should therefore represent the net flux of vacancies into the 

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

based on unit area of interface. In Table V, A corresponds to the amount of 
p 

porosity obtained from linear~. analysis.· Thus, the ration, Ap/Acu-~i' should 

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

lives at pores .. 

Values of the chemical diffusivity at selected compositions were then 

45 calculated from the corrected e-x curves by applying the Boltzmann-Matano 

analysis. Dchem is plotted as a.function of composition in Fig. 15. 'I!he 

errors in calculating the chemical diffusion coefficient are greatest at the 

extremes of the composition range where there is the largest uncertainty in . 
* The total pore volume derived. from linear:. analysis agreed. very closely 

with that obtained previously·bY areal analysiso 
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Fig. 15. Chemical diffusion coefficient as a function of 
concentration for OFHC copper /nickel and 
Spec copper/nickel at 9oo•c. 
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TABLE V Relative Amounts (cm3/cm
2 

x 103 ) of Copper 

and Nickel Diffused Across the Marker Interface 

Components ACu ~i ACu-~i ~ ~/Acu-~i 

OFHC Cu/Ni 7-6 1-3 6.3 6.0 0·95 

Spec Cu/Ni 6.2 2.0 4.2 3·0 o.n 

determining the exact· slope of the e-x curve. Consequently,_ near the 

copper-rich end, D h was calculated at a number of closely spaced inter-c em · 

vals, and the best smooth curve was drawn through the resulting points. 

Differences in the molar volumes of the diffusing components and. variations ., 

of these molar volumes with composition have been neglected. No appreciable 

change in the overall volume of the couple would be expected in the Cu-Ni 

system since the molar volume is virtually a linear fUnction of the atomic 

fraction. 46 If the volume of nickel, 3·3 x 10-3 cm3 per cm2, represented 

by the Matano area in the case of OFHO Cu/Ni (see Fig. 14a) is replaced 

by an equal number of copper atoms, the volume increases to 3.6 x 10-3 cm3 

2 
per em • ~e difference, 3.0 x 10-4 cm3 per cm2, corresponds to a displace-

ment of the Matano interface of 3 ~· This shift can be neglected compared 

to the accuracy of the penetration measurements ("' ± 2 ~) and. the approxi-

mate nature of the correction made for the expansion of the couple resulting 

from the formation of porosity. 

The intrinsic diffusion coefficients DCu and DNi' corresponding to 

the concentration at the marker interface· (1 and 1 1
) were then calculated 

from the Darken equations: 

v = (D ... D ) Cu · Ni (9) 



. ; 

and·.·, .:~J 

·,where 
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v = average marker velocity 

. Neu·= atomic fraction of copper 
. . . 

NNi = atomic fraction of nickeJ 

dNCu 
- - concentration gradient · · '. · .. dX -

-~. 

~--. 

·-,· . ':". 

·, : '~ >II ' : .... :.:· •• :_ • ' 

·.: • , ' ~ :, ' T ' • 
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D ·== chemical· diffusion co~ffici4:mt · co~esponding 'to the composi-

tion at the markers • 

(. ·. 

. .. · The average marker velocity was calculated from the marker displacements 
... '. - • . . ..... '. ·. 48. 

· LJ_ ~rid ~, according to· the re:ation: .· . -_ .... 

;;•.;.: 

.- .. ,.•· ... ·'· .. · 

.. ,. 

·'.·. 
'· "' ~ 

,.. 

t\ v =-. 2t '. (11) 

The derived values of DCu and DNi and t):).e ratio ·.Dcu/DNi are liste.d · · 

· • in Table VI together with the concentration at the. average marker inter­

. face (1 and 1' ) • 

TABLE VI Intrinsic Diffusivities in the Cu-Ni 
Systetn at 900°C , 

Composition Chemical Intrinsic 
Components . at markers, diffusi vi ty1 dif~sivities 

N D h (cm2/sec) (em /sec) 
Cu c em 

Dcu DNi 

OFHC Cu/Ni o.8oo 3·3 X 10-ll 9.0 X 10-ll 1.9 X 10-ll 

Spec Cu/Ni 0.793 2.4 X 10-11 5~8 X 10-11 
1. 5 X 10-11 

4. 7. 

3·9 

The-concentration-distance profiles obtained at the position of tr:,e inter-
. . . ·. . ' . . 

