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INTRODUCTI ON

During interdiffusion in binary metaltic couples which form sub-
stitutional alloys, one of the metals exhibits a higher rate of diffu-
sion than the other. No exceptions to these unequal diffusion rates
has been reported, and the vacancy mechanism of diffusion is dominant
in FCC alloys.' These unequal rates give rise to mass flow across the
couple in the direction of the slower-diffusing metal, with vacancy
flow and marker migration in the opposite direction. The mass flow
and marker shifting phenomena together are known as the Kirkendall
effect.2 Porosity usually develops in the side of the faster~diffus-
ing element because the vacancy flow into that side supersaturates the
lattice with vacancies.2»3-6 [nstead of precipitating at pores, some
of the excess vacancies in the lattice are annihilated at internal
sinks such as dislocations, grain boundaries, etc.3’6'IO This causes
the lattice to contract, thereby placing the fast-diffusing side of
the couple in tension. The opposite side of the couple is undersat-
urated in vacancies because of a gain in mass. Thus, this side of the
couple tends to expand by creating lattice sites, thereby placing the
side of the siower-diffusing element under compression. Consequently,
when chemical stresses due to nonequilbrium vacancy concentrations are
relieved by annihilating or creating lattice sites, the resultant
volume changes can develop stresses in the interdiffusion zone,6'8
Stresses due to volume changes which arise from lattice parameter

differences (atomic misfit) also can be induced during interdiffu-



sion. 6,9-26 These amount to only a small fraction of the stresses
caused by the presence of vacancy gradients in common FCC-metal
couples such as Cu/Zn, 2-9']°v'26u/Ni,6 and Ag/Au,27 but can be very
16-26

large in very high-misfit systems such as doped semiconductors.

Diffusion-induced stresses are three-dimensional at their inception,
but the component paraliel to the diffusion direction is commonly
thought to relax to a negligibly~-small value. This conclusion is based
onh the assumption that the couple material can elastically contrac£ or

expand freely in the diffusion direction.3’6"8’m’]2 However, the

couple mass is welded into an integral body which is not free to con-
tract or expand in directions perpendicular to diffusion. Therefore,
the two-dimensional stresses in these directions are not relieved by
mass flow. A planar view of diffusion-induced stresses, marker shift-
ing, and porosity are depicted schematically in Fig. 1(a) for a typical
bulky Kirkendall couple comprised of hypothetical metals, A and B.

The vast majority of investigations of chemical diffusion have in-
volved solid/solid bukly couples having dimensions on the order of mm
or cm. In the few cases where solid/vaporé'ls or solid/solid?7 couples
were made very Ehin in the direction of diffusion, overall bending of

the couples occurred as depicted in Fig. 1(b). (The side richest in

the faster-diffusing element always forms the inner, concave surface).

Two mechanisms have been proposed to explain bending. Barnes6 and

Queisser'6 attributed bending of their solid/vapor couples to diffu-

sion-induced stresses. Barnes attributed these stresses in his Cu/Ni
couples to vacancies and atomic misfit (mostly vacancies), whereas

Queisser attributed them to misfit alone in his (high-misfit) Si/B
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L.
couples. As a second bending mechanism, Liu and Powell27 suggested
that dislocation climb parallel to the diffusion direction could haQe
contributed to bending of their Ag/Au couples. The climb would occur
to accomodate mass flow across the interdiffusion zone. They also
noted that bend-producing climb would not contribute to marker shift=~
ing. However, nothing was known about marker shifting in thin-sheet
couples to test this possibility. In fact, little else was known
about bending couples except that substructure formed in them.ﬁ’]();27
In contrast to the scant knowiedge of thin, bending couples, much was
known of bulky, nonbending couples. Bulky couples have exhibited
marker shifting and porosity, and various stress-induced plastic de-
formation phenomena occur in the interdiffusion zone, These are the

destruction of the original crystallinity,6’12'28’29 the generation of

dislocations or substructure,6’12'13’16'26'28 recrysta]lization,3’12’28’
29 surface deformationlz’28 and internal cracking,9’30'31 Diffusion-
induced stresses also have been said to create8 or aid]0 porosity

formation, Information concerning these same phenomena in thin-sheet
couples is sought here to describe and understand better the role of
diffusion-induced stresses and plastic deformation in Kirkendall
couples, especially with regard to bending. Also, such information
would hopefully be useful to the recent technology of diffusion bond-
ing of engineering components, especially with regard to thin-sheet
laminate composites.32
The Ag-Au system was selected for study in the present work pri-
15,33,34

marily because it displays extremely little atomic mismatch

or volume change35 upon mixing, as indicated in Table l., This essen-



Table 1. Atomic misfit in some FCC binary alloys.

Binary % Atomic Misfit®

259¢b 720°¢¢

Ag-Aud 0.18 0.54

Cu-Nid 2.54

Au-pdd L.71

Ag-pdd L, 90

Cu-Pd 7.35 )
Ni-Pdd 9.89

Au-Cu 12.05

Ag-Cu 12.24

Au-Ni 14.59

Ag-Ni 14.78

dAtomic misfit is calculated from the tomic radii of the binary com-
ponents, A and B, according to |ra - rgt .
(rA + rB)/Z

L

batomic radii from Pearsond+,
Catomic rgdii from high-temperature lattice parameters determined by
Warlimont33. The very small atomic misfit in Ag=-Au is additionally
supported by the maximum change in volume being only 0.63% upon form-
ing homogeneous solid solutions at 600°C, and nearly zero for liquid
solutioning?”.

Binary phase diagrams3l"36 show complete mutual solubility with no
ordering or imiscibility at temperatures generally employed in diffu-
sion experiments.



6.

tially eliminates the complicating factor of atomic misfit stresses
in the interdiffusion zone. Thus, practically all diffusion-induced
stresses in Ag/Au couples can be attributed to nonequilibrium vacancy
concentrations created by the unequal diffusion rates of Ag and Au
(DAg ~ 2.5 Dy, in their alloy at 75000*). Also, the Ag-Au system is
34,36

single-phase FCC with complete mutual solubility, and the unival-

ent Ag and Au are immediate neighbors in Group 1B of the periodic
table. Furthermore, Ag-Au diffusion kinetics are Well-established,38'
L5 and a reliable method for determining the system's composition

L6

gradient by electron microprobe X-ray analysis is known.

*This constitutes a significantly large (but not the_largest) Kirken-
dall effect relative to other FCC Kirkendall systems3 . However,
other binary systems have moderate to large atomic misfits, as seen

in Table 1.



L1TERATURE SURVEY
The Kirkendall effect in substitutional binary alloys was first
.described by Smigelskas and Kirkendall.2 They found that molybedenum
marker wires placed at the original join of their Cu/brass couples
shifted parabolically toward the brass side during diffusion (marker

shift = constant Ytime, or Xy = ktZ), indicating that Zn diffused more

rapidly in alpha brass than did Cu. Volume differences due to lattice
parameter changes during alloying accounted only for one-fifth of the
shift. Etch pitting susceptibility on the brass side of the couple
interface was interpreted as a decrease in brass density, which sup-
ported their contention that Zn was leaving the brass side faster than

it was being replaced by the incoming Cu. Smoluchowskiq7 stated that

the above experiment convincingly indicated that, in addition to the

two kinds of atoms, a third constituent, vacancies, was moving during
diffusion. C. S. Smith!! discussed the necessity of voids due to the
net mass loss on the brass side; he also postulated that lattice par-
ameter strains in the interdiffusion zone could result in extended

lattice dislocations, slip, and microscale fissuring. Smith,]l Me&h],'l'8

and Darkenhg concluded that Smigelskas and Kirkendall's results re-
quired that individual diffusion coefficients be assigned to each of

the two diffusing atom species. Shortly afterward, Darken®0 derived

expressions for the intrinsic coefficients in his analysis of the
Kirkendall effect, and included phenomenological relationships be-

tween the various diffusion coefficients (tracer, intrinsic, and

7.



8.
chemical) and marker velocity. Based on the assumptions of (1) con-
stant cross section area perpendicular to the diffusion flow, (2)
constant molar volume throughout the couple, and (3) no porosity,

Darken showed that

D = DpaNg + DgNa cee
* alnyi

Di = Di(l + 573—37) i = AorB vee 2

vm = (DA-DB)g—S—A=§% e 3

, where

D = chemical interdiffusion coefficient in a binary A/B couple, as
determined by the Boltzman-Matano method .” 1152

D; = intrinsic diffusion coefficient of A or B in alloy A+B.

? = radioactive tracer diffusion coefficient of A or 8 in a chem-

ically homogeneous alloy A+B.

Ni = mole fraction of A or B.

Y; = thermodynamic activity coefficient of A or B in alloy A+B.

Vm = marker velocity.

X = marker shift which occurs during isothermal diffusion time, t.
2 = slope of the concentration-penetration curve at the marker
plane.

This treatment requires that the vacancy concentration to be the
equilibrium value at all points in the diffusion zone. Darken's
Egn., 3 implies that all of the mass flow which occurred in the couple
is given by the volume of material through which the markers moved.
it is seen in Fig. 1(a) that this volume is given by the marker shift

multiplied by the couple area normal to direction of marker shifting.



9.
Ailter deriving the above expressions, Darken showed that Egqns. 1 and
3 described reasonably well the Kirkendall behavior which was experi-

2 and

mentally observed in a marker shifting study of Cu-<X brass.
that Eqns. 1 and 2 described, within experimental error, the diffusion
behavior of the Ag-Au system38 as determined from tracer diffusion
experiments. A very extensive tracer diffusion study by Reynolds,
Averbach, and Cohen30 showed that Darken's relationships between
tracer diffusivity and thermodynamic activity, given by Eqns. 1 and 2,
describe well the Au=Ni system.

However, problems have been met in applying direct” marker shift-
ing results to (Darken’'s) Eans. 1 and 3, one of the problems being
erratic, nonuniform marker shifting. While marker distributions
within individual couples which contain several markers are not gener-
ally reported, radiation intensity distributions of tracer oxide
markers in Ag/Au couples indicate that the markers in any given couple
are scattered over a distance comparable to their ''computed average''

42,45

marker shift. It is more common to report only the computed

average marker shift for each couple. When a series of like couples is

diffused isothermally for various times, the average marker shifts of

many of the couples deviate from the average parabolic shifting rate

of the series. While these deviations sometimes amount to only a few
53151} . “ g N o+

percent, they are often significantly higher, and can be up to <

26%3:55 and * 50%3. Reynolds et a1.39 found marker shifting to be too

inconsistent to describe the Kirkendall effect in their Au/Ni couples.

*A "direct' marker shift is the difference between the marker positions
measured directly from the couple before and after diffusion.



10,
Da Silva and Mehl3 shuwed Lhat direct marker shifting measurements in
their various FCC couples was a ''most unreliable' means of measuring
the Kirkendall effect. |Instead, they took the Matano plane to be the
prediffusion position of the markers, employing graphical area measure-
ments from concentration-penetration curves to determine the Matano
plane (this is known as the'indirect! measure of marker shifting}.
Hartley et al.56 experienced similar difficulties in BCC couples, often
obtaining negative values for the chemical diffusion coefficients when
using direct marker shifting results according to (Darken's) Eqns. |
and 3. Kohn et al.s3 performed a careful experiment to test the Kirk-
endall effect in the Fe-Ni and Fe-Co systems by comparing results
obtained from both tracer and marker methods. They showed that the
Kirkendal)l effect predicted by theory is 2-3 times smaller than that
actually displayed by marker shifting (the theory included both Darken's
equations and Manning's modification of Darken's equations, which
incorporates the vacancy wind effect). Dallwitz?/ also found a serious
disagreement between the theoretical Kirkendall effect and that calcu-
lated from {wire) marker shifting data in Ag/Au couples. Part of the
discrepancy between theory and experiment was believed due to some of
the markers lying within pores57 and spurious marker shifting caused
by plastic deformation phenomena in the diffusion zone, such as the
destruction of original crystallinity, polygonization, and recrystalli-

3,53,56

zation. These plastic deformation phenomena and some other fea-
tures of Kirkendall couples are presented below.
An early, systematic verification of the Kirkendall effect was

performed by da Silva and Meh13. They varied several fabrication and



11.
diffusion parameters in order (o ascertain that the Kirkendall effect
was real and not a consequence of the properties of the markers, impér-
fect joining, pre-existing porosity, degassing, or volatile mass
transfer., To this end, they varied diffusion temperatures, heat treat-
ing atmospheres, couple fabrication techniques, couple dimensions, mar-
ker materials, and marker geometries in several binary alloy systems,
Cu-Zn, Cu-Al, Cu-~Sn, Cu=-Ni, Cu-Au, and Ag-Au., Despite relatively
large scatter in marker shifting data exhibited within any given alloy
system, their experiments essentially confirmed the parabolic marker
shifting behavior in Kirkendall-type couples. The rate constants,

k, in X, = kt% depended strongly on the metals and alloys from which
the couples were made, as expected from Darken's analysis, Eqn. 3,
where Dp - Dg would vary according te the binary system. The marker
motion was always in the direction of diffusion flow. Markers placed
to detect lateral shifting (perpendicular to the diffusion flow)
revealed that no such shifting resulted from the mass flow effect.
Furthermore, the lateral markers shifted only one~tenth of the amount
predicted from changes in the lattice parameter which occurred upon
alloying in the.interdiffusion zone. Thus, da Silva and Mehl concluded
that changes in couple dimensions which occurred during diffusion were
limited to the direction of diffusion flow.

Da Silva and Mehl's couples were made from round slabs which were
either 6 or 12 mm-thick in the diffusion direction. Grain sizes were
varied in some of these couples. On the basis that marker shifting was
independent of slab thickness and grain size, they concluded that

neither the sample surfaces nor grain boundaries were acting as pri-
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mary sources or sinks for vacancies and, therefore, the net vacancy
fluxes were occurring within the grains of the diffusion zone. This

58

was in contrast to an earlier suggestion by Seitz that grain boundar-
ies and couple surfaces could be sources and sinks for point defects
during the diffusion process. Da Silva and Mehl found porosity in the
diffusion zone in some of their couples. |t was always located on the
side richest in the faster diffusing element. They noted that porosity
in Cu=Zn couples was greatest near the markers and was located at éome
of the markers in the Cu-Zn and Cu-A)l couples. The multigrain boundary
which formed along the original join during welding was observed to
migrate with the markers, and was interpreted as grain growth which
possibly resulted from strain accompanying diffusion.

Da Silva and Mehl3 rationalized the existence of marker shifting,
porosity, and dimensional changes by employing the vacancy mechanism
of diffusion. Their selection of the vacancy mechanism was based, in

58 that diffusion by direct atom inter-

part, on the argument by Seitz
change could not account for marker shifting; neither could Zener's”9
cooperative ring rotation mechanism. Da Silva and Mehl proposed that
nonequilibrium vacancy concentrations within the diffusion zone on
either side of the couple could be eliminated by forming edge disloca-
tions. They suggested that these dislocations could be formed on the
porous (excess vacancy) side by vacancies occupying former atom sites
along a2 lattice row which was perpendicular to the diffusion flow.
Interstitials would align accordingly on the nonporous side to form

dislocations of opposite sign. Edge dislocations formed in this man-

ner would result in the destruction of lattice sites on one side of
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the couple and the creation of lattice sites on the opposite side.
As the matrix relaxes in a direction parallel to the diffusion flow
in order to accomodate the above process, markers would be displaced in
a direction parallel to the diffusion flow. The authors felt that
Eatrix relaxation, which was due to the formation of either disloca-
tions or pores, was uninhibited in the direction of diffusion. The
lack of similar relaxation in the lateral direction was presumed to be
due to "...the elastic restraint of the couple as a whole that restricts
contraction to the place perpendicular to (the)direction of diffusioﬁ
flow." Mottso, in an analysis of vacancy formation at edge disloca-
tion jogs, supported da Silva and Mehl's explanation of point defect
condensation along edge dislocations. Also, he attributed porosity
to the direct condensation of vacancies into macroscopic holes.

Shortly following the early work on the Kirkendall effect by

50

Smigelskas and Kirkendal1? and Darken’", the vacancy mechanism of dif-

58,61,62 4

62

certain corresponding agreements with Darken''s results were shown-<.

fusion was treated from the standpoint of kinetic theory

A condition required to correlate the vacancy diffusion mechanism

with Darken's analysis was that vacancies are maintained in local
thermal equilibrium. Grain boundaries and dislocations, acting as
sources or sinks for vacancies, were to help maintain the required
equilibriumsz. Bardeen and Herring7’63 incorporated the above concepts
in their treatment of vacancies in Kirkendall couples. Of particular
interest here is their treatment of edge dislocations operating as
sources or sinks for vacancies when in the presence of a thermodyna-~

mic chemical potential, uy, due to nonequilibrium vacancy concentra-
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tions. They derived the relationship

py = kT In{n,/n§)
. where ny, ns = actual and equitibrium number of vacancies, res-

pectively, in the diffusion zone, They next adopted Shockley's6h sug-

gestion that end-pinned edge dislocations could form a climbing analog
of the Frank-Read source, and thus could operate as continuous sources
or sinks for vacancies. Bardeen and Herring then calculated that vac-

ancies could exert a chemical stress on dislocations according to

Uch = Mg

, where L atomic volume. Equating the chemical stress to that
required for '""bow-out'" operation of a climbing dislocation, they found
that a mere 1% supersaturation, S, (or undersaturation) of vacancies
could operate a regenerative climbing dislocation source, where

s = ¥ .

e
ny

Thus, the chemical potential of vacancies could be maintained very

near their equilibrium value during Kirkendall diffusion by climbing
dislocations which act as very effective sources or sinks, Bardeen and
Herring7 also néted that the lack of lateral dimension changes in

da Silva and Mehl's3 Cu/brass couples indicated a preferential growth
of planes oriented perpendicular to the diffusion flow. To explain
this, they proposed that preferential growth occurs for dislocation
rings which lie in planes perpendicular to the diffusion flow, these
planes being in the rapid diffusion zone whefe there is an unbalance of
vacancies. Dislocation rings oriented parallel to the diffusion flow

could also serve as sinks or sources, but these would grow out of the
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region of vacancy unbalance and would eventually become disfavored,
The continued operation of the Bardeen-Herring (B-H) source

requires that the climbing edge dislocation be pinned at its ends,
such as by screw dislocations. In addition to pure edge dislocations,
mixed dislocations can climb under chemical stresses created by vac-
ancy supersaturations (osmotic forces); helical dislocations are formed
in this manner,65 Spiral dislocations can be similarly formed by pin-
ning only one end of a climbing edge dislocation.66 All of these

!,
climb mechanisms can operate under the same supersaturation of ~ 1%".

In TEM {transmission electron microscopy) studies, B-H sources®9 and

helical dislocations/C have been observed in quenched metal alloys
having large vacancy supersaturatféns, and chemical stresses developed
duriﬁg diffusion have operated B-H sources in Au-doped Si.26 However,
B-H sources were not found in Ag/Au27 or Cu/brass!'3 couples,

The very early experiments on the Kirkendall effect2;3 resulted
in some metallographic evidence of stress in the diffusion zone (slight
grain boundary motion, distorted marker pésitions). In a study of the
Kirkendall effect, Barne56 obtained convincing evidence of high stres-
ses and plastic deformation in the diffusion zone by employing metal-
lographic and X-ray diffraction.technfques. Twin béundaries in the
diffusion zone of his Cu/Ni couples (Dg,>Dy;) were observed to be
curved, and some unidentified boundéries appeared as weak ghost bound-
aries. These boundary observations in the diffusion zone were taken

as evidence of localized, violent distortion. Microfocussed back

“Generalized treatments of the osmotic forces produced by vacancies on
dislocations can be found in texts by Hirth and Lothe®8 and Weertman
and Weertmanb7.
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reflection Laue X-ray photographs revealed, via spot splitting, poly-
gonization (substructure) in the same zones, the angle between each
polygon being about 2°. The same X-ray technique was later used by
Bolk28 to show that substructure formed in his Au/Pt couples.

Barnes6 also investigated marker shifting and porosity in his
Cu/Ni couples, employing as markers the small inclusions which existed
naturally at the original join; this is often referred to as 'weld-
ing debris'.” 8y monitoring the density and external dimensions of
his couples, he observed that the Cu/Ni couples underwent swelling,
principally in the direction of diffusion flow. He also observed
swelling in Cu/ e< ~brass couples by placing tungsten wire markers in
the Cu material which was outside.the interdiffusion zone, then com-
paring their shifting with those which were placed at the original
join. Swelling was indicated by the outer markers shifting in a dir-
ection opposite of the Kirkendall markers. He attributed the swelling
in both types of couples to void growth which developed from the con-
densation of excess vacancies. Observing that the volume occupied by
the voids was only a fraction of the amount of vacancy flow indicated
by marker shifting,** Barnes concluded that many vacancies were elimin-
ated from the lattice by means othe} than condensation at the voids.

He experimentally ruled out the couple surface as a sink or source by

*This practice, used by Barnes and othert:y,5'£’f4’56'7I is based on the
observation of da Silva and Mehl” that the moving boundary marked by
welding debris is the actual marker (Kirkendall) interface. Conversely,
it has been shown that this interface shifts measureably slower than
inert markers placed purposely at the original join57.

**|n his analysis, Barnes assumed (as have other58'72) that vacancies
occupy the same volume in the voids as they do in the lattice, This is
probably a poor assumption.
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(1) diffusing couples comprised of sandwich stacks containing up to
48 welded strips (alternately Cu and Ni), then (2) observing that the
outermost couples contained the same amount of porosity as the inner-
most. From this, Barnes concluded that vacancy sinks and sources
were operating within the diffusion zone in the form of grain bound-
aries, subboundaries, or edge components of dislocations. Their
operation would place the lattice in a tensile or compressive state of
stress by the annihilation or generation of vacancies, respectively.
These stresses could plastically deform the metal in the form of
shrinkage -where vacancies are annihilated, or expansion where they are
created. The resulting dimensional changes would occur in directions
having the least restraint. (Thié is the mass constraint effect Qes-

cribed'earlier3)-

Barne56 observed that many of the pores in his Cu/Ni couples had
crystallographic (polyhedral) shapes. He attributed this to crystall-
ographic faces having a lower surface energy than spherical voids, and
that surface diffusion would aliow the vaids to adopt the lower
energy configuration. His explanation was based in part on knowing
that single crystal spheres of rocksalt assume crystallographic shapes
upén annealing. Barnes' argument is further supported by tHe later
work of Sunquist73, who developed crystallographically-shaped (poly-
hedral) particles by annealing micron-sized condensed droplets of
Ag, Au, Ni, Cu, and Fe. Sundquist calculated that the polyhedral
shaping of the initially~rounded droplets was due to a minimumization
of surface energy. Additional indirect support is given by the inert

gas ,bubbles formed in Cu by irradiating with 100 KV argon ions, then
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annealing under hydrostatic pressure to grow bubbles. TEM studies
show such bubbles to have polyhedral shapes along low indice planes.7h
Also, polyhedral pores form along low indice planes in Ni when vacan-
cies precipitate out of Ni foils, the vacancies being created by elec-
tron bombardment during high energy (IMV) TEM of the thin foils./>

A dramatic demonstration of the Kirkendall effect for a wide vari-
ety of binary metal systems (Cu-Ni, Ag-Au, Cu-Ag, Cu-Fe, Fe-Ni, Cu-Zn,
Ni~Zn, Cu- o¢ brass) was obtained by Kuczynski and Alexanderu by wrap-
ping thin wires of one metal around a cylinder of its complementary
binary metal, diffusing the wrapped sampie, then metallographically
observing the cross sections. Mass flow effects from unequal diffusion
rates of the binary elements causéd the wire of the slower-diffusing
element to sink into the matrix of the faster-diffusing element
(called '"digging'' by the authors). Porosity was often observed in the
diffusion zone rich in the faster-diffusing material.

The density and shape of porosity were metallographically observed
by Balluffi and AIexanderS in the Kirkendall systems Cu-Ni, Ag-Au, and
Cu- &¢ brass. They concluded that pore formation did not depend on
the surface of solid/vapor because 0.14 mm-thick couples displayed the
same amount of porosity as 2 mm-thick couples. The pores were ofteﬁ
polyhedral in shape in the early stages of diffusion but became round~
ed after considerable diffusion, rebortedly a sintering effect. For
a given weight loss of Zn during dezincification™, porosity density

decreased with increasing temperature., This, too, was attributed

*Dezincification, which occurs because Pzn >> Pgy @nd Dy, > Dey, is
carried out by heating brass in vacuum in order to obtain an outward
flux of Zn.



(possibly) to sintering.

Seitz72 attempted to interpret the formation of voids in Kirken-
dall couples in terms of vacancy condensation at heterogeneous nuclea-
tion sites within the diffusion zone. He pointed out that his analysis
was hampered by a lack of knowledge concerning the origin, size, and
distribution of stable pore nuclei, and by the lack of agreement be-
tween different investigators concerning their observations of the
density and distribution of porosity in similar couples of either
Cu/Ni, Cu/Zn, or Ag/Au.

Bal]uffi76 employed part of Seitz's analysis72, plus experimental
porosity observations made by himself and others, to calculate that
voids could form from vacancy suﬁersaturations via heterogeneous nucle-
ation at second phase imphrity particles in the matrix and at the ori-
ginal join of Kirkendall couples. Excess vacancy concentrations of
0.01 or less were calculated to be sufficient for this purpose.

Balluffi and Seigle9 metallographically examined dezincified
brass sheets and found that porosity was affected by both sheet thick-
ness and grain size. The grain boundaries in their thinnest sheets
(~ 15 pum) acted as very effective sinks, resulting in a scarcity of
pores near the boundaries and causing a contraction of the specimen
in a direction perpendicular to the boundaries. This shrunk the sam-
ples in directions both paralle! and perpendicular to the diffusion
flow, but more in the parallel direction where mass constraint was
less. While some grain boundaries behaved similarly in much thicker
sheet samples, the converse was generally found, whereby voids were

located preferentially at the grain boundaries. They suspected that
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this difference between sheets of different thickness was due to in-
adequate.grain boundary area for transporting vacancies in the larger-
grained thick samples and/or to larger diffusion distances along the
longer grain boundaries in the thick samples. Excess vacancy concen-
trations were generated by the preferential loss of Zn outward from
the sheets. .The resulting osmostic pressure created two-dimensional
tensile stresses perpendicular to the diffusion flow, the stress
component parallel to the flow being free to relax. The stresses
perpendicular to the diffusion flow were likewise relaxed by contrac-
tion in the 15 pm-thick brass sheets because the interior of the sheets
had also lost considerable Zn and contracted in the same manner as the
outer surfaces. |[n the much thicker sheets, however, the loss of Zn
was essentially limited to the narrow region along the surfaces, there-
by leaving the interior in compression with respect to the surface.

The two-dimensional stresses near the sufface were thus restrained from
relaxing by the interior mass. These stresses cracked open many of

the void-ridden boundaries which were parallel to the diffusion flow,
and some cases caused grain boundary sliding, Balluffi and Seigle
believed that the diffusion-induced stresses were, along with vacancy
currents, instrumental in void formation. Accordingly, they calcu-
lated that stable voids could be formed when the stresses reached the
yield point of the brass and the vacancy supersaturation reached a mere
0.006 (0.6%). They also thought it possible that the dual role of
grain boundaries in the thick sheets being either preferential void
sites or void-free vacancy sinks could have resulted from stress

differences due to elastic anisotropy, or differences in heterogen-
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eous void nuclei at various boundaries.

