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ABSTRACT

GRAIN BOUNDARIES AS DISLOCATION SOURCES

By

- T. F. Malis

An investigation was conduected into- the role-of
grain boundaries as sources of lattice dislocations during
yielding. An extensive review of the literature was conducted
‘inrorder to establish a firm base for the study of this
relatively;néw field. This inclnded grain boundary stréctural
models, the defect structure associated with the boundary,
previous experimental confirmation of grain boﬁndary source
operation, and the proposed models fOr such sonrces, including
the stress required and the means of enhancing the appliéd
stress to_ﬁhis value.

An electron microscope examination was then conducted
on severnl materials which possessed microstructures conducive
" to boundary sources and which had been strained to points Well
below and up to the yield point. Two techniques were‘developed
to -aid the thin foil'examination. One led to a reduction in thin
foil deformation due to foil handling, and the other was a thin-
foil mapping technique to provide comnarative data on the |

densities and distributions of lattice defects pertinent to the
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yield process.

The experimental results indicated that the}great
majority of boundary sources were nonregenerative in nature,
and involved the nucleation and emiésionvof both perfect and
‘partial dislocations from grain boundary 1edgés. These dis-
locations were nucleated at low stresses and many were retained'f?
at the boundary. Emission occurred prefefentially from triple
points in the early stages of yielding. The proportion of
strain contributed by boundary sources was negligible in high
purity Al. 1In high purity Cu, the most extensively studied
material, 1t was significant in only the first stage of what
appeared to be a two-stage yilelding process common to all the
materials. In the second stage graln interior sources were
" predominant. In medium purity‘Ni, boundary sources were
present in substantially larger numbers, and in Cu - 1 wt 5 Sn,
they were present in sufficient numbers to control the major
portion of the entire yield process. A number of féctors,
such as stacking fault energy or elastic anisotropy, appeared
to influence boundary source characteristics or their operation,
but the most important were the initial states of the boundaries
and the distribution of solute or impurity atoms within the
material.

With the experimental observations in mind, a

detailed model of boundary sources was constructed. It
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proposes dislocation nucleation from groups of small boundary
ledges, with the ledge geometry providing the major portion

of the necessary stress concentration for this nucleation.
Additional stress concentration is supplied by interacfion

of the stress fields from the ledges within each group. The
variation in the number, size and spacing of.ledges within‘
each group, along with the variaticn in individual ledge
geometry, account for the observed non-homogeneous distribution
of boundary sources. Several specific aspects of this model
are then discussed, as well as its implications for other

important facets of mechanical behavior.
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1.0 "INTRODUCTION

An overwhelming majority of engineering materials are used
in the polycrystalline state, hence grain boundaries have always been
considered to play an important role in plastic deformation. This role
" has centered around their ability to act as obstacles to the movement
of dislocations. Thus, the classical concept has long been one of yield
initiation via dislocation generation in grain inferiors and subsequent:
dislocation pileups against the boundaries causing source activation
in the next grain. However, during the past decade, an increasing
amount of evidence has established that grain boundaries can also act
as dislocation sources, particularly in the early stages of yielding.
This region is generally referred to és the premacroyield strain region,
and it extends from the first substantial movement of dislocations to
the point where massive dislocation movement and multiplication is
required to maintain the plastic strain rate imposed by the testing
machine. It thus separates the microyield region (plastic strain of
zero to around 1x10_4) from the macroyield region (yield point).

The -operation of grain boundary sources in the premacroyield
region would have a number of consequences:

1} It might affect either'the type, character or number per source
of dislocatiéns generated,

2) It would affect the work hardening behavior of materials in which
cross-slip, and hence taﬁgling, is relatively easy. This behavior

.would_bé affected by the changed location of these tangles from



the grain interior to the grain perimeter when boundary sources

predominate,

The work hardening behavior with respect to solute atoms or particles
hindering dislocation movement Wbuld be also affected, since solute
levels and diétribution af the grain boundary can be different from
those.of the grain interior in many materials.

In addition, the possibility of grain boundaries acting as

dislocation sources may have implications for mechanical properties

above the yield point, such as creep and fatigue strengths, or the amount

of ductility a material possésses.

Although the concept of grain boundary dislocation sources

has been formulated for some time, relatively little detailed experimen-

tal work has been conducted on their operation or their influence on

‘the yielding process. Therefore this study was directed towards the

following objectives:

1

2)

To examine and correlate the many theoretical models fof_grain
boundary structure and grain boundary lattice defects, dislocation
nucleation‘at, and generation from these boundaries, the stresses
required for operation of boundary sources and the means of obtain-
ing these stresses;

To verify that grain boundary dislocation generation can occur in

the premacroyield region of a pure FCC metal (Cu) in which it had
not previously. been observed, by designing a microstructure conducive

to such generation,



3)

4)

5)

6)

To .deyelop a method of extracting quantitative data. (via electron

microscope thin foil examination) concerning boundary source opera-
tion, |

To use this method for measuring‘rélative source densities and dis-
tributions: in Cu at various strains in the premacroyield region,

To study some of the parameters, such as solute content, stacking
fault energy, elastic anisotropy and initial boundary defect density,
that should influence boundary source operation, by examining
selected materials (Cu-1lwt%Sn, Ni, Al) in a similar microstructural
state to that of the Cu, |

To examine the characteristics of individual sources in any material,
for the purpose of establishing a boundary source model which will

account for these characteristics and those determined in 4) and 5).



2 GRAIN BOUNDARY STRUCTURE AND ASSOCIATED CRYSTAL DEFECTS

A grain boundary may be defined as the contact

région between two crystals differing only in orientation (1).

This definition, although reldatively straightforward, sheds
little light on the nature of this region, either on the
scale of the individual atoms or the larger scale of the
various defects present among the arrays of atoms. It is
essential to realize that the strength of polycrystals
indicates the presence of strong interatomic forces across
this region. Thus it is' not a ""'space' between two crystal-
lites (as often represented in drawings) but a transition
zone or a special lattice between the two misoriented cry-
stal lattices. It accordingly possesses its own special
characteristics, particularly with regard to the inter-

action of different types of dislocations. The character

is also highly variable, and must change as the misorientation

changes. This zone ié spatially more restricted than our
common notion of a lattice, being essentially a two-
dimensional film curved so as to surround the grains in
three dimensions. This latter point is particularly easy
to forget since we are accustomed to observing '"ribbons"

of grain boundary in transmission electron micrographs.

2.1 GRAIN BOUNDARY PARAMETERS

Before studying the various models which have
;



been postulated to describe the structure of boundaries,

it would be valuable to describe how a boundary is defined
with respect to the crystallites it separates. If the
crystallites are infinitely large, three'angular parameters
~define their misorientation; one a rotation about an axis
normal to the mirror plane separating them (twist component)
“and two about mutually perpendicular axes'wiﬁhin this

plane (tilt components). This mirror plane is normally

the boundary plane (symmetric boundary), but does not
necessarily have to be (¢.g. in an asymmetric boundary).

For the more normal case of a boundary in a thin foil, two
additional parameters describe the orientation of the
boundary plane to the foil (2). As shown in figure 1, these
" are 6, denoting the inclination of the boundary to the foil
5urface, and ¢, denoting the angle between the boundary -
foil intersection and ©, the misorientation of a common
crystallographic direction. This latter parameter'éncompasses
the three angular parameters described above. This normally
suffices to accurately reference the boundary, but with the
adveﬁt of increasingly sophiéticated models, Chalmers (3)
has recently proposed that an additional three orthogonal
inrotational translations are required to describe the
relaxation of individual atoms at'the-boundary. ‘However

necessary these may be theoretically, they are as’yet of




Figure 1.

Geometrical conventions for characterizing a grain

boundary (ABCD) in a thin foil of finite thickness,t

(after Murr et al, 2).




foil syrface




limited importance experimentally, thus the first five
parameters are considered sufficient for most boundary
déscriptions. It should be pointed out that the above
symbois are somewhat confusing in that A great many authors
use the lower case theta (6) to denote the misorientation
angle and the lower case alpha (o) to denote the inclination

angle of the boundary with the foil surface..

2.2 MODELS OF GRAIN BOUNDARY STRUCTURE

There are two basic approaches to considering
models for grain boundaries (4). In one approach the
boundary is viewed as a smooth, homogeneous layer purely
for thermodynamic purposes. In the other, the basic
structure of this layer is described. This study deals
.with the latter. Gifkin states (4) that a model must
satisfy the following criteria to be completely acceptable:

a) it must result in a. boundary width of three to
four atom diameters. to correlate with experimental
observations.

b) it must produce a reasonable value of grain boundary
energy and the orientation and temperature depen-
dence thereof.

c) it must account for the change in orientation

between the two grains while still taking into




account individual atom interactions.

d) 1t must be able to explain, to at least some
degree, a host of properties such as boundary
sliding, migration, éegregation, corrosion, melting
and lbw temperatufe mechanical behaviour.

This last requirement is the most difficult to
fulfill. The main difficulty to date appears to be that a
given model may elegahtly account for the behaviour of one
or two boundary properties, yet break down completely when
the others are consideréd. For‘this reason, plus the fact
that some models have not yet been evaluated with respect
to even the first three criteria, it is impossible to
rigorously assess their shortcomings and merits. Thus
~they will be presented only briefly, with perhaps some
indication of current popularity, in order toAéstablish a
physical basis for the consideration of dislocation generation
from grain boundaries.

One problem endemic to most models is that they
were originally comnstructed to explain the structure of
simple 'special" bbundaries, such as low angle pure tilt or
twlst boundaries or coincidence boundaries. Ultimately,
however, they should be able to give at least an approximate
picture of that most common of boundaries in normal materials,

‘the random, high angle (high 6) grain boundary.



2.2.1 AMORPHOUS MODEL

This model, developed by Rosenhain and co-workers (5,;6)

was the first real attempt to account fpr boundary properties.
In essence, 1t considered thé'boundary as an amorphous,
undercooled 1iduid; i.e. possessing no long range periodic
structure. Although this could qualitatively explain such
phenomena as grain boundary sliding and brittleness at high
and low temperatures, respectively, it has been generally
discounted for a number of reasons (1). A calculation of
the excess internal enefgy based on this model leads to
calculated values of boundary thickness much larger than
observed experimentally. Also, it seems inherently un-
reasonable that so thin a region would not be influenced
at all by the periodic crystal structures on either side
of it. Most important, such a model completely fails to
account for the variation in many boundary properties with
both orientation and/or inclinaticn.