·. · 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

turbances in the microp~ove analysis due.to the ~resence of porosity (Fig. 16). 

· the profile.s obtained on the copper-rich side are yirtually the same at both 

:, '. __ ····.,) . -:-. 
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16. 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. 



z 
H 

>. -'iii 
c:: 
Cl> -c:: 

. '.:o .. 

0 

-200 -100 0 

. Distance 

Cu • I f 
: 300fL 

.~t. .. ,J{~~~I I • ... ,_~ •. ' lf tl'• '1 'Ni . ~~ . ·····~- .. 

Minimum shift----

Cu i T 
i .•• 300f-L 

-~~· .. •#*! • .-·y:6 ...... l_ .• ._ 1 
Maximum shift 

100 

0 

:I 
0 ..... 

-Ill 
c: 
Cl> -c: 

MU.27702 

Fig. 17. Same as Fig. 16 except for a Spec copper/nickel 
couple diffused 720 hat 9oo•c. 
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these marker· positions in OFHC Cu as well as Spec Cu. On the nickel-rich \ / 

side, however, it appears as though a greater amount of diffusion has taken 

place in the vicinity.of the marker which shows the minimum displacement. 

This same behavior is seen in both OFHC and Spec copper. A measurement of 

the position of the etch limit (see Fig. 5) relative to these same markers 

* verified. that this effect was, in fact, real. 

Concentration profiles obtained on the copper side parallel to the Cu-Ni 

interface indicated that, at distances of 100 and 200 ~ from the marker in­

terface, the composition was essentially constant in both Spec Cu and. OFHC 
. ' . ' 

Cu • 

* The position of the etch limit, when related to the corresponding e-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 the data it will be assumed that diffusion takes 

place by a vacancy mechanism in the two t?Ystems investigated, and that the _. ·~ 

formation of porosity is indeed the result of the condensation of vacan­

cies. Both the qimensional. 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 zero. On the other hand, if-the excess vacancies are entirely 

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, 

be equal to the normal Kirkendall shift~ The experimental observations 

indicat~ that the actual behavior lies s0mewhere.between these two ex-

tremes and that in OFHC Cu a greater fraction of the vacancies condense to 

form pores than in Spec Cu. '' \, 

' ·'< j. 

Estimates of the relative fractions!Of vacancies which go to pores and 

to dislocations have been obtained in two ways:! (1) from the ratio of-the 

overall expansion to the normal Kirkendall shift' (see Table III); and (2) 

from the ratio of the measured pore volume to that calculated from the 

net ·vacancy flux (see Table V). Both estimates are in reasonable agreement 

and indicate that upwards of fifty percent of the_vacancies go to form pores 

in Spec Cu, .whereas perhaps as much as ~O.to 90% agglomerate a; pores in 

OFHC Cu. These estimates are based on the assumptions that the atomic volume 

of a vacancy is equal to the atomic volume of a copper atom and that the 
·. ' . 

... J ' 

. ' • 
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· volume occupied by a cluster of n vacancies in 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 cluster 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 actually greater than the 

estimates obtained from the present measurements. 

6 Barnes· estimated, on the basis of the relative expansion ap.d. con-

traction on the two sides 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 spectrog~pbically_pure copper used in this investigation. 

6 In the same study, Barnes measured the overall expansion as well as the 

d.ensity changes which occurred in multi-layer diffusion couples prepared 

· II II . 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 condensation may 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 clues.concerning the nature of these· 

nuclei.· It is seen fr~m the analyses given in Table II that the iron and 

sulfur concentrations are somewhat higher in OFHC Cu, and it is suspected 
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that the phosphorus, selenium or tellurium contents mayalso be higher, 

since these elements are frequently added to OFHC Cu in order to improve 
. . 50 

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

selenide, or telluride of a trace impurity such as iron, might possible qe 

present. Such compounds might have the requisite thermodynamic stability 

at the diffusion temperatures to serve as "effective" nuclei. It is also 

poGsible that an oxide may be involved and that the differences in the 

oxygen concentrations between OFHC and Spec Cu might be sufficient to 

account for the observed behavior. 

Some indicat.ion that oxide particles: .or elusters may act as favor- · 

able sites for vacancy condensation is provided by the observations on 

. the nature of the porosity in pure silve:r;- and the: internally oxidized 
#' .; 

silver alloys •. For example, the very finely .distributed porosity seen 

near the marker interface in the oxidizedralloy was absent in pure silver. 