Nearly simultaneous with the above stress-related analysis of
porosity by Balluffi and Seigle9, Brinkman8 performed a similar but
more sophisticated analysis of diffusion-induced osmostic stresses in
Kirkendall couples to show that the two-dimensional stresses perpen-
dicular to the diffusion flow can reach the yield point of the material
when only 1% or more of the diffusion-generated vacancies are elimin~
ated at edge dislocations or other internal sinks. He then calculated
that the deformation yielding and fissuring which result from these
shrinkage stresses can nucleate and grow stable voids, all without
sustaining excess vacancy concentrations.

Internal cracking from diffusion-induced stresses in Kirkendall
couples -has also been repbrted’to occur in the nonporous regions which
are rich in the slower-diffusing element. Reynolds et al.30 found

internal ruptures in the Ni-rich (stow diffusion) side of several dif-
fused Au/Ni couples. Ruth3] observed grain boundary cracking in the
Au-rich (slow diffusion) side of his Ag/Au couples.

Balluffi and Seigle]0 noted similarities in the nature of voids
formed during creep and those formed in Kirkendall couples. They
believed that internal stresses generated during Kirkendall diffusion
were analogous to external creep stresses because either type of stress
could promote porosity. They therefore re-examined the growth of voids
in Kirkendall couples by combining treatments of void growth during
creep with those obtained earlier by themselves?’7® and Brinkman®,

Their calculations showed that a vacancy supersaturation of 0.0) is

required to maintain stable pores when diffusion-induced stresses
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attain the elastic yield limit in the diffusion zone.

Speculations concerning the nature, origin, and size of pore
nuclei have been common to analyses of porosity formation, such as in
those works mentioned above. Pore nuclei were suspected to be either
impurity particles which were somehow ubiquitous in all Kirkendal)
couples9']0'71'72v76 or else fissures in the matrix created by diffu-
sion-induced internal stressess’]]. Such pore nuclei were generally
assumed or calculated to be submicron spheres which grow under a driv-
ing force of vacancy supersaturation9’7l’72’76 or diffusion~induced
stressess, or both!0C, However, direct observations of such nuclei
are lacking and the nature of porosity formation remains largely
uncertain.

Doo and Bal]uffi|2 eﬁployed metallography and X-ray diffraction
to study diffusion-induced structural changes in dezincified single
crystals of brass. Dislocations generated in the diffusion zone by
difffusion-induced stresses formed, via climb and glide processes,
subgrains a few microns in diameter with misorientations of ~10. As
diffusion proceeded, recrystallization and grain growth occurred to
lower further the strain energy of the matrix. Twins also were formed,
along with surface grooves and overall surface roughening. Convincing
crystallographic evidence led them to believe that the surface disrup-
tions were due to subgrain boundaries and glide planes intersecting
the surface. Bolk28 observed surface ripples on his Au/Pt couples,
and tacitly believed them to be glide steps.

boo and BaHu'Ffi‘2 also studied dimensional changes of their

vapor/solid couples by sintering Mo marker wires into the surface of
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the brass and measuring the marker positions before and after diffu-

3,6

sion. As was found by others,”’” dimension changes were essentially
limited to the diffusion direction. |In fact, the observed 0.7% con-
traction perpendicular to the diffusion flow was only ~- 1/7 of the 5%
contraction which could have resulted from the lattice parameter
change alone, Calculating that contraction from lattice parameter
changes would amount to less than 1/6 of the contraction due to the
Kirkendall mass flow, they concluded that stresses induced from lat-
tice parameter changes are small compared to stresses generated by
mass flow effects.

AyresI3 employed etch pitting and TEM to examine the defect
structure introduced during diffpsion in bulky Cu/brass couples. He
found that high densities of dislocations and subgrains were formed,
and calculated that they could have been formed as a result of lattice
parameter miﬁfit.

Ruth3] found that rippled perturbations developed on the surfaces
which bounded the interdiffusion zones in Ag/Au couples. These were in
the form of grooves on the Ag-rich (fast diffusing) side, and protru-
sions of the Au-rich (slow diffu;ing) side. They had crystallographic
shapes, their widths increased a;cording to the laws of bulk diffusion,
and no slip lines were found in the rippled regions. Ruth concluded
that the surface perturbations resulted f}om mass flow being accomo-
dated by both pipe diffusion along dislécation cores and by dislo-
cation climb. He proposed that when the dislocations terminate at
the surface, they form grooves when operating as vacancy sinks in

the ‘Ag-rich side, or protrusions when operating as vacancy sources in
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the Au-rich side.”

Another type of surface deformation common to Kirkendall couples
is called 'bulge and dent! deformation which is formed within the
diffusion zone, After considerable diffusion has occurred, a surface
buige appears on the slow-diffusing side and a dent appears on the
fast-diffusing side of the couple. The position of the dent corres-
ponds to the porosity zone. Such deformation has been reported for
Ag/Au,38s77 Ag/Pd,77 and Au/Pt28 couples, and has been attributed to
mass flow, whereby the dent results from a loss in mass in one side of
the couple, and the bulge results from a gain in mass in the opposite
side.’7

It was pointed out above that diffusion-induced stresses in the
diffus{on zone éf Ki;kendéll-type couples ;ould.arise either from |
lattice parameter gradients due to atomic mismatch,6’]0m]2 or from
changes in the number of lattice sites due to the elimination of non-
equilib}ium vacancy concentrations.E"B"IO']2 The former case of

stresses due to lattice parameter gradients are very prominant in

*A)though no mention was made of it, the published figures of surface
ripples appear (to this writer) identical for Ruth's31 Ag/Au, Bolk's28
Au/Pt, and Doo and Balluffi'slZ dezincified brass. Their proposed
dislocation mechanisms differ. To explain the ripples, Ruth described
accomodation of mass flow by means of climb and pipe diffusion, where-
as Doo and Balluffi attributed their ripples to climb and glide proces-
ses, Both explanations appear to be based on sound experimental infor-
mation (Bolk presented no supporting evidence). Some difference could
be expected because stresses due to atomic misfit would be nil in

Ag/Au (Ruth) but significant in Au/Pt (Bolk) and Cu/Zn (DPoo and Balluf-
fi). However, the three different couples all experienced large
amounts of mass flow, and similar surface ripples from this source
would be expected in all three couples. Since this similarity was not
reported or recognized, it appears that the origin and nature of the
surface ripples may not be fully resolved or agreed upon.

.
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semi~conductor devices, where doping (dilute alloying near tife sur-
face) often results in a cémbination of steep concentrations grad-
ients and high atomic mismatch between the host matrix {e.g., Si) and

* 16

certain dopant elements (e.g., P,B ). Queisser'® used etch patterns

to show that stresses due to gradients of B in Si formed dislocations
along common slip planes. Schwuttke and Queisser18 in a similar
experiment employed X-ray diffraction to show that dislocations produced
in Si by B- or P-doping were edge oriented. Prussin's!/ etch-pit
studies of B-doped Si also showed a polygonized dislocation structure.
He calculated that the elastic limit of Si is exceeded when certain
gradienps of 8 and P are established during diffusion, thereby account-
ing for the observed formation of dislocations and subsequent slip.

]ﬁ simflar;experiments, Jactodine19 observed djslocation networks in
doped Si by using TEM. McDonald, Ehlenberger, and Huffman2! diffused
various dilute amounts of P into Si which was initially dislocation-
free and found that dislocation densities, revealed by etched siip
patterns, increased drastically with increasing quantities of P.
Czaja,22 employing both caltculations and experimental observations of
etched slip patterns, showed that the concentration profile of P-doped
lafé}s in'Si'congroTszbéth the geherst}on and glide characteristics of
the misfit dislocations which accomodate. the atomic mismatch between

P and the host Si matrix. Levine, Washburn, and Thomasz3’2h emp loyed
TEM to characterize the formation of dislocation arrays and their sub-

sequent motion into Si which results from doping with P or B. They

found that the dislocation density was greatest at the depth given by

*The Si-P atomic mismatch is ~ 6%, and ~ 259 for Si-B; both P and B
are undersized and dissolve substitutionally in 5i78.
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the maximum gradient in impurity concentration. The dislocation
arrays were found to move into the Si wafer crystals by either glide
or climb, or both, depending on wafer orientation. Atomic mismatch

25,26

defects have also been found in Au-doped Si, where atomic mis-
match is also very severe. When atomic mismatch is very small, as in
the case of Ga or As doping of Si, increased densities of disiocations
were not found in the Si wafers.ls'20

With the exception of dezincified brass sheets,9 the diffusion
experiments cited above employed typical massive couples having dimen-
sions on the order of mm or cm. These massive Kirkendall couples
displayed considerable evidence of plastic deformation in the diffu-
sion zoné, such as the desfruction of twin and grain boundaries, grain
boundary sliding, the generation of dislocations and their motion by
glide aﬁd ciimb processes, deférmati;n of the surface, grain boundary
cracking and fissuring, and possibly to some extent or another, the
nucleation and growth of pores. When couplie thickness (mass cons-
traint) parallel to the diffusion flow is drastically reduced, another
mode of deformation appears, namely, overall bending of the sheet-
like couple. The side richest in the faster-diffusing element is bent
inwards to form the concave surface.

Couple bending was first reported by Barnes.® He exposed one
side of thin Ni sheets, 12- or 240 pm-thick, to a gi&en amount of Cu
vapor in order to obtain a gradient in Cu across the sheets. The
resultant bending was more severe for the thinner sheet. Lattice par-

ameter changes could only account for about 1/3 of the observed bend-

ing, and any bending due to differences in thermal expansion between

Cu and Ni would have been in the sense opposite of that observed.
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Barnes concluded that the stresses responsible for bending arose from
the elimination at internal sinks and sources of nonequilibrium vac-
ancy concentrations which were generated during Kirkendall diffusion,
This caused shrinkage stresses on the side of the sheet with excess
vacancies and expansion stresses on the opposite, vacancy-defi-cient
side. Decreased bending in the thicker sheet was attributed to its
larger mass constraint parallel to the diffusion flow.™

Liu and Powell127 observed bending in thin-sheet couples of Ag/Au
(150 pnlthick) diffused such that the ends of the couples were partial-
ly homogenized, TEM of foils made from the Au-rich, nonporous side of
the couple revealed that dislocations and subboundaries were created in
order to relieve the chemical forces from nonequilibrium vacancy con-
centrations generated during diffusion. They pointed out that dis-
location climb parallel to the diffusion flow could contribute to
couple bendiﬁg, and that such climb would relieve nonequilibrium
vacancy concentrations without contributing to marker shifting.

When Queisser!® diffused B into one face of a 50 pm-thick Si

sheet, the sheet bent because of high atomic mismatch strains intro-

*|t is’ interesting to compare bending of Batnes'® Cu/Ni couples with
cracking in Balluffi and Seigle'59 dezincified brass sheets, both
being solid/vapor couples. Grain boundary cracks extended inward

from both faces of the brass sheets because both of these near-surface
portions were placed under severe tensile. stresses by dezincification.
The Cu/Ni couples bent rather than cracked because diffusion inward
from the single solid/vapor surface had placed that side under
compression and the opposite size under tension. |n either case, the
deformation stresses causing bending or cracking originated princi-
pally from the elimination of nonequilibrium vacancy profiles which
were generated during Kirkendall diffusion.
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duced across the sheet.”

Plastic deformation effects from atomic misfit strains have also
been observed by TEM in ultrathin binary couples, ~ 2,0003 thick.
Such couples have been made by vapor depositing a thin, epitaxial,
single crystal layer of metal onto a similar layer of its binary
counterpart, then diffusing.m’IS In such a study of the Au/Pd system,
Matthews and CrawfordM observed that high mismatch strains at the
interface were accomodated either by forming mismatch dislocations or
by locally bending portions of the couple to form protruding, cap-
shaped grains which were free of dislocations, As the misfit strains
decreased with increasing interdiffusion, the dislocations rearranged
into subboundaries, then grain boundaries, by climb and glide proces-
ses, and the cap-shaped gFains becéme less curved. Magthewsland Jes-
ser!2 subsequently repeated the above experiment for a series of six,
single phase; Kirkendall systems having atomic misfits which decrease
in the order Cu-Au, Pd=-Ni, Pd-Au, Cu-Ni, Pt-Pd, and Au-Ag. They
found that the fraction of film occupied by curved grains decreased
as misfit decreased, the Cu~Au films being completely occupied by
curved grains and Au-Ag having none. This demonstrated that internal

strains decrease markedly with decreasing atomic mismatch.

*Observations of couple bending have not been restricted to the rela-
tively simple cases of single phase, binary systems. Metal strips
oxidized on one surface bend severely because of stresses related to
oxygen gradients, volume changes from phase transformations within
the strip, oxide layer formation gnd thermal expansion differences
between the newly-formed phases79’ 0, However, these cases are too
complex to be of direct interest here.
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The very minor Ag-Au atomic mismatch which was demonstrated
abovel!5 is compared with other Kirkendall systems in Table 1(see intro-
duction). Note that the Ag-Au mismatch remains very small at 720°C,
which is a useful high temperature diffusion treatment for the

Ag-Au system.a']’82



EXPER IMENTAL PROCEDURE

Very thin polycrystalline sheets of pure Ag and pure Au were
pressure-welded to form thin-sheet couples., The thickness parallel
té the diffusion direction of most of these couples was eithe; 88 or
335 um; a few were 132, 163, or 170 um thick. Some of the couples
contained inert markers at the original join. Isothermal diffusion
anneals were performed for various times at 750° 800°, or 850°C, most
often at 750°C. During diffusion, some of the couples were mechani-
cally constrained to prevent bending by graphite pistons held firmly
against fhe broad faces ofrthe couples. After diffusion annealing,
the couples were examined, to determine the concentration profile,
microstructure, and the amount of marker movement and bending. The
following subsections describe the equipment and methods used to
accomplish the foregoing. Because the same inert atmosphere furnace
was used for coupte fabrication and diffusion annealting, its descrip-
tion is given first.

Furnace Description

A purified argon atmosphere was selected in order to avoid com-
plications arising from (dissolved) oxygen interactions with vac-
ancies in either A983 or Auah, especially since Ag dissolves 0.03
at.% oxygen36 at the diffusion temperature of 750°C. Clarebrough
et a!..85 in controlled-atmosphere quench and anneal experiments with
Ag, attributed unusually rapid decreases in electrical resistivity to

vacancy-oxygen interactions when heating was done in wet argon or air.

30.
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They also observed considerable precipitation, particularly on dis-
locations in an air-heated sample. Liu and Powe1127 found large dis-
location loops associated with small particles, possibly Ag,0, in
Ag/Au couples diffused at 880°C. On the basis of a thermodynamic
calculation, they indicated that their commercially-pure argon atmos-
phere could have furnished sufficient oxygen to account for the observ-
ed precipitation.

The sample furnace and the argon gas purifying train are shown in
Fig. 2. The gas train and sample furnaces were each 30 in. long with
a 2.5 in. bore diameter and were resistance heated by helically~wound

als

Kanthal A-]TM" wire. Each contained a 2 in. internal diameter stain-
less steel furnace tube (type 304, schedule 40) cooled at its extrem-
ities by circumferential-Qater'jackets. The gas train tube was densely
packed with pure cooper wool and was maintained at 700°C. Commercial-
ly-pure (99.995%) argon, dynamically stabilized at about 0.5 psig
throughout the system, was passed through a drying column of CaCl,
desiccant, then through a hot copper furnace where residual oxygen and
moisture were further reduced.86 The gas was maintained at near-equil-
ibrium with the hot copper by limiting the gas flow rate to about 10-3
cu, in;'pér sec.' The copper wool was perio&ically changed when that
half of the hot zone copper nearest the incoming argon appeared to be
slightly oxidized. The purified argon was protected within an all-
metal gas transfer system (valves, tubiﬁg, connections, etc.), with
either neoprene 0-rings or TeflonT™ seals at appropriate assembly

points. Each (furnace) tube end assembly was externally threaded onto

“TM'is an acronym for Trade Mark
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the tube and sealed at the butt end of the tube with an 0O-ring. The
end assembly that served as an access port for the sample furnace had
an 0-ring sealed end cap that conveniently detached. This end cap
also featured a sample positioning rod, a gas port, and a sample mon-
itoring thermocouple (Fig. 3).

in practice, the loaded sample holder was positioned at the cold
end of the tube, the end cap sealed, and the tube repeatedly (5 or
more times) evacuated and backfilled with argon in order to remove
ambient air. Next, a dynamic atmosphere of purified argon was estab-
lished and the furnace brought to equilibrium temperature. Then the
sample was rapidly transferred to the hot zone by means of the (slid-
ing)'sample positioning rod which was attached to the sample hoider.
This rod slipped through-}ts Swage]okTM fitting without disrupting
seal integrity.* Thus, sample positioning within the furnace did not
noticeably contaminate the inert atmosphere.”™™ By withdrawing the
sample holder from the hot zone to the water cooled end of the tube,
a cooling rate comparable to air cooling was obtained. Much more
rapid cooling was obtained by lancing a 50 psig stream of argon direct-
ly onto.the sample holder via the gas port in Fig. 3; the argon was

simul taneously vented at the opposite end of the furnace tube.

*Both the sample positioning.rod and monitoring thermocouple sheath
rod were sealed by a Teflon ™ ferrule and ring combination that was
compressed and swaged around the rod to affect a seal. The thermo-
couple wires were also sealed with_a SwagelokTM fitting by replacing
the ferrule and ring with a TeflonTH sphere containing two holes dril-
led specifically to accept the wires.

“*%When not in use, the system was left sealed under vacuum (about 80
pm Hg, using a mechanical vacuum pump). This minimized ambient con-
tamination and served as a continuing monitor for leakage.
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vee-flanged end cap

gas port
sample positioning rod; exploded view of
SwagelokTM fitting with Teflon™ seals

sample monitoring thermocouple

Fig. 3. Furnace tube end assembly.
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Temperature control was maintained by a '"Leeds & Northrup“TM on-
off controller with its chromel-atumel control thermocouple placed
between the furnace winding and furnace tube at the center of the hot
zone. To minimize temperature fluctuations, a variable autotransfor-
mer in the power line was adjusted at each temperature setting to give

equal on-off *times during power cycling. The sample furnace taps

were shunted to give a symmetrical, 2 cm-long hot zone of 750 + 0.5°C

(and a 4 cm length of ¥ 1°C). The chromel-alumel thermocouples used
for sample monitoring were calibrated and guaranteed accurate to
0.5°% (at 750°C) by the vendor. ODuring furnace calibration, the mon=-
itoring thermocouple was placed at the sample position inside the sam-
ple holder. During actual §ample heat treatment, it was necessary to
place this thermocouple between the outer surface of the sample holder
and the inner wall of the furnace tube. In so doing, the thermocouple
was kept immediately adjacent to the sample itseif. The couple out-

put was determined on a research potentiomenter sensitive to 0.1°C.

Considering the above factors, the diffusion anneal temperatures are
reliable to within ¥ 1°C.

Coﬁplete thermal histories were recorded during all welds and
diffusion anneais. [nterdifo§ion which occ;rred during the non;sg-
thermal heating and cooling cycles was calculated from the resultant
t ime~-temperature data,87

Sheet (couple half) Fabrication ™

The starting materials were 99.999 wt. % Au or Ag wire, | mm in

diameter.” In order to obtain sufficiently large sheets of each

*Purchased from Leytess Metal and Chemical Corp., 500 Fifth Ave.,
New York, N. Y. 10036.
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material, the wires were melted in spectrographically-pure graphite
crucibles into cylindrical ingots about 18 mm in diameter by 15 mm
long. Furnace cooling the ingots yielded an average grain size of 8
mm. Any surface contaminants, such as entrapped flecks of graphite,
were removed by electropolishing a 50 um layer from each ingot. The
ingots then were cross cold-rolled to minimize sheet texturing.” After
the ingots were reduced to 5 mm-thick slabs, they were given a recrys-
tallization anneal by heating to 800°C, then furnace cooling. Subse-
quent cold reduction yielded sheets 25 mm wide with thickness from L&
to 168 um. Within any given sheet, no thickness gradients were detect-
able by micrometer measurements and cross section metallography. Disks
15 mm in diameter were razor cut from the center of the sheets and the
cut’ edges were handeress;d. Although the rolling mill was scrupu-
lously cleaned prior to rolling, the disks were hand-polished with
I pm Cry03 slurry to assure clean surfaces. The disks then were given
a full recrystallization anneal of 20 min. at 80000, followed by fur-
nace cooling. The annealed disks were bright and flat. The average
grain size was equivalent to the sheet thickness, with many of the
larger grains extending across the entire sheet thickness. 'Final sur-
face cleaning of the annealed disks was done with a hand-held coéton
swab contéining a dilute slurry of 0.5 pﬁ Cro0y particles.** The

disks were retained on an optically-flat glass plate during polishing,

*In cross rolling, the rolling direction is alternated 90° between
successive reduction passes.

**gome of the earlier disks were electropolished in 5 or 10% KCN, but
this practice was discontinued because of preferential polishing of
some of the grains (chemical anisotropy effect).
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and extremely little pressure was applied in order to minimize sur-
face deformation.

Marker Application

A suitable marker material, levigated iron oxide (Fe203),* was
prepared by levigating an aqueous slurry of jeweler's rouge 5 times,
each time decanting the finer-particled suspension from the mixture
and discarding it. The final slurry of the heavier particles was
diluted in a solution of one (1) drop of '"Kodak" Photo-Flo™H (a
wetting agent) in twenty (20) ml of distilled water. The resulting
particles are shown in Fig. 4., The marker slurry was applied by eye
dropper onto the welding surface of a couple half to obtain a uniform
particle distribution with an average particle (or particle agglomer-
aée) marké? size of a few'pm'and an averagé interparticle spacing of

150 um.

Welding

Pairs of Ag and Au disks were pressure-welded to form thin-sheet
couples, as depicted in Fig, 5. Welding was done in the pressure
welding device shown in Fig., 6. All of the device components were
'machined from high-purity graphite, except for the hollow stainless

- . - ’H{ . N
steel expansion plug, B. Graphite was used because of its low

*Several other types of inert markers were tried throughout the exper-
iment, but these proved unsuccessful in one or more respects. These
included 8 um tungsten wire, 1 um Cry03 particles, and 5 um SiC parti-
cles. Since the successful iron oxide marker method was developed
late in the research, the earlier couples did not yield marker infor-
mation.

“*Because tge cogfficient of thermal expansion of stainless steel

(11.2 x 10°°/°F 8 is about 12 times greater than that of graphite
(0.9 x 10'6/°F) 9, the steel plug exerts pressure on the couple when
the'device is heated during welding, thereby contributing to good
weld plane contact.,
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diffusion couples

5x5mm welded disk,
I5 mm digmeter

5x10mm

‘Ag

coupie thickness,
88 to 335 um

Couple thickness is exaggerated here for
illustrative purposes,

Diffusion couples (dotted lines ) were
obtained from the center -~most portion

of the welded disk.

Fig. 5. Schematic of a thin- sheet Ag/Au couple.
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(a)

(b)

(a) Disassembled. Couple halves to be welded age placed

between short pistons, A. All pistons (A,B,D,D') are subse-

quently loaded into bored cylinder, C.

(b) Assembled. End caps, E, are threaded onto cylinder, C.

All components are graphite, except for the stainless steel

expansion plug, B.

Fig. 6. Pressure welding device.
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thermal inertia and inertness relative to Ag and Au. Referring to

Fig. 6(a), a disk of Ag and one of Au were sandwiched between the short
pistons (A) and inserted, along with the other pistons (B,D,Dl), into
the smooth-bore cylinder (C),* whereupon the end pistons (D,D;) protru=
ded partially from the cylinder. The end caps (E) were then threaded
onto the cylinder and tightened to maintain 30 psi compression on the
broad faces of the semicouples.** The assembled welding device is

ek

shown in Fig. 6(b). The longitudinal center-bore in the device
accepted the monitoring thermocouple.

Interdiffusion during welding (weld depth) was initially limited
to 2 um so that a substantial! portion of nondiffused material would be
available for subsequent QEffus[on annealing of the 88 um-thick cou-
ples. During subsequent Hiffusion aﬁnealing, mahy‘of the couples be-
gan cracking open, often along the welding interface. Of course,
cracking autﬁmatically disqualified a couple from further analtysis or

consideration. Cracking was initially suspected to be the result of

poor welding, especially since similar weld failures have been report-

ed3,56,57 for pressure-welded bulk couples having weld depths 1 or

2 orders of magnitude larger than the 2 um-deep welds initially em~

*In order to assure intimate face matching and subsequent good welding,
ultra-parallel faces were required on the short pistons (A) which
bounded the semicouples. Accordingly, these pistons were lapped to

a thickness deviation of less than ¥ 1,25 um.

“*Compression was established by placing a drift pin through the
bored-out end cap (E) and onto the piston (D), then loading the pin to
10 pounds. After securing the end caps, the load and drift pin were
removed,

“**Small vent holes (not visible in Fig. 6) were drilled throughout
the weld device to permit unrestricted outgassing of the device when
in the furnace,
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ployed here. Weld depths were therefore increased to 4 and 6 um, and
weld plane integrity was ascertained via examination and testing. Only
after these efforts assured the integrity of welding interfaces could
the couple cracking be unambiguously associated with the subsequent
diffusion anneal process (this cracking phenomenon will be reported
later). From subsequent trial and error experiments, it was found
that couples no longer cracked during 750°C diffusion when 4 or 6
pm-deep welds were employed. The 4 um welds were limited to 88 um-
thick couples which were scheduled for the shorter diffusion anneals;
otherwise, 6 um welds were employed. An exception to this was the
30 um-deep welds obtained specifically for a set of 163 um-thick

~couples scheduled for 850°C diffusion. The various weld depths were
obtained by altering the heatigg, cooling or soak cycles during weld-
ing.* The methods of measuring, inspecting, and bond-testing the
welds are giQen next,
Weld depths were measured graphically from the weld's concentra-

tion-penetration** curve by constructing a tangent slope at the compo-

sition center (NAg = 0.5) and using its intersections with the couple

*Penetration

Depth Weldinag Method

2 pm oo . Rapid heating® to 7000C + maximum argon lance cooling®
pm ...... Rapid heating to 7009C + moderate argon lance cooling®

L pm ++--+- Rapid heating to 725°C + maximum argon lance cooling

6 um v Soaking for 0.5 hr at 600°C + air cooling

30 um ++«+++ Heating to 770°C in 770°C ‘furnace + air cooling

@ "rapid heating' (~/ 200°C/min) was obtained by plunging the
weld device into a 1000°C hot zone, then immediately withdrawing
after reaching the desired temperature of 700 or 7250C.
b tpaximum argon lance cooling' rate was ~ 1259C/min from 7000
to 400°C.
€ "moderate argon lance cooling'' rate was ~ twice as rapid as
air cooling.
Jvobtained with the electron microprobe, as described in the ''"Chemical
Analysis' section.
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distance axis to define the penetration depth. This operation is
depicted in Figs. 7 and 8 for the 2 pym and 6 um-deecp welds, respec-
tively.® (In these and the following concentration-penetration curves,

the couple distance of zero denotes the x-axis position where NAg be-
comes unity.) Ignoring the apparent interdiffusion which lies out-
side of the graphically-determined penetration zones in Figs. 7 and

8 serves to compensate somewhat for the electron beam diameter of ~

3 pam. Without such compensation, a nondiffused butt joint would
appear to have an interdiffusion zone roughly the size of the electron
beam. Although the graphical method for determining weld depth be-
comes less valid as interdiffusioq increases, it is suitable for the
steep-gradient, small-interdiffusion welds employed here. As a check,
weld penetrations were alkernate1y determined by calculating the
diffusion contribution from the nonisothermal (heating and cooling)

weld cycles, Using the approximation

X ~ (D tere)?