The concept on which the model is based hés
some value with regard to such matters as calculation of
grain boundary enefgy. Also, as McLean comments (7), the
boundary layer bears some similarity to an amorphous layer
in that both are regions in which the perfect crystal
structure 1s forbidden, thus tempering somewhat the comparison

‘of this region to a special lattice. Aaron and Bolling (8)
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have considered grain boundary energy using somewhat of an
amorphous model, that is, the boundary structure with the
léwest free volume possesses the lowest energy boundary.
They conclude that high angle;boundaries are most likely
constructed aééording to.a.”structureless”'model built

on the réndom close-packing of atoms. As we shall soon
see, however, there is a good chance,that this could
correspond to a structured model which allows individual

atom relaxation into the lowest energy configuration.

2.2.2 DISLOCATION MODELS

These models consider grain boundaries as planar
arrays of dislocations. It i1s well established that low
‘angle boundaries (9, 10), i.e. low & values, are composed
of arrays of lattice edge dislocatiomns for a pure tilt
misorientation, screw dislocations for a pure twist mis-
orienfation, or, as is most often the case, dislocations
of mixed character for a mixed orientation. This 1s
illustrated in figure 2, with the twist segment on top,
the tilt segments én the sides and a mixed segment denoted
DCH.

The spacing of these lattice dislocations de-
creases with increasing misorientation according to d = b/6

‘(b = Burgers vector, d = spacing), hence the boundary
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Figure 2. Illﬁstrating symmetric tilt, twist and mixed low
angle grain bounddries for the case of one grain
~entirely surrounded by another grain, with both

sharing a common <001> axis (Bishop and Chalmers, 35);'

Figure 3. (a) Dislocation model of a symmetric 53° tilt boundary.
(b) Dislocation model of a symmetric 60° tilt

boundary (Gleiter, 1).



A COMMON
oot}

|
!
!
!
|
!
|
{
|
!
1
1
|
|
N

N
A_____jg

COMMON
(h'K'o)

O
~

4]

“\b

COMMON (kho)

(&)

(a)




12

energy increases with more dislocations per unit length.

Up to approximately 15° of misorientation (hence the term
low angle boundary), thevboundary energy can be accurately
calculated from dislocation theory based on linear

~ elasticity. Beyond this pdint, the dislocation cores become
too close to retain their physical identity. The model can
be extended on a geometric basis, however (11). This 1s
illustrated in figure 3. The low energy of the 53° tilt
boundary of figure 3(a) arises because of the uniform
dislocation spacing (oné per 1atticevplane). The higher
energy 60° boundary of figure 3(b) may be regarded as a

° boundary with a 7° low angle boundary superimposed on

53
it. Again, this is only geometrically true, since the two
.components will interact with regard to the bouhdary energy.
This interaction is almost impossible to calculate becausé
of the physical closeness of the dislocations. More recent
models have also discussed boundary structure in terms of

dislocations but, because they utilize other concepts as

well, they will be presented later.

2.2.3 ISLAND MODEL

This model was first proposed by Mott (12) and
later expanded by Gifkins (13) and, as seen in figure 4,

it views a grain boundary as consisting of "islands" of
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| Figure 4. Representation of island model of grain boundaries
(with the channels of bad fit shown dashed)

(a) viewed along the boundary plane

- (b) viewed normal to the boundary plane (Gifkins, 13),4ﬂ:“

Figure 5. Coincidence lattice (double circles) resulting from
the interpenetration of two crystal lattices (large
and small circles). Coincidence lattice unit cell is
AOBC and the crystal lattice rotation is shown at

right (Fletcher, 29).
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good atomic fit which are sﬁrrounded in the plane of the
boundary by ''channels'" of bad fit. These regions have been
estimated (13) as.varying in size from five to fifty atom
diameters (roughly 10 - 100 X) and thus.should be, for the
most part, invisible in thé electron microscope. They have
apparently been seen, in the form of facets,.by the field
ion microscope (14, 15). Because of the-small atomic
mismatch across the islands of good fit, short range elastic
strains exist which vary in magnitude with the misorientation
and account for a minor, but nonetheless significant, portion
of the grain boundary energy. Gifkins has stated that

these regions of good fit would tend to be oriented so as

to permit éontinuity of slip across them, although this.
would be very difficult for small island sizes.

| The channels of bad fit are essentially relaxed‘
vacancies and can be identified with the ledges on the

edges of microfacets, hence the resemblance, as we shall

see later, between these regions and grain boundary dis-
locations associated with ledges. The elastic strains

wouid be much ﬁore‘severe in these channels and despite
their smaller area relative to the islands, they are

thought to contribute the major portion (rbughly 60%) of

the total grain boundary energy. The special coincidence

-boundaries (discussed next) are seen as special cases of this
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model where the islands are very large, occupying the

entire boundary in the 1limit of a coherent twin boundary.
Overall, the iéland model appeérs to be regarded

as a good physical picture oflboundary structure, but it

has been largeiy supplanted by more specific models.

2.2.4 COINCIDENCE MODEL

This model hinges on the concept of a coincidence
lattice (16, 17), which simply states that when two
misoriented crystal lattices are allowed to interpenetrate
each other, some of the lattice points will coincide,

e.g. O, A, B, C in figure 5. These points form a lattice
of larger spacing than either of the original ones, which
_is called the coincidence lattice for that particular
misorientation. The degree of coincidence 1s denoted by
L, the reciprocal of the fraction of shared sites, e.g.

v = 1 indicates that all sites of the two lattices are

shared (coherent twin boundary). For most random orientations

about a given axis of rotation, it can be seen that I is
very large and the'concept of coincidence loses much of
1ts utility. For certain orientations, however, the

.fraction of shared sites becomes very large, and grain

boundaries oriented so as to lie along planes of this lattice

~which possess a high density of shared sites are expected
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to have low boundary energies (16). This is due to the
absence of long-range elastic strains (much the same as

for the "islands" of the previous section. Balluffi and

Tan (18) indicate that boundaries with Z'i 20 should fall
-into this category of a '"special" boundary. Although a
great deal of experimental work has demonstrated that some
amount of energy decrease is achieved for these orientations
(roughly 10%), recent work by Dimon and Aust (19) indicates
that it can be much larger (30%), while occurring over a
VEery narrow range‘of orientation. Marked changes in the
properties of these boundaries from those of random
boundaries was first established by Xronberg and Wilson (20)
and has since been well-documented (21). It was further
“discovered experimentally (22) that deviation of thé boundary
plane from this low energy plane of the coincidence lattice
led to a stebped boundary in order to maximize the amount

of boundary lying along the low energy plane. In this
fashion, changes in direction of the boundary can be brought
about by the proper combinatibn of steps of varying
orientations and spacings (figure 6). It should be noted
‘that a similar tendency has recently been demonstrated,tq
occur on a much larger scale, i.e. for large grain boundary
faﬁets (23).

For small deviations from the exact coincidence




17

Figure 6. Grain boundary curvature effected by variation in
step orientation and dimensions. TP = boundary triple .-

- point, K = boundary kink (Murr et al, 2).

Figure 7. Illustrating the creation of boundary dislocations

due to orientation deviation from exact coincidence.

© ¢i1t boundary about [001] - low I

(a) 53
1b9 creation of a [310] boundary dislocation due to
. 10
3° deviation (Bishop and Chalmers, 35).
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orientation (a few degrees), the boundary may be returned
to the low energy oriéntation by imposing a dislocatidn
network on the boundary which amounts to a sub-boundary
of ﬁhe coinéidence lattice (2z; 24). An‘example of such
‘a dislocation is shown in figure 7 for a simple tilt
boundary. The Burgers vectors of these dislocations (as
for all boundary dislocations) may be derived.from the
DSC lattice of Bollmann (17). This lattice consists of all
possible translations of one crystal lattice with respect
to another. Thus, unlike the coincidence lattice which
deals only with shared sites, the DSC lattice deals with
all sites. Figure 8 illustrates this for a simple 36.9°
tilt boundary about <001>. The two interpenetrating

" lattices are shown (one open circles, one solid) an& a cell
of the coincidence lattice, ABCD. The primitive or base
vectors of the DSC lattice, Bl’ EZ’ BS indicate that a
translation of the solid circles with respect to thé open
circles by any of these amounts (or multiples thereof)
results.in an identical configuration. In this sense, Bl’
BZ aﬁd 53 represent the smallest possible Burgers vectors
for perfect grain boundary dislocations. The DSC lattice
is simply constructed by drawing an orthogonal network
through all lattice sites. The base vectors are then the

shortest translations between sites in the three orthogonal

directions. The DSC lattice is derived, in turn; from
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F@gure 8. DSC and coincidence lattice for a 36.9° tilt
boundary about [001]‘
4y viewed parallel to the rotation axis
(b) showing the three base Vectbfé of the DSC

lattice (Balluffi et al, 47).

Figure 9. Illustrating the O - lattice, similar to the
coincidence lattice (AOBC), but supplemented by
additional non - lattice points (such as O') about
which the two interpenetrating lattices may be rotated

with respect to each other (Fletcher, 29).



C/boundory plane

DSC lattice

unit cell
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Bollman's generalized 0 - lattice (figure 9).

Although it somewhat resembles a coincidencé
lattice, the 0 - lattice is far.moré flexible as it permits
crystal lattice translations about‘pointé in 1ts lattice
‘which are not crystal lattice sites, e.g. 0' 1n figure 9.
This occurs when the translation of one crystal lattice
with respect to another ié by a non - DSC'Veétor (25).

This would result in the breakdown of the coincidence model,
but, as stated, the 0 - lattice merely shifts its lattice
points off those 6f the crystal lattice. The significance
of this is that virtually any boundary can be geometrically
characterized even though its detailed physical structure

is unknown.