If the observed dimensional changes in these coup1es are associated di~ 

rectly with the diffusion process and are.not causedby secondary processes, 

they would also_ suggest that a greater volume of ~orosity is formed. in 
//' 20 

Ag-Al-Q, •. .Resnick and Seigle reported that. in Ag/Au couples prepared 

from silver having a high concentration of oxygen~ the nature of the 

... porosity was altered, presumably by the p~esence pf Ag20 •. 

The relative excess concentration of vacancH~s present in the diffu-

sion zone at the point where pores just c~ase to form (i.e., boundary II 

· of the zone of porosity) was calculated using an expression derived by 

Balluffi.13 The rate at which vacancies accumulate per unit volume within 
·.. . . 28 

the diffusion zone is given by: 

• 
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oN 
v dt = - div IV-

N R 
vo 

T ' 
(12) 

where Nv is the actual number of vacancies per unit volume, N is the vo 

equilibrium concentration, R = (N IN - 1) is the relative excess con­v' vo 

centration, I is the vacancy current, and T is vacancy lifetime. By v 

making-reasonable approximations, it is possible to obtain an order of 

magnitude estimate for the ratio,R /T corresponding to the conditions under 
c 

-which a stable pore of critical size will be formedo 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 oN/Ot 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 vacancy gradients which 

are established. during diffusion. 

(13) 

and assuming that the ratio of intrinsic diffusivities, K = DCu/DNi' is 

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

N vo 
N 

Rc N [ - (1 - K) .1 
T NNi + KNcuJ 

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

The magnitude of the term (N /N) (R / T) in both OFHC Cu and. Spec . vo c 

Cu has been calculated f:J;"om Eq. (14) at the position iLrt the diffusion 

zone where porosity just ceases to be observed •. The right-hand side of 

(14) 

the equation has been evaluated from the e-x curves and the corresponding 

diffusivity data. It shoUld be noted that the application of Eq. (14) 

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

., ,. 
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interrupted.; this certainly appears to be the case in the couples studied 

. ·.here. The calculated values :f'or (N /N)(R /r) in Table VII suggest .that· 
. . vo c . '. . 

. . . 

. '·. 

pores wili form when vacancies are pumped into any snia.u region of the diffu-

. sionz~ne at _the rate L div Iv~ (-.NvoRc/-r) Jot a~~ut l015/cm3/~ec ·in OFRC, 

.: ~ an~ 1017 /cm3/se~. in Spec. Cu. The higher supersaturations required for 

the nucleation of pores in Spec Cu thanizi OFHC Cu are consis~ent with all 
. . . 

.. of the qualitative observations on the. formation of porosity. It is believed · 

. that these differences can be explained in terms.of the nature and number 

of effective nuclei that are present in the .t;o grades of copper. 
. . N 

In order ·to obtain a numerical value· for. Rc itself, the quantity N v~ · 

j . 

:·,. 

·must be ?-Pproximated. Simmons and Ballufr.i61 have' determined the equilibrium • . 
. . . 

concentration of vacancies in copper [?Y 'a_techniq)le involving· simultaneous 

measurement of the linear macroscopic.expansibn,·LSL/L,· and the X-ray lattice 

. parameter expansion, · k/ a, dut:ing equilibrium heating ... · No lciowledge of the 
- ' . - . 

v~lume relaxation around the vacancy is required since this relaxation contri-

butes equally to DL/L and b3./ a. 

. 3 X 10-5 at 900°C. 

The.meas:Urements:;yield a value of N /N of 
vo 

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

· . by assuming that at the diffusion temperature oilly dislocation jogs are 

'effective sinks for vacanc'ies. With a total dislo·cation density of l07/cm
2

, 

and assuming that one site in every 1000 along a .dislocation line "is an . 
. .· . . . . . . . . . . . _:· ... 11 . . .• 

effective sink, ··a vacancy· woW.d take on the· average 10 . jumps before being . . . . ' . . . . 
. -,; . 

annihilated. The ·vacancy' lifetime under ~hese condf:tions is at most 1 sec 

,. ·. 62 ·' .. '. 
since: . .:· · .. · . ·' · .... _ . . . 

' .... 
. n . 

" . = .....:::J_ • 12 ;v exp ·. (-rP /k) · •. ex:p . (tn/kT) ' 

. . 
·.-..-' 

. •. 