, where 2x = calculated depth of interdiffusion

D = chemical diffusion coefficient at 750°C (1.54 x 10-10

tess = effective time at 750 C, calculated from heating and
cooling time-temperature data

, the calculated weld depths were within 25% of those determined graph-

*The electron microprobe data for Fig. 7 was obtained from a sample
whose cross section was inclined in the mount to give a 2X mount
magnification. Otherwise, the microprobe's ~ 3 um electron bcam
would not yield the spatial resolution indicated in the figure.
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ically. This is reasonable agreement between the two methods. For
consistency, the graphical method was selected to describe weld depths.

Weld plane integrity of every welded disk was ascertained rou-
tinely by metallographic examination, electron microprobe analysis,
and destructive testing of chord segments taken from each welded disk
(chord segments are seen in Fig. 5). When mildly-etched metallographic
cross sections were examined, any interface cracks were clearly deline-
ated. During microprobe analysis, abrupt increases in the slope of
the concentration-penetration profile occurred at these same faulty
interface regions. The destructive tests involved a simple tearing
apart of the welded sample along its weld p]ane.* Weld integrity was
indicated by resistance to tearing offered by the couple and by
visual evidence of Au-Ag.adhesion on the teéf-exposed surfaces. Com-
pletely bonded weld joints were characterized by a thin, adherent cov-
ering of ultrafine Ag flecks over the entire Au surface. Any local-
ized region of spotty or sparse Ag flecking on the Au surface was
evidence of poor bonding. Early in the experiments, several entire
disks were destructively tested. After sound welding became routine,
the destructive tests were limited to the chord segments of the weld-
ea disks.

Another indication of weld plane integrity resulted during sub-
sequent diffusion. Wherever appreciable diffusion took place within
a couple, overall microroughening appeared on the broad, terminal sur-

faces of the thin-sheet couples. |[|f, however, a weld joint suffered

*This was usually done by splitting the outer edge of the weld plane
with a razor blade, grasping these split segments with tweezers, then
pulling (tearing) the sandwiched couple apart,
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a localized discontinuity, the lack of diffusion across the discontin-
uity yielded a conspicuously-smooth spot on an otherwise-microrough-
ened couple surface.

In a separate experiment, weld plane integrity was tested by
plasfically deforming as-welded couples before diffusion, believing
that region§ of poor bonding would likely fail during couple deforma-
tion and would, therefore, be quite obvious (exaggerated) in post-
diffusion analysis. To this end, three 88 um-thick couples in the
form of 5 x 10 mm strips were identically fabricated and given 4 um-
deep welds. Two of these were permanently bent around glass rod man-
drels of different radii. One couple was bent to an arc of 11 mm

* The third couple was not bent in order to

.radius, the other to lem.
serve asAa control sample. Thé three couples were diffused to about
their semi-infinite limit {2.37 hr at 750°C), then examined. Al
three couples exhibited identical diffusion penetrations and metallo-
graphically-sound interfaces, evidence that the welding interfaces

were well-bonded and continuous,

Diffusion Annealing

A few of the earlier 15 mm-diameter disk couples were diffused
in their entirety. ‘The centermost portions of all other welded disks
were sectioned into couples 5 x 5 mm or 5 x 10 mm, as indicated in
Fig. 5. Cutting was done carefully with new, 77 um-thick jeweler's
saw blades, with.the broad face of the disk supported on a flat

Lucite plastic block. The blade was maintained parallel to the face

*The bending was easily done by hand. In order to make the couples
conform permanently to the mandrel surface, it was necessary to strain
harden the coupies by pressing them repeatedly (cold working) around
the mandrel.
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of the couple to avoid edge ripping. After sectioning, the cut edges
were lightly hand dressed with 600 grit SiC paper.

Those couples monitored for bending behavior were physically
unconstrained in a graphite holder during diffusion annealing. Other
couples were mechanically constrained from bending by performing the
diffusion anhealing in the welding device. Mechanical constraint was
applied by graphite pistons (A, in Fig. 6) held firmly against the
broad faces of the coupie by a 1.3 cm length of steel expansion plug
(the expansion plug used during welding was twice this length).

The couples were diffused at 750°, 800°, or 8500, mostly at

750°C,* for times varying from about one-half to several hr., None of
the diffusion anneals were interruptedf*? Most of the diffused couples
were semi-infinite,'i.e.,.the terminal ends of the couple were still
pure Ag or pure Au after completion of the diffusion anneal. Others
were partially homogenized. Many of the couples were diffused in a
systematic manner, e.g., (1) a series of 88 um~-thick couples was dif-
fused at 750°C for various (increasing) times, and (2) identical dif~-

fusion anneals were given to couples of varying thickness.

*7500 was selected for most of the couples in order to avoid serious
diffusion time errors inherent in the shorter times dictated by higher
diffusion temperatures. Even at 750 C, homogenization began shortly
after ~ 2 hr in the thinnest (88 um) couples. Increasing the diffu-
sion time by lowering the temperature below 750°C is inadvisable be-
57483 85 é?e significant grain boundary diffusion of Ag below 700°C.

] » H

**A1) diffusion anneals were terminated with maximum argon lance cool-
ing. In order to minimize nonisothermal contributions to diffusion
during heating and cooling, the unconstrained coupled diffused for
very short times { ~ 30-45 min) were contained in a small (40 g.)
graphite boat instead of in the larger, 160 g. welding device.
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Bulky Diffusion Couples

In addition to the above thin-sheet couples, three bulky couples
were similtarly fabricated.* diffused, and examined for comparison with
the thin-sheet couples. The size of these couples, 2 mm in diameter
by 8 mm in the diffusion direction, is typical of most bulky couples.
Although markers were incorporated in these bulky couples, marker
measurements were found to be meaningless because of inaccurate refer-
ence points and will not, therefore, be reported.

Sample Analyses

Thickness and bending measurements;

A vernier micrometer, accurate to I

1.25 pum and equipped with
anvil ball tips, were employed for thickness and bending measure- .
ments. Couple thickness @as monitored before and after diffusion
annealing. Couple bending was calculated from data obtained by plac-
ing the bent couple on a flat glass slide such that the couple was

concave downward, (dome-1ike), then measuring the bending height.

Cross section metallography:

Cross section metallography surfaces, parallel to the diffusion
direction, were prepared in order to examine the microstructure,
porosity, and markers, and to serve as electron microprobe samples.

Metallographic samples included annealed sheets prior to welding,

*These bulky couples were fabricated by Richard Helferich as part of
his undergraduate experimental investigation requirement in the Dept.
of Metallurgical Engineering, The Ohio State University. The 2 mm
diameter by 4 mm long cylindrical couple halves were cast from the
melt into graphite cylinders. The welding surface of each couple half
was ground and polished flat, the couple halves anneated, then very
lightly repolished, then pressure-welded to depth of 24 um,
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as-welded couples, and diffusion-anneaied couples, The "as-weld"
samples were those remnant chord segments of the welded disks that
were generated when diffusion couples were sectioned from the disks,
as depicted in Fig. 5. All metallographic samples were plated with
about.l-3 mil of electrolytic nickel in order to preserve the outer
edge features of the cross section. Nickel was selected because its
X-radiation does not interfere with Ag or Au X-radiation in the elec-
tron microprobe analysis, The plated samples were mounted edgewise in

Bokelite ™

and wet ground with 220-grit SiC paper to a depth greater
than twice the couple thickness. The resultant cross section thus
was representative of bulk, and not surface, diffusion. Continuously
finer grinding through 4/0-grit SiC paper was followed by.0.25 um
diamond‘polishfng on a sitk cloth. Although the '"sitk cloth + dia-
mond'' polish yielded the very flat, smear-free surface required for
electron microprobe analysis, it was necessary to final polish

TM) in order to lower the

briefly with 0.3 yum o -A1203 (Linde A
scratch density. Disturbed metal then was removed by a mild (2 sec.)
etch in 2% KCN, followed by a very light ''Linde A" repolish,

Chemical or electrolytic etching of the couples was complicated
by the very marked passivity of the Au-rich material with respect to
the Ag-rich material, thereby necessitating a compromise, two stage
etching procedure. This involved a 2% KCN etch to reveal the Ag-rich
structure, and a subsequent etch in 1 part 10% KCN: 1 part 5% ammon-
ium persulfate to reveal the Au-rich structure. The latter etch,
depending on etching time, would either over-etch or dissolve the

previously-examined Ag-rich material.
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Metallography was done on a Bausch and Lomb metallograph, where
marker positions were measured with a reticle grating at 800X or more.
Although marker positions were measured with respect to both Ag and Au
terminal ends, reported marker shifts were determined only from those
measurements made from the Auend. As previously reported,92'93 this
circumvents ‘the error associated with couple swelling which occurs
when porosity forms in the Ag-rich region.* Also, surface irregular=-
ities which developed during diffusion were observed to be more pre-
dominant along the Ag terminus, making measurements there less reli-
able than those obtained from the Au terminus. Marker identity during
microscopic measurements was quite unambiguous. They were usually
identified by their red color, and their plane of focus was usually
higher than thelsmall po;es which often resembl;d markers. Also, the
electron microprobe, set for a third order iron Ko _ line of A =
5.813, was used to ascertain the identity of markers. This proved
especially useful when SiC grinding particles occasionally became
entrapped in the porous region adjacent to the real markers and were
sometimes difficult to visually distinguish from the ma;kers.

Because the thin-sheet couple§ were benp by diffusion or ti{ted
slightly in the mount, the metallographic surfaces were often no;
perpendicular to the weld interface, thereby magnifying the cross
section thickness of the couple. To correct for this "mount magnifi-

cation', all distances measured on the metallographic surface, e.g.,

*Conversely, marker displacements can be measured to Ruggosely include
dimensional changes caused by porosity swellin96’53'5 'O This was
not done here.
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marker positions, were multiplied by the ratio
true couple thickness (measured by micrometers)

apparent couple thickness (measured from the metallographic cross
section)

Chemical Analysis:

"An ARL EMX model 21,000 electron microprobe X-ray analyzer was
used to determine chemical compositions on metallographic cross sec-
tions. The profile method of analysis was used, where the X-ray
intensity was recorded continuously along a line perpendicular to the
weld interface. |In some cases, profiles also were made parallel to
the weld interface in order to ascertain the absence of concentration
gradients which might exist from grain boundary diffusion, internal
fractur{ng of the cguplg, etc, _Prior to microprobe analysis, the
polished samples weré giJen an'extremeiy tight etch (1 sec. in 2% KCN)
so that regions of interest in the couple could be identified in the
microprobe. *

Usually, Ag ( A = 4,154 R) was continuously recorded during
profiling, but either Au (alone) or Ag and Au duplex stepping analy-

sis was used on a few occasions. A 25 kV electron beam with a diameter

of ~ 3 um was employed. Recorded profiling was usually done at a

*This very mild etching was done to reveal better the following inter-
faces: Ag:Au (weld), couple matrix: marker, Ag:Ni, and Au:Ni. The
etch was quite insufficient to reveal the crystalline microstructure
of the Ag-rich material. Conventional etching to reveal crystalline
microstructure was detained until the microprobe analysis was complete
because (1) such etching disrupts thE planarity of the surface,
thereby altering microprobe results? , and (2) the possibility exists
for Au to chemically replace Ag, thereby altering the chemical compos-
ition of the surface, 39,95
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sample velocity or 2 or 8 pm per min., while 96 um per min. traverses
were often used for sample area selection purposes. Chart speed was
generally 1.5 in. per min. Length corrections were made for profile

lines which were not exactly perpendicular to the weld interface in

ote

a manner analogous to the above ''mount magnification' correction.”
The methods of electron microprobe analysis and data conversion

L6

were largely adopted from Ziebold and Ogilvie, In order to obtain
the empirical constant required for conversion of X-ray intensity to
chemical composition, a series of Ag-Au alloy standards was made by
melting well-mixed blends of pure Ag and pure Au powders {-100 mesh)
into button ingots, then homogenizing for 5 days at 900°C. Each of
_-the four ingots, nominally 20, 40, 60, and 80 wt.% Au, plus.button
ingéts of pure Ag and pu;e AL,'were.diVided in two. Oné set of the
alloy samples was electrochemicaily cleaned, then (wet chemistry)
analyzed by gravimetric determination of.AgCl precipitation. The dup-
licate set was mounted and polished metallographically to serve as
microprobe standards. X-ray intensity data from these standards was
related accordingly to the atom fraction values estab]ighed by wet

che:mistry.l*6

The resulting.expressiqn.rglating inﬁep§ity and atom
fraction was used thereafter (via computer) to convert all micro-
probe profile data intc concentration-penetration curves, As-welded
couples were always included in the metallography mounts so that

their pure Ag or pure Au portions could serve as peak and of f-peak

background standards. Peak intensities on the pure metal standards

w?ortunately, profile lengths could be measured from the '‘ghost
trails'' left on the sample surface by electron beam contamination.
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were recorded immediately before and after each profiling operation
in order to monitor specimen current stability. Whenever shifts in
the specimen current during profiling detectably altered the peak
intensities from these pure standards, that particular profilé was
considered quantitatively invalid and was, therefore, usually rede-
termined. Such profile repeating was commonplace, with an average of

four profiles made for every valid one obtained.

The resulting concentration-penetration data were analyzed with

the well-known Boltzman-Matano relationshipsl'52 in order to obtain

the chemical diffusion coefficient, D, where
N

' 1 1 i
0 = 'z_th/dxg"dN
No

o

with t = diffusion time, dN/dx = slope of the concentration-penetra-
tion curve at the composition, N. The value of the integral equals
the area under the concentration-penetration curve bounded by N and the
terminal composition, Nj. Computer solutions of the Boltzman-Mantano
analysis were obtained on an XDS (Xerox Data Systems) Sigma 7 computer.
The program used was a language-modified Fortran [V program which was
originally devised by Hartley and Hubbard.96
Transmisgion electron microscopy (TEM*):l

Thin foils were made from some of the couples and examined by

TEM in order to observe the defect structure generated during diffu-

sion. The plane of each foil was essentially perpendicular to the

“TEM is a common acronym for transmission electron microscop(y,e)
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diffusion direction, 1In order to avoid introducing defect structure
during foil preparation, the foils were electropolished directly from
the diffusion couples, and no scalpel trimming was done in the vicin-
ity of the foil sample. Since success in obtaining suitably thin
foils depends markedly on the starting thickness, only the thinner
couples were selected for foil preparation.

Electropolishing was done with the unit® shown in Fig. 9. This
dual-jet unit features hollow stainless steel cathodes through
which the electrolyte is pump-circulated to impinge on the sample
surface. The 10% KCN electrolyte was maintained near 2°C (35°F) by ice
water circulated around and below the glass dish containing the elec-
trolyte. It was fqund advantageous to replace ﬁhe electrolyte 2 or 3
times during each foil e]éctropolish and to'continuous!y'fnterrupt the
voltage in an on-off mode (usually 2 sec. on, | sec. off) in order to

97 Stop-off (nonconducting) paint was used

remove the aﬁolyte layer.
on the sample to maintain masked edges and to mask the rapid-polishing
Ag-rich face of the couple so that terminal portions of the siow-
polishing Au-rich material could be polished away. The optimum polish-
‘ing voltageﬁduring e!ectropolfshing was‘selectedrby maximizing.;he,
'brightnegs of the sample surfécé as revealed by a relfected beam of
focussed light, **

The foils were examined in a Philip; EM300 TEM operated at 100KV.

A liquid nitrogen anticontamination device was employed to minimize

“purchased from Precision Scientific Co. 3737 W. Cortland St., Chicago,
111, 60647 ., .
“The surface appeared bright at the proper voltage, etched at under-
voltage, and hazed a bluish-grey, or pitted, at overvoltage. The
clear electrolyte did not obscure these observations.



Diffusion couple to be electropolished is shown positioned
between jet cathodes. The sample-cathode assembly lowers

into beaker of electrolyte for electrothinning operation.

Fig. 9. Dual-jet electropolishing unit.

56.
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foil contamination. The foils were manipulated extensively in the gon-
iometer stage in order to bring otherwise-invisible or obscure defect
structure into contrast,

Following the TEM work, the chemical composition of each thin
foil was determined in the electron microprobe. Each foil was cut
in two and each segment was flat-mounted on an aluminum block to
expose either side of the foil to the microprobe beam. This was done
so that the very minor chemical composition difference across the
thickness of the foil could be accounted for by averaging the two
values. The foil segments were cemented and electricily-grounded to
the mounting block with AlkadagTM, a colloidal suspension of graphite
inra]cohol. During the ana!ysis,-the‘microp(obg beam was pogitiongd
as close to the foil's thinnest edge as possible. -Because of matrix
effects from the underlying Al and the roughness of the foil samples,
the compositfon values of the foils can only be approximate, pro-
bably to ¥ 0.05 atom fraction.

The TEM effort was severely hampered by probiems encountered
during thin foil preparation. These problems are identified here so
that they might be considered if and when similar experiments are
vattemptédll The original intent wés to‘obtain foils of different
compositions by preparing them from various positions along the con-
centration gradient of the couples. This goal was seriously impeded
by two electropolishing complications, -The first of these was caused
by the highly~-porous region that had been generated in the Ag-rich
side of the couple during diffusion. During electropolishing, acce-

lerated and nonuniform attack occurred sporadically along the por-



58.
osity, resulting in a rough, spongy surface with no thin sections
suitable as foils., Over 20 diffusion couples were expended in various
attempts to circumvent this problem, all to no avail. The foils
finally obtained were, therefore, all from the Au-rich portion of the
couples. The second impedance to obtaining good thin foils was
caused by the steep concentration gradients across the thin-sheet
couples., As electropolishing removed material, the Ag-Au surface
alloy being polished was continuously changing. This required nearly
continuous adjustment of the electrode potential (from 5 to 30V)
because the correct polishing voltage is strongly dependent on
compasition in the Ag-Au system.” Such adjustments were often dif-

ficult to make accurately. In retrospect, it seems likely that the

'recently;deve]Oped ion ‘bombardment machining devices might Be mﬁch
more suitable for thinning such couples. These devices have recently
been made avéilable commercially.*+
Scanning electron microscopy:

The cross sections of two diffusion couples were examined ina MAC
(Materials Analysis Corp.) scanning electron microscope in order to
_-subftantiate the porosity features seen in light.microscopy. The

instrument was operated at 20KV in the secondary electron mode.

*Examples: Ag polishes well at 5V, whereas 30V is required for Au. At

20V, pure Ag is removed during electropolishing 50 times faster than

a counterpart pure Au sampie,

% 1. Commonwealth Scientific Corp. 2. Edwards High Vacuum Inc.
500 Pendleton Street 3279 Grand Island Blvd.
Alexandria, Va. 22314 Grand Island, N. Y. 14072



RESULTS AND DISCUSSION

As-Welded Couples

Sound welds featuring minimal interdiffusion zones of 2,4, or
6 pm were obtained. The welding interface for the 2 pm-deep welds
appeared to be linear, whereas both the 4 and 6 um deep welds exhib-
ited sharp serrations along the entire welding interface. The ampli-
tude of these serrations was equivalent to the magnitude of the weld-
ing zones. Porosity was not detected in the 2 or 4 um~deep welds, but
was found in the 6 pm-deep welds. For all couples, the grain size of
both the Ag and Au was roughly equal to the couple halfthickness.

. Fig; lO(a)* shoys'q-nonmarkered couplé with a 2 pm-deep Weld.
After mild etching, the weldfng interface appeared to be relatively
straight and free of porosity. The slight curvature of the couple
(concave downward) is attributed to thermal expansion bending which
results from the coefficient of thermal expansion of Ag being greater
than that of Au. The radius of curvature for such a couple heated to
750°C is calculated to be 2.35 cm in Appendix A. However, bending

obsérved in'welded couples was either much less or apparently absent -

*The cross section micrographs are usually presented in the following
manner: (1) metallographic nickel plating encases the couple, (2)

the couple is oriented with the Ag-rich material above the Au-rich
material, (3) reported magnifications are the combined metallographic
and print enlarging magnifications and do not include any mount magni-
fication that might exist because of sample inclination in the mount
(these mount magnifications were found to be typically 2-10%).

59.
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(a) polished 90X

Sl e L -
—_— ’A‘T‘ﬁ'.'j- A o &&
(b) mild etch 720X

(c) polished 90X

Fig. 10. As-welded couples with and without markers.

(a) 88 pm-thick couple without markers; weld penetration = 2 um.
Slight bending (concave downwards) is due to thermal expansion bend-
ing.

(b) 88 pm-thick couple with two iron oxide markers, one on either
side of the grating; weld penetration = & um. Note continuous
integrity of welding interface.

(c) 163 um-thick couple with 8 um-diameter tungsten wire marker;
weld penetration = 6 um. Note poor interface bonding in the mar-
ker region,
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the couples receiving the deeper penetration (4 or 6 um) welds, and
no systematic account could be made of these as-welded curvatures,
Because of this and the subsequent observation that diffusion-related
bending was considerably more pronounced, the bending of the welded
couples was not incorporated into the diffusion-related bendinhg data.

Iron oxide marker particles at the welding interface are shown in
Fig. 10(b) in an 88 um-thick couple having a 4 um-deep weld. Inter-
face bonding around the marker particles appears to be completely
integral, with no apparent degradation of the welding interface. For
comparison, Fig. 10(c) shows poor bonding near an 8 um tungsten wire
which was rejected for this reason as a candidate marker material.

An 88 pm-thick couple having a 4 um-deep weld is shown in.Fig. 11
in the as-polished, mildly-etched, or moderately-etched conditions.
As in the case of the 2 um-deep weld, the 4 um-deep weld is free of
proosity. Héwever, the welding interface is no longer linear but is,
instead, serrated. The 6 um~deep weld in Fig. 12 also displays a
serrated interface. While the serrated peaks often advance preferen-
tially into the Ag-rich grain boundaries, they generally exist with a
' somewhgtjregular frequency along the entire welding .interface, e.g.,
F}gs. 11(b), (c), and (d). Their peak-to-t;ough magnftude, perpendic-
ular to the welding interface, is equal fo the depth of their corres-
ponding interdiffusion zones of 4 or 6 H6' These sharp serrations tend
to become rounded during subsequent diffusion annealing*. This weld-

ing interface is a multigrain boundary which was observed in these

*Thjs can be seen in several subsequent micrographs, e.g., Figs. 32

and 49,



(a) polished 180X

(b) mild etch 360X

{c) moderate etch 720X (d) moderate etch 720X

29

Fig. 11. As-welded 88 pm-thick couple with a 4 pm-deep weld.



(a) mild etch 180X

Rk 23

. . R S I A
N PN . Y TN
"W And e i S akd d ptdatme 5 e @ --—“’8.’-‘““‘? ‘%‘" -
.

(b}, (c), (d): moderate etch, 360X

(e) this area also seen in (d)

Fig. 12. As-welded 83 um-thick couple with a 6 um-deep weld.
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couples and others 3,12,5L o migrate during diffusion toward the
side of the couple richer in the faster-diffusing element (Ag, in this
case), presumably driven by strain energy introduced during we]ding'
and diffusion.3

Unlike the porosity-free 2 and 4 um-deep welds, a thin, discon-
tinuous line of pores was found to exist along the welding interfaces
of all couples with 6 um-deep welds, e.g., see Figs. 12 and 13. Mild
etching was required to reveal this welding interface porosity (Figs.
12(a) and 13{(c)), and additional etching enlarged it (Figs. 12(b)-
(e)). The marker particles appeared to be either slightly less ad-
vanced (nearer to the original join) or approximately colinear with
the interface porosity, but this was very difficult to judge because
of uncertain‘étéhaﬁt enlérgemenf oflthe pores. Most of the marker
particles appeared not to be located preferentially at porosity sites.
More will be.said of this later,

It is seen in Figs. 11 and 12 that the Ag grain size in the 88
um~thick couples varies considerably and roughly equals the couple
half-thickness, C. This correspondence between Ag grain size and
couple ha!fthickne§s was maintaiqed.for all thin-shee; c?uple§, e.g.,
gee Fig. 13 of thé 335 pm-tﬁick couples. The A; grains ére likewise

equivalent to couple halfthickness, as seen in Fig. W,

Diffusion Penetration

Since values of diffusion coefficients for the Ag-Au system have

*The much more rapid etching of Ag relative to Au is apparent in this
and other figures throughout this work,.
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(¢) mild etch 180X

As-welded 335 pm-thick couple with a &6 um-deep weld,
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— leached Ag

T Au

etched 180X

Ag is leached during the severe etching required to reveal the
Au structure.

Fig. 14. Au grains in an as-welded, 132 um-thick couple.
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=45

already been well-established,38 concentration profiles were obtain-
ed across several selected couples primarily to determine the extent
of interdiffusion. Some general features of the concentration-penetra-
tion curves are shown next,

Several concentration-penetration curves from various couples
had well-behaved, normal distributions, as shown in Fig. 15 for an
88 um-thick couple diffused at 750°C for 0.52 hr, resulting in
Cz/th = 17. This couple is described” as 188 Jm/ 750°C/ 0.52 hr
(CZ/MDt = 17)", where € = couple halfthickness (44 pm in this case),

D = chemica! interdiffusion coefficient, and t = net diffusion time. R

Obtaining such a well-behaved curve from any given couple usually
required several attempts to avoid surface depressions or holes in
 7the porosity zqne?of;the Ag-rich maté;ial: Desﬁit; théée e%éortg,_
concentration-penetration curves free of porosity zone effects were
often not attainable on many of the couples.”™ Typical irreqularities
in the porosity region of the concentration-penetration curves are
shown next. Fig. 16 shows anomolously-iow Ag compositions around

Nag ~ 0.75 0.1 inan® pm=thick couple diffused less than an hour,
fFig 17 shows abrupt decreases in Ag composutlon near NAg ~ 0.80 7

‘0.1 in a much tthker (335 Pnﬂ couple duffused for ~ 16 hr The more-

gradual curve irregularities in Fig. 16 and the more abrupt ones in

Fig. 17 are both typical of the porosity 'zone effects observed in all

*This identification format will Be retained throughout,

“%%|t is convenient to know that C*/LDt = 18 corresponds to the |nter-
diffusion zone occuppying about % of the couple thickness, and C /th =
L corresponds to about the semi~infinite limit, i.e., the interdiffu-
sion zone extends entirely across the couple.