These boundary disloﬁations have been experimentally
6bserved (26, 27, 28) but only with difficulty, and for
small deviations from coincidence. This is caused by two
factors. First, the spacing of the dislocations is.very
sensitive.to deviation from coincidence due to the relatively
small values of Burgers vectors. These Burgers vectors
decréase with increasing z (29), i.e. as the coincidence
lattice becomes larger. Thus the dislocations are very
close together even for orientations only a degree or so
from exact coincidence. Second,bthe reduced_Burgers vector
results in poor electron microscope contrast due to the

reduced strain field. Thus, Balluffi and Tan (18) have'
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recently proposed that such networks may be present over
the entire misorientation range, only they cannot poséibly
be:resolved. In such a case, it would be difficult to
consider them in the normal physical sense of a dislocation
‘network.

- One final point of importance 1is that, while
coincidence boundariesvggﬂ account for a substantial fraction
of all possible misorientations (24), there is no pafticular
reason that they hgxgvfo. That 1s, graln orientations are
set either from nucleation in the melt or recrystallization
nuclei, and not from energetic considerations whiéh would
only be realized when they begin to meet and form grain
»boundaries. Thus, Loberg et al (15) found no particularv
preference for exact coincidence orientations in a feview
of field ion microscope orientation detefminations; One
factor that could modify this randomness in the direction of
more coincidence boundaries is that of texture, since this
will at least orient grains so as to possess a common pole
of low crystallographic index, which is essential to high
degrées of coincidence. Also, it bears emphasis that, for
a given orientation, the grain bqundary will tend, through
boundary migration and/or annealing twin formation, to lie
along the lowest energy plane of the coincidence lattice
for that orientation. The difference for different

orientations is purely one of degree, since the reduction in

i
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energy will be greatest for the high coincidence orientations.

2.2.5 STRUCTURAL UNIT MODEL AND OTHERS

One of the major weaknesses invthe coincidence
‘model is that the geometric -requirements of lattice coincidence
are quite rigid, i.e. the density of coincident sites drops
precipitously when the misorientation moves e#en slightly
away from exact coincidence. On the other hand, the change
in properties which is characteristic of these boundaries
often persists up to several degrees from exact coincidence (1).
This led Bishop and Chalmers (30) to propose their ''coincidence -
ledge - dislocation'" model of boundary structure which has
subsequently evolved into the well-known structural unit
“model (1, 31, 32). The critical difference in this.model
is that it stresses boundary coincidence, i.e. sharing of
atoms along the boundary plane, rather than lattice
coincidence. As summarized by figure 10, an exact éoincideﬁce
boundary (figure 10a) may thus be viewed as constructed of
microledges of equal width (figure 10b). It may also be
viewéd as a ”sharedlatom” configuration (figure 10c) or,
‘alternatively, as a "translated" one (figure 10e). The
array formed by the shared atoms of figure 10(c) is shown
in figure 10(d),'ana the variation in the make-up of the

structural units with misorientation 1is shown in figure 10(m).
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Figure 10. Coincidence - ledge - dislocation representation of
(a)- () 28.1° exact coincidence tilt bouﬁdary about [Odl]
(g)-(1) 29.4° off - coincidence tilt boundary about [OOl]b
(m), (n) structural units for low I boundaries (Bishop

and Chalmers, 30).
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The units are designated in terms of the ledge lengths ex-
pressed as multiples of a/2 <110> {for this case), e.g. "3
for the 36.9° structural unit of figure 10(m). Deviations
from exact coincidence are simply achieved by a mixture of
-the units from the two nearest exact cointidence orientations.
Thus, for a 29.4° boundary, shown in figure 10(g-1), this |
results in four - "4'" units followed by one g unit, i.e.

a straight proportional mixture. For higher misorientafions,
the boundaries are mixtures of "2" ledges and an increasing
number of "1" ledges (which are essentially regions of single
crystal). These are shown in figure 10(n). In this fashion
the boundary coincidence is high even though the lattice
coincidence is low. Extra deviations (tilt or twist) result
- in additional ledges (figure iog, h). The concept of the
model in terms of dislocations arises from Viewinglany TOW'
of atoms ending at the boundary as the extra half plane of

a dislocation, e.g. figure 10(e) or 10(k). It can be

seen that the perturbations resulting-from off-coincidence
orientations (figure 10j) can be regarded in the same light
as the coincidence lattice sub-boundary networks. These
“perturbations (dislocations) have the important effect of
creating a long-range stress field at the boundary, with

the extent being comparable to the distance between the

perturbations (30). There is even a limited resemblance to
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the island model in that the minority structural units of
an off-coincidence boundéry may be regarded as the bad'fit
regions (high strain) around the regions of good fit (low
strain), although the two concepts are dimensionally different,
‘one linear and the other, an area.

" In recent years, this model has undergone further
development by consideration of the strucfurai units in
terms of free energy as well as geometry. Thus Chalmers and
co-workers (31, 32) have considered individual atomic dis-
placements through computer calculations. (It should be
noted that a similar consideration was undertaken by Baroux
and co-workers (33, 34), but only in the geometric sense).
The rationale leading to this consideration arises from the
" strength of grain boundaries. Since substantial numbers
6f dislocations can pile up against boundaries without
penetrating through them, their strength should attleast
be of the same order as that of the perfect crystal'(l),
yet the shared fraction of atoms is relatively small, even
for unrelaxed models. This localized relaxation results
in an'overall energy decrease (figure 11 - where E(a) > E(b) >
‘E(c)), even though a trade-off is involved because of the
addition of long-range elasticvdistortion. It is essential
to realize that such relaxation will destroy all coincidence

at the boundary. In this model, asymmetrical boundaries are
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o_tilt boundary - rigid structural unit model

Figure 11. (a) 38
(b) same boundary allowing crystél translation for
energy reduction

(c) same boundary allowing individual atom relax-

ation for energy reduction (Gleiter, 1).

Figure 12. Asymmetrical 29° tilt boundary about [001],
composed of symmetrical segments DE, EF and FG

(Chalmers and Gleiter, 32).
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simply constructed by stepped segments of symmetrical
boundaries, each with its own mixture (if need be) of

structural units (figure 12).

Mention should be made of two very recent grain .
‘boundary models which, like the structural unit model, attempt
2 multi-faceted approach at describing the structure. In

the planar matching model (36, 37), the basic premise is

that families of atomic planes which meet at the boundary

so that their traces are only slightly mismatched, will give

rise to boundary dislocations similar to interfacial dis-

locations between two phases which are partially coherent (37).

Another way of viewing these is to consider the slight

mismatch of equi-spaced grids as producing a Moiré pattern

) in which the Moiré lines are lines of relatively bad atomic

. fit, i.e. dislocations (36). These dislocations would be
somewhat different from the off-coincidence networks dis-

cussed earlier, especially in the fact that their spacing

would be much less sensitive to deviation from a symmetric
orientation (where the planes matched perfectly) and that
their Burgers vectors would always lie in the boundary

plane (37). Although the theory experimentally has been. seen

to account for some boundaries (38, 39), there is some
question whether it can account for all boundaries (40), as

‘a general model should. In addition, the model works best.
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when the matching planes are of low index, i.e. atomically
smooth (37), and it could be questioned whether this is a
reasonable assumption for.random high angle boundaries.
The other model of Marcinkowski and co-workers
is a coincidencé—diélocatioﬁ approach to boundary structure (41)... -
The majof premise is that all boundaries can_be regarded as -
being composed of dislocations, said dislécations being
regarded as various combinations of crystal lattice dis-
locations. For exact-coincidence orientations, these lattice
dislocations are visualized as coming from the primary slip
planes of both grains, and the coincidence site lattice
(denoted the primary coincidence lattice) is identical to
that discussed previously. For off-coincidence orientations,
1attice dislocations are visualized to come into the
boundary from secondary slip planes also. It is shown that
a new, larger coincidence lattice results (denoted the
secondary coincidence lattice). The model takes issue with
the Bollmann formulation for grain boundaries (17) in
.stating'that boundaries can only be constructed in discrete
fashion, i.e. as integral functions of the number of lattice
dislocations used and the spacings of the slip planes used,
and not in a continuous manner as the 0 - lattice approach
allows. Hence the generation of specific coincidence

lattices, primary and secondary. The model has been formulated
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for both symmetric (42) and asymmetric (43) tilt boundaries,
and for twist boundaries (44), in both ordered and diéordered
simple cubic lattices. In addition it has been extended

for the above cases to the,body—centeredvcubic lattice (45)
‘and experimental observations of boundary dislocation
networks have been conducted on a FeCo alloy with this
structure (46). Much as in the planar matching model, this
model thus furnishes a possible explanatibn for such networks
which are very regular and spread over the entire boundary,
yet have far too great a 'spacing to be the aforementioned
off-coincidence sub-boundaries. However, as with the earlier,
simpler dislocation models, there still remains the fact
that, by and large, these boundary dislocations can only be

" considered geometrically and ﬁot physically. Thus, while
ﬁhese recent models are being assessed (and likely refined),
the revised structﬁral unit model appears currently to be

the most acceptable for generating the best overalllpicture
of the actual structure of the boundary, energetically,
geometrically and physically. This picture appears to be
modefaté1y~c1ear for relatively simple boundaries and is
‘furnishing at leaét a dim outline of even the most random
boundary. It would be appropriate at this point to consider

the crystal defects associated with this basic structure.
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2.3 GRAIN BOUNDARY DEFECTS