, ... 

,., 

..... · . ·: 
. ~ . { 

> 
,· 

· .. 
. ' ,, 

. (15) 
·' 

.'· '· <1 .'>,',. 
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TABLE VII Data for the Determination of the Relative Excess 
of Vacancies Necessary for Pore Formation 

Composition 2 
Components· at boundary oNCu o NCu D 

II of the chem, 
---a;( Ox2 cm

2
/sec EOrous zone 

NCu N~i 

OFHC Cu/Ni 0-995 0.005 o.4o - 94 1.3 X lQ-lQ 

Spec Cu/Ni Oo95. 0.05 3.6 ·-864 7.0 X lO-ll 

... ' 
' 

Concentration 

on K = DCu 
oN Cu DNi 

1.4 X 10-9 4.7 

6.5 X 10-lQ 3·9 

N R vo c -N 't' 

9.6 X 10-9 I 
VI 

4.8 X 10-7 
~ 
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_ . where nj is the .average number of jumps a vacancy takes in its lifetime, 

v is the characteristic atOmic frequency (taken to be the Debye frequency), 

. ? is. the vibrational entropy ·of motion of a single·. vacancy (assumed to 
62 . . . . . . ' 

be 2R), -~is the energy for motion of a single vacancy (-o.88 ev for 
.· . 61 

copper )1 k is the Boltzmann constant, and T is the temperature. These 
. N 

vo . 
values forT and 'T lead-to critical supersaturations of 0.0003 in OFHC 

C~ and 0.02 in Spec Cu. Both values are in the range of supersaturations 

"reported previously by Balluffi and. ot~ers. i3,l8, 21 · It has been shown that 

vacancy supersaturations of the order of 1% are required for an unextended· 

edge di~location to act contin~ously as a sink for _vacancies by a climq 

-·process. 27129 Even if .such supersaturati~~s existed within the diffusion 

zone (a~ appears 'to be the case i~ the Spe'c Cu/Ni 'couple), climb would be. 

more difficult in copper because the dislocations are 1 in general, extended.· 

This-means that the ·partials cannot move out of their slip plane without 

_creating a sizeable surface energy misfit.; The amount of misfit will 

depend on the extent to which dislocation.jogs are dissociated and therefore 
. 2 .· . 2 ~ ~ 

upon the stacking fault energy ( 40 ergs/ em or 70 erg.s/ em in copper) • ' . ·. 

The exa~t geometry of jogs associated with.extended dislocations is still 
'• . 
' 

. quite uncertain.62- 67 Nevertheless, a'supe~saturation in excess of 1% 

-would ni.ost probably be required. in order for the . dislocations in copper 

. . to move in a non~conservative fashionand thereby function as effective 

,. .. . ~ 

vacancy sinks. 

Other things being equal;· the relative fraction of vacancies which 

end. their lives at pores and at ~slocations will::be determined, at least 

in part, by the ease with which dislocations climb. Hence, e:ny factor 

·which makes climb more difficult will favor pore:formation, assuming that 

the density of nuclei is not changed..' One wouldltherefore expect't'o find 

; .. 
(J·. 
• .~ > • • • 

·1(".·,,. ·' 

I 
·'. 
".::,.···' 

.. ~ 

~ :. . 

' . .. 
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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 obf?erved differences in porosity" 

between Spec Cu and OFHC Cu can be attributed to d.ifferences in the ease 

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

nuclei cannot be clearly established. However:, since climb is already 

difficUlt in both cases, it seems more reasonable to assume that the 

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

for vacancy agglomeration in OFHC copper. 

The possibility that defects which are found in quenched metals and 
'­

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

. represent an intermediate step in the formation of porosity observed in 

diffusion couples recently has been considered. 53 -This poss~bility seems 

unlikely since defects of this type are formed in the presence of an excess 

vacancy concentration far greater 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 to nucleate. In addition, collapsed 

vacancy discs a.nd stacking fault tetrahedra are known to anneal out at 

temperatures well below those usually employed in diffusion experiments and, 

ther~fore, they would not be expected to be stable at the diffusion tempera-

ture. 

The concentration-penetration curves (see Fig. 14) for OFHC Cu/Ni and 

Spec Cu/Ni couples do not exactly superimpose. This could possibly be the 

result of enhanced diffusion through the vapor phase or along pore surfaces. 