#%%Even when the electron beam passed across a region which was
apparently free of pores, underlying (hidden) or adjacent pores would
often alter the X-ray output intensity,



1.0

0.8

0.6

0.4

0.2

The interdiffusion zone, ~43 um, occupies
about half of the couple thickness, 88 um

Couple: 88 zm/ 750°C/0.52hr (C2/4Dt = 17)

| | | | L | 1 —
0 5 10 I5 20 25 30 35 - 40 45
Couple distance, pm

Fig. I5. A well-behaved concentration-penetration curve from an 88 um ~thick couple.
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Couple : 88 m/750°C/0.93hr (C%/4Dt ~9)
] : | |

o 20 30 40 .50
Couple distance, um

Fig. 16. Ilrreqularities in a concentration - penetration curve of an 88 pm -thick couple.
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0.8
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Irregularities are near Njg=0.80 £ 0.1

Couple: 335 pm/ 750°C/15.70 hr {C2/4Dt ~. 8)

| ] | | | |

25 50 75 . 100 125 150
Couple distance, um

Fig. I7. Irregularities in a concentration- penetration curve of a 335 um - thick couple.
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couples containing considerable porosity, regardless of couple thick-
ness or diffusion penetration. An example of similar porosity effects
in widely-different couples can be seen by comparing Fig. 16 of a very
thin couple (88 pm thick) with the very massive couple (8 mm thick)
in Fig. 18. As expected, Au profiles also had anomously-low compos-
itions in the porosity region., No short-circuiting interdiffusion
was detected along or near grain boundaries and pores,

Because of the porosity-related irregularities in most concentra-
tion penetration curves, calculations of diffusion coefficients and
determinations of the composition at the markers {which were very
near the pores) were, in general, not warranted. Even so, some curves
were_obtained which exhibited little or no apparent anomolies due to
porosity., These were ana}yzed‘by the Boltzmann-Matano method, Eqn.'h,
in order to determine the interdiffusion coefficient, D, at NAg = 0.5.
The results ére shown in Table 2, along with the corresponding value
taken from Johnson's results.38 The D's from this experiment are
seen to lie with ~ % 15% of the accepted (Johnson) value, with no
apparent systematic variations with regard to couple thickness,
mechanical constrainp, or diffusion time. Agreements_yithin 10-15%
are generally taken to be accepéable in determinations of D by the
Boltzmann-Matano method. Moreover, much of the variation in D of the
thin-sheet couples could be due to large ﬁotential errors associated
with short diffusion times and couple swelling due to relatively
large amounts of porosity. Similar errors in butky couples are much
smaller because of much longer diffusion times and, as will be shown

later, porosity occupying smaller fractions of their interdiffusion



1.0,
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~J
Fig.18. Irregularities in a concentration— penetration curve of a {bulky) 8 mm - thick couple. -
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Table 2, Chemical diffusion coefficients of various couples.

p x 10'0

Diffusion Couple em?/sec’
88 pm/ 750°C/ 0.52 hr(c2/Lpe=17) 1.5
88 pm/ 750°C/ 0.93 hr(c/UDt=9.h) 1.51
88 um/ 750°C/ 1.48 hr (c%/kpe=5.9) 1.77
ibid™ 1.28
88 pm, mech. constr./ 750°C/ 2.06 hr(C%/LDt=bk.2) 1.28
170 pm/ 750°C/ 1.48 hr(c2/LDt=22) 1.32
335 pm/ 750°C/ 0.70 hr(c%/4Dt=180) 1.29
335 pm/ 750°¢/ 1.48 hr (¢2/4pt=85) 1.36
335 pm/ 750°C/ 2.06 hr(C2/4Dt=61) | .64
335 pm, mech. constr./ 750°C/ 15.70 hr(02/40t=é.l) 1.62
8 mm/ 750°C/ 1.6 hr(C2/4Dt=45,100) 1 .47
8 mm/ 750°C/ 5.4 hr(c2/4Dt=13,400) 1.4k
8 mm/ 750°C/ 16.2 hr (C2/4Dt=k,450) 1.36
ibid™ 1.31
Johnson, 38 tracer methods 1.54

*D = chemical diffusion coefficient in Ag-Au at Nag = 0.5, T = 750°C

**analysis of a second concentration-penetration profile obtained from
a different region in the same couple.
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zones. Since variations in D preclude their use in comparing diffu-
sion kinetics of the different couples, another means was sought for
this purpose.

When several concentration-penctration profiles obtained from
different regions along the same couple were compared, it was found
that the depth of interdiffusion remained essentially unchanged}* even
when the profiles exhibited different porosity zone irregularities or
vielded different values of D. This was characteristic of a wide var-
iety of couples. Thus, the depth of penetration was selected as an
appropriate means to compare the kinetics of diffusion between the
thin-sheet couples diffused at 750°C for the same times, but having

-varijations. in mass constraint (couple thickness), mechanical con-
straint, or prediffusion deformation. The;e coméarisons, listed in
Table 3, indjcate that interdiffusion penetration in the thin-sheet
couples was independent of either mass constraint (couple thickness)

or mechanical constraint (graphite pistons held against the broad

faces of the couple to prevent bending during diffusion). Furthermore,
moderate amounts of prediffusion plastic deformation (via hand bending)
did not affect the extent of the interdiffusion in semi-infinite coup-
les. The invariance of interdiffusion with couple thickness was ex-
pected frbm general diffusion principles; The invariance of inter-
diffusion with respect to prediffusion straining eliminated the min-

or concern that interdiffusion might be affected nonsystematically by

A

“There is in these comparisons an uncertainty of ~ 1 um in locating
either terminal position of curve because of the very gradual slopes
there.
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Table 3., Comparing the extent of interdiffusion in various couples.

++++Semi~infinite couples----

Variation in mass constraint

88 pm/ 7509C/ 0.70 hr(C2/Lkpt=12.4)
335 pm/ 750%¢/ 0.70 hr(€2/4Dt=180)

Variation in mass constraint

88 pm/ 750°C/ 1.48 hr(C2/4Dt=5.9)
170 pm/ 750°C/ 1.48 hr(c2/4De=21.9)
335 um/ 750°C/ 1.48 hr (¢2/4D1=85)

same
penetration
depth

(~ 46 pm)

same
penetration
depth

(~ 61 pm)

Mechanical constraint, with variation in mass constraint

88 pm, ‘mech. constr./ 750°c/ 2.03 hr(Cz/th=4-3)
170, ym, mech. constr./ 750°c/ 2.03 hr(02/40t=16)

335 um, mech. constr./ 750°C/ 2.03 hr(Cz/th=62.3)

Variation in mechanical constraint
335 um/ 750°C/ 15.70 hr(c2/4Dt=8.06)
335 pum, mech. constr./ 750°C/ 15.70 hr(C2/4Dt=8.1)

Variation in prediffusion deformation

88 um/ 750°C/ 2.37 hr(C/Lpt=3.7)

same
penetration
depth

(~ 69 pm)

same
penetration

depth
(2177 pm)

same geneﬁra-
(88 um§e"

88 pm, prebent to R=11 mm/ 750°C/ 2.37 hr(c?/4Dt=3.7) same respec-

tive terminal
compositions

88 pm/ prebent to R=4 mm/ 750°C/ 2.37 hr(c2/4pt=3.7) (Nag = 1 or 0)

Variation in mechanical constraint

88 um/ 750°C/ 15.70 hr(c?/up¢=0.56)
2
88 pm, mech. constr./ 750°c/ 15.70 hr(C"/4Dt=0.56)

same respective

terminal

?ompositions
NA = 0-735

or 8.320)
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small strains introduced during handling of the extremely soft, thin
sheets from which the couples were fabricated. All of the above com-
parisons of interdiffusion were done primarily to verify that mass or
mechanical constraint did not alter interdiffusion so that differences
found subsequently in marker shifting, porosity, or bending ceuld be
attributed to other factors.

Plastic Deformation Phenomena

Grain Boundary Sliding:

Grain boundary sliding, similar to that found in high-temperature
creep samples, was observed along the terminal surfaces of all thin-
sheet couples in which interdiffusion zones extended halfway or more
_across, the couples. Its frequency and magnitude increased with in-
creasing interdiffusion. .Alth0u§h it occurred on botﬁ sides 6f the
couple, sliding generally appeared earlier along the Ag surface.
Examples are‘given in Fig. 19 and can also be seen in other figures.
Sliding was very nonuniform, being very pronounced along some bound-
aries but essentially nonexistent along others which were similarly
inclined to the surface. Such anisotropy of grain boundary sliding
has been shown to be very large in low-stress creep test of pure Ag
wire, whére sliding ra£es varied by a factor of 200 or more from one
grain boundary to another.98 The same wbrk98 revealed that sliding
did not occur along twin boundaries; thi; was also true for the couples
of this research, Grain boundary sliding is not reported for bulky
couples, but it has been observed in nonbending, thin brass sheets

9

dezincified from all surfaces.



(a) polished 180X

~Nag ~ 0.99 —Npg ~ 0.83
H? hr ~27 hr
; ——Npg ~ 0.1 o
9 (d) etched 180X

(¢) mildly etched 240X

Fig. 19. Grain boundary sliding. (a),(b): 88 pm/ 750°C/ 2.37 hr, diffused to about the semi-infinite

limit. (c),{d): 132 pm/ 750°C/ times shown, partially homogenized.

~J
~J
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Destruction of Original Crystalline Boundaries, Subgrain Formation,
Recrystallization, and Grain Growth:

Plastic deformation in diffusion zones was evidenced by the dis~
appearance (metallographically) of original crystallographic boundaries
near the porosity zone. This is shown for twin boundaries in"Fig. 20,
and for both twin and grain boundaries in Figs. 21(a) and (b). This
boundary destruction began very early in the diffusion process (at or
before 0.5 hr at 75000) and persisted into the homogenization stage.
In substantially-diffused couples, large subgrains were frequently
found in regions where diffusion flow and diffused-induced stresses
had been greater earlier in the diffusion process. This is shown in
Fig. 21. After extensive interdiffusion, the subgrain regions appear-
ed to recrystallize, and érains from the Au-rich of the couple migrat;
ed across the original join and into the recrystallized regions on
the Ag-rich side, These recrystallization and grain growth pro-
cesses are seen in the partially-homogenized couple of Fig. 22,

TEM Substructure:

TEM of thin foils electropolished from the Au-rich side of thin-
sheet couples revealed that substructure had also formed there during
diffusion. Subgrains ranging in size from about | to several microns
in diameter were characterisitc of the féiis. This is shown in Figs.

23 and 24. This type of TEM substructure is also produced during

Creep.99,'00 Fig. 23 shows stacking faults which were generated at
the foil's edge during examination. The very mobile partial disloca-
tions which generated these stacking faults moved rapidly far into

the 'foils until being arrested at boundaries (subgrains, twins, or



(c) 1.48 hr etched, 780X
Fig. 20. Destruction of twin boundaries. This is shown (arrows)
in the plastic deformation regions in the interdiffusion zones of the

semi-infinite couples 88 um/ 750°C/ times shown.
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(2) " etched, 180X (b}

(—
™
|

|

subgrains

(c) severely etched 720X

Fig. 21. Boundary destruction and subgrains. Shown is the semi-
infinite couple 335 um/ 750°C/ ~ 24 hr. (a),(b): destruction of
twin (t) and grain (g) boundaries; (porosity is enlarged by etching).
(c): subgrains are revealed by additional etching, which also leached
away porosity and much of the Ag-rich material. The dotted arrow to
{b) indicates the location of the subgrains prior to their being

revealed by additional etching.
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leached Ag-rich
— alloy

recrystallization
zone

original join

i —Npg ~ 0.30

recrystallization
—_— zone

original join

g

recrystallization
I zone

original join

()
Fig. 22. Recrystallization and grain growth. Shown at 360X is the
partially-homogenized couple 132 pm/ 750°C/ ~ 27 hr. The porosity

zone and some Ag-rich material leached out during etching. Dash

. marks were added to faint boundaries.



(a) 33,000x | \

Fig. 23. TEM defect structure.

o
Couple: 132 pm/ 750 C/ ~~ 6 hr,
diffused about to the semi-infinite
limit. Thin foil composition
is NAg = 0.38. Parts (c)-(f)
follow.

(continued---)

The partial dislocations generated at the edge of the
thin foil in (b) moved into the interior of the foil
where they were arrested at the subboundaries in (a).
The dislocations actually traversed a much greater dis-
tance than is indicated by the dashed lines. A portion

of the area seen in (a) is included in (c).
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s

]
b .
(---continued)

Fig. 23(c).



enlargement
of region A
in (e).
L
100A
—t o

(--~continued) Fig. 23 (d), (e):

tetrahedra.

(f):

84.

(d)
98,5000X

(e)
98,5000X%

(f)
5000, 000X

subboundaries and stacking fault

stacking fault tetrahedra.
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(a)
18, 600X

(b)
31,000

Fig. 24,  TEM subboundaries. Shown is the couple 88 um/ 750°C/~ 12

hr, partially homogenized to NAg = 0.83 or 0.30. Thin foil compos-

ition is NAg = 0.15. Area "A" is common to (a) and (b).

(continued---)
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(c) 15, 000X

(---continued) Fig. 24(c): a subgrain having an average diameter

of ~ 3 pm.
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grains). These partial dislocations, presumably 1/6 <l!2>, were

never observed prior to their generation by the electron beam at the
foil's edge, Small (-~ SOR), widely scattered, stacking fault tetra-
hedra were occasionally observed, as shown in Fig. 23(e,f). It is
uncertain whether these are intrinsic or extrinsic in nature.’ Judg~
ing from their Au-rich compositions, the foils represented vacancy
undersaturation regions of their couples. Therefore, the faults may
be extrinsic (formed from interstitials). Also, it is possible that
the occasional stacking fault tetrahedra resulted from ion bombard-

101 or from a slight vacancy

ment damage to the foil while in the TEM,
supersaturation generated during rapid cooling of the couple from the
750°C diffusion anneal; this quenching could conceivably yield intrin-
sic faﬁlts. Liu and Powe'llz7 observed subboundaries in their TEM
study of Ag/Au couples but did not observe completely-enclosed sub-

13

grains as found here. Ayres observed high dislocation densities
and substructure in his Cu/brass couples. Bardeen-Herring sources
were not found in this research nor in Ag/Au27 or Cu/brass!3 couples,
but were found in Au-doped Si crysta1526 where the atomic mismatch is
very high. While the TEM-results from this- research and that by
others]3’26'27 differ in detail, they all give evidence of consider-
able piagtic deformation in diffusion zoﬁes.
Surface Deformation:

Bulge and dent deformation of surfaces which were parallel to
diffusion flow was observed for the substantially-diffused thin-sheet

(88 to 335 um thick) and bulky (8 mm thick) Ag/Au couples of this

research. This is demonstrated in Fig. 25, where the dents in (a)



88.

0.99
88 pm/ 750°C/ 4.2 hr

0.09

0.99
163 um/ 850°C/ ~ 2 hr

0.10

(b) _ 90X

0.53 —
163 um/ 850°C/ ~ 11 hr

0.41 —

(c) 90X

0.83 —
132 un/ 7509/ ~ 27 hr

(d) 270X

Fig. 25. Surface deformation of partially-homogenized couples.
All:as-polished. The ''bulge and dent' deformation shown in (a) and
(b) disappeared, perhaps by sintering, after additional homogeniza-

tion occurred, as shown in (c). Surface rippling is shown in (d).
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and (b) correspond to the position of the porosity zone. Similar
bulge and dent deformation has been observed by othe:|'528’30'77 in
bulky couples, and the positioning of the dent at the porosity zone
led them to the tentative conclusion that the bulge and dent were
caused by mass flow (loss of mass in the dent side, gain of mass in
the bulge side). 1In addition to this, it seem possible that diffu-
sion-induced stresses perpendicular to the diffusion flow may also
contribute to the bulge and dent. This is based on the fact that the
regions undergoing mass flow are also regions of diffusion-induced
stresses. These stresses could be relieved near the surface by the
sense of material relaxation exhibited by the bulge and dent. The
bulge and dent deformation no longer exists in the extensively-homo-
genized couple of Fig. ZSkc); more will be said of this later.

Surface ripples were observed on those surfaces which bounded
zones of interdiffusion. This rippling was especially evident for
partially~homogenized couples where the Ag-rich terminal surface
material had undergone considerable homogenization, e.g., Fig. 26(d);
(other micrographs also show this, e.g9., Figs. 48 and 49). Therma)
etching was eliminated as a possible cause of surface ripples when
individual sheet samples of pure Ag and pure Au remained smooth,
bright, and shiny upon annealing for timés and temperatures identical
to those of the diffusion anneals. Simil;r surface ripplting was
studied in some detail on Ag/Au couples by Ruth3] and on Cu/brass

12 Their analyses showed that rippling

couples by Doo and Balluffi.
can result from dislocation climb,32’]2 diffusion along dislocation

pipes,3I and glide caused by diffusion-induced stresses.
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Couple Bending:

It will be shown that couple bending increased with increasing
diffusion time or temperature, and was inhibited by increasing the
couple thickness (mass constraint). Also, unbending of couples
occurred during the advanced stages of homogenization.

The increase of bending with increasing diffusion time at 750°C
is illustrated in Fig. 26 for 88 um-thick couples. The bending was
relatively uniform, except for slight curling at the corners. The
couples bent with the Ag or Ag-rich side forming the concave (inter-
ior) surface. The earliest measurable bending occurred after diffus-
ing at 750°C for ~ 0.5 hr., where the interdiffusion zone occuppied
about half of the couple thickness. Bending progressed during homq-
genization until the oppégite sides of the couples impinged on each
other, as seen in Fig., 26. Very weak spot welding at surface con-
tact points Qas found on these self-impinged couples. Since self-
impingement interfered with bending, bending data from such couples
were ignored.

Bending radii are plotted against diffusion time in Fig. 27 for a
series of 88 um-thick couples and two pairs of 132 um-thick couples,
all diffused at 750°C. Data for the 88 pm;thick couples includes
both the semi-infinite and partially-hombgenized stages of diffu-
sion, whereas the data for the 132 pm-th{ck couples is limited to the
partially-homogenized stage. Comparing the bending of the two sets of
couples in Fig. 27 illustrates the significant restraint to bending
imposed by the larger mass of the thicker couples. This bend-re-

straining mass was parallel to the diffusion direction, i.e., normal
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~ L4 hr ~ 11 hr

(a)

(b) ‘ 30X
Fig. 26. Examples of diffusion-induced bending.
(a) Couples 88 um x 5 mm x 10 mm, diffused at 750°C for times shown.
left; ~ 4 hr, partially homogenized to Nag = 0.99 or 0.09; right:
~ 11 br, partially homogenized to Nag = 0.84 or 0.29.
(b) as-polished cross section montage of the ~ L hr couple. The

couple, indicated by arrows, is completely encased in metallographic
nickel.



Bending radius, R, cm-

Ag.or Ag-rich

Au or Au-rich

couple thickness, e.g., 88um

semi-infinite limit for
88 pm-thick couples
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0.5 o
— ©
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data invalid because
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0. |— ~ o
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Fig. 27. Couple bending vs diffusion time ot 750°C.
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to the bending axis.* The mass constraint effect on couple bending
was further demonstrated by the absence of measurable bending of 170
and 335 pm-thick couples diffused at 7500C for times comparable to
those of the bent, thinner couples of Fig. 27. As expected, all of
the mechanically-constrained couples were still flat after diffusion.
It is convenient to describe those couples in which bending was res-
trained by either mass constraint (e.g. quadrupiing the couple thick-
ness from 88 to 335 pm)} or mechanical constraint (restraining the
broad couple faces between firmly-positioned pistons) as being "thigh
constraint' couples. ''Low constraint' refers to the 88 um-thick
couples that bent readily

Computer-fitting the bending data of the semi-infinite, 88 um-
thick couples in Fig. 27 yields the expression
log R = 0.876 - 2.08 log t + 1.39 (log t)? e g
, with R in ﬁm and t in hr.

A qualitative check revealed that bending was promoted by higher
diffusion temperatures. This was based on the observation that 170 um-
thick coupies did not bend measurably during diffusion at 750°C,vﬂereas
couples of nearly the same thickness (163 um) bent drastically when
comparable amou%ts of interdiffusion were obtained at 850°C.

Unlike the 88 um/ 750°C couples, the bent 163 um/ 850°C couples

did not self-impinge and become spot welded during homogenization.

Instead, they unbent to near-flatness during the advanced stages of

*Experiments with three different pairs of couples showed that bending
behavior was not altered when the couple dimensions normal to the
diffusion direction were changed from 5 x 10 mm to 5 x 5 mm.
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homogenization., Their deformation behavior was as follows. After ~
0.6 hr, the couples were still semi-infinite and bending was just
perceptible.* After 2 hr, homogenization was underway and gross bend~
ing was evident. This gross bending was still present in the couple
diffused for ~ 6 hr., After ~ 11 hr, where homogenization had de-
creased the Ag gradient to ~ 0.15 mole fraction across the couple,
the couple had unbent to become nearly flat again. This unbending
observation was verified by a separate experiment involving an 11 mm-
diameter couple, 163 um~thick, which bent into a deep bowl shape
after 3 hr. at 850°C, then unbent to near-flatness after additional
diffusion resulted in considerable homogenization. The occurrence
of unbending in the advanced stages of interdiffusion eliminates
evaporation loss of Ag as a pr?ncipa] cause of bending. Furthermore,
evaporation_losses were found by weighing to be undetectably small
in thin-sheet Ag disks annealed for several hours at 75000 and 85006
in simulations of diffusion annealing.
Internal Cracking:

Several diffused couples made early in this research cracked
open approximately parallel to the original join. Typical cracking
is shown in Fig. 28. The cracking path followed either the pores, or
lacking éonsiderable porosity, the weldihg interface. This is probab-
ly because either of these are mechanica}ly weak paths., Welding

interdiffusion, couple thickness, diffusion temperature, and mechani-

*Bending descriptions, rather than bending data, are used here be-
cause the pie-shape geometry of this set of 4 preliminary trail
couples did not permit meaningful measurements.
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weld penetration = 2 um 335 um/ 750°C/ ~ 2 hr

(a)
polished
90X

()
scanning
electron
micrograph
of crack
to left of
E in (a),
2,000X

weld penetration = 4 um 335 um/ 800°C/ ~ 9 hr

(c)
polished
180X
Ag-rich half of couple
Fig. 28. Internal cracking. In (a), E is the path of the electron

microprobe beam.
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ical constraint all affected the propensity for cracking. The weld
depth factors were presented earlier. Porosity and/or the concentra-
tion profiles revealed that couples cracked oniy after considerable
interdiffusion had occurred. As seen in Fig. 28(c), cracking was

* Most

often nonuniform, occurring in some regions before others.
often the cracks did not extend along more than half of an entire
couple, Cracking was significantly greater in those mass-constrained
couples which experienced little or no bending. For example, during
750°C diffusion of couples having 2 um-deep welds, the bending 88 um-
thick couples never cracked, whereas the nil-bent 170 and 335 pm-

thick couples cracked extensively. Comparing cracking behavior for

various couples diffused at 750°, 800°, and 850°C revealed that crack-

ing was more prevalent aé the higher temperatures., Although 6 um
welds prevented cracking of the thin-sheet couples diffused at 750°C,
the same couples cracked during 850°C diffusion. No cracking occurred
at 850°C for 163 um-thick couples welded deeply to 30 um. Also, none
of the mechanically-constrained couples cracked. Thus, cracking dur-
ing diffusion annealing was promoted by either mass conétraint or
increased diffusion temperatures, and was retarded or prevented by
deeper welding. Mechanical constraint always prevented cracking.
Internal cracking of one sort or another has been reported for a

variety of v:.ouples,:,"9’30'3''56'57 but with one exception,9 few if

*About 30 um of interdiffusion occurred in the couple in Fig. 28(a).
About 20 um of interdiffusion occurred in the left (nonporous) region
of the couple in (c¢), compared to ~ 120 um for its right (porous)
region.



97.
any details concerning the cracks were given. Some of the cracks
were attributed to faulty welding,3’56’57 while others were believed

9,30,31 Results of the bending

due to diffusion-induced stresses.
analysis, to be presented later, indicate that diffusion-induced
stresses are responsible for cracking of the thin-sheet couples of
this research.
General Remarks:

The plastic deformation phenomena, namely, grain boundary slid-
ing,63 destruction of original crystalline boundaries,3'6’]2’28’29

3,6,12-21,23,28 recrystal-

12,28,31

generation of dislocations or substructure,

3,12,28,29

lization and grain growth, small surface ripples,

.large bulge and dent deformation of surfaces which are parallel to

28,38,77 9,10,30

the diffusion flow, internal cracking, and couple bend-
ing,6']6'27‘have been observed in other binary couples (solid/solid

or vapor/solid types). In some cases, two, three, or four of these
processes were observed for a single type of couple e.g., Cu/Ni,

27,38

l':u/brass,g’]2 Ag/Au. But in no case, save for the thin-sheet
Ag/Au couples of this research, have they all been observed to occur
in a single type of coupie. Thus, all of the above phenomena are
common to at least one type of couple (thin-sheet Ag/Au), and con-
sideration of the above-referenced evideﬁce indicates that they are
common to all Kirkendall couples,. Furth;rmore$ all of these plastic
deformation phenomena occur in a system (Ag/Au) which is practically

free of atomic mismatch. Hence, while atomic mismatch undoubtedly

produces deformation stresses, stresses which arise soley from vacancy
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gradients are sufficient to produce all of the observed plastic
deformation phenomena in Kirkendall couples.

It is generally accepted that diffusion-induced stresses are
responsible for grain boundary sliding, destruction of original crys-
talline boundaries, generation of dislocations or subboundaries, re-
crystallization and grain growth, and internal cracking. Although the
nature of surface deformation is not well understood, both diffusion-
induced stresses and mass flow effects appear to be related to both
surface rippling and bulge and dent formation. However, it is not at
all clear at this point whether diffusion-induced stresses or mass
flow, or both, are responsible for couple bending. Barnes6 and
Queisser],6 stated that diffusion-induced deformation stresses were the
cause of bending, whe}ea; Liu and Powel12/ suggested that accomoda-
tion of mass flow by dislocation climb paralleil to diffusion flow
could contribute to bending. The latter authors also observed that
such bend-producing climb would not produce marker shifting. Exper-
imental results from the present research will be employed below to
show that couple bending is caused primarily by diffusion-induced
.stresses. To do this it is first necessary to present marker shift-
ing results.

Marker SHiftiqg

Marker shifting results representing 286 marker positions in 15
couples are given in Table 4., (Appendix B describes in detail the
method of making marker shifting measurements.) Some indication of
marker distributions within each couple is given in Table 4 and de-

picted graphically for couples 1-5 in Fig. 29. These show that scat-



Table 4. Marker shifting data.