2.3.1 TERMINOLOGY
As with any field which experiences a sudden surge
of interest and new growth, there has been a proliferation

in the terminology pertaining to grain boundaries which

reflects the increasing sophistication with which this region .=

has been studied. Unfortunately, the evolution of this
terminology has been anything but orderly.
The topography of grain boundaries is moderately

clear. Triple points generally refer to the intersections

of three grain boundaries (figure 6, p.l7) but can be used
to describe twin boundary - grain boundary intersections.
Large, relatively sharp changes in boundary curvature have
been sometimes called kinks (k in figure 6) and are generaily
‘a consequence of limited grain growth. Small scaie boundary
curvature, such as shown in figure 6, is brought about by
steps and/or ledges. The ledge is normally_considéred to

be the longer of the two but; as 1s apparent by now, many
authors use the two interchangeably. At the same time,
these features are. generally larger than the steps/ledges
evident on even the most planar‘portions of boundary, e.g.
figure 10 (p23). No real distinction appears td have béen

made between the two, so henceforth the latter will be

termed mlcrosteps or microledges.
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The one boundary defect which has a counterpart in
the grain interior 1s the grain boundary dislocation (GBD)
and it is here that the terminology has run rampant. Brandon

et al (22) referred to off-coincidence boundary dislocations

‘as a dislocation sub-boundary. Schober and Balluffi (26, 27)

have referred to them as intrinsic GBD's and McLean (7) has

called them structural dislocations. To Bishop and Chalmers (35)

they were secondary intrinsic GBD's (primary intrinsic GBD's

were those forming exact coincidence boundaries). Brandon (24)

discussed step dislocations, i.e. those associated with

boundary steps, whereas Ishida et al (48) simply call these

grain boundary dislocations, a term which they also apply
to those making up the boundary structure and any lattice
~"dislocations which have impinged upon the boundary (49).
Similar "blanket' definitions have also been used By Bellt
and Langdon (50) and Ashby (51). Gleiter et al (52) used
GBD only to denote boundary dislocations generated within
the boundary. These and any éther dislocations superfluoué
to the boundary structure were referred to by Schober and

Balluffi first as extraneous GBD's (53), then as extrinsic

'GBD's (47). McLean (7) mentions intergrain dislocations

in much the same context. Malis et al (54) have subdivided

extrinsic dislocations into primary extrinsics (referring to

those resulting from lattice dislocation - intrinsic GBD

‘interactions) and secondary extrinsics (referring to those

i
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produced in the boundary).
Marcinkowski (55) has defined the dislocations
resulting from lattice dislocations cutting through the

boundary as virtual grain boundary dislocations (VGBD's),

meaning that they possess a stress field but no definable
Burgers véctor,.although he has since reconsidered this
assignation (57). Some authors have regarded boundary
dislocations and steps as essentially equivalent (2) but
there are important differences. As Ashby notes (51),
movement of a true step piodudes.boundary migration without
relative displacement of the two grains, whereas GBD move-
ment doeé. A step 1s a poor source or sink of vacancies
while a GBD can be a good one. Furthermore, a GBD can

; interact stfongly with solute stoms whereas a stép.generally
does not (having a much weaker strain field). Finally,
McLean (7) has proposed two overall structures for the grain

boundary fegion - the general structure (that which brings

about the misorientation between the two grains) and the

defect structure (consisting of everything else associated

with the boundary).; This 1is a useful division for, as shall
bbe seen shortly, it 1s the defect structure which appears

to play the major role in dislocation generation from grain
boundaries.

The confusion in terminology has been at least
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partially cleared up by Hirth and Balluffi (56). They have
proposed that any dislocation lying in a boundary be denoted
a GBD. The one major exception to this blanket definition
is for those dislocations forming the intrinsic structure of
the boundary, i.e. those which bring about the misorientation.
These are denoted intrinsic GBD's (IGBD's). As shown in
figure 13, the Burgers vector of a GBD may be determined
from a Frank circuit, the familiar circuit based on a
lattice surrounding the defect in question. In the case of
a GBD this is the coincidence lattice. Figure 13 illustrates
this for a coherent twin boundary in the FCC lattice (for
simplicity). Figure 14 illustrates what Hirth and Balluffi
call a Read circuit, which can be based either on individual
-~ crystal lattices or suitably rotated DSC lattices. The
closure failure in eilther case re?resents the totai IGBD
Burgers vector content of that portion of the boundary
within the circuit, although this total may be decomposed:
in different ways, e.g. figuré 14a where FlFZ can be de-
composed in two ways. This may sound confusing, but it

must be remembered (as emphasized earlief) that these are
geometric equivalents only, hence the flexibility in
partitioning the total Burgers veétor content. When a GBD
is present (figure 14 b or c¢), the closure failure gives

the IGBD cbntent plus the GBD Burgers Vector; In such

‘cases the IGBD content of a boundary can only be determined

i
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(a) Coherent twin boundary in the FCC structure
(b) containing a Shockley twinning dislocation
(c) containing a pure ledge
(d) containing a GBD with Burgers vector normal
to the boundary.
The Frank circuits are denoted S F F,S, and two

1717272
cells of the coincidence lattice are shown, as well

as the DSC - lattice (Hirth and Balluffi, 56).
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Figure 14. As figure 13 except that rotated DSC - lattices
for each grain are shown, and Read circiuts based
on the DSC - lattices (solid lines) and crystal
lattices (dashed lines) are also indicated.
(a) Demonstrates how the total Burgers vector content
(FlFZ) may be régarded as four % [111] IFBD's
(spacings in the common DSC - lattice normal to

the boundary) or six a [112] IGBD"s (spacings
6

along the individual rotated DSC - lattices)

(Hirth and Balluffi, 56).
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by constructing both Frank and Read circuits and taking
the difference. |

The second major ciassification of Hirth and
Balluffi was to denote boundary dislocations as either
-primary or secondary, where -primary refers to lattice
Burgers vectors and secondary to any other Burgers vectors
of the DSC - lattice. Thus the twin boun&ary dislocations
of figure 13(b) and (d), IGBD's of low angle boundaries
and some GBD's resulting from lattice dislocations impinging
upon boundaries (53) are.classified as primary.

It has become an established experimental fact
that boundary steps can have GBD's associated with them
(22, 48), e.g. when the step height is not an integral

“ multiple of the coincidence lattice spacing (figure 15).

Hirth and Balluffi have extensively categorized this situation.

They first define a monatomic climb ledge (C - ledge)

associated with a GBD whose Burgers vector is normai to the
boundary. As shown in figure 16(c) and (d), the ledge

character of the GBD (actually the extra half plane) arises
because its climb along the boundary either expands or con-

tracts the volume of the grain it lies upon. Glide ledges

(G - ledges), also monatomic, are those associated with

GBD's whose Burgers vectors are parallel to the boundary.
The glide character arises because of the fact that the

.ledge movement (figure 16 (e) and (f)) takes place merely by

!
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Figure 15. (a) C - ledge with Burgers vector normal to the
boundary
(b) G - ledge with Burgers vector parallel to the
boundary ”
Noté-that the Stép_height is not an integral multiple =~
of the coincidence lattice unit cell (large squares)' :

(Darinskii and Fedorov, 58).

Figure 16. (a),(b) Construction of a reference bicrystal
containing é defect - free grain boundary.
(c),(d) Introduction of a GBD with C - ledge
character.
(e),(fj Introduction of either a pure ledge or a

GBD with G - ledge character (Hirth and Balluffi,56).
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transferance of atoms from one crystal to the other. A

pure ledge results‘(figure.lG f) when no displacement

bétween the matching ledges occurs (no associated Burgers
vector). A pure GBD may occur for the case of figure 16(b)

" when a localized displacémént parallel to the boundary A o
occurs that has no accompanying ledge characteristics. . .

Thus figure 15(a) would be a GBD with C-ledge character and

figure 15(b) would be a GBD with G-ledge character. A ' vnjA E
summary of the defects defined by Hirth and Balluffi is
given in Table 1. !

In addition, we will define a GBD-macroledge as
an association of any GBD with a step of greater than
monatomic height (such as if the G-ledge of figure 15(b)
 moved to the step, A). This distinguishment must be made

since the GBD-macroledge would be much less mobile than

either the C-ledge or G-ledge, even at élevated temperatures.

2.3.2 DIFFRACTION CONTRAST AND OTHER ASPECTS

The diffraction contrast of GBD's is rather
~complex, since the strain field extends into both grains,

and no universally acceptable means of Burgers vector

determination has evolved to date. Some contrast effects
can be used to distinguish between various boundary defects.

Gleiter (59) observed that pure steps showed very weak
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- TABLE 1

GRAIN BOUNDARY LINE DEFECTS AND CIRCUITS FOR REVEALING

THEM (after Hirth and Balluffi,56)

ENTITY : DESCRIPTION

Grain boundary dislocation” Any dislocation lying in a grain -
(GBD) boundary. Its Burgers vector is a. . ' -
' ‘ vector of the DSC-lattice. o

Climb ledge (C-1ledge) A grain boundary ledge associatedli
with a GBD which requires climb
- to move in the boundary .plane.

Glide ledge (G-ledge) A ledge associated witia a GBD

: wihich may glide in the boundary plane.
Pure ledge A ledge with no associated GBD.
Ihtrinsic grain boundary A GBD which is part of the'boundary

dislocation (IGBD) -structure and therefore does not
: possess a long-range stress field.

Frank circuit ‘Modified Burgers-type circuit for
revealing GBD's

Read circuit Modified Burgers-type circuit for
: revealing both GBD's and IGBD's.

Note: It is important to remember that the C- and G- designation
refér to the dislocation movement in the boundary plane only.

Thus they should not be confused with the dislocation's move-

ment in the grain interior,i.e. a C-ledge will glide into the

grain interior,but climb in the boundary plane.
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contrast (due to their small strain field), a contrast
which did not change noticeably with tilting. GBD's, on

the other hand, can be made to disappear quite readily and

their contrast can be quite strong, depending on the
- magnitude of their Burgers -vector. Ishida and Henderson-
Brown (49) noted that GBD's showed a contrast reversal from

black to white when tilted from a strongboperating reflection  f

to 1ts negative. 'They further maintained that this would
also apply to dislocations adjacent to the boundary, pre-
sumably because their strain field would extend into the
adjacent grain. Thus there is likely to be a definite zone
.around the boundary proper in which lattice dislocations
"will be indistinguishable from GBD's. With regard to the
contrast reversal, McDonaid ahd Ardell (60) have discovered
‘that it does not occur when the strongly diffracting grain
is on the lower side of the boundary plane in a thin foil

(this would be the left-hand grain in figure 1), thus the

above criterion should be used cautiously in separating
GBD's from lattice dislocations. McDonald and Ardell also
note that an indicator of the strong two beam condition in

only one grain is an attenuation in the boundary fringes

toward the thick end of the boundary wedge, i.e. if the
two beam condition was operating in the left-hand grain
of figure 1, the fringes would disappear towards AB.

Deviation from such a condition would result in the normal
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boundary contrast with fringing at both top and bottom and
attenuation 1in the center. The importance of this lies

in the fact that high contrast micrographs of GBD's for

studying fine details, are best obtained in the dark field
of the strong two beam case, e.g. (46).