Since the vapor pressure of nickel is lower than that of copper by a factor 
' . 

of 105 at the diffusion ~emperature, pores might, in fact, act as closed 

44 circuits for the transport of nickel and open circuits for copper. As 
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. . . 54 ... ' 
was pointed out by Thomas and Birchenall, if surface and vapor diffusion 

are fast compared with volume diffusion around a pore, porosity will 

·accelerate diffusion. If surface and.vapor transport are slow compared 

with volume diffusion, diffusion will be inhibited. Translation of the 

pore produces a greater average displacement of the richer component on 

the side of the couple toward which the ~ore is moving, i.e., Cu! There­

fore, because. of the presence of a greater pore volume in the OFHC Cu/Ni 

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

occurred to a greater extent, this could account for ~he observed differ-· 

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

The differences 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 available nuclei for' 

vacancy condensation. 

2. The location of the porous zone and the distribution of pores within 

this zone is not d.epend.ent upon the orientation of individual grains 

nor upon the availability of grain boundaries in copper/nickel coupl~s. 

3• The overal expansion of OFHC Cu/Ni and Spec Cu/Ni couples is accounted 

for qu~ntitatively by the formation of porosity in the diffusion zone. 

4. 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. 

5· It appears that dislocations do not provide very effective sinks for 

., vacancies during diffusion processes in copper/nickel. couples~ 

6. It is estimated that pores will form when vacancies are pumped into 

any small region of the diffusion zone at the rate of about 

l01 5/cm3/sec in OFHC Cu/Ni and 1017/cm3/~ec in Spec Cu/Ni~ 

7o The relative excess concentration of vacancies in the diffusion zone 

at the locations where pores initially form is estimated as approxi-

mately 0.0003 in OFHC Cu/Ni and 0.02 in Spec Cu/Ni after 720 h of · 

diffusion at 900°C. 

8. Aluminum oxid.e partiGles or clusters in silver appear to have influ-

enced the normal distribution of porosity in silver-gold diffUsion 

couples, and are, therefore, believed to be acting as favorable sites 

for vacancy condensation. 
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·APPENDIX 

In ·a. binary a.lloy, e.g., Cu-.Ni, the weight percent copper is given 

· by the ratio of the corrected intensity of the characteristic CuK~: 

radiation emitted by the sample and that obtained from the pure standard. 

Corrections to the measured Xo.ra.y intensitiesmust, in general, be made 

· for: 55-57 a) ·absorption in the sample and in the 'standard, b) fluorescence 

effects,· c) back scattering of electrons, d) variations· in the specific 

decelerat~ng power of electrons with atomic number. 

· The copper-nickel system appears to be nearly ideal since all of the 
' . 6 . . . ·. ·. . . . · ... 

required corections are small.· As Poole5 has shown, both c)· and d) are 
. . 

negligible when the atomic numbers· of the components are nearly identical, · 

as is the case with copper (Z ;.. 29) and. nickel (Z = 28). No fluorescence 

correction need be applied to the observed CuK . intensities since neither 
a.. 

NiKa. and NiK
13 

excites the K shell of copper. The absorption correction is 

'' · · _ also quite small inasmuch as the mass ap•sorption coefficients of copper and 
·. . . ., ~ 

nickel for CuK a.ndNiK are small and of the same order of magnitude. a. a. 

Nevertheless, an absorption correction has been made in accordance with the · 

method·,proposed by Birks. 39 The magnitude, ~f this correction is less than 
' . . . \ 

. I 

· .· · 1.0% over the entire concentration ra.nge· and is therefore of· the same order 

as the uncertainty in-the' measurements themselves. The resulting calibra-

. tion curve relating relative intensities· of CuK .. to atomic percent copper, 
.a. 

is shown in Fig. 18. 

Since the K shell of nickel is excited by the CuK
13 
rad~ation, a fluores- · 

cence correction would be necessary whenmakd.ng :the analysis with respect 

. to NiK • This effect should be small,. but might .be significant enough to a, . . 

account for the ·fact that the sum of the rel~tive intensities IC /I(Cu} and . . . . . . . u . . 

INi/I(N~~- departs from unity by as much as 3% in the intermediate composition 
• .. 

ranges. · '·,· 
•. •·. 

'-·~· .. 
. ... 
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Fig. 18. Calibration curve. Relative Cuk x-ray emission 
intensity vs atomic percent coppejl in nickel. 
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