COUPLE MARKER DATA

fﬁ S,std. Range about n, no.
No. Identity (pm) dev. (um) X, (pm) markers
] 88 pm/ as-weld for couples 2-5 -- ] b (-2 to +2) 32
2 88 um/ 750°C/ 0.52 hr(c2/4Dt=17) 8 1.5 5 (-3to+2) 13
3 88 pm/ 750°C/ 0.93 hr(C2/4Dt=9.4) " 1.5 5 (-3 to+2) 11
L 88 pm/ 750°C/ 1.48 hr(c2Dt=5.9) 125 2.5 9 (bto+s) 17
5 88 ym/ 750°C/ 1.98 hr(C2/bDt=h k) 12.5 2 6 (-3 to +3) 18

(continued--=~}

n
Xy = average marker shift = p- Xi/n, where n = number of individual marker shift values, Xi.
i=1

n ' 3
- .2 2 -
S = standard deviation =| 2 (X;=Xm) /(n-lj] . Xg and S are given to the nearest 0.5 pm because of
i=1

the 0.5 pm probable measuring error which affected each marker measurement (see Appendix B).

**Marker data are unreliable because advanced markers were entrapped in pores.

66
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Table 4. Marker shifting data--continued

Identity

10
11
12
13
14

15

88 um/ as-weld for couples 7-10
88 pm, mech. constr./ 750°C/ 0.70 hr(Ctht=12.h)
88 pm, mech. constr./ 750°C/ 2.06 hr(C2/LDt=k.2)

88 pm/ 7500C/ 15.70 hr(CZ/’-I»Dt=0_56)7"""’"‘

88 wym, mech. constr./ 750%¢/ 15.70 hr(CZ/th=0.56)***

335 pm/ as-weld for couples 12-15
335 pm/ f50°é/ 0.70 hr(C2/4Dt=180)
335 pm/ 750°¢/ 2.06 hr(C2/4Dt=61)
335 pm/ 750°C/ 15.70 hr (C2/L4Dt=8.1)

335 pm, mech. constr./ 750°C/ 15.70 hr(c2/40t=8.1)

“partially homogenized

MARKER DATA™

?ﬁ S,std. Range about n, no.
(um) dev. (um) Xm (pm) markers
-- 0.5 2 (-1 to +1) 32
1. 3.5 7 (-3 to +4) 33
20 2.5 11 (-5 to +6) 34
22 2 7 (-3 to +4) 10
34 L.5 16 (-8 to +8) 24
-- 1 3 (-1 to +2) 14
12 0.5 2 (-1 to+1) 10
23 A 13 (-9 to +4) 13
42 5.5 18 (-9 to 49) 10
Ls 4.5 i6 (-9 to 47) 15

00l



n = number of individual markers measured
Key: Xm = average marker shift

_T _L S = standard deviation

Range = marker shift scatter about Xy,

— (n)_LT | couple 4

16— _ T couple 5
S T
- ~couple3 -~ T

— couple | invalid data because
as-welded (I3)_]_ ocdvance markers were
4} entrapped in pores
T slope =10.5 um/hr 72
04'51 ! | | | R | | | |
0 - 04 0.6 0.8 1.0 1.2 14 ° 16
fl/Z, hri/2

*10t

Fig. 29. Marker Shifting for a series of semi-infinite, 88um-thick couples diffused at 750°C.

3
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ter in marker positions within a couple generaliy grows larger as
diffusion increases. Only a small part of this scatter is comprised
of the 0.5 um probable measuring error which affects each marker mea-
surement. The standard deviation, S, is included because the markers
were generally distributed symetrically about their average, iﬁ.
Values of S for the diffusion annealed couples indicate that ~ 2/3
of the markers in any given couple were within ¥ 1/7 ih (couple 7)
to ¥ 1/20 Yﬁ (couple 15). For most of the diffusion annealed couples,
the entire range (scatter) of marker positions within a given couple

, scatter ~ ¥

is very roughly 1/2 of its average marker shift, i

.e.
% X, This is less than reported scatter of ~ 3 _h in bulky Ag/Au
couples which also employed oxide particles as markers.hz'hé But the
significance of this compérison is questionable because of the much
deeper interdiffusion in the bulky couples and other differences such
as diffusion'temperature, grain size, etc.

Marker shifting for the set of 88 um-thick couples diffused free
of mechanical constraint is seen in Fig. 29 to be parabolic according
to X, = k t%. Porosity-entrapment of some of the more-advanced mark-
ers has occurred in the most-diffused couple (couple 5} in Fig. 29.
Both the maximum and the average marker shifts are less than predicted
by the lesser-diffused couples of the series which were not observed
to suffer such entrapment, Because of the uncertainty inherent with
markers entrapped in pores, matrker shiffing data from this couple were
not employed in computing the marker shifting expressions.