IGBD Burgers vectors are generally small and their

contrast quite weak (26, 27), but Ishida and McLean (61)

have recently suggested that the Burgers vectors of IGBD's

in random high angle boundaries should approach lattice
Burgers vectors.. They calculated the three base vectors
of the DSC-lattice (figure 8b, p.9) for various FCC and
BCC grain misorientations. They found that, as I increased
( i.e. tending foward more random orientations), El
decreased while gs approached the interplanar spacing of

and 22_

the planes normal to the misorientation axis. Thus, for
symmetrical boundaries, the IGBD Burgers vector would lie

in the plane of the boundary, as in the planar matéhing

model. This works quite well for low index misorientation
axes, but would not seem to be of much significance for
high index ones. Visual confirmation of this hypothesis

would be difficult because of the close spacing for IGBD's.

Nevertheless it is difficult to believe that these IGBD's
would be those seen in '"mormal polycrystalline specimens',
~as Ishida and McLean suggest. If that were the case,

boundaries even in annealed material would be expected to




43.

show a very high GBD density. There is field ion micro-
scope evidence that IGBD's with lattice Burgers vectors
exist, e.g. % <111> IGBD's in BCC tungsten (62), but it
is to be remembered that boundaries in such specimensvare
- highly textured and are not totally representative of
normal polycrystals.

If, in some caées, IGBD's énd GBD's can individually
show similar contrast, the same would apply to the GBD; |
macroledge configuration. One therefore has to examine
both the shape and density of the defects. Figurg 17 shows
what this author believes to be reasonably clear examples
of these defects (in agreemenﬁ with the authors of the
studies). Thus strong contrast, irregular spacing and |
curvature indicate the defects of figure 17(a) are'likely
‘pure GBD's. The boundary dislocations of figure i7(b) are
‘more regularly spaced, but still relatively far apart. This
separation plus»thé strong contrast and curvature,‘favor
them to.be GBD's. The faint network of background defects
(fine lines running almost vertically) is almost certainly
of IGBD's because of their close and very regular spacing
and weak contrast. In figure 17(c) the large fringe shifts,
straightness of the defects and semi-regular spacing in-
dicate a pure ledge character, the strong (in part) contrast

‘and spacing variation in different boundary segments rule

out IGBD's, hence the conclusion that they are GBD-macroledges.




Figure 17.

(2)

(b)

(c)

(d)
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Pure GBD'S in a grain boundary of 0.2C-Nb
steel (Buzzichelli and Mascanzoni, 63).
GBD's and IGBD'S in an Al bicrystal boundary
(Kegg et al, 64). |
GBD-macroledges in a grain boundary of
Fe-0.75Mn (Ishida et al, 48).

Pure ledges in Fe-0.75Mn (48).
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For figufe 17(d), the complete lack of contrast and pron-
ounced fringe shifts easily identify the defects as pure
ledges. Unfortunately, éases such as these are the
exception rather than the rulé and a good deal of thought
should generally go into the identification of a boundary

defect. For example, the fact that both C-ledges and G-

ledges have step characteristics gives rise to the possibility -

of their creating small fringe displacements (Gleiter.
has calculated (59) that a SR step can, under certain
extreme conditions, produce a ffinge displacement of over
100 R). This displacement would be very similar to those
from monatomic pure ledges. 1In addition, the fact that
both the C-ledge and the G-ledge have steps of similar
_dimensions renders them practically identical fdr,pure
contrast purposes. ‘We shall later see that this may well
have occurred ;n the literature. A summary of contrast
characteristics is given in Table 2.

As with their diffraction contrast, the inter-
actions between boundary defects are being increasingly
observed and discussed. Ashby (51) has suggested that
supersteps  (the equivalent of GBD-macroledges) could
form by the combination of Several smaller GBD-macroledges,
resulting in an energy reduction. In the same way, Ishida

‘and Mclean (61) propose that a pure GBD with a Burgers vector
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TABLE 2

DIFFRACTION CONTRAST EFFECTS FOR BOUNDARY DEFECTS

DEFECT

pure ledge

pure GBD

IGBD

GBD-macroledge

C-ledge, G-ledge

CHARACTERISTICS

-small (dnd occasionally undetectable)

to very large boundary fringe displacements _

-very weak contrast

-semi-regular spacing for groups of ledgés  

-generally linear

-no fringe displacement under any conditions

-generally strong contrast

-generally curvilinear

-generally very weak contrast
-very small, regular .spacing
-array covers entire boundary

-generally linear

-fringe displacement as pure ledge
-contrast as pure GBD |
-semi-regular spacing for groups
-generally linear

-small (and normally undetectable) fringe
displacement

-varying contrast

-generally curvilinear
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that is a multiple of the DSC-lattice base vector could
be more energetically favorable than a GBD-ledge defect,

even though the Burgers vector associated with the latter

might be slightly smaller. Both of these thoughts suggest
'~ that the majority of GBD-1ledge configurations would . -
eventually disappear in a'prolonged anneal. There should

be no reason why GBD's could not interact with the IGBD

network for near-coincidence orientations, as Schober
and Balluffi propose (53). However, when the spacing of
this network becomes so fine that the IGBD's lose their
physical identity, it would seem reasonable to regard
any such interaction as unlikely. On the other hand,
Pumphrey and Gleiter (65) have observed GBD's "smearing-
- out" in the boundary plane in the electron microscope
vand eventually disappearing. One would think that this
multiple dissociation would certainly involve the IGBD

network. From Pumphrey and Gleiter's observations, it

would appear that temperature is the critical factor
through its effects on the kinetics of dislocation reactions
and possible non-conservative dislocation motion necessary

- for such reactions. Thus the '"smearing-out' phenomenon .

was a moderately high temperature one.
Finally, Ashby (51) has made some interesting

-comments on the nature of any boundary dislocations which
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stands apart from other boundary defects so as to possess

a separate identity. First, outside the dislocation core,
they should behave identically to lattice dislocations as
far as their long-range elastic strain fields are concerned,
i.e. with regard to interactions, line tension, etc.

Second, for the core itself, he proposed that it would be
elongated in the plane of the boundary and shortened normal
to it in order to také advantage of the additional atomic
relaxation available therein. As Ashby puts it, this
"reflects a balance between the elastic energy stored in
the two half-crystals and the misfit or distortion energy
assoclated with the disturbed atom_positions in the
boundary'. He estimated>that this would lead to a core
energy approximately one-half that of a lattice dislocation,
creating, in effect, a binding energy for the GBD to the |

boundary.

2.4 GRAIN BOUNDARY SEGREGATION

It would be appropriate,bat this point, to briefly
discuss boundary segregation, i.e. local variation in
composition at the boundary, since one solid solution will
be studied and even the pure metals to be examined will
possess varying numbers of impurity atoms. This will be
l'done with reference to their relation to boundary structure,

so that both may later be used to facilitate the understanding
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of dislocation generation from boundaries. This area of
grain boundary research is somewhat better established
than others because of sﬁch aspects as grain boundary
embrittlement furnishing powerful commercial incentives
for its study}' Invadditioﬁ, it can be detected, to at
least some degree, by relatively simple techniques. Thus
several excellent reviews have been written which combine
the theoretical models with a substantial amount of
experimental data on-all aspects of the models. Among
these are Gleiter and Chhlmer's relatively recent review
of equilibrium segregation (21) and Westbrook's reviews on

non-equilibrium segregation (66, 67).

2.4.1 EQUILIBRIUM SEGREGATION

At or near grain boundaries, a local variation

in composition may exist in equilibrium with the matrix.

This is by far the most common segregation encountered,

but unfortunately it is rather difficult to quantify or,

occasionally, even to detect at all. This may be under-
stood from figure IB(a) which illustrétes that the solute

.concentration at the boundary can be very large, but

confined to a region extremely close to the boundary. In

the past it has been detected by such means .as microhardness,

chemical etching, autoradiography and lattice parameter
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Figure 18. Schematic répresentation of the solute profiles
at grain boundaries for various bulk solute levels
(BSL) for
(a) equilibrium segregation
(b) non4equilibrium segregation due to vacancy migratidn
(c) non-equilibrium segregation due to boundary migration

(boundary movement indicated by arrow).
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variation, but more‘recent and Sophisticated methods such
as field ion microscopy and auger electron spectroscopy
have been able to quantify it with gréater accuracy (21).

The driving force for this segregation may be
examined from two different viewpoints. One is that any
solute which causes a reduction in the grain boundary
energy will tend to segregate to the boundary to lower
the energy of the polycrystal as a whole; Such reductions
are by no means minor, e.g. Hondros and Seah (68) have
shown that as little as 0.5 wt. % Sn reduces the grain
boundary energy of Fe by a factor of two.

The second viewpoint, that of elastic interaction,
simply states that oversized impurity atoms will migrate
" to regions. of tensile strain (e.g. open spaces) in the
‘grain'boundary, while undersized atoms migrate to regions
of compressive strain (e.g. overlapping atoms). This
approach thus utilizes the structural concept of grain‘
boundaries and the fact that equilibrium segregation of
impurity atoms of various sizes exists is verification of
the Basic physical picture of boundary structure, i.e. a
region containing both (+) and (-) strains. Further proof =
is provided by the fact that non-coincidence (high energy)
boundaries show substantially more segregation than

.coincidence boundaries (21).
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In view of the above, it is apparent that, for
a given solute, the two critical factérsqfor this segregation'
are time and temperature, i.e. sufficient time at a high
enough temperature will result in an equilibrium amount
of the solute being partitioned to the graip boundary. Ih
addition, both theory (21) and experiment (69) show that |
the equilibrium level ihéreases with decreasing temperature;
Thus most quantitativé work on this pheﬁomenon involves
rapid cooling from the equilibration temperature, because
slow cooling would result in levels greater than the
equilibrium concentration corresponding to this temperature.
Although equilibrium segrega?ion is normally on
a monolayer scale, segregation of a broader nature has
been observed in iridium (70)'and in Fe - Sn alloyé (71)
at the higher base solute levels.(4 wt. %). In géneral,
the amount of segregation becomes increasingly less
sensitive to base solute level at‘concentrationé of these
magnitudes. With regard to the degree of enhancement
(boundary solute content/bulk solute coﬁtent), it has béen
demohstfated both empirically (68) and theoretically (71)
that this degree varies as the inverse of the maximum solid

solubility of the impurity. Thus, for example, Hondros and

e

Seah (68) obtained enhancements of 3 for Fe-3 wt. Si
(maximum solubility 23 at. %), 460 for Fe-0.2 wt. % Sn

(maximum solutility 10 at. %) and 10,000.for Fe-0.0044 at. %S

P
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(maximum solubility 0.1 at. %). This can be useful in
predicting the order of enhancement from a given impurity.
It is important to note that the effects of multiple
.impurities are uncertain with regard to any interactions,
 although Seah and Hondros (71) have found that Sn and S in
Fe are nbn—competitive.

Finally, the pervasiveness of this segregation
may be illustrated by the fact that even one part per
million (ppm) of_certain impurities can, under the right
conditions, saturate all the grain boundaries (21). Thus,
for all practical purposes, equilibrium segregation is
always present tolsome degree, and its effect on a given
property of the grain boundary will depend on the sensitivity

. of the property to enhanced solute levels.

2.4.2 NON-EQUILIBRIUM SEGREGATION

As implied by the title, these compositional
variations are generated by non-equilibrium conditions,
such as excess point defect concentrations causing point
defect-solute pairs to migraté to the boundaries (which
act as sinks for the point defects). Thus, unlike
equilibrium segregation, it will ultimatély disappear 1if
given enough time. Because of the special driving forces

‘which can cause it, it is much less common than equilibrium
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segregation. However, it occurs on a much more detectable
scale (figure 18 b), extending as far as 40 microns into
tﬁe grain interior (72). Thus non-equilibrium segregation
is commonly measured by a micfbhardness increase (up

to 35% at the boundéry) dué fo the enhanced solute level.
The width of thé segregated regions can be so wide that the -
hardening from opposite boundaries may overlap for smaller
grain sizes (72). It‘should be made clear that the
hardness increase due to such segregation is much greater
than any microhardness ihcrease attributable to the
boundary without solute present, -i.e. due to its inherent
nature as a highly defected (or strained) region. (The
same fact holds for equilibrium segregation). In some
.cases (73), boundaries also appear fo demonstrate ‘a
softening effect, likely because of the creation of a
vacanéy-free zone around them attained when the material

is quenched from near the melting point. As with the
equilibrium segregation, the enhancement levels are
greate§t fdr small amounts of impurities. The illustrative
level of figure 18tb) comes from calculations by Anthony (74)
based on work in which the base solute level was of the -
order of 10 - 100 ppm (73, 75).

The most acceptable model of this segregation

- has been derived primarily by Westbrook and co-workers (73, 75).
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It is believed to be caused by the migration of solute -
vacancy pairs to the grain boundary during rapid cooling
(the effect is mafkedly réduced by slow cooling (76)).
Unlike equilibrium segregation, size misfit does not
“appear to play the hajor role, e.g. segregation was found (75)
in Zn with Al impurity (atomic radii 1.38 and 1.43 R,

| respectively) whereas rTeverse segregation.or boundary
softening was found in Pb with Ca impurity (atomic radii
1.75 and 1.97 R, respectively). It was discovered that
the presence of this segfégatioﬁ coincided with a distribution
coefficient less than one (ratio of solidus to liquidus
concentration at a given temperature), which, in turn,

was demonstrated to empirically correlate with a large,
positive solute-vacancy binding energy. In addition, it
éoincided with an activity coefficient (an indiéator

for the different atomic interactions in a solution) greater
than one. This indicates a preference for solute-solute
bonds in the System, 1.e. good cluster stability. Thus

the following picture emerges; a large driving force is
obtained upon quenching due to the large number of non- .
equilibrium vacancies. This, in.turn, results in many
solute-vacancy pairs (because of the strong binding

energy) which migrate towards the most efficient vacancy

sinks, the grain boundaries. As these pairs near the
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boundary their'density increases and collisions take
place with increasing frequency, forming di-vacancies and
reiatively immobile solute clusters. These clusters are
thought to give rise to the inereased hardness (which,
.incidentally, 1s higher thaﬁ would be eXpectéd from the

increase of solute in solid solution). Grain boundary

softening is also explained by the samevmodel (74, 77) on
the basis of the relative mobilities of solute and solvent.
Thus, when the solute-vacancy binding energy is of the
order of the thermal energy and the solute is quite mobile
in the solvent lattice, a net flow of solute away from the
boundary can occur becaﬁse.of vacancies using solute atoms
cas a diffusion path. Since non-equilibrium vacancies are
the media for solute transfer, the effect saturates for
a soluté cbncentration of a few hundred ppm, which is the
order of the maximum non-equilibrium vacancy concentration
normally attainable. This also explains the reduction in
hardening with a slow cooling rate, since the non-equilibrium
vacancyﬂconcentratiqn (and, as such, the driving force) is,
_at'a given instant, extremely small. This favors the more
mobile single and di-vacancies to\migrate to the boundéries
instead of the solutelvacancy pairs.

One other theory has been pfoposed'(78), based

on the same vacancy-solute mechanism, which predicted maximum
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segregation with a slow cooling rate (contfary to the above).
- This was apparently also confirmed experimentally (79).
However, the experimental ﬁethod used (chemical dissolution
of a few microns around the bodndary for atomic adsorption
Spectrophotometfyj suffers from the fact that it would

have included equilibriumvsegregation as well, and excluded
much of the non-equilibrium segregation. iThis points out
the difficulty in separating the two types of segregation,
which, however, mus t be done in view of the widespread
occurrence of equilibriumﬁsegregétion. A good example of
the misinterpretations possible without this dual con-
siaeration appears to be provided by a study of binary Cu
alloys both quenched and furnace cooled from temperatures
{ranging from 500 to 1000°C (80). Although the tests wére
ostensibly a study of equilibrium segregatibn by means

of microhardness tests on the boundary and in the grain
interior, the authors stated that "no very great difference"
wés found in the results for the two cooling rates,
contrary' to the preceeding discussibns-for either segregation.
Such unexpected results may be explaihéble via the above

dual consideration. Thus, quenching would enhance non-
equilibrium segregation, particularly from high temperatures,
while slow cooling would enhance‘equilibrium_segregation,

partiéularly from low temperatures, resulting in equivalent
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hardness increases even though obtained by different
mechanisms. The situation becomes even more complicated
when the behaviour of bouﬁdary defect deﬁsities is also
considered. For example, rapid quenching can set up
‘sufficient stresses to causeé a very large increase in the
density of GBD's and/or GBD-ledges. The multitude of
subsequent possible interactions with varying amounts of
solute segregation that then arises is very likely the cause
of some contradictory stands that have been taken with
regard to the influence df_these interactions on mechanical
behaviour (81, 82).

Mention should be made of one other type of
non-equilibrium segregation that applies to super-purity.
" metals and has only recently been detected by Kasen (83).
He used high temperature, isochronal anneals to conduct
resistivity studies on Al of varying pufity (0.5 - 4 ppm).
His results indicated that the migrating grain boundaries
during the anneals swept up solute as they moved through
the lattice. The enhancement that was calculated for
this.segregation corresponded to equilibrium segregation
.for a base solute level of 3000 ppm. Since theSeklevels,
were actually only a few ppm, an' additional enhancement
above equilibrium levels was obtained (roughly 3000:1).

The unusual solute profile associated with such segregation
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(figure 18 c) is markedly asymmetrical due to the build-up
of solute in front of the moving boundary. It may be
pointed out that the profiie of figure 18(c) applies at
high temperatures, and the room temperature profile will
be affected by-fhe'cbolinglréte. Furthermore, the

effect practically disappeared at the 4 ppm solute level,
thus it should not be significant in metals containing
more impurities than this. |

In sections 22 and 23, we have seen that the grain

boundary region is far from the Simple, unstructured region
it was once thought to be. Instead, in most cases, it

is a region of both order and disorder, with both its

own crystal defects and those from the grain interior
fpresent upon it in varying numbers. This variation.iﬁ the
detail of the boundary region may vary, not only from

one microstructure to another, but from boundary to
boundary within the microstfucture, and. even from one
portibn of a boundary to another. Névertheless, this very
complexity can make it possible to postulate detailed
interpretations for certain grain boundary phenomena.

Such concrete proposals, if proven, will be much more
valuable than the geheral explanations often given,
particularly for the role of boundaries in the early stages

of yielding.
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3 DISLOCATION GENERATION FROM GRAIN BOUNDARIES

Having examined the basic structure of the grain

boundary and the crystalline imperfections associated with

it, we can now focus our attention on the manner in which .
this region can produce dislocations at low temperatures -
and why it. does so in preference to the grain interior

sources. In view of the relatively recent emergence of

this field and the controversies in which it is often
embrbiled, it would perhaps be appropriate to first examine

the previous experimental evidence for such generation.

5.1 EXPERIMENTAL EVIDENCE

As seen in Table 3, the direct visual observation of
boundary generation has been quité extensive. The
reliability of the evidence was done as objectively as

possibie, but obviously cannot be considered as final and

conclusive. It was felt, though, that this would enable

some needed qualitative worth to be placed on the various

studies. For example, it was found that numerous cases

have occurred in the literature where a reference was made

to some other confirmation of boundary generation, even

though such generation was only casually mentioned or
indirectly inferred. On the other hand, it appears that

numerous studies have been conducted in which it was
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tacitly or expressly assumed that any dislocations or
dislocation pile-ups associated with the boundary had'
originated at‘grain interior sources. This was often
done even though the visual evidence suggested otherwise,
-1ikely because of the relatively new nature of the idea of_
boundaries acting as sources. In still other studies,
pictorial evidence of likély boundary genérafion is in-
cidental to the main purpose of the study‘and is not
commented on at all. In compiling Table 3, an attempt
was made to indicéte such cilrcumstances where possible.
Several examples of boundary generation are shown in
figure 19.
Leaving the implications to be discussed later,
“ some of the points that canbbe extracted from Table 3 are:
1. The studies conducted inside the eleétron microscope
have conclusively shown that both grain and twin
boundaries are the major dislocation sources in.thin
foils. At the same time, extensive GBD movement.can
take place in the boundaries of such foils.
2. Boundary generation has been quantitatively documented
in only one material, Fe-3Si, but the qualitative

evidence for other materials shows that a wide range
of metals and alloys possessing the three major crystal

structures (BCC, FCC, HCP) are capable of boundary
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Figure 19. Examples odeislocétion generation from grain
boundaries in
_ (a) Ti-6A1-4V (Odegard and Thompson, 109)
(b), (c) Fe-3Si (Tandon, 137)
(d) austenitic stainless steel (McDonald énd Ardell,Gqu
(e) 304 stainless steel (Murr, 120) |
(£f) Ni (Malis et al, 54)

(g) Ni-11.5A1 (Baro and Hornbogen, 126).
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generation. Some of these have been indicated by both
etch-pitting and electron microscopy, e.g. Nb (103, 134)
and low carbon steel (116).