The average markers shifts, X from Fig. 29 and those from other

ml

seml~infinite couples are plotted in Fig. 30. From Fig. 30, it is



335um ~thick couples
large mass constraint
{(couples 2 and I3 ) pd

88 um - thick couples
~~~ mechanically constrained

o

High Constraint / ( couples 7 and 8)
'15 slcape=I4.5,.,.|rn/hr'/2 7 ‘/ ‘ ' S
- 5 "
no. markers=90 88 um - thick couples, without
/ ‘ 5 mechanical constraint

{couples 2-4)

/ O o \
10— / Low Constraint

/ slope =10.5um/ hr'/2

/ - | *no. marker = 4l

Xms ,J-m

5| s

*excluding markers in as-welded couples

0 i | . | | | | |
0 0.2 04 06 0.8 1.0 1.2 1.4 1.6

Fig. 30. Equivalent marker shifting enhancement due to mechanical constraint or large
mass constraint. All couples: diffused at 750°C, semi-infinite.
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seen that marker shifting in couples with targe mass constraint (335
pm thick) was practically the same as that in much thinner couples

(88 um thick) which were mechanically constrained. Since these two
sets of high-constraint couples exhibit similar marker shifting be-
haviér, their average shifts are represented by the dashed line. |t
is seen that marker shifting in the high-constraint couples was en-
hanced relative to the low-constraint couples.

A summary of marker shifting results, including the curves of
Fig. 30, is given in Fig. 31. It is seen that marker shifting for
semi-infinite couples diffused at 750°C for t < 2 hr* is given by
Low-constraint couples: Xm = 10.5 % am=hr .-+ 6(a)
High-constraint couples: X = 14.5 tZ pm-hr cee 6(b)
Marker shifting enhancement caused by high constraint (mass or mechan-
ical) is given by the difference between the above values,

AXp = b t2 : +re 6(c)
The relative marker shifting enhancement, given by the ratio of Egn.
6(c) over 6(a), is 38%. .

The two 335 um-thick couples (14 and 15), one of which is mechan-
ically constrained, were diffused for ~ 16 hr, The small differ-
ence of 3 um, or 7%,between the Yﬁ values of these two couples is not
significant (see Fig. 31). Furthermore, since two markers were found
in pores of the couple free of mechanical constraint (couple 14), it
is likely that a minor amount of entrapment may have contributed to

this small difference. Thus, superposing mechanical constraint onto

*Homogenization of the 88 um-thick couples begins shortly after 2 hr.
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semi—-infinite limit for I : (couple 15)

Fig.3l. Summary of marker shifting in Ag/Au couples diffused at 750°C.
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a couple already having a large mass constraint has little or no
effect on marker shifting in substantially-diffused couples. |If one
uses the (dashed) extrapolations in Fig. 3! as a guide,* one sees that
?ﬁ for either of these two high-constraint couples is less than pre-
dicted by the shorter-time (< 2 hr), high-constraint curves., In fact,
the longer-time, high-constraint couples have marker shifts more com-
parable to those extrapolated from the short-time, low-constraint
couples. This indicates that the rate of marker shifting enhancement
given by Eqn. 6(c) was not sustained beyond the early diffusion per-
iod. A possible reason for this will be offered later.

The marker position of the partially-homogenized, mechanically-
constrained 88 um-thick couple 10 shows that marker velocity decreas-
ed during homogenization, as one would expect from the ever-decreas-
ing rate of interdiffusion during homogenization,

While marker shifting in bulky couples is well-known to be para-

2,3,6,28,53

bolic, no meaningful comparisons to the marker shifts ob-
served here were found in the literature. Nor is the enhancement
effect reported elsewhere. Markers were usually distributed between
the original join and the porosity zone, and were often found within
the porosity zone. -Locating markers was often complicated by their
close proximity to pores. In the more porous couples, conventional

metallographic polishing would often artificially enlarge pores until

nearby markers were dislodged. This problem was avoided in many

*Because of the lack of intermediate marker data, the extrapolations
in Fig. 31 are obviously not justified, They are included solely
to jllustrate the relative marker positions,
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couples by employing very minimal polishing times to prevent porosity
enlargement, as illustrated in Fig. 32. Polishing time was much less
critical in couples having little porosity, as seen in Fig. 33(a).
Couple 5, mentioned above as suffering from porosity-entrapment of
markérs, featured more interdiffusion and more porosity than those
couples in Fig. 32 and 33(a). In couple 5, a large number of the more-
advanced markers which could not be located by light microscopy
(despite various metallographic preparations) were finally found by
the electron microprobe to be entrapped pores. A marker immediately
adjacent to the porosity in couple 5 is shown in Fig. 33(b). It wilt
be seen later that porosity-entrapment of markers is related to the
growth and shifting of porosity.

Analyses of Marker Shifting and Couple Bending

The following analyses of marker shifting and couple bending
employ phenomena introduced earlier, namely, the accomodation of mass
flow by dislocation climb {mass flow/dislocation climb) and diffusion-
induced stresses related to nonequilibrium vacancy concgntrations.

The first analysis is limited to the role of mass flow/dislocation

climb in both marker shifting and couple bending. Its results fail

to describe adequately the observed bending behavior. The second,

more successful, approach is a stress analysis based on nonequitibrium

vacancy concentrations generated during diffusion; the stress analysis

is related directly to coupte bending only.

Introduction to the Hypothetical Models of Mass Flow/Dislocation

Climb:

.
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720X

(a) conventional polish

Au —

(b) minimal polish,
moderate etch

(c) minimal polish, moderate etch

Fig. 32. Markers in the couple 88 pm/ 750°C/ 0.52 hr. Some markers
are dislodged or difficult to locate in the enlarged porosity of the
conventional-polish surface in (a3), but minimal polishing and mod-
erate etching reveals marker particles, m, in (b) and {c). A seep-

age stain artifact, s, is shown in (c).
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(a) etched 720X

MG —— b e ke

N Y S

nmm@:gf &Mﬁ

(b) polished 360X

31.'

Fig. 33. Markers in couples having different amounts of porosity.

(a) Markers, m, are readily detected in the low-porosity couple 88 um,
mech. constraint/ 750°C/ 0.70 hr, A ghost trail from the electron
microprobe beam is left of center, An elliptical SiC grinding parti-
cle is embedded in the matrix to the right of the markers.

{b) Several markers more advanced than the one indicated were entrap-
ped in the pores of this couple 88 um/ 750°C/ 1.98 hr. Focussing on
the marker results in poor focus of the pores, the pores being depres-

sions and the oxide markers being in elevated relief.
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3 30

Da Silva and Mehl,” Darken, and Barnes6 suggested that marker
shifting in bulky couples should be a direct measure of the amount of
mass flow which occurred during diffusion. As pointed out by Bardeen
and Herring,7 the existence of marker shifting, plus the general lack
of dimensional changes parallel to the diffusion flow in bulky couples
having little porosity, indicate that mass flow occurs by the creation
or destruction of atoms along planes which are preferentially aligned
perpendicular to the diffusion flow. This was believed accomplished
by dislocation climb under the osmotic forces created by vacancy
supersaturation (or undersaturation) of l%.7'63 If these arguments
are extended to a hypothetical case where all mass flow is accomodated
solely by dislocation climb perpendicular to the diffusion flow, it is
seen in Fig. 34(a) that marker shifting should be a direct and
complete measure of mass flow.* Incorporated in the marker shifting
model (Fig. 34(a)) is an expansion of one side of the couple as dis-
locations operate as vacancy sources to accomodate a net gain of mass,
and a contraction of the opposite side where dislocations operate as
vacancy sinks to accomodate a net loss of mass. |In accordance with
otl1ers,3'6"8’]_0’]2 it is assumed that mass relaxation is essentially
uninhibited in the direction of diffusion flow during these expansion
and contraction processes. Contrary to the above considerations,

dislocation climb is not necessarily restricted to being perpendicu-

lar to the diffusion flow. Climb parallel to the diffusion flow is

*The climb depicted in Fig. 34 is oversimplified. It is more likely
that the climb occurs by regenerative dislocation sources6 such as
the, dislocation rings described by Bardeen and Heering.7'
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Fig. 34. Hypothetical models of marker shifting (a) or couple bending (b), both

via mass flow /7 dislocation climb.
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also possible. Lliu and pPowe 1127 suggested that this mode of climb,
while acbomodating mass flow, could contribute to couple bending
without causing marker shifting. This is shown in Fig. 34(b). Real-
istically, one would expect that dislocations would be oriented in
the ﬁatrix such that climb would occur both parallel and perpendicu-
lar to the diffusion flow. In this case, marker shifting and bending
would co-exist in a given couple. (Such behavior was observed in our
low-mass constraint, 88 um-thick couples, although not necessarily for
the reason just described). Since the amount of mass flow is fixed by

* the dislocation climb models (Fig. 34) require

diffusion kinetics,
that an increase in marker shifting can occur only at the expense of
decreased couple bendingt and vice versa. This constitutes a trade-
off situation between marker sﬁifting and couple bending. Based on
this, we wish to determine the relative amounts of mass flow parti-
tioned into components responsible for either marker shifting or
couple bending. This task is simplified if the A/B couples are assum-
ed to have constant partial molal volumes of A and B throughout, no
porosity, and constant cross section areas perpendicular to the dif-
fusion flow., These are resonable assumptions for the Ag/Au couples.
Volume changes during Ag-Au alloying are very small (less than 0.7%),

15,33-35 and the presence of porosity and small changes in cross sec-

tion due to minor bulge and dent deformation were subsequently judged

*The amount of met mass which is transferred across the original join
(mass flow) is fixed by the time-wise integration of the net flux.

The net flux is given by the vector sum of the fluxes of the diffusing
species, JA + JB’ in this case.
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to have insignificant affects on the results of the analysis. The
above concepts of mass flow/dislocation climb will be employed next
to describe, each in its turn, the individual cases of (1} pure marker
shifting, (2) pure couple bending, and finally, (3} simultaneous mark-
er shifting and couple bending.

The Hypothetical Model of Marker Shifting via Mass Flow/Dislocation
Climb:
From Fig. 34(a) the volume of mass flow which occurs within a

couple is given by the marker shift, X , multiplied by the area normal

m?
to the diffusion flow. For unit depth of the couple normal to the
ptane of the paper, the amount of mass flow is directly proportioned
to the area
Am = XmYo ‘ - 7
This area will serve as a convenient measure of the amount of mass
flow which is related to marker shifting, and will be compared subse-
quently with a counterpart area related to couple bending.
The Hypothetical Model of Couple Bending via Mass Flow/Dislocation
Climb:

The area related to the amount of mass flow which is responsible
for bending, Ap, is calculated from an ''isolated free body'" of the

3
B-rich portion of the bent couple in Fig. 34(b). The expansion and

bending of the B-rich portion is accompanied by the simultaneous

*Simultaneously solving the following two expressions shows that the
entire area of the bent couple in Fig. 34(b) is, as required by conser-
vation of mass, equal to the area of its nonbent, as-welded parent.

2y, = = {'n~ [(R+c)2 - (R-C)ZJ} , 8= yo/R
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shrinkage and bending of the A-rich portion. Since the amount of mass
flow responsible for these events is the same for both portions, only
one of them is required to describe the bending situation. Also,
examining the nonporous B-rich portion avoids errors due to porosity
sweliing. Proceeding, the area of B-rich portion at isothermal

diffusion time t), bending radius Ry, and bending angle 8, is

Al-B,] ‘—“';".}—T {ﬂ"[(R]-I-C)z"R]z]} «++ 8(a)

, which reduces to

0 2
AE' = = (RC + %) ... 8(b)
Similarly, the B-rich area at t, (tp>t), Rp<Ry, 8,<8;) is
: o '
B _ 2 2 : ‘e
Abz = 5 (R,C +¢C ) 9

The area of mass flow associated with bending between times t; and

tz is
B = aB - pB .-+ 10
Ay by b

Substituting Eqns. 8 and 9 into Egn. 10 results in

8 . e .
AB = 22 (rc+c?) - L (ke +c2 cee 1
b 2 ( 2 ) 2 ( 1 )
. . . . _Yo _Yo .
Employing the geometrical relationships ©] = = and 82 = = in
I 2

Eqn. 11 yields,

2

= 12

Setting Ry - Ry = AR and R, =R, and dropping the superscript, B,

resylts in
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aAy yoC? 1

AR "2 R{R+2R) T

: A
Employing 9A £ lim [e—ﬁﬂ , Egn. 13 becomes

dR R—+0 bR
2
d—A = —z-g-c—- PR} ]L}
dR 2R 2

Integrating Egqn. 14 according to

A 2 R
SdA = _EZP__ S .Si..&

2 R2
Ao Ro
yields

vof? 1.1 |
A“A = - * o
o 2 (R Ro) 15

]

» where Ag, A area of- the B-rich portion'of the'couﬁle before and
after diffusion-induced bending, respectively.
C.yo = fnitial thickness and width; respectively, of each

couple half.

Ro, R = radius of curvature of the couple before and after

diffusion, respectively.

Since R, = oo and letting A - Ao = A,, Egn. 15 reduces to
) .
Yol
Ap R : cer 16
» where A, = area representing the amount of mass flow across the

original join which is associated with couple bend-
ing, R, during diffusion time t,
For the sake of introductory simplicity, marker shifting and couple

bending were treated above as independent phenomena. Because both
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were found experimentally to co-exist in the 88 um-thick couples, the
following model considers simultaneous marker shifting and couple
bending.

The Hypothetical Model of Simultaneous Marker Shifting and Couple
Bendfng via Mass Flow/Dialocation Climb:

A coupfe dispiaying simultaneous marker shifting and couple
bending is shown in Fig. 35. Using a method similar to the preceding
case of bending, but simplfied for brevity, the area representative of

mass flow across the original join in

Amb = AP - A3 | SRRV
, where AB = area of the B~rich portion of the couple after marker
| shifting and coﬁple bending has occurred (the marker-
swept area is included).
Ag = Cy,, the area of the B pqrtion hefore diffusion.

From Fig. 35,

B e 2 2
A =-2—,n,{1r[(R+c) -(R-xm)]} : ;018
Y
Employing 8 = EQ in Eqn. 18 and substituting the result into Egn.
17 yields,
2
X yv.C

= L} o

Arn,b = YoXn (0 ZR) T 19

The marker-swept area bounded by y, and y, in Fig. 35 is calculated

independently to be

Al = yx (1 -om ce. 20
om 2R
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Fig. 35. Simultaneous marker shifting and couple bending.
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Egn. 20, which represents the area associated with marker shifting,
is identical to the first term in the RHS of Eqn. 19. The factor 3%
in either equation arises from the marker plane advancing into a
region of ever-decreasing width, y, in the shrinking portion of the
bending couple. The second term in the RHS of Eqn. 19 is identical to
the bending-related area given by Eqn. 16. Thus, Eqn. 19 is comprised
of a marker shifting term dependent on the bending radius, plus a
couple bending term.

As R —» oo, Eqn. 19 reduces to y X, which is Eqn. 7 of the
nonbent couple. Therefore, if bending is not accounted for when
measuring the mass flow effects in a Kirkendall experiment, the re-
sult will be inlerror by the difference between Eqn. 19, which repre-
sents the actual mass fléw, and Eqn. 7, which represents the.mass flow
in a presumably-nonbent couple. This error is expressed by using Am,b
(Eqn. 19) as the correct measure of mass flow and A, (Eqn. 7) as the
usual, but possibly incorrect, measure. The relative error introduced

by ignoring the mass flow associated with bending is then given by

2
X c
A -A yX (0 -Imy 4 Yor _yx
Aer = m,b mo_ om 2R 2R om
Am,b Xm  yoC?

Yme (] = Z_R) + 2R

which, for 2RX & >> c? - X%,“ reduces to

*This inequality holds true for all couples of this experiment and is
expected to remain valid throughout semi-infinite diffusion in any
bulky couple.
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2 2
A ~ EL.:LJ&E_ e 21
er 2RXm

Aer can be expressed in terms of diffusion time, Ag. = A(t), by employ-

ing marker shifting and couple bending results from the 88 pm-thick
couples diffused at 7500C, namely Eqns. 5 and 6(a). So doing yields
the dashed curve in Fig. 36, which closely fits the (solid) parabolic
curve given by

Aer ~ - 0.0186 + 0.03 t? cer 22

» where A, is dimensionless and t is in hr.

From Fig. 36, it is seen that the relative error caused by ignoring
bending increases as diffusion penetration increases, reaching a max-
imum of.only ~ 2% at the'semi-infinite diffusion limit.” As indicat-

ed earlier, this error likewise causes an error in X One conse~

me
quence of this error made in measuring the mass flow is that diffusion

quantities calculated from it will accordingly be in error. For ex-

50

ample, such an error could appear in Darken's relationship between

marker shifting and intrinsic diffusion coefficients given by

ah%
7t = (0a - Dg) S . 3

The term of interest, Dy - Dg, will appear erroneously-low if bending
by mass flow/dislocation climb diminishes the value of X,. However,

the small (~ 2%) error in X, caused by bénding is not significant when

*Ae, for thicker (170 and 335 um) couples could not be likewise cal-
culated because the very slight bending (very large R) of these
couples could not be adequately measured by the technique employed
here. However, results from the subsequent stress analysis indicate
that any contribution to couple bending by dislocation climb would be
less the thicker the couples. Therefore, the error, Agr, is expected
to be larger in the 88 um-thick couples analyzed here than it would be
in ‘thicker couples.
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compared with experimental uncertainties of several percent encounter-
ed when measuring marker positions or diffusion coefficients, or those
introduced by spurious marker displacements resulting from localized
plastic deformation and, possibly, porosity-entrapment of markers.

If bending actually did occur by mass flow/dislocation c¢limb (and
this possibility has yet to be established), changes in the rate of
marker shifting would be manifested by equivalent offsetting changes
in couple bending, and vice versa. To see if this mass flow trade-off
actually occurred, the area associated with simultaneous marker shift-
ing and couple bending as given by Eqn. 19 is equated to its counter-
part area associated with pure marker shifting, Eqn., 7. The result is

the calculated.marker shift enhancement

c2 - x,2
AX, = 3R ve. 23

Solving Eqn. 23 by using the experimental results of marker shifting
and couple bending, Eqns. 5 and 6{(c), the calculated marker shift
enhancement is found to increase parabolically with time, as seen at
the bottom of Fig. 37. Since bending due to thermal expansion is
also a contributing factor here, its effect is also indicated.” Its
relative contribution to calculated marker shifting enhancement is
minor for all but the shorter times, and is, therefore, ignored. The
experimentally-observed enhancement of marker shifting is included in
Fig. 37 for comparative purposes. It is obvioug from Fig. 37 that

marker shifting enhancement calculated from the model is quite insuffi-

*The actual calculation of the thermal expansion bending radius is
given in Appendix A. |ts equivalent contribution to a Xy was obtained
by using Eqn. 23.



observed experimentally AXm = 4tV/2.-. Eqn. 6(c)

calculated from Eqn. 23 and experimental results given Egns. 5,6(c)
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Fig.37. Comparing the observed and calculated values of enhanced marker shifting.
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cient to account for the experimentally-observed enhancement in the
nonbending, constrained couples, the calculated values of AX, being
more than an order of magnitude too small. (Likewise, solving Eqn; 23
for R by employing the experimental results of AXm and X yields
values of R which are more than an order of magnitude too large.)
However, both the experimental and calculated marker shifting enhance-
ments in Fig., 37 do increase parabolically with time. These results
indicate that while the mass flow/dislocation model may be valid in
part, it falls far short of adequately describing the simul taneous
marker shifting and couple bending observed in thin-sheet Ag/Au cou-
ples.

There are additional, and very significant, shortcomings of the
mass flow/dislocation climb mode! with regard to bending. Firstly,
since mass flow is restricted to the interdiffusion zone, it fails to
account for bending of the outer, nondiffused portions of the semi-
infinite couples. This consideration does not pertain to bent couples
observed by other56’16’27 because their diffusion anneals indicate
that partial homogenization eliminated the nondiffused material. Sec-
ondly, the model cannot explain why couples of moderate mass con-
straint (~170 pm) did not bend measureably when diffused at 750°C but
did bend.significantly when comparablie Smounts of interdiffusion were
obtained at 850°C. Since interdiffusion and the resultant mass flow
were comparable at either temperature, bending would have been compar-
able if mass flow/dislocation climb was primarily responsible for
bending. Thirdly, mass flow arguments do not explain the unbending

observed during advanced homogenization of couples which had been
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severely bent earlier in diffusion. Answers to the above considera-
tions are given by the stress analysis presented below.
Simplified Bending Stress Analysis™

An expression is derived to describe the strain rate at the
terminal surfaces of bending couples. It will then be shown ‘that
the deviation of the vacancy concentration from the equilibrium
value appropriate to each point of the diffusion zone produces
throughout the entire couple a stress distribution which would cause
the couple to bend in the observed manner. These stresses can attain
magnitudes which are sufficient to deform plastically the thin (88
pm thick) couples.

The analysis is begun by geometrically describing the.couple in

Fig. 35 according to

Yo = RO o 2h(a)
and
Yo - &y = (R -C)e s 24(b)

Eliminating ® from the above expressions yields

R-C Yo T AY(
A = -——;;f—— = 1 - Eg : ) <o 24 (c)

, where E¢ = strain at the terminal surface of the coupie = aAy./y_.
oC ) C'7o

From Eqn. 24(c),

C
ec = F{- ...25

*The stress analysis was originated by Professor G. W. Powell, The
Ohio State University, 1971,
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Differentiating with respect to (diffusion) time and rearranging terms

yields

- 26

Having related strain to the rate of couple bending via Eqn. .26, we
consider next the generation of such strains by the stresses generated
from the elimination of nonequilibrium vacancy concentrations which
form during diffusion.

First, an expression of the nonequilibrium vacancy concentration
is derived from diffusion kinetics. |In so doing, it is assumed that
the distribution of Ag (or Au) in the couple is given by the Grube
equation _ .

Nag = Do+ erf (q)] . | «e- 29

, where N = mole fraction,

q
- 2 2
erf(q) = 71 OSEXP(-Q ) dq

1

q = x/(LDt)?
For the net flux given by
Jag * Jau * dy 0 7t 30

, Fick's second law for vacancies may be written as

ON
v oo .2 = 9 :
aNV D 2N oN
— _.'-A_g. AU .
ot  dx [' Dag ax ~ PAau ox J 31(b)

AMpg _ _ May

Assuming D independent of composition and letting 3% T X
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N N
atV = - (DAQ - DAU).___.A_S. cer 32
From Eqn. 29
Ag _ _ 2x exp(-x /LD t) 33
2 1/2 3/2
9 x ™ (4Dt)

It will be assumed that the deviation of the vacancy concentra-
tion from the equilibrium value, aN,, is proportional to

- 2 Nag/ dx2.* Therefore,

2x exp (- leth)]
aN, = K +++ 3L(a)
v ‘HI/Z(th)3/2
or
Ko X exp(-leth)
-aN L= . v vt Bh(b)
v (4pt)3/2

Now, three-dimensional lattice straining in the diffusion zone results
from the contraction or dilatation associated with the elimination of
nonequilibrium concentration of vacancies, ANy. These strains are
assumed free to relax in a direction parallel to the diffusion flow,
whereas such relaxation in a direction normal to the flow is restrain-
ed by the mass inertia of the couple. In order to maintain a non-
bent.couﬁle in the preﬁence of these unrelaxed strains,’it is neces;
sary to impose an oppositely-directed restraining stress at the dif-
fusion zone. The magnitude of this restfaining stress is dependent

on ANy in the following manner.

ThlS can be rationalized by observing that azNA / ©x2 is a measure
of the rate at which vacancies are being created or destroyed, as seen
in Egn. 32, This pehnomenological viewpoint is illustrated in
Shewmon.
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Imagine a row of atoms, normal to the direction of diffusion flow,
along which the vacancy concentration is changed from N, to N, + 4N,
by diffusion. Before diffusion, this string of n, lattice sites con-

sists of Nyn, vacancies and (1-N,)n, atoms. Subsequent diffusion

o]
alters the number of lattice sites from ng to n by either creating or
destroying vacancies along the row (aN,). The number of atoms is

then given by [1 - (Ny + ANV)] n. Equating the number of atoms in

the row gives [} - (Ny + aNy))n = (1 - Ny)Ing, or

(1 - N,)ng
t - N, = AN,

By calculating the engineering strain along the lattice sites, which
are assumed separated by a constant distance of S, we obtain the
strain normal to the diffusion flow,

ng - n_§ N
Y = . o =
Y no & 1 - N, = AN,

*
ey ~ ANy *++ 35

*The above expression is obtained by assuming that (1) all lattice
sites, whether occupied by atoms or vacancies, are separated by a con-
stant distance, and (2) the creation {or destruction) of a vacancy
from the equilibrium value results in the creation (or destruction) of
a lattice site along a plane perpendicular to diffusion flow. While
it is beyond the scope of this text to refine the above approximation
of strain due to nonequilibrium vacancy concentration, such a refine-
ment might begin by considering, in an approximate manner, (1) inter-
lattice spacing distortion due to localized accommodation around a
vacancy or interstitial, and (2) creating or destroying a vacancy with-
out necessarily creating or destroying a lattice site. This latter
feature, (2), permits supersaturation or undersaturation of vacancies
by replacing an atom with a vacancy or vice versa without altering

the number of lattice sites, such as in the very beginning of Kirken-

' (continued--=)



128.
Therefore, the restraining stress which must be applied to the regions
of the diffusion zone to counteract the strain along y due to a
change in the vacancy concentration is given by

G_y = Eey = EANV 36

Thus, from Egns. 34(b) and 36,

G EKg X exp(-leth)
Y (40t)3/2

(-~-continued)
dall diffusion when the vacancy concentration is still near its equili-
brium value. For the sake of a simplified argument, only the strain
in the side of the couple gaining excess vacancies (the Ag-rich side,
in this case) will be dealt with here. A similar approach with varia-
tions in detail should apply to the vacancy-deficient (Au-rich) side.

Let n} = number of lattice sites along a row perpendicular to the

diffusion direction,

Then n? = nQ + nQ
and nf = ng + nt

, where the superscripts o and f refer to before and after diffusion,
respectively, and the subscripts a and v refer to atoms and vacancies,
respectively. It is known that atoms surrounding a vacancy tend to
relax elastically into the vacancy site, i.e., the effective lattice
space occupied by a vacancy in less than that of a matrix atom. If

the interatomic spacing is § , then let the space occupied by an in-
serted vacancy equal & § , where € <1, (The value of o for Au-Ag
might be calculated from the value of the volume contraction due to
vacancies; see Fraikor and Hirth, 103) Then the Iength 1, of the lat-
tice before and after-diffusion is given by

1° = 5ng+0f¢5n3
1f = Jn;+d6n&

The engineering strain introduced by changing the vacancy concentra-
tion along the lattice row durtng diffusion is

e . F oo ) (Jna+o(r5nv)—((5n°+o{5n8)

4 10 dnd +o8nY

{continued---)
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G& yields a net stress of zero across the diffusion zone but it does
produce a mechanical moment. Therefore, a counteracting moment must

%
be exerted on the diffusion couple. Thus ‘

0 x
1l = —— .o
o C 38
, where C = halfthickness of the diffusion couple and the stress

direction is normal to x. For the moment of forces distributed over

the couple equal to zero,

+§ ox2dx +§ ERoxZ exp (-xZ/Dt) dx . . 3
. C I (1+Dt)3/2
or
(---continued) :
6, = (n; - n3) + d(ns - n9) _ _Ang ¢+ X an,,
ng + afns ng + an?

If only a fraction, f, of the annihilated atom sites are occupied by
vacancies (the others (1-f) having contributed directly to the destruc-
tion of lattice sites), then An, = -f Anj.

Then
_ an, (-1/f) +an, } An, (ot - 1/f)
Y nd + ofnf ng + «ng
Since n3 ~ 0 >> any, nd, and letting ' = & - 1/f

Gy s d ! ANV

This expression is similar to that given by Egn. 35, except for the
term o¢'. |If &' = constant, it can be grouped with other constants,
EKos in the subsequent stress analysis. However, the value of the

term f in the expression of o' is related to the efficiency of operat-
ing vacancy sinks and its value, constant or not, is not known.

#*This treatment is analagus to a thermal stress analysis given by
Timoshenko and Goodier.!
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~3EK +C
g'" = 2 S xz[ew(-xz/hot)]dx RN,
2c3 (4pe)3/?
-C
Solving yields
2 o 2n+|
no -3EK, x exp (-C4/LDt) zi Czlth) T2 .
d 2¢3 - (2n+T) cee b
n=1]

Therefore, the stress across the diffusion couple is given by the sum
of G; (Eqn. 37) and @' (Eqn. 41), which is
2

2 2 nyed
- x_exp (-x</4Dt) _ 3x exp(-C4/LDt) 2 (C /th)
o= (upt)3/2 2¢3 :E' H(2n+) ]

Eqn. 42 is rearranged in terms of the diffusion penetration factor,

Czlth, to yield the stress parameter

o o ox 2 2 3/2 _
0 = 3 [exp (-x?/10t)] (c2/40t)

2n+1

3 [exp(-c¥upt)) S iy cee b3
G S
n=

(2n+1)!

For a given D, C, and t (chemical diffusion coefficient, = 1.54 x 10-10

38 couple halfthickness, and diffusion time, respectively), the

cmz/sec,
distribution of stress across a diffusion coupte, {J (x), is obtained

from Eqn.‘43.* Computer solutions of Eqn: L3 were obtained for a wide
variety of Eouples representing differenﬁlcouple thicknesses and diffu-

sion times. Times were established by assigning various values to

CZ/MDt, C being constant for a particular couple thickness,

“With the RHS dimensioned in cm-sec, the LHS (the stress parameter)
given in cm~2, Note that G/E is dimensionless.
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Appendix C describes the computations. Stress distributions of three
88 um-thick couples diffused at 750°C for times given by c2/Lpt = 4,9,
and 18 are plotted in Fig. 38. These stress distributions were select-
ed because the onset of measurable bending occurs at c2/upt ~ 18
(t ~0.5hr) and the semi-infinite diffusion time limit is reached at
c2/upt ~ b (tm2.2hr).*

By inspection of Fig. 38, the maximum diffusion zone stress,
Crnax® 1S seen to decrease and shift further from the original join
(x=0) as diffusion time increases. Such behavior can be rationalized
by noting that the concentration gradient which gives rise to chemical
stresses becomes smaller and occupies more of the diffusion éouple as

L ts

diffusion proceeds.”

*These particular values are, of course, unique to the 88 um-thick
couples, ‘

**G'ax can be obtained by differentiating Eqn. 42 such that
30'73x = 0. So doing yields

2 2
Zthaxexp(-XGhax/th)

20 {' 1 ?
= = EK.4———=55 | exp(-X /kot) -
dx ° ! (upt)3/2 [ P (~Xbmax (4pt)>/2
2n+1
oo -5
. 3 _exp(-c%/bpt) S ey 21
203 < 3.5...(2n+1) § = O
Multiplying by thax and rearranging terms yields
X exp(-XZ /uDt)  3Xg __exp(-C2/L4Dt) 2n+1
Ormax Pl Omax )__ Umax P ). < 2N (c2/pt)_2
(th)3/2 2c3 ] 3:5¢..(2n+1)
" h=
2 -x2
2x6-maxexp( erax/l}D t)

(bpt)>/2
By comparing with Eqn. 42, it is seen that
(continued-~-)
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The stresses at the terminal ends of the couples, given by the
caiculated stress parameter {;, are responsible for plastic deforma-
tion bending of the outermost, nondiffused material of pure Ag or pure
Au. The magnitude of G is estimated next by comparing the bending
strain rates to known steady-state creep strain rates (€)of Au.* The
expectation that creep kinetics might describe couple bending follows
from the fact that bending occurs gradually at elevated temperatures,
and the deformation effects observed for the couples (destruction of
former grains, subgrain formation, grain boundary migration, and grain
boundary sliding) are characteristic of creep deformation. 105 Appro-

106 where their

priate creep data for Au are given by Sherby and Burke,
steady;state creep strain rate is given in the form of éL2/D, with
L = grain diameter and D = diffusion coefficfent. Modifying our bend-
ing strain rate expression, Eqn. 26, to conform to their format is

done by multiplying both sides of Eqn. 26 by the constant L2/p.

This yields

2
2 . 2 - CL

(i
2

(---continued)

26K, X3 exp(-XZ _ /kDt)
G;ax - (Lbr)5/2

* ft is assumed that couple bending is occurring in the steady-state
range because € for the semi-infinite bending couples varies from 0,01
to 0.2 and Burton and Greenwood (Metal Sci. Jnl., 4, 1970, p.215) found
that primary creep is always absent for € 2 t x 10=% for pure Cu
tested under a wide variety of low-stress high-temperature conditions.
(Cu lies directly above Ag and Au in group 1B of the periodic table and
has the same crystal structure, FCC, as Ag and Au; these similar
features indicate that the creep behavior of Cu, Ag, and Au would
likely be similar, )
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For our purpose, L = C = 0.044% mm and D is calculated from the general
Arrehnius expression of the self-diffusion coefficient of Aul07 to be
4.036 x 10°° mmthr. Values of - %3 during bending of semi-infinite,
88 pm-thick couples are obtained from our experimental results given
by Eqn. 5. Employing these in Egqn. L4l yields for the bending couples

0.3 = écLz/D < 0.5. From the Au creep curve of Sherby and Bt.:rke,]06

this corresponds to creep stresses which vary between 140 psi at t =
0.5 hr and 170 psi at t = 2.2 hr. This is clearly in the low-stress
range. Thus, plastic deformation at the terminal ends of the couples
is indicative of high-temperature, low-stress creep,

The calculated values of G .shown in Fig. 39 reveal that the
.creep stress at x = C is highest early in diffusion and decreases by
about 15% as diffusion brogresées to the semi-infinite limit. However,
the preceeding anatysis which related couple bending to known creep