Boundary generation occurs’preferenfially at triple
points (39, 42, 92, 98, 103, 105, 115, 117, 123, 133).
Generation occurs normally from only one_boundary of

a grain and from one side of that bouﬁdary (91, 105).
When generation does take place into‘both grainé, it
is collinear (or neafly so) (91, 105).

There is a higher pefcentagé of yielded grains in
large-grained material (90, 98).

Generation from boundaries appears to occur more
readily in fine-grained material, e.g. less than

100 pym grain diameter, especially for pure metals (2,

105, 106, 110, 114, 117, 122, 135, 53, 136, 42).

Interior sources occur more and more frequently as

grain diameter increases (103, 104).

Boundary sources in surface grains appear to operate

at stresses slightly lower than thoSe‘in interior grains
(93).

There is some doubt as to whether the source operation
stress is dependent on grain diameter (93, 106) or
independent of it (90, 105).

Generation appears to occur preferentially in grains
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of high elastic modulus (96).

Boundary generation can be caused or enhanced by élastic
and plastic incompatibility and elastic anisotropy

(100 - 102, 107, 108).

The classical theory of yield propogation across a
grain boundary by means of dislocation pile-ups againét
it has been observed in conjunctibn’with.béundary
generation (100, 101, 103, 112, 124, 126, 135).
Generation of partial dislocations can occur in metals
of both low and high,stacking fault energy (117, 2, 124,
126, 128, 130, 42).

Although the majority of evidence for dislocation
generation from grain boundaries has been observed at

or below the macroyieid'stress, a number of stﬁdies
indicate that it can also occur at higher strains (117,
120, 60, 121, 127).

i

It is unfortunate that the bulk of the more _

quantitative data has been confined to only one material,

Fe—SSi, and has been derived by only one experimental

technique, etch-pitting. The difficulties of obtaining

reliable quantitative data from electron microscopy of

boundary generatioh will be discussed later, but suffice

it to say at this point that they are both numerous and

severe. It should be noted that some preliminary electron

¢
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microscopy of Fe-3Si in this laboratory does appear to
confirm boundary generation in that material (137).
Finally, it should be mentioned that several studies have

hypothesized that boundaries could act as dislocation

sources, in order to explain other experimental results

(86, 134, 138-143).

3.2 GRAIN BOUNDARY DISLOCATION GENERATION MODELS

From the first detection of boundary dislocation
generation, modeis of varying degrees of complexity have
been preposed to explain how the generation process occurs.
These models have been categorized by Tangri et al (179)
as those which require low temperature GBD glide to activate
the source, and those which may require GBD glide enly
to keep the source active. In other words, in the first
category GBD glide is necessary before the source operation,
while in the second it may only be necessary duriﬂg the
operation. This glide is over relatively short distances
in the: boundary and thus should not be confused with‘the
probosed.large scale gliding (sliding) that Gifkins and

Langdon (108) have shown to be erroneous.

3.2.1 MODELS NOT REQUIRING GBD GLIDE

The earliest, and most well-known of these models

is that of Li (144) and it is exceedingly simple. A grain

¥
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bouﬁdary ledge may be viewed as an adsorbed edge dislpcation
(figure 20a) which, under an appropriate stress, T, may

be expelled into the 1attice (figure ZObj. One characteristic
of this model is the fact that a residual GBD will be left
"at the boundary if the Burgers vector of the GBD at the
‘ledge is not that of a lattice dislocation. It is important
to note that the ledge involved is actualiy the C-ledge
defect discussed earlier, a defect which; unlike pure
ledges, does not necessarily have to be present in the

grain boundary. This is'a majof weak point in Li's theory
that yielding could take place by emission of dislocations
from all ledges to form a network near the boundary which
would control subsequent dislocation movement. Also,

v_the ledge itself must be oriented so that it lies along

the intersection of a slip plane and the boundary plane,

but Price and Hirth (145) mention that this is geﬂerally
.the case. The dislocations produced from such sources

would be pure edge and, most impdrtant,,the sources would

be non-regenerative, that is only one dislocation would be
produced from each one.

A similar use of C-ledges has been incorporated
into two more complex models by Orlov (146), one regenerative
and the other not. The non-regenerative model (figure 21a),
~‘denoted.the Orlov I model, uses the two ledges (A andAB)

of a boundary facet which can travel into the crystal as

!
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Figure 20. (a).A grain boundary ledge viewed as equivalent
to the extra half-plane of an edge dislocation.
(b) Annihilation of the ledge by emission of an

edge dislocation into the grain interior (L1,144).
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Figure 21. (a)

(b)

(c)
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Grain bodndary facet AB on the surface of a
crysfal oriented so as to posess two primary
slip planes, I and II.

Annihilation of the facet by means of the two
ledges travelling into the crystal as edge
dislocations on the two slip planes.
Formation of a new facet A'B' on the opposite

surface of the crystal (Orlov, 146).




(b)

(c)
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edge dislocations on either of two equally - likely
slip systems (I and II). Under an applied stress, o, the
dislocations travel into the grain on both planes, as shown
in figure 21(b). Traversing the grain, they form similar
 ledges on the 6ppo$ite grain boundary'(figure 21c). In
a continﬁed responée to the stress, these ledges also
emit edge dislqcatiohs, but on the oppoSite slip plane to
that used to create the ledge. Again, these emerge on the
top boundary and the process continues until the facet
disappears (A compressiﬁé stresé would have the opposite
effect and the facet would grow until stopped by some
obstacle). In essence, then, plastic deformation occurs
through the repeated operation of single dislocation
sources and the long range movement of the genefated dis-
locations. |

The regenerative model (Orlov II) is even more
complex. Starfing again with the facet AB and two equally?
likely slip systems (figure 22a), we can see that the B
ledge (abcd) travels into the graiﬁ as a dislocation loop
(efgh) on plane I tfigure 22b). This loop annhilates
the original ledge and creates two new ledges, (cei) and
(dbh). Since these are A-type ledges, they can travel
into the grain as dislocation loops (ejkl) and (mnop)
~on plane II (figure 22c). The segments (k1) and fmn) of

‘these loops recreate a B—type ledge (cqrd)‘as they meet




Figuré 22. (a)
(b)

(c)
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Grain boundary facet AB with slip planes I and II.
Removal of ledge B by emission of an edge
dislocation on plane 1I. |

Re-creation of the ledge B by emission of edge

dislocations on plane II (Orlov, 146).




(b)

- boundary

plane
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and annhilate each other. The entire process then begins
anew. Since a similar process is occurring at A, the end
reéult is four adjacent dislocation sources. It is also
interesting to note that the process essentially results
in grain boundéfy migratidn; i.e. the upper grain has
grown at the expense of the lower one in figure 22.

Given the large number of grains in a bolycrystal,'
it would seem reasonable to expect that sbme small per-
centage would be oriented so as to possess two equal slip
systems. Other difficultﬁes do arise, however. The first
model requires that the free slip length of both dislocations
be the same. Similarly, in the second model, any obstacle
which stops any one of the four dislocation ”traiﬁs? should
}‘hinder or even stop the operation of the entire process.
For small facets this could quite easily be the.interaétion
of the dislocations from each ledge. A similar cessation
could occur ifbcross—slip and tangling occurred. As in
the Li deel, residual GBD's would be left at the boundary,
sincg the ledge could only be oriented on one of the two
slip planes. The accumulation of these would also hinder
the source since they would not necessarily be glissile
in the plane of the boundary. As before, the ledges would
have to lie along the intersection of the slip plane and

‘boundary.
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Another model incorporating two slip planes
has been suggested by Gleiter et al (125). In this model
(Gleiter 1), it was propoéed that generation of an equal
number of screw dislocations on each slip plane (figure 23)
‘would enable dohtinﬁity to be maintained at the boundary.
No mention was made, however, of the detailsvof this
process. | |
A similar, more detailed model has since been

proposed by Price and Hirth (145), although generation on
only 1 plane ;s necessary. As shown in figure 24, the model
simply proposes that, for every amount b (Burgers vector)
the screw ledge shears, one screw lattice dislocation is
emitted. Continuity at the bqundary is maintained by the
" simultaneous creation of compénsating GBD's which are
glissile in the boundary (figure 25). The authors note
that the generated loops will eventually intersect other
portions of the boundary, creating ledges which will act

as avdrag on the continued propogation of the loop. If

the character of the ledge is mixed, its area will décrease
as' the edge component vanishes due to Li—type behaviour.
.Although there seems no reason why pure ledges could not.
act as sources, the authors conélude that the GBD-macroledge
defect would be more likely since it possesses a higher

energy. .
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Figure 23. (a) Grain boundary with slip planes ABCD and ABEF
intersecting along <110> at the boundary.
(b) Generation of screw lattice dislocations in

"equal numbers on both planesk(Gleiter, 125).

Figure 24. Generation of a screw lattice dislocation from
a grain boundary ledge by shear of the ledge by one

Burgers vector (Price and Hirth, 145).
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Figure 25. C(Creation of a compensating screw GBD by the
- shearing of a grain boundary so as.to create a

lattice screw dislocation.