behavior indicated the inverse situation of the stress increasing mod-
erately (from 140 to 170 psi, or 20%) during the sa&e-time period. The

O¢ calculations indicate that this increase in stress as diffusion
progresses is physically unrealistic. It is concluded from this that
- while all valge§ of bending stress at the couple terminal ends are in
the range of low-stress creep, the kinetic details of bending by creep

deformation are not described adequately by the limited amount of

bending data obtained in this research.”

*Should a significant amount of accurate couple bending data be gener-
ated in a future experiment, especially for the very early stage of
bending, additional creep stress information might be obtained from
the steady-state creep relationship € = aG™, where a and m are empiri-

) ' (continued---)
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The maximum stress in the diffusion zone (Omax) can be estimated
for a given diffusion time. For a diffusion anneal of 0.5 hr, C2/4Dt

= 18 (the onset of measureable bending), stress calculations™ show that

~— ~ 0. 18.%" since O ~ 140 psi, G, .~ 780 psi. In actual prac-

tice, the value of G ., will be limited by an engineering-type yield
stess of the diffusion zone material. Therefore, calculated values of
Omax» Such as given above, could be ficticiously high and may, in fact,
be lower. Modi ying the calculated stress distribution to account for
the 1imit on 0y, requires appropriate engineering stress data. Since
such data .is lacking, the stress distribution is left as is.
Results of the bending stress analysis can be used to explain the

experimentally-observed bending. ﬁbst notable is the evidence that
.éhé prima;y fac%or controlling bending during the early Eeriod of
diffusion is the stress distribution which arises as a result of non-
equilibrium vacancy concentrations. This is indicated by-the capabil-
ity of the early-time (0.5 hr) stress distribution to induce creep

deformation in the outer, nondiffused portion of the 88 um-thick couple.

(==-continued)

cal constants for metals and alloys, and m rn a ?lven system assumes
_ integer-values dependent on the stress level. 10 Combining this
creep expression with the bending expressuon, Eqn. 26, yields for creep
at the couple ends (x = C) :

R/RZ = 0(0"8 , where o = - a/C, an empirical constant

In the early stage of diffusion and bending where (¢ is constant (see
Fig. 39), the expression reduces to a reciprocai relationship between
bending radius and diffusion tlme given by R = k/t. |t was attempted
to employ the bending data (R, R ) and calculated stresses (G) from
this research in the above relationships, but the results nndlcated
that the bending data were too few to yield meaningful information
from this particular approach.

*Since the ratio GC/CT is continuously changing with time, the
value calculated here is restructed to the particuloar duffusuon time
selected.
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During this early period, the stresses in the diffusion zone are high
(e.g., Fig. 38) and they inhibit the climb of disiocations parallel to
the diffusion flow.8 This inhibits bending via the mass flow/disloca-
tion climb mechanism. Therefore, the bending of the couple results
simply from unconstrained plastic flow., However, for longer times,
the stresses in the diffusion zone are much lower (Fig. 38); hence con-
ditions are more favorable for dislocation-climb bending to operate.
Even in this case, bending requires plastic flow of the regions of the
couple outside the diffusion zone. Thus, the primary mode of bending
is believed to be plastic flow of the couple by means of diffusion-
induced stress, with only a minor bending contribution from the mass
flow/dislocation climb .mechanism.

it is believed that the mass-constrained couples (170 and 335 Hm)
did not bend measureably throughout 750°C diffusion because of insuf-
ficient bending stresses at the outer, nondiffused portions of these
thicker couples. This is shown in Fig. 40, where stress distributions
are plotted for three identically-diffused (~ 1.5 hr at 750°C) couples
of different thicknesses, 88, 170, or 335 pm. The outermost bending
stress, G¢, is largest in the 83 um-thick couplq and decreases markedly
with increasing couple thickness. This effect of mass constraint on
G is maintained when the couples described in Fig. 40 are further
diffused to their respective semi-infinite limits. This is shown in

Fig. 11.% The effect of couple thickness (mass constraint) on the

*Fig. 41 also shows that the family of stress distribution curves given
by uc2/4pt = variable constant! exhibits common roots given by the nor-

maljzed positions XUmax/c and Xgwg/C.
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bending stress is summarized in Fig. h42, where it is seen that

Je

G}:a<l—ff for semi-infinite couples having the same fraction of their
thickngss occupied by the interdiffusion zone, i.e., for couples hav-
ing the same value of c2/4pt. 1t is evident from Fig. 42 that the ex-
tent of interdiffusion is much less influential on bending stress than
is couple thickness. (Cz/th ~s 18 corresponds to the diffusion zone
occuppying ~ 3 of the couple thickness, whereas diffusion extends to
the semi-infinite limit when C2/4Dt ~ L), To illustrate the effect of
thickness, the creep strain rate during bending of the 88 um-thick

couples indicated in Fig. 42 is calculated from Eqns. 5 and 26 to be

éc ~ 1.7 x 1076 sec”! when Gg ~ 140 psi and c2/upt = 18, Employing

the relationship Up < %5 and the Au creep data used earlier,]06 the

strain rate for tﬁe_correéponding (Czlth = 18) 335 um-thick couples in

Fig. 42 is & ~ 2.7 x 107 '%sec™!.

This is approximately four orders
of magnitude smaller than the strain rate of the 88 um-thick couple,
thereby explaining the absence of detectable bending of the 335 um-
thick couples.

The increased propensity for the moderately thick couples (~170 Hm)
to .bend at the higher diffusion temperature of 850°C is probably caus-
ed by the‘decfeased resistance to creep flow at Higher temperétureg.

The unbending of previously-bent couples indicates that the bend-

ing stresses at the outer portions of the couple change their sign in

the advanced stages of homogenization, i.e., from compression to ten-

“This retationship can be obtained from the stress distribution expres-
sion (Egn. 43) by setting x = C and c2/4pt = variable constant, which
reduces_the expression to O =-1%, where v' = a constant given by

v' = (C2/bpt). ¢
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sion in the Ag-rich side and vice versa for the Au-rich side. This

can be visualized from Fig. 38 by imagining a stress curve for c2/upt
<<k which extends across the Ag-rich couple half without intersecting
the abscissa, thereby imparting a stress at the Ag-rich end of the same
sense'(tension) as the maximum stress in the diffusion zone. The
stress distribution for this case was not computed here. The computa-
tion would be quite lengthy and would involve the homogenizing solution
to Fick's second law given by Crank. 113

The occurrence of the stress reversal and unbending during advanc~
ed homogenization corresponds to the loss of the bulge and dent sur-
face deformation in the very same couples (see Fig. 25(c)). This
. indicates that the reversed stresses could have.contributed to the
loss of bulge and dent. |If so; the sense of bulge and dent deforma-
tion corresponds to the sense of the diffusion-induced stresses through-
out all stages of diffusion. However, this correspondence during
advanced homogenization is made uncertain by the possibility that
sintering could also contribute to the disappearence of the bulge and
dent. Furthermore, it is still not known how much mass flow, in itself,
contributes directly to-either bulge‘and dent or sprface rippling.
Therefore, the nature of surface deformation remains uncertain.

It is believed that the diffusion-induced stresses can also ex-
plain the interpal cracking behavior reported earlier. The 88 um-
thick couples craéked less readily than their nil-bent, mass-constrain-
ed counterparts because the stress expended during bending lowered the
stress available for cracking. Deeper welding retarded or prevented

cracking by decreasing the concentration gradient, and this, in turn,
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decreased the stresses generated during diffusion annealing. Also,
the deepér welding probably resulted in a more mechanically-stable
welding interface which resisted cracking stresses better. The
increased propensity to crack at higher diffusion temperatures may have
been'promoted by the increased rate of stress generation at the higher
temperatures; and perhaps by increased grain boundary sliding.
Porosity

Although a detailed study of porosity was not a primary goal of
this research some metallographic observations of porosity and measure-
ments of porosity shifting were made in the course of the investiga-
tion and are reported below,
Constraining Effects:on Porosity;

It wés found that-th; quahf}tQ'of apparent porosfty depended
markedly on metallographic preparation. Therefore, measurements of
the absolute amount of porosity in the couples could not be made with
any reasonable amount of certainty. MHowever, some sets of couples
were mounted and prepared in the same metallographic mount, thereby
permittiné comparisons of the relative amounts of porosiky in those
. particular couPlggt- Such comparisons are given next to illustrate the
observed effects of mass and mechanical constraint on the amount of
porosity.

In all couples diffused free of mechanical constraint, the amount
of porosity increased continuously with increasing interdiffusion.
This was observed in each of the four series of couples: 88 um/ 750°C,
132 um/ 750°C, 335 um/ 750°C, and 163 pm/ 850°C. Fig. 43 shows a few

of the couples from the 88 pum/ 750°C series. Note that the porosity
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as-~welded

6 pym diffusion
penetration
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(d) polished
Fig. 43. Growth and shifting of porosity. Couples: 88 um/ 750°C/

times shown. All 150X, Porosity in (a) and (b) is slightly enlarged

by etching.
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has reached the Ag-rich terminus in the partially-homogenized couple in
Fig. 43(d).

The amount of interdiffusion alone did not dictate porosity volume.
For couples free of mechanical constraint, the amount of porosity de-
creased as couple thickness increased from 88 to 170 to 335 um, as
shown in Fig: 44, This effect of couple thickness disappeared when
couples were subjected to mechanical constraint, viz, when three semi-
infinite couples, 83, 170, and 335 um-thick, were identically diffused
under mechanical constraint, all three couples displayed similar
amounts of porosity. This is demonstrated in Fig. 45 for two of the
couples. All couples diffused under mechanical constraint had mﬁch
less porosity than their nonmechanically-constrained counterparts, as
typlified by the two pafr;-éf couples seen in Fig. 46, one pair being
the semi-infinite, 335 pm-thick couples 14 and 15, the other pair
being the partially-homogenized 88 um-thick couples 9 and 10. Further-
more, continued diffusion of the mechanically-constrained couples be-
yond the very early stage of diffusion did not increase significantly
the amount of porosity, as can be seen by comparing the 535 Mm=-thick
couples diffused for ~ 2 or ~ 16 hr, Figs. 46(b) and L5(b).

During porosity.growth, the couples free of mechanical constraint
underwent a slight swelling in thickness (parallel to the diffusion
flow), very roughly at a rate of 2 um/hr during the first 4 hrs at

750°C and ~ lpm/Hr thereafter.* This swelling results from volume

*The thickness measurements employed to detect swelling were approxi-
mate because of (1) the ¥1.25 um precision limit of the vernier micro-
meters, and (2) the surface pertubations which developed during diffu-
sion (grain boundary sliding, overall surface roughening).
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(e} 335 pm

All: as-polished, 90X

Fig. Uk, Effect of couple thickness (mass constraint) on the
amount of porosity in identically-diffused couples, All couples;
thickness (=2C) shown/ 750°C 1.48 hr, semi-infinite. The amount of

porosity decreases with increasing couple thickness.
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Both: as-polished, 75X

(b) 335 pm

Fig. 45. Effect of mechanical constraint on the amount of porosity
in identically-diffused couples having different thicknesses. Both
couples: thickness (=2C) shown/ 750°c/ 2.03 hr, semi-infinite.
Porosity density is similar in both couples seen here, and is also
similar in the thinnest (88 um) couple of this series which is not

shown here.
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(a) 335 pm/ 7509C/ ~ 16 hr, semi-infinite | (b)

(c) 88 pm/ 750°C/ ~~ 11 hr, partially homogenized to Npog ~ 0.84 or 0.29 (d)

Fig. 46. Decreased porosity growth by mechanical constraint. The mechanically-constrained couples
to the right contain much less porosity than their nonmechanically-constrained counterparts to the

left. All couples: as-polished. (a), (b): 90X. (c), (d): 360X. : §5
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3,6,54

increases which accompany porosity formation. Conversely, the
mechanically-constrained couples maintained their thicknesses through-
out diffusion, or, in the case of the 335 pm-thick couple diffused for
~ 16 hr, decreased very slightly (a few pm) in thickness. The restric-
tion to swelling and the decrease in thickness can be attributed to a
slight amount of compressive creep deformation imposed by the restrain-
ing pistons. This mechanical compression also is believed responsiblie
for the constant (or nearly constant) amount of porosity found in the
mechanically-constrained couples which had differences in thickness

or diffusion time. This explanation concurs in principle with the
observation by others that porosity growth in bulky Kirkendall couples
is readily retarded or prevented by either mechanical compression par-

71 - Ly 5h 71

‘or hydrostatic pressure.

N

“-allel to the diffusion 16w

As noted above, porosity continues to grow and expand throughout
the entire dfffusion process in the (thinnest) 88 um-thick couples, at
least until the pores reach the Ag-rich surface during homogenization.
Porosity growth in the thin-sheet couples is inhibited by mass- or

mechanical constraint. Mechanical constraint similarly inhibits poros~

ity growth in bulky couples.’! _Unlike the 88 um-thick couples, however, .

pores in bulky couples whicH expand during early and intermediate dif-
5,6,29,54

fusion stages subsequently begin'to shrink by sintering during

5,29,54 5l

the advanced stages of diffusion, sometimes disappearing.

“Porosity is preVﬁEted from forming by ~ 1,500psi (hydrostatic) in
cu/Ni 7! and Ag/Au,’ " whereas diffusing under yacuum results in extremely
large amounts of internal porosity in Ag/Au? Porosity-prevention

- pressures do not alter diffusion coefficients in Cu/Ni I or Ag/Auyh
Even pressures as high as 5,000 psi have very little effect on diffu-

sion' kinetics in Ag/Au.l0
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Porosity shrinkage is promoted by hydrostatic pressure.su’7] Comparing
these results for thin-sheet and bulky couples reveals an interesting
parallel between mechanical constraint and mass constraint; either
tends to inhibit porosity growth, presumably by offering resistance
to porosity swelling. The mass constraint effect noted here contra-
dicts the common assumption that mass relaxation in a direction paral-
lel to the diffusion flow is negligible.3:6"8,10,12 ¢ fol1aws that
the corollary assumption that three-dimensional diffusion-induced stres-
ses will reduce to two-dimensional stresses by uninhibited relaxation
in the diffusion direction does not appear to be valid, particularly
for thicker couples. The following observation may explain why this
feature of mass relaxation was_ngt manifested in past experiments. The
- effect of massﬁconstrafnirin'décreasihé ﬁoroéiéy in tﬁe:thin-Sheet
couples, which were roughly 0.09 mm to 0.35 mm thick, is contrary to
that found for bulky couples of Cu/Ni6 and CU/bfaSS?’S In these

bulky couples, the amount of porosity was_unaffected by doubling

3

the couple thickness, e.g., from 6.2 mm to 12.5 mm for Cu/brass,” and

from 8.1 mm to 16.2 mm for Cu/Ni.6 This discrepancy between thin-sheet
and_bylky couplqs may bg.due to the Qulky couples offering monqr;hap-
sufficiéﬁt mass ;ongtraiét to reiaxation‘précéss;sﬂsuch that ;r}ti-
cally-low values of mass constraint (couple thickness) were never
attained experimentally.
A Possible Relationship Between Porosity, Marker Shifting, and
Bending:

It has been shown for thin-sheet couples in the carly stage of

diffusion that the amount of porosity, marker shifting, and bending
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were each influenced by mass- or mechanical constraint parallel to
the diffusion direction. The constraints retarded porosity growth
and bending while increasing marker shifting.“ It was reasoned that
the reduction in porosity can be attributed to the resistance to poros-
ity swelling offered by either mass- or mechanical constraints. The
same constraints retard bending. With bending and porosity formation
disfavored in high-constraint couples, the stresses in these couples
undergo relatively little relief by the processes of stress-induced
bending or stress-induced porosity formation. It is suggested that
these unrelieved stresses might enhance marker shifting by promoting

. . . . . . . . o

dislocation climb perpendicular to the diffusion direction, = or by
inducing increased plastic deformation, recrystallization, and grain
" growth, therby increasing spurious marker motion. 322390 Ihis coutd
account for the enhanced marker shifting in the high-constraint couples,
which exhibited nil bending and reduced amounts of porosity relative to
the heavily-bent, high-porosity, low-constraint couples. Because the
diffusion-induced stresses decrease with increasing diffusion time,
the marker shifting enhancement caused by these processes are also
. ' S . . L. . , : o . R .
%#This inverse relationship between porosity and marker shifting sug-
gests that porosity might have directly affected marker motion in the
particular couples under consideration. However, the marker positions
were measured from the nonporous Au surface, thereby avoiding the
direct influence of porosity swelling on marker measurements. Also, no
porosity-entrapment of markers was observed in the particular couples
under consideration. Thus, marker shifting enhancement was neither an
artefact of porosity swelling nor of porosity-entrapment of markers.
*While these stresses do not directly affect climb perpendicular to

diffusion, they promote such climb indirectly by acting to disfavor
climb parallel to diffusion.
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expected to decrease. This concurs with the results for couples 1k
and 15 (Fig. 31), which show that marker shifting enhancement was not
sustained beyond the early stage of diffusion. Thus, it appears likely
that marker motion, bending, and porosity in thin-sheet couples are all
related synergistically via the diffusion-induced stresses which notice-
ably influences each of them during the early stages of diffusion.”
This apparent result is not based on a comfortable amount of experimen-
tal information and should, therefore, be considered tentative. Confir-
mation is required by a more extensive study of porosity, bending, and
marker shifting in thin-sheet couples. Such an experiment is suggested
in Appendix D, .

The stress-related synergisms indicated above would certainly
-~ complicate:any analyses o% the Kirkendall effect or fts ébnséqueﬁ;ég
in thin-sheet couples. Complications due to porosity and bending would
likely be avdided by diffusing nonbending bulky couples under hydro-
static pressures which prevent porosity growth. However, this would
still leave the detriment of spurious marker shifting from plastic
deformation, recrystallization, and grain growth,
xPorosnty Sh|ft|ng and Porosuty Entrapment of Markers

As shown in Fig. 43 the porosity zone shifted tOWard the Ag side
as diffusion time increased. Accordingly, the shifting of the center
of the porosity zone was measured for a séries of seven, semi-infinite,

88 um-thick couples diffused free of mechanical constraint at 750°c.

%0f course, other phenomena such as plastic flow and grain boundary
+ sliding can .also relieve diffusion-induced stresses, but their
contribution to stress relief would be difficult to account for,
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Shifting was also observed in other couples, mechanically constrained
or not, but these couples were too few to yield a meaningful number of
data points for additional shifting curves. Average porosity shifts
from the original join, Yp, were obtained by measuring from the Au
terminus to the density center of the porosity zone, much the same as
in the case of marker shifting. Appendix B describes the method in
greater detail. Unlike markers, it could not be assumed that porosity
was centered at the original join at zero diffusion time. Each porosity
datum point was subject to a nonsystematic probable measuring error of
1,6 um. This is about 3 times larger than the counterpart 0.5 um
error in marker measurements because of the greater uncertainty in
judging the central position of the pgrosity zone.

:'ﬁﬁ'ﬁiot o% ﬁbraéftyudéfé Hésc?ibég a'pa}ébdiic (;(t%)REUrQe;MFié..
L7. The data were computer-fitted to the parabolic rate expression,
Xp = b + kpt%, where it was found that b = 3.9 am and kp = 7.6 um/ hrZ,
Although the results indicate that the porosity shifting curve does not
extrapolate directly back to the original join, this indication is not
conclusive because of the probable measuring error and the lack of data
for very short (<0.5 hh) diffugithtimesu‘30hjy,oﬁe_porosity shifting
curve was located in the literature for comparative purposes (Heumann
and Kottménn).llu They show only two data points (7 and 10 hr at 900°¢
for a Ag/Au couple) lying reasonably near a parabolic curve extrapola-

ted to X, = 0, t = 0. Had they extrapolated a parabolic curve solely

p

from their data, it would have yielded the unreasonable result Xp =
4, - :

60 pym, t = 0. Conversely, their extrapolation to the 6r§g}naij6ih
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Fig. 47. Shifting of porosity and markers in semi-infinite, 88 um-thick couples

diffused free of mechanical constraint ot 750°C.
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was a tacit assumption because it is not known whether or not Kirken-
dall porosity actually originates at the original join. Hence, their
data neither refutes nor supports the result shown in Fig. b7 that
porosity shifting does not extrapolate directly back to the origin.,

It is seen from Fig. 47 that porosity lies in advance of the
markers during very early diffusion times, but markers, migrating
faster than porosity, eventually intercept the porosity zone after
~2 hr (t% ~1.4h hr%). This graphical interception concurs with the
earlier observation that markers were entrapped in the porosity zone
in couple’'5. The absence of similar entrapment in mass- and/or
mechanically-constrained couples qiffused for ~ 2 hr was most likely
due to the substantially smaller ;mounts of porosity in these couples.
For tonger (>2 hr) diffusion times at 750°C, mechanical constraint
continued to maintain minimal amounts of porosity, thereby accounting
for the absence of entrapment in couples 10 and 15. However, porosity
growth did occur in the mass constrained couples, résu]ting in porosity-
entrapment of markers at the longer diffusion times. This was evi-
denced by entrapment during 750°C diffusion in couple M4 (335 um/ ~ 16
hr) and in.the bulky couples 8 mm/ ~ 5 and 16 hr.

The finding of markers in and near pores has also been reported
occasionally for bulky couples,3’5’%‘2'57 but such observations were,
with one exception,57 mentioned only casually., This lack of serious
concern over porosity-entrapment of markers in the past was probably
due simply to the entrapped markers being very seldom discovered dur-
ing microscopic examination, and also because of the absence of con-

comitant observations of porosity shifting and growth.
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When the porosity-entrapment factor is added to the spurious effect on
marker motion by plastic deformation, recrystallization, and grain
growth, the prospect of markers measuring only mass flow becomes very
discouraging, especially in light of the large amount of marker scatter

observed in tBis research and by others. But even these short-
comings in marker measurements do not appear to alter the conclusions
reached earlier concerning the mass flow/dislocation climb model.

This is because the marker shifting results failed by more than an
order of magnitude to account for bending by mass flow/dislocation
climb, and also because of the other features (bending of non-diffused
material, unbending, temperature sensitivity) which could not be
explained by the mass flow/dislocation climb model.

Porosity Networks:

During the earlier homogenization stages of diffusion, porosity
was found to exist along the entire length of many of the grain bound-
aries which extended from the porosity zone to the free surface of the
Ag-rich terminus, as shown in Fig. 48(a,b). Most often these porous
boundaries were approximately normal to the free surfacel Al though
grajn boun@arigs are known to be_;hort circuit diffusion pathsSI'”5
and preferential sites for individual pores,9'76 the extension of
porosity along the entire length of the grain boundaries of the couple
in Fig. 48 is not typical of solid-solid Kirkendall couples. It is,
therefore, possibje that diffusion-induced tensile stresses in the
Ag-rich region promoted the cracking open of the boundaries in a manner
simitar to the grain boundary cracking observed in the dezincified

9

(tgnsile) regions of brass sheets, During metallographic plating, the
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Fig. 48. Porosity networks in partially-homogenized couples. Coup-

les 132 um/ 750°C/ times shown. Nickel-filled porosity is grey; un-

filled porosity is black. (a), (b): large arrows indicate porous

grain boundaries which extend from the porosity zone to the Ag-rich

free surface. (a), (c): small arrows indicate the network nature of

the porosity zone,
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nickel often deposited along these porous boundaries and into the
porosity-zone, thereby delineating the continuous network nature of the
porosity zone, Fig. 48. This interconnected network of porosity is
also seen in Fig. 49 for a couple just beginning homogenization, with
the difference that most of the porosity is not filled with nickel
because most*of the grain boundaries leading to the surface were not
sufficiently porous to allow deep penetration of the electrodeposited
nicket. However, the electron microprobe revealed that nickel had
penetrated portions of the porosity zone. This case is shown in Fig.
Lg(c), where the large, well-defined network at the center of the fig-
ure is nickel-filled. Those portions of the network not filled with
nickel (e.g., Fig. 49(a,b)) were observed during light microscopy to
be quite porous, especially after mild etching. Thin networks of
porosity also appeared in the early stages of semi-infinite diffusion,
as seen in a 335 um-thick couple with a 62 um interdiffusion zone,

Fig. 50.. Similar porosity networks were present in the thinnest ( 88
mam-thick) couples, as seen in Fig. 51 for a couple diffused to its
semi-infinite limit. Decreasing the diffusion times in ;he 88 um-thick
couples yielded porosity networks which were less porous and less
well-defined; this is seen in Fig. 52, During the early stage of inter-
diffusion, the porosity network is either connected to or immediately
adjacent to the multigrain boundary (formed during welding) which
migrates in the same direction as the porosity zone. This is seen in
Fig. 50 and 52. For interdiffusion zones greater than about 85 um, the
multigrain boundary appears to disappear or lose its identity. The

onset of this can be seen in the center portion of Fig. 50(c), and
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(b)

(c)

Fig. 49. Porosity network in a couple in the very early stage of
homogenization. Couple: 170 um/ 750°C/ ~ 17 hr. Al1l; mild etch,
360X.
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porosity zone

area A of (a)

(b) 720X

—— porosity
zone

area B of (a)

(c) 720X

Fig. 50, Porosity network in the semi-infinite couple 335 um/
750°¢/ 1.48 hr. All: moderately etched.

'(---continued)
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(d)

(f)

Fig. 50 --- continued. All: 720X. Porosity-bounded material dis-

lodged during polishing created the hole (arrow) shown in (d).
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(c) scanning electron micrograph ~2,500X

Fig. 51. Porosity network in a couple diffused to about its semi-

infinite limit. Couple: 88 pm/ 750°C/ 2.37 hr. All: mild etch.
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Fig. 52. Porosity networks in the semi-infinite couples 88 um/

750°C/ times shown. All etched, 720X.
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Fig. 49 reveals the case for more extensive diffusion. In contrast to
this, the advancing multigrain boundary in bulky couples is commonly
observed throughout extensive diffusion anneals, e.g., ref. 54.
Preservation by nickel filling eliminates the possibility that
the pbrosity network resulted artificially from hole-type pores being
filled in by'smear metal during metallographic polishing. For those
networks not filled with nickel, etching experiments using high magni-
fication light microscopy and scanning electron microscopy revealed
that the etching response of the porosity-bounded island material was
crystatlographic in nature, and not the rapid, irregular attack expect-
ed of severely-distorted smear metal.

- There is reason to believe. that the thin networks of porosity .
are actually former subboundaries along which porosity formed prefer-
entially during diffusion, and the porosity-bounded isiands of material
are subgrains or former subgrains.* In support of this, it is well-
known that substructure develops in the diffusion zones of solid/

3,6,12-15,27,28

solid Kirkendall couples, Substructure was found, via
TEM, in the Au-rich side of couples employed in this investigation; it
is .reasonable to .expect that counterpart deformation processes alsp
formed substructure in the Ag-rich (porosity) side of the couples.
Moreover, the subgrains of about one to several microns in diameter

seen in TEM of the Au-rich side are comparable in size and shape to

the suspect subgrains seen in the light micrographs of the Ag-rich side.

*The term ''subgrain’ is employed here rather loosely because the origi-
nal crystallographic identity of the subgrain may become lost as re-
crystallization annealing occurs during diffusion.
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Subboundaries (both tilt and twist types) are short-circuit diffusion

82,90,91

paths in Ag, and would likely serve as effective vacancy sinks.

10,116,117 Large vacancy fluxes along the subboundaries could lead
to hetereogeneous porosity formation there, resulting in a porous
network along subgrain boundaries.

Except for weld-line porosity, porosity formation was not found
at other sites, such as impurity particle59’10’7]’72’76 or stress-

8,17

B}
induced fissures, which are suspected or calculated to exist

throughout the porosity zone, but whose roles as porosity sites remain
largely uncertain.* Porosity in as-welded couples formed along the
welding interface in couples of this research, in Cu/Ni couples,5’7]
and also in couples of like metals, namely NI/NiS’53 and Cu/Cu® (hence,
it appears that Jacahcy ﬁIUxés fr;h Kirkendaff difTusfon are not re-
quired for the formation of porosity at metal joins). Barnes and
Mazey7‘ suggested that these interface pores could serve as heterogen-
eous nucleation sites for porosity. However, there are no observa-
tions or evidence of such pores growing or migrating, nor do they ex-
plain why the number of voids increases as diffusion inc;eases.sh
Thus, if interface pores are involved in the development of porosity in
Ehin-sheet couples, their role may be limited to serving as vacancy

sinks at the very outset of diffusion, whereupon subboundaries genera-

ted in the interdiffusion zone may subsequently become dominant vacancy

“Porosity will form at larag, foreign particles {(e.g., inclusion string-
ers) in the porosity zone, but such particles are certainly not re-
quired for porosity formation because porosity forms readily in cougles
made of very pure metals, as shown by this work and by others.3,6,28,72
Nor do the infrequently-observed internal cracks9,30,3} appear to be
related to porosity formation.
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sinks which grow at the expense of shrinking interface pores. This is
speculation; too little has been observed of porosity in the very
earliest stages of diffusion to be reasonably certain of the nature
of porosity formation. Even so, the above rationalization is compati-
ble with experimental observations.

Although the ''metwork' form of porosity was found in a wide varie-
ty of thin-sheet couples (88 to 335 um-thick, various diffusion times),
individual hole-type pores instead of ''networks'' were typical of many
of the thin-sheet couples and the two substantially-diffused bulky
couples, The reason for this inconsistent presence of porosity ''net-
works'' is not known. Not enough systematic information was revealed by
the couples to indicate wkether or not factors such as grain size,.

- couple thickness, diffﬁsion time, €tc., were inflnancing or coﬁtroliing
the formation of porosity netwbrks. It is suspected that much of the
uncertainty éoncerned with porosity networks is due to the great diffi-
culty in revealing the porosity metallographically. For example, the
network configuration of porosity was very difficult to retain during
metallographic polishing, except, of course, for those cases where
nickel filling pre;eryed the network. cherwisg,ﬁa“sljghta“qxcess” of
poii;hing would begin to dislodge the porosity-bounded subgrains leav-
ing holes as shown in Fig. 50(d). Additional excess polishing of only
a minute or so tended to enlarge and obschre the shape of the the new-
ly-created holes until the porosity zone consisted of large, poorly-
resolved holes or pits. This latter form of hole-type porosity is seen
in most of the micrographs of this report and is typical of "the porosi-

ty usually displayed in Kirkendall diffusion couples.
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Thin porosity networks common to the thin-sheet couples have not
been reported for typical bulky Kirkendall couples comprised of welded,
large-grained components. Too little is known about the formation of
porosity networks to explain this difference, but the explanation
might be related to differences in the proximities of surface-sinks,
welding parameters, or diffusion annealing temperatures. Concerning
the surface sink possibility, the terminal surface of a thin-sheet
couple may act as a sink for excess vacancies which are created in the
relatively-nearby interdiffusion zone, especially by mcans of short-
cirucit vacancy diffusion along grain boundaries which link the poros=
ity network to the surface. Such vacancy annihilation at the surface
‘would decrease the rate at which porosity-bounded subgrains are con-
Sumed by internal vadéncy condeﬁéation,'ihéreby'tendiné to prese}ve
the network form of porosity. Considering the welding parameters,
the welds ofAthin-sheet couples featured very shallow interdiffusion
zones of a few um which were obtained under moderate thermal expansion
stresses. On the other hand, bulky coupies are usually welded to
depths roughly a hundred pm while under large, external compression
Ioais.5'§’30’3§fhh. In pqlky couples, the high compression‘wilJ retard-
or'preveng the formation af porosity,54’7' and the deep interdiffusion
will greatly diminish the concentration dradient within the couples,
thereby decreasing the magnitude of the d}ffusion—induced tensile
stresses which are generated in the porosity zone during subsequent
diffusion annealing. Conversely, porosity formation in the shallow-

welded, thin-sheet couples is, almost from the outset of interdiffu-

sion, free of external compression, and the much steeper concentration

*
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gradients present when diffusion annealing begins would produce rela-
tively large, diffusion-induced tensile stresses in the porosity zone.
Thus, during the earlier stages of porosity formation, the state of
stress in the two types of couples ({bulky versus thin-sheet) is con-
siderably different. While it is not clear in what manner the state
of stress alters the form or shape of porosity, it has been observed,

8,10 that stress does influence porosity formation.

54,71 and calculated
Supporting this, it was found in this research that mass constraint
(couple thickness) reduces porosity formation. Also, the higher ini-
tial stresses in the thin-sheet couples are expected to generate more
subboundaries than in the bulky couples. {f so, this could favor the
formation of porosity along subboundaries in thin-sheet couples. It
.therefore ;éems Tikely that-Ihe.different forms of .porosity .(holes ver-.
sus networks) in the two types of couples might be due, to some extent,
to differences in their states of stress. Addressing the effect of
diffusion annealing temperatures, the 750°C employed for the thin-sheet
couples is ~ 0,75 ?ﬁelt- which is less than the 0.85 ~ 0.95 ?helt gen~
erally employed in diffusion studies of bulky couples. This would
result in relatively more grain boundary and subboundary QiffusiOn
.(;hort;C}rELif?ngj‘of ;aESnc}eé'}n f#é thin;éhe;t-cégplés; fhe;eby .
promoting porosity development along subboundary networks.

Porosity Shape; )

The hote-type pores found in the thin-sheet couples (and most

bulky couples) were not always rounded in shape. When several polished

couples were substantially etched, many pores were polyhedral in shape,

appearing to be bounded by low-indice crystallographic planes, as
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in Fig. 53. These are similar to polyhedral pores found by other55'6'
28,4k, 114,118 in a variety of Kirkendall couples. Barnes6 attributed
polyhedral pores to surface energy minimization. The same explanation

28, Lk and also by others to

was used by subsequent investigators,
explain polyhedral shapes which developed during extensive annealing
of rounded metal particles,73 and polyhedral gas bubbles created by

74

annealing argon-bombarded Ni foils, Note that several pores in Fig.
53 appear to be subgrains surrounded by porosity; some of these are
indicated by arrows. Fig. 53 also shows the preferential formation of
porosity at grain boundaries, as is common to bulky couples. The

dual porosity features of bolyhedrai shape and porosity-bounded sub-
grain material also appeared in an 88 pm-thick couple diffused weli
into the homogen;zétidh'staf;,l Th}s éé seen in F{g. 54 Qhere'més{.;f:“
the porosity is preserved by nickel filling. The crystallographic
faceting of the indicated pore (A) in Fig. 54 has been rounded at its
upper corner, probably by sintering. Similar crystallographic facet-
ihg was characteristic of several other pores in the couple seen in
Fig. 54. The crystallographic shapes being preserved by nickel filling
diqujs_the possibility that they were formgd by etching attach,
(Barnes6 also eliminated etching as a cause by using microradiography
to image bolyhedral pores in very thin CJ{NE couples.) Polyhedral
pores were also found in some thicker, semi-infinite couples diffused
at 750°C, e.g., a 335 Mm-thick couple diffused for ~ 16 hr and 8 mm-
thick (bulky) couples diffused for ~5 or ~ 16 hr. They were never

found for (750°C) diffusion times < 2 hr, but neither were they char-

acteristic of all the couples diffused > 2 hr. Couples containing
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Fig. 53. Polyhedral pores in the semi-infinite couple 88 um/ 750°C/
1.98 hr. Several pores, such as those arrowed in (c) and (d), appear
to be islands of couple material surrounded by porosity. Preferen-

tial pore formation is seen along some of the grain boundaries.
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Ag-rich term-
inus, where
NAg = 0.735

P o ot S e - ﬁ" _‘\f, '0‘.

polished 720%

Fig. 54. Porosity network open to the couple terminal surface.
Partially-homogenized couple 83 pm/ 750°C/ A~ 16 hr. Most of the
porosity network is filled with metallographic nickel. Many islands
of couple material are surrounded by porosity, such as the one at A.
These islands might be former subgrains with porous boundaries. Note

the crystallographic shape of some of the pores, e.g. at A.
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polyhedral pores also had nonpolyhedral (rounded) pores in adjacent
regions along the porosity zone, and this mixing of pore shapes often
occurred within a single Ag-rich grain. The observation that polyhe-
dral pores appeared only occasionally in the Ag/Au couples of this
investigation appears to be consistent with the experience of -others.
Rounded, hole-type pores have been the only shapes reported for Ag/Au
couples by some investigators,3’]]9 whereas polyhedral pores have been
shown for similar Ag/Au couplt-:s.s’l"""”’+ Similarly for other Kirken-
dall binary couples, reports of randomly-shaped pores in Cu/Al?.Cu/Ni,

3,120,121 Cu/Zn3'9 couples are not consistent with observations

118 28)

by others that similar couples (Cu/Al, Cu/Ni,5’6 Cu/Zn,5 and Au/Pt
exhibit polyhedral pores. These apparent discrepencies in pore shapes
"may be due, to some extent or another, to ;he'diffiéult~to-c6ntrol
affect of metallographic preparation on porosity shape, as experienced
in this rese#rch. Also, since pores in substantially-diffused coupled
undergo sintering,s'su sinter rounding of the corners of polyhedral
pores (e.g. Fig. 53) is expected to obscure polyhedral shapes, perhaps
more in some couples than in others. The metallography and sintering
factors arelmerely guesses at explaining discrepancies in observed
éore shépes; and will likely remain so until much more is known o% the
nature of-porosity and pore shapes.

All of the above-reported inconsisténcies in the form and shape
of porosity indicate that the nature and details of porosity are not
at all well understood. Past analyses employing kinetic and thermo-
dynamic treatments of Kirkendall porosity have assumed porosity to con-

8-10,12,72,76

sist of individual, sperical holes of uniform size,
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The foregoing observations indicate that such assumptions are not

generally valid,



CONCLUSIONS
hf_fh——tii‘ﬁafétﬁaydof“Eolycrystalline, thin-sheet Ag/Au couples, 88 to 335 um-
thick in the diffusion direction, revealed several interesting features
of thin-sheet Kirkendall couples, the most notable being a better under-
standing of bending deformation caused by diffusion-induced stresses.
2. In 88 pm-thick couples diffused at 750°C, the onset of measureable
bending occurs when the interdiffusion zone extends about halfway
across the couples.

3. Couple bending is caused primarily by diffusion-induced stresses
perpendicular to the diffusion flow which are generated throughout a
Eouﬁ1é by'hohequilibfiumivaééhéy“&onéen&réfionﬁ'%H the'TntéfdiFfu;fon.
zone. (The vacancy gradients arise from unequal diffusion rates of

Ag and Au, DAg > Dp,» and the stresses result principally from the

subsequent elimination of the vacancy gradients by the annihilation or
creation of lattice sites. Atomic misfit stresses are negligibly
small in this alloy system.)

b, .Bending behavior is indicative of high-temperature, low-stress
creep deformation,
5. Accomédation of mass flow by dislocaéion climb parallel! to the

diffusion direction may make a minor contribution to couple bending in
the interdiffusion zone of a couple, but even so, the stresses control
the overall bending process.

6. Bending increases with time up to the very advanced stage of

174,
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homogenization, whereupon unbending commences. This unbending cor-
responds to a change in the sense of (calculated) bending stresses in
the outer most portions of a couple.

7. Bending can be retarded or prevented by mass constraint (couple
thickness parallel to the diffusion direction) or by mechanical con=
straint (pistons held against both broad faces of a couple). Stress
calculations show that mass constraint retards bending by reducing
considerably the bending stresses in the outermost, nondiffused por-
tions of a couple. By the time the outermost material undergoes dif-
fusion, the ever-decreasing bending stresses are too low to induce
measureable bending.

8. Higher diffusion temperatures promote bending, presumeably because
of iégs'kéS}éfén;Q'to creep defd?matibn. ' '

9. Stresses_arising from vacancy gradients in thin-sheet Ag/Au couples
also cause plastic deformation phenomena. These are grain boundary
sliding, destruction of original crystalline boundaries, subgrain
formation, recrystallization, grain growth, internal cracking, and
perhaps, surface deformation. All but grain boundary sliding are also
found, in. (very mth;thic5er)bulky»KirBepdpll couples. :

10. Parabofic marker shifting (Xml= kt%) occurs in thin-sheet Ag/Au
couples. Marker scattering within any given couple is roughly * i of
its average marker shift. -

11. In the early stages of diffusion, mass- or mechanical constraint
increases the rate of marker shifting to about the same extent.

12. Extensive porosity tan form in thin-sheet Ag/Au couples.

13. Porosity growth is continuous in the thinnest (88 Fm—thick)
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couples diffused free of mechanical constraint, at least until the
porosity reaches the Ag-rich surface. Mass- or mechanical constraint
decreases porosity by inhibiting relaxation in the diffusion direction
as porosity growth attempts to expand the couple material. The effect
of mass constraint in reducing porosity growth indicates that -the
relaxation of nondiffused couple material parallel to the diffusion
direction is, contrary to a common assumption, not negligible.

14. The porosity zone migrates toward the Ag side during diffusion.
The center of the porosity zone in semi-infinite, 88 pm-thick couples
shifts parabolically. Measurements indicate that the center of the
porosity zone does not extrapolate to the original join at t = 0, but
this is somewhat uncertain because of measurement uncertainties and
.'the Tack of daté for very shoft diffusion times.:

I15. There are indications that porosity, marker shifting, and bending
may be syneréistically related via the diffusion induced stresses
which influences each of them. This is based on the observation that
marker shifting is enhanced when porosity and bending are retarded by
mass- or mechanical constraint in the direction parallel to diffusion.
Because consﬁraint,(mass_or mechanicg]) reduces porosity growth apd. ;
beﬁd}ng, the diffusion;induced sgresses in highly-constrained couple;
experience relatively little relief by the processes of bending and
porosity formation. It is suggested that.these higher stresses might
enhance marker shifting by promoting climb perpendicular to diffusion
flow, and by inducing increased plastic deformation, recrystalliza-
tion, and grain growth, thereby increasing spurious marker motion.

This stress-related marker shifting enhancement is not observed beyond
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the early stage of diffusion, probably because the magnitude of diffu-
sion~induced stresses decreases as diffusion progresses,

16, Porosity-entrapment of markers occurs in some high-porosity
couples. This entrapment, plus purported spurious marker motion re-
lated to plastic deformation, casts doubt on.the ability of markers

to truly measure mass flow in Kirkendall couples.

17. Porosity in several of the thin-sheet couples consists of thin
networks of porosity, supposedly formed by heterogeneous vacancy con-
densation along subboundaries which were generated during diffusion.
This creates porosity-bounded islands of subgrain (or former subgrain)
material which appear to shrink, sometime disappearing, as porosity
grows during diffusion. The factors which control the thin-network
mode of porosity formatipn are not known, but the nearby f}ee'surface‘
acting as a vacancy sink in thin-sheet couples may be partly responsi-
ble. Weldiné parameters and diffusion temperatures might also be
influencing factors.

18. Both polyhedral and somewhat-rounded pore shapes exist concomit-
antly in wide variety of thin-sheet and bulky Ag/Au couples, as they
appear to-do in otber.KirkengalJ quples cpmprisgq'qf.Yariqus_biqgrigsi.
The reason for {ﬁconsistent ﬁoro;ity shapes se;n here an& by others
is not known, but may be due - in part, at least - to the failure of

conventional metallographic preparation methods to unambigously reveal

the true shape and structure of porosity.



ABSTRACT

Polycrystalline, thin-sheet A/Au diffusion couples, 88 to 335
pmfthick in the diffusion direction, were studied to better understand
the consequences of diffusion-induced stresses in Kirkendall couples,
especially with regard to couple bending. Ag/Au couples were selected
because they have practically no atomic misfit stresses but do gener-
ate targe chemical stresses due to vacancy gradients. The couples,
some with jnert marker parficles placed at their original join, were
made from very pure, soft-annealed sheets which were moderately pres-
sure-welded, then isothermally diffused, mostly at 750°C. Some of the
goqpies'were‘mechan(ca![y.coﬁspraiped.frqm pepding duriﬁé ﬁiffuﬁlqn
by pistons held against {heir broad faces.

Experimental observations and simplified stress calculations
indicate that the primary cause of couple bending is diffusion-induced
stresses. These are generated throughout'a couple when nonequitibrium
vacancy concentrations in the interdiffusion zone are eliminated by
destroying or creating lattice sites on either side of the couple.
Coublé bendihg is %ebresenfatibé.bf'higﬁ-temperathre; low-stress creep
deformation. Mass constraint (couple thickness parallel to the diffu~
sion direction) retards or prevents bending by decreasing the (calcu-
lated) bending stress at the outermost, nondiffused portions of the
couple. This explains why bending is not observed in the more-famil-
iar, bulky Kirkendall couples which are much thicker in the diffusion

178
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direction than are thin-sheet couples. In addition to causing bending,
the diffusion-induced stresses also cause grain boundary sliding,
destruction of original crystalline boundaries, subgrain formation,
recrystallization, grain growth, and interna] cracking.

Marker shifting, porosity growth, and porosity shifting dlso
occur in thin-sheet couples. Porosity growth behavior indicates
that, contrary to common belief, elastic relaxation of couple material
in the direction parallel to diffusion is restrained by the mass in
that direction. The rate of marker shifting in the early stage of
diffusion increases when bending and porosity formation are reduced by
either mass- or mechanical constraint parallel to diffusion. This
suggests that bending porosity formation, and marker shifting are
“synergistically related by the diffusion-induced stresses which influ-
ences each of them. Thin networks of porosity are found in some of
the couples, supposedly formed by hetereogeneous vacancy condensation
along subboundaries which were generated during diffusion. Some of
the oxide marker particles become entrapped in pores during diffusion

of the more-porous couples.



APPENDIX A

Thermal Expansion Bending of Thin-Sheet Coup}es

Upon heating, thin-sheet couples of Ag/Au undergo thermal expan-
sion bending, much like bi-metallic thermostat strips. The direction
of this bending is opposite to that encountered during interdiffusion
of the strip elements, as shown in Fig. 55. The magnitude of this
thermal expansion bending is calculated for the diffusion temperature
of 750°C.’

Calculation of the thermal expansion bending is based on the
following simplifying assumptions:

i.“ Tﬁerﬁéllekﬁéﬁsiéh 6f_éémi;}ﬁf}ﬁité.diffused éédpie.élosely
approximates that of an undiffused couple. This is reasonable if (1)
the concentration gradient is considered linear, and (2) the expansion
coefficient for all compositions changes .l1inearly w%th concentration
(a Vegard-type linear behavior).

2. The thermal expansion coefficient, & , is considered constant
in-the_tgmgerature range 25?.- ZSOOC-[pﬁrictly, oA = cﬁjTi].‘.

Bending Calculation

Referring to Fig. 55, it is seen that the tendency for either half

of the couple (Au or Ag) to expand by ay upon heating is given by:

Ay = Yo &i(T - To) A
, where i = Au or Ag
Yo = codp]e width at To

180.
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Fig. 55. Bending of thin-sheet Ag/Au couples.

(a) couple prior to heating
(b) bendind induced by thermal expansion

(¢) bending induced by interdiffusion- -
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X -

i coefficient of thermal expansion, degree“‘

]

Tor T ambient, diffusion temperature, respectively
The arc lengths at either the pure Au or pure Ag terminal ends at
the elevated temperature, T, will be

Vi = vo [1+ i (T- 1) oo 6

The arc length ratio of Ag to Au is then

YAg _ I+ 2o (T-T,) ok
Yau 1+ oty (T-Tp)
From Fig. 55,
= (R+C)6 ... 48
Yag (R+C) (a)
and
YAU = (R-C)G . . e ’-48('3) )
Eliminating 0 yields
YAq R+C
YAU = R~C ... 49
Combining Eqns. 47 and 49 gives
R-C 14 orpy (T-Ty)

Values of c(i are calculated from lattice parameters according to

T To
aj - aj
i alo (1-T.)
i o
, where a?o, a? = lattice parameters at 25° and 720°¢33, respectively.

*Since y, R »> €, couple expansion in the x direction is negligible
and € is assumed constant.
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_ 41480 - 4.0862 = 2.8 x 107°(°¢)"!
Then, Xpng = 1 08627720 - 25)

Similarly, &ay = 1.65 x 1072 (°)"!

Employing these values of o( , in addition to
C = 4i4 pm (couple halfthickness)

T, = 25%

T = 7509 (diffusion temperature)

, yields from Eqn. 50,

R = 2.35cm

, which is the calculated radius of curvature due to thermal expansion

bending of 88 pm-thick couples.



APPENDIX B

Measuring Shifting of Markers and Porosity

A. Marker Shifting

1. The distances from n individual markers to the Au terminu; were
measured in diffusion annealed couples; these are represented

by Xpy-m;» = 1,2,3-+-n, in Fig. 56(a).

2. The averages, Yﬁu-m' from each couple in a series of like couples
were plotted against t%*, as shown in Fig. 56(b)**.

3. The yﬁu-m(t) data were computer fitted to a parabolic rate curve
(Xm = b+kmt%), and the intercept value, b, established the location
of'Yﬁ =10 at t = 0, where X, = average markef shift frpm the origingi
join. Note that positioh of the markers béfore diffusion was estab-
lished directly without employing the absolute value of the couple

halfthickness, ¢,

#The total diffusion time at 750°C, t, includes the nonisothermal dif-
fusion contribution which occurred during welding and diffusion anneal-
ing.

#**Marker positions within a series of like couples can be

compared directly only if the sheet thicknesses of the Au half of the
couples (=C) were identical before welding: This critefion was met for -
each series of markered couples by fabricating their welded disks from
immediately-adjacent material along the stock sheet. This fabrication
method of obtaining equal thickness was necessary because the vernier
micrometers (¥ 1.25 ym instrument precision) employed to measure C
were incapable of detecting minor, yet significant, sheet-to-sheet
thickness variations. :

ot in this experiment, establishing the position of the original join
by employing the micrometer-measured value of C yielded the same para-
bolic marker shifting expressions which were obtained from the method
of step 3.

184,



185.

-<—Ag terminus

average marker

— —/=<—position at the
original join,
given by Xm=0 at
t=0

Y -

—ee—— AU terminus

a) marker positions in a diffused couple
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b) a plot of marker shifting for a series of four like couples

Fig. 56. Marker shifting measurements and plot for a
hypothetical series of like (120um thick)
diffusion couples.
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4. values of X; were obtained by subtracting b from XAu-mj, @s shown
in Fig. 56(a).
B. Porosity Shifting

This procedure was similar to the case of marker shifting except
for the following two steps.
1. The location of the centerline of the porosity zone was judged to
be the density center of A+ 95% of the apparent porosity. Five or
more porosity shift measurements, each made along different segments of
the porosity zone, were averaged to find Yﬁu-p of each couple,

2. The parabolic rate curve, X, = b + kpt%, which fit the Rhu_p(t)

p

data, could not be extrapolated to X_ = 0, t = 0 as was done in the

p
case of marker shifting. (This extrapolation was not justified be-
_cause, if was not_knoﬁn where‘or.wﬁen porosity was initiél}y formed or
began shifting iﬁ the co;ples). Therefore, the premeasured value of
the Au-half of the couple (=C) was employed to establish the location
of the original join. Accordingly, C was subtracted from the mea-

sured values, Yﬁu- in order to find ?b, the porosity shift.

p
C. Measuring Errors
The major sources of error in the shifting measurements were the
limif; df;insfﬁuﬁéht précisién'plus'the'juageéeﬁi errors in‘locgting
the centers of marker particles and porosity zones.
1. Marker shifting measurement errors. °*
These were (1) the 0.25 pm optical resolution limit of the micro-
scope measurements which was imposed at the marker and again at the Au

. terminus, and (2) the estimated 0.5 um error in locating the mass cen-

ter of each marker particle. These nonsystematic inaccuracies totaled
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to a maximum error of 1 um when measuring the position of a single
marker particle. However, it was unlikely that the maximum error was
actually realized because nonsystematic errors in one direction usuatlly
cancel part of the nonsystematic errors in the opposite direction,

The realistic measure of reliability is given then by the probable
value!?22 [?(errors)g}%, which in this case was (0.252 + 0.252 +
0.52)% ~ 1 0.5 uym. Thus, each marker datum point was considered

o

reliable to the nearest um.”™
2. Porosity shifting measurement ercors

These were (1) the same resolution limit of 0.25 um which per~
tained to marker measurements, (2) an estimated | um error in judg-
ing the position of the porosity zone center, and (3) a 1.25 um
-precision limit of the vernier'm}crometérs employed to measure C, the

couple halfthickness. Accordingly, the maximum error was 2.75 um, and

the probable error was as 1.6 um.

*Measuring marker positions in typical bulky couples is usually done
with light optics and mechanical stage traverses; this yields a ¥ 4 um
precision limit.3 Similar precision is obtajned by using tracer tech-
niques on radioactive oxide markers, HfO. 2,535 The greater precision
in this experiment is due to marker-to-Au terminus distances being

- .sufficiently small to permit optical grating.measurements without
mechanically measuring across thin-sheet couples, thereby avoiding

mechanical stage errors due to gear lash, etc.



APPENDIX C

Computer Calculations of Stress Distributions Across Diffusion Couples

Content Page
The Stress Distribution Equation and its Computer Terms......... 189

Fortran |V Program Listing for the Computer Solution of the
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Example of Output Data: The stress distribution across the semi-
infinite couple 88 pm/ 750°C/ 0.5 hr, C2/4Dt = 18. The plot of
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Table 5. Listing of computer-calculated stress distributions... 195
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The Stress Distribution Equation and its Computer Terms 189.

‘Multiplying both sides of Eqn. 43 by 1073 yields the desired form,

-3
10° .%.{[exp-(x‘?/hbt)] (c2/40t)3/2 - 3 [exp-(c2/tot)]
C

EKg
. ) 2n+1
27(c4/Lbe) 2 -3 eee B30
(20t 10 3
n=1 n )
Computer Term Description
COUPLE THICKNESS 2C, the couple dimension parallel to the
diffusion flow direction, x
SUM the absolutely-converged® value of the sum-
mation term in Eqn, 43'
NO ITERATIONS " the number of iterations, n, employed in
computing the vglue of the SUM term
(n = 300, here)
C sQ/4DT . C2/4Dt, the factor designating the extent of
: interdiffusian
X (MICRONS) the distance across the couple in a direction
parallel to the diffusion flow. x = 0 at the
original join (the couple center) and x = C at
either terminus (free surface) of the couple
X/C x/C, the distance across half of the couple,
normalized to coupie halfthickness; x/C = 1
S IGMA Eﬁe stress parameter given by the LHS of Egn.
3l
dabsolute convergence is proven by applying the ''ratio, R, test' to
o 2n+1 '
Z 2°A where A = (variable) constant. lim R<1 defines
22n+li ' " ne»o
2n+1
2"a 2
absolute convergence, where R = f(n+] , f(n) = F5—=r
2n+3 f(n (2ﬂ+])
2n+]A 2

and f(n+l) =—(§F‘+—3r .

bThe numberzof iterations required to cgnverge the SUM term for all
values of C“/4Dt employed here (up to C</4Dt = 85) was found from
trial calculations to be under 200. Thus, the 300 iterations are more
than sufficient to converge the SUM.
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Fortran IV Program Listing for the Computer Solution of the Stress
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celoLE T

Lt e

c

&o/40T
12030
1% e
1509
1 <00
1ReD:;
1rReDD
1Re 0N
17e00
18e0n
18200
i=eln
1R«
1R«
18030
130
180N
1R«(D
1800
12«00
1KeQO
1Re00
1veDn
1800
1800
1R«
1800
18200
1ReDD
1400
1ReD]D
18000
1700
180D
18«00
1800
1RO
1R+
1X¢0D
1520
1R«00D
1R« Q0
1re”
1R«
12400
15807

i17r Q& A&
fELIRNPE 4 R

X{~TCRANG)
«2F
o5
«75

1=(,
1¢2%5
1¢5n
1e75
200
Peg’
2eB0
2oy
00
e 25
cER=1#
3074
4 Q0
4e25
4abD
4075
e (D
Kel5
el
te 75
AeUC
he2h
' Y3-1¢;
he 78
7¢CC
Te25
7¢5%
775
R¢00
ReZ25
RaBN
Re Y
Qe QG
g2l
9+850
Ge75
1000
1N Y
10 eh
10074
1100
1102%

Example of Qutput Data

MICHTE S

M Fie

ys/C

057
e0114
e (N1 7
. Fevd
P84
s34 1
+ 139R
r Q455
s 0OR11
e ORER
s DAES
L OP’\SP
20733
e 795
IRB?
e 08309
(106
1023
1080
e 1136
03193
1750
e 1307
e 1364
eik20
+1477
» 1534
» 1591
s 1A4R
+ 1705
01761
2 1R1R
01375
«1932
s 18985
e PO45
2102
e 159
ePF1lé
2773
« 2330
e P8
e P L4
e PR00
e PRB7

TTERATIRNGS=: 30N

ST1GVA
220008 PAF +NA
s 4 IBUNHKRF 4N
e AGTLAPRFE &P
«FE7PHUANF NP
v 1DNB4954F + 013
+1293R00F+03
+ 1497521 F &0
t1696329F+03
e 1 RRFPAAF N3
»2075705F+03
s 2PHE80A1F 413
e P4PE7R4F AN
»PRI0IAAFE 4N
s A7453I8PF 403
s PRI 313F N3
¢ V2T RGAF+NT
«21854773F+N3
¢ RP71AARF+03
¢ 3I37BAORF +03
474 7RAE+N3

P IF6HDAIIFLNA

36360 T7IF+NT
e R700328F+N3
s 7557 71F+03
+3799192F+N03
¢ I3328PPF+N3
e ARBHIPAF+N3
s IRGEINPLF 4N
e IA7INASF +NR
e IR6R84335+03
+R539R3F +NT
¢ IRIND7R4F+N3I
e37992,92F +03
e I759EA3F+N3
e3712943F +23
' RARINTIF+03
e IVIRURAF +N3
¢ 31 RN9F + 173
¢ A4BQLRPF +N13
s I3R1AANF+N3
«IPQ979NF+N
¢ IR13II4F 403
e 21237469F + 013
¢ NPIRIKE 4 NT
»2933743C 402
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Al eLE TlrkeFaR =

r s/4%

1%e])
Iaei
1Re0;
Yoo
1520
1507
1200
180370
1R800
12e03
1802
1900
120D
1R800
19«00
1/«00
1500
1800
126000
192400
1R«
1800
1220
1800
1R« 00
1R«D0
1reQ0
iRe (0D
1500
1Rr«00D
18«00
1R«00
1RO
1800
1500
1R«00
1R«0D
1820
1230
1900
1reGn
trel))
1xe}0)
18«00

12600

H 2R+

X{~TCR:S
11«50
11074
1200
10025
12510
1P
13«00
1325
13¢50
1375
14«00
1425
14050
1us?b
150N
15e¢25
1550
150740
1A+ C0O
14025
1450
1675
1700
17025
1750
1775
1R0C
1p 025
1ReD(
1Re73
19:00
1925
19e¢5(
19¢7%
#0000
PNeh
20«50
2ne7%
21600
Ple2hH
P1eED
Prel%
220N
PPelY
npebe

Example of Output Data

B MYCTALS
;—I

N&Y) x/C
sPR1Y
e PR/
«P727
784
e PRY Y
PRI
12955
+ 3011
s 306K
+ 3125
e3187
«3730
e 3795
» 3352
340
s 3064
e 3RP3I
v 358C
» 3636
v 3693
#3750
«e 3207
e 356
03920
+3977
4034
4091
e 4l 4R
e 4205
« 4761
e431A
s 4375
e 44372
4489
v4R45
e 4,02
« 4459

4716
4773
w4 R3AN
WY P BA
Al <
5000
K087
«5114

TTERATIBNG:

3ING

SI5MA
e PRAIFANNF +NT
¢ P73479PF N3
e PA3IPAITF N7
¢RI IKIT LN
2 P426 3RRF +03
«23P2498F 03
2 PPIBETAF 403
eP1185746F 403
e P012535F 407
*1910RIMF+N3
«1R10332F+03
21711474F 4073
¢ 1614279585F+03
2 1H190A3F+N3
¢ 14725984AF 4+ 073
v 1335179F+07
e 1PH6T7PPF 4N
+1160293FE+03
e 1077814F403
099709R2F 402

21935156402

V2G4 PERE 447
e 773U ABF+ P
07031 3314F 407
sA3BTT7RTE+D2
e5732733E 40P
B125909F+07
¢454A3IRIF+ NP
e 39955N2F 402
s 347090AE+ 0P
e PI972A1RF4N2
e P499942F 4+ NP
e P0821R/3E+N2
s 16PRUATF+DP
e 1 2P80A2F 407
s 2500906F +01
v LI3ET7T73F 4+ 0
e 1579216F+01

=e1330631F+N]
" 450RPNAAF L]
»e73437979F 3401
e YANL IRE & )
“s12424L73PF 417
14737370407
'.1?‘,29‘:‘9qu ",?

g
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CoLpoLy

N

€ oS52/4nT

1ol
Inep”
1807
Y e
15e00
1xeg0
ITeedd
15500
1800
1RO
e D
IR
1800
1209
1800
1Re¢05
120
12600
120N
1Re 0D

1R« 20 -

1R«
1R2e3D
1R«
1500
1R«0D0
{1200
ire0D
17«32
1%e¢0D
15ieDD
15300
1Re0D
1R« 0D
1R»0C
1200
17«00
1500
1xe0
1X+00
1400
17200
1560}
1”030
1renn

THIrkFea =
$ 521357 7ES

X{v1OHRS
2P 7Y
~3:00
PRe2H
cyeb
P75
Pue(l
PLe 25
e
PLe 75
25¢0C
PRe2h
580
PRe75
Phe Q0
PHe2hH
PheH
Phe7R
2700
P7e25H
P7e5¢(

28000
PRept
PReHO
PR 78
29¢00
PQePh
P2gebp
~Oe7h
e Cr
aAnez2sH
3INeSC
3ne75
3100
e 25
1 eB0
W7y
AP 00
A7 e 28
P50
Ipe75H
R RV
130 P25
335
e I

Example of Output Data

P775:
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+H5170
5727
L8y
RRLE
15398
.5«55
15511
1556 R
+5AEH
5687
sh73¢
15795
2 HREF
+ 5203
«HOEA
ANE3
AHOBD
vH1 3¢
+6193
v6P50
«6307
6364
s HUED
16477
« 6534
6591
v hEUKR
«h705%
e 676
s68218
«6RT7E
06937
e 6989
0 7045
« 7107
+7159
v 7716
0 7P73
« 7330
e 7386
e 7443
« 750
« 7557
«e7¢14
7070

NG

TTVRATI®ANG:

399

STAMA
=3 {RI922PIF+ 12
=~y )BR1APF LN
e PPAN11RF 47
e P46 AS4F LT
= e PHRINPFE+N7
e P 7R2957PF 4+ 07
=2 PRA6IIIF 40P
~ e P3I/RDTF 4+N7
“+3116%K4F +07
s 32306P7F4NP
“e3337459F 0P
“s I4IR4ART LN
~ s IRIZNRRCL P
e AH2I4P2F 4002
e A70BAPLEE 4N
=y 37RR997F + D7
=8 IRABR/NRE+LN?
= e YGIFIIIF O
=e 4 Q07 73AF +D2
=e 4074 N7RF+ D2
~e4137613F+07
s 4 LIRANUF 4P
e 4 257 23ARF N2
=e 4 313R7IF 4N
e 4 JARGR4F 4 OP
o4y P1BRUF NP
meh 47INERF N2
~ e 485231 PRF 407
2 571947 +0P
= b BLIOEIDF+N?
e b HEEEHIRF NP
=eh 71272845407
s L757PR9E 407
we 4 B0IA1AF+D7
~e 4 R4S LE L N2
s b ARKRH4IF N2
s 4331 073F N2
=4 Q73PAPF 402
e 5 013N5AE4NP
= e 5OHABNPF+N2
“e RNV 7FA 010402
=1 ARG IF NP
=e "1 791 04F NP
e 2193710402
e RO LACE NP
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f:L)!‘z

C Su/4irT

15000
1re(i
1500
1~
1xe(30)
18«0
12000
IR0
18D
150D
1800
15005
1R00
1RO
1RO
1800
18202
150
12400
1320
“a '1ﬂ‘-0{}
1820
18«37
1rRe]y
1R«0D
1Rr«00
1R+00
1R 00
1500
1800
1re(IN
1800
1R.00

e 1He0D

1800
1;"0(:
1502
1300
1red
1r«0N
1Re0D

THlrveoan =
eB NI NRATE 4+

Xx{~1CRA
AL.C7
et
L5
A, 0 7w
ELR NS
e 201
RReHG
A% e 75
A+ 00
A6 25
2650
LV
R7¢CH
17+¢25
1750
77k
BRe 00
ARegh
IR BN
3R 78

9400 -

3%e 28
9.5
Qe 7H
4nNeQC
Wne 2yl
whebO
4ne75
4100
41e25
4450
41e74%
P QG
4Pl
4Peb0
4P 7%
U0
L3 2y
4381
L3e7H
44000

Example of Output Data

FEREEEE FoboX: DN

- R g

NE) x/C
« 7727
+ 7784
e 75841
o 7090
+ 7955
«&011
s RN6R
sR12R
« 8182
5239
RPO%
« 357
e X409
e B466
«RBPTZ
« SREC
s R3E
e RH9T
8750
+ RRO7

+ RY20
+ 3977
3034
«9nI1
eG14R
« 9204
*+ 9261
w9318
29378
+ 9437
¢ 9489

R LA
" 49R02

» 9459
19716
9773
+ORES
s 9ABA
+ 9943
1.0000

TeRpbs

TTIERATI®Y 5= 190

ST1RMA
=1 5289289F L7
= R 3YGEDPHEF 4P
=2l 3794 39F 40P
wetiy1ITLRT NP
~eR45RIAIFan?
= s R4IELAIF 407
» e 553735 0F+0N2
o577 34RF 417
= e RAIBAIRF+N?
=eR45599PF+Nn7
= s BRADRSIFeN?
w734 474F D7
= R5773671F+n?
weRR12239F 4N
weRREIARLF+NP
« e KAI1110F4+07P
s RAGOPPARFE LAY
e 593D F4 NP
e HL00840BF 402
=eA0H747AF 4+ NP

"= e £ DREBURE NP

v A1PSANIE LN
=0 ALO4EARIFE NP
=s AP03AYI 40P
oAk 7PAF +07
1 6281 7AF NP
e A3P20793F+02
» e 63899521 F 40P
e A3IRRUAF GNP
=ehGI7 AR NP
mel-HhTHRRARE 40P
»e 45159098 + 07

. =eAS549P7E+02
Cw e ABIIIUSE4ND -

e AG3P/LELN?
e ABT719ROF 40P
=0A710%94F N7
e ATHDNNRF 4N
o /JAICPAF +NP
-oﬁ%?%ﬁhﬂ?+ﬂ?
e HRGE7DB3F+NP
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Table 5. Listing of computer-calculated stress distributions,

Couple Interval of
thickness stress calculation, 9
—_—rm pm Values assigned to C” /4Dt

— ~--- Hypothetical Couples =-====-=-

20 0.10 L, 8, 16, 18, 32, 64

4o 0.10 4, 8, 16, 18, 32, 64

60 0.10 4, 8, 16, 18, 32, 64

80 0.25 4, 8, 16, 18, 32, 64

100 0.25 L, 8, 16, 18, 32, 64

140 0.25 4, 8, 16, 18, 32, 64

180 0.25 4, 8, 16, 18, 32, 64

220 0.25 4, 8, 16, 18, 32, 64
260 0.25 4, 8, 16, 18, 32, 64

300 0.10 4, 5, 6, 8, 9, 10, 11, 12,

' - 14, 16, 18, 24, 32, Lo, L8,
56, 64

340 1.0 L4, 8, 16, 18, 32, 64
400 1.0 4, 8, 16, 18, 32, 64

600 2.0 4, 8, 16, 18, 32, 64

1,000 10.0 4, 16, 18
10,000 100.0 4, 16, 18
...... Experimental Couplesa ———-
88 0.25 L,5, 5.87, 6, 7,8, 9, 10,
Lo ' C 12, th,..iko, Lb, 48...80

170 . 0.25 L, 9, 18, 21.9

335 0.25 L, 9, 18, 57.6, 85

@ Several of the values of CZ/th represent actual experimental couples,
others were assigned in order to aid general analysis of stress dis-
tributions.



APPENDIX D

Suggested Experiment; The Relationship Between Porosity, Marker
: Shifting, and Couple Bending

The results of this research indicated a stress-related synergism
between porosity, marker shifting, and bending. This result requires
a systematic confirmation of the type suggested here,

1. Prepare several thin-sheet Ag/Au couples of various thicknesses
which experience bending during 750°C diffusion, say 40, 80, and

120 um.

2. Marker all couples with iron oxide particles.

3. Apply-shailow welds (few pm) so that various Semi-infinite diffu- -
sion anneals may be applied.

L4, piffuse at 750°C under various hydrostatic pressures in order to
vary the amount of porosity. Commercialfy-available argon will do

this conveniently. Pressures which totally eliminate porosity (1,500

psi) will not alter the diffusion kinetics (see referencés 40, L&, 5k,

70).

5. Measure bending, marker shifting, and porosity volume.™

*Porosity volume measurements cannot be made via conventional metallo-
graphic preparation. It is likely that it can be determined by (1) pre-
paring conventional metallographic cross sections, lightly etched, (2)
deep-plating and preserving the exposed porosity with (Watt's bath)
nickel, (3) regrinding lightly with 2/0 or L/0 SiC paper, and (4) final
polishing with diamond and/or& -A1203. If this fails to adequately
preserve the porosity, alternate porosity-filling methods might be
tried, such as electroless plating or vacuum-impregnation with epoxy.

196,



197.
6. Analyze the results with regard to the trade-off synergisms
between porosity, marker shifting, and bending.
7. Useful microstructural information concerning the formation and

shape of porosity might also be obtained from the couple,.
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