Figure 26. Emission of screw dislocations into the grain
interior by cross-slip of screw GBD's from the

boundary plane onto a slip plane of the lattice.
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3.2.2 MODELS REQUIRING GBD GLIDE

The earliest of these models was that of Berghezan
and Fourdeux (84) who simpiy proposed thaf_glissile screw
GBD's could cross-slip onto a lattice slip plane (figure 26).
Presumably, if the first lattice dislocation(s) were
stopped a short distance from the boundary, others could
cross-slip onto adjacent slip planes. As»in the Li model,

the GBD Burgers vector would have to be that of a lattice

dislocation or a residual GBD would be left behind.

This latter concept leads into the well-known
‘model of Gleiter et al (39), which shall bé denoted the
Gleiter II model. As illustrated in figure 27, glissile

‘ GBD's of Burgers vector El travel along the boundary'until

“a kink (K) 1s encountered. Under the stress concentration
df the GBD's piled-up behind it, the first GBD would
dissociate into a GBD with Burgers vector BZ (which would
continue along the boundary) and a residual GBD which would

be left at the kink. As more dissociations took place,

- the localized stress field caused by the accumulation of
these residual GBD's could'nucléate lattice dislocations

and expell them into the grain interior. Perhaps because

of the complexity of this process, it has been gradually

revised (126, 147) to one of simple dissociation into a

lattice dislocation of Burgers vector 55 and another GBD
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Figure 27. Emission of lattice dislocations at a grain

boundary kink (P) by}dissociation of glissile GBD's
(Gleiter, 147). .

Figure 28. Emission of partial lattice dislocations at a

grain boundary kink (K) through the reaction of

glissile GBD's (Singh and Tangri, 136).
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which may or may not continue along the boundary (an option
that the original model did not offer). The implication
of ‘the model is that the ofiginal GBD Burgers vector must
be larger than that of a lattice dislocafion, a proposition
which may not be all that likely to occur in view of the
general experimental findings that GBD's possess Burgers
vectors either less than or, at best, equal to those of
lattice dislocations. ‘In addition, lafge numbers of GBD's
are required to move relatively_large distances in the plane
of the boundary to create' the necessary pile-up effect.

| Singh and Tangri (136) have adopted this model
to account for generation of partial dislocations. This
would result if continued GBD glide past the kink did
inot take place and the GBD's dissociated into two matching
ﬁartials; one of which was held at the boundary (figure
28).

Malis et al (54) have avoided the difficulty of

requiring GBD's with large Burgers vectors by'suggesting

GBD combination to form either perféct or partial dis-

locations. They have also proposed a means whereby only |
.one partial of a.Shockley pair would be emitted from the
boundary. This involves the orientation of the applied
stress with respect to the Burgers vectors of the partials.

As illustrated in figure 29, the stress could be oriented
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Figure 29. Possible orientations of the applied stress, t,
to the Burgers vectors of the Shockley partials

of a dissociated dislocation (Malis et al, 54).
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S0 as to create equal forces on the two dislocations
(Tl), or to have no_force‘on either the leading partiél
(tz), or the trailing partial (t,). For this latter
case, if the stress exceeds the critical tear stress
required to separate the partials (148), the leading
Shockley is emitted into the grain, creating a large, non-
equilibrium stacking fauit. Thus there wbuld be no
need to generate partial dislocations, it would only be
necessary that a generated perfect dislocation be oriented
correctly. Naturélly, there would only be a small range
of oriehtations where the resolved force would be small
enough to effectively "pin'" the trailing partial, and this
is indicated in figure 29. 1In addition, the perfect
| dislocation would have to bé élightly dissociated, but
this has been calculated as being possible even in high
stacking fault energy metals like Al (149). There is
also considerable evidence that the stacking fault énergy
of a material is substantially reduced at or near grain
and twin boundaries (150 -152). One of these studies (152)
showé what appears to be a classic experimental example
of the aboVe "pinning'" effect on dissociated Shockley
pairs in a coherent twin boundary of a Cu-.18Co ailoy.
Some of the characteristics of these models which
could be used in their identification have been compiled

in Table 4. Because of weak contrast and/or high densities
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TABLE 4

IDENTIFYING CHARACTERISTICS OF BOUNDARY SOURCE MODELS

MODELS NOT REQUIRING GBD GLIDE

MODEL
Li(144) -

Orlov I (146) -

Orlov II (146) ’ -

CHARACTERISTICS

requires a C-ledge
produces edge dislocations _
only one dislocation per ledge . o

diminished or no contrast after emission

requires a C-ledge oo :
produces two adjacent edge dislocations
on two slip planes : L .

requires a C-ledge

- multiple production of edge dislocations
on two slip planes

Gleiter I (147) -

Price and Hirth (145)

MODELS REQUIRING GBD GLI

accumulation of residual GBD's
likelihood of dislocation tangles
near boundary in metals of mediunm-
high stacking fault energy

screw dislocations emitted in equal
numbers on two slip planes

screw dislocations emitted on one
slip plane '

increased GBD density around source
after emission begins
GBD-macroledges favored as sites
possibility of ledge shrinkage

when of mixed character

DE

Berghezan and Fourdeux (84

Gleiter II (39) -

Gleiter II modifications
(136, 54)

) - screw dislocations produced
higher GBD density (in pileup form)
on one side of source

strong GBD contrast (lattice
Burgers vector)

requires GBD pileups

emission occurs from boundary kinks
reduced or no GBD contrast on one
side of emission site

strong contrast GBD's in pileup

- as Gleiter II, except;
- strong GBD contrast not necessary
- generation may be on one plane
or on adjacent planes (over-
lapping stacking faults)
i
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in the boundary, many of these identifications (such_as
residual GBD's or boundary ledges) are rather difficult
to detect.

There is one other possible boundary source which
has been mentioned in the literature (88, 64) and that is
the operation of a Frank—Read source. which is lying on the
grain boundary plane. This source could be oriented so'
"as to operate either out of the boundary plane (figure 30)
or parallel to it (figure 31). For the former, the GBD
segment A-B would bow olt on the lattice plahe in the
direction shown. Hdwever, as the loop expands out from the
nodal points and begins bowing back upon itself, the
segments AC and BD would encounter the grain boundary and
: stop, thus preventing the original segment from regenerating
itself. The AC and BD segments could react with the
boundary and dissociate, as seen in figure 30(b),vthus
résulting in an expanded loop. |

A simiiar-pfoblem exists for a dislocation

segment, AB, bowing in the boundary plane‘(figure 31) onto

a lattice slip plane which is parallel to the boundary plane.

The ability of AB to sweep around to complete one cycle,
critically depends on the size of the grain boundary
segment CDEF and the location of AB within that segment.

- Thus, for figure 31, the expanding loop would encounter

the boundary ledges CF and EF, again preventing regeneration.'

o
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Figure 30. Operation of a grain boﬁndary Frank-Read source

(AB) that is not parallel to theé boundary plane.

- Figure 31. Operation of a grain boundary Frank-Read source

(AB) that is pafallel-to the boundary plane.

7/
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Such a source could, however, operate if it were on a
segment such as GHJ or if AB were very small.

Finally, one ofher boundary sdurce should be
mentioned for completeness, although itlis not truly
pertinent to this étudy since it operates after initial
yielding has taken place. Detailed work by Marcinkowski
and co-workers flSS - 155) has examined fhe effects of.
lattice dislocations intersecting grain boundaries. The
results indicate that the cutting of a boundary by a slip
band results in the production of GBD's due to the differing
orientations of slip planes in the two grains. As in the
original Gleiter II model (39) such aggregations could
nucleate further lattice dislocations due to their intense

. stress fields.

3.3 STRESS CONCENTRATION FACTORS FOR BOUNDARY

GENERATION

There .are tWQ well-known means whereby plaétic
strainfcan be produced. The first is via the unpinning
and'movement of grown-in dislocations in the grain in-
teriors. Their subsequent multiplication through such
mechanisms as the Frank-Read source and double cross-
slipping produces a sufficient mobile dislocation density

-to maintain the strain rate imposed by the testing machine.
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The second is the nucleation of dislocations through

stress concentrations achieved by large dislocation pile-

ups or lattice spacing mismatch at the.interfaces between

second phase particles and the matrix, (The latter can also
occur if large elastic moduli differences occur between

particles and the matrix:material).

- As has been recently reviewed by Tangri et al

(179), stress concentrations can also occur at the.grain

boundaries via GBD pile—ups, différing elastic moduli in

the stress direction fo? adjaceht grains, or from steps

being present in the boundary. If sufficient concentrations

to nucleate or generate dislocations are reached before

either of the above operations can take place, or, if the

above cannot maintain the strain rate, grain boﬁndaries

will act as dislocation sources. We have already seen ample

experimental evidence that this does occur, therefore it

is appropriate to detail the nature of such stress en~b

hancement at grain boundaries.

3.3.1 THEORETICAL AND EXPERIMENTAL EVIDENCE FOR -

BOUNDARY STRESS CONCENTRATION
To begin with,vthe fact that dislocation generation
from grain boundaries occurs in only.some materials and/or
.'micrdstructures would indicate that the operating stresses

for boundary sources are generally higher than those for
. I
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the common grain interior multiplication mechanisms.

A classic example of this is the marked increase in yield
stress achieved when latﬁice dislocatiohs are fully pinned,
leaving only boundary sources'operable, e.g. (116).

For a sté%ting'pbint, we know that the stress
required for homogeneous‘dislocation;nucleation, that 1is,
nucleatidn in the absence of any crystal defect, has been

estimated as ranging from G/2m (156) to G/30 (157), where

G = shear modulus. Hirth (158) has calculated that this
stress is reduced for nicleation at a surface (heterogeneous
nucleation), and. a grain boundary is very similar to an
internal surface. Hirth considered the nucleation of both
perfect and imperfect dislocations, which may or may not
‘: produce a step at the surfacé;'for singular, noh-singular
-and vicinal surfaces.‘ The singular and non-singular |
corréSpond to atomically smooth and rough surfaces?
respectively, while the vicinal surface is one of low index
plane facets separated by monatomic ledges (159, 160).
From the previous considerations it is apparent that the
latter closely‘resémbles a grain bouﬁdary surface. Hirth's
calculations for copper and aluminum are shown in Table 5. -
He found no signifﬁcant difference bétween the singﬁlar or
non-singular surface, hence this distinction is omitted.

It can be seen that the nucleation stress for the
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TABLE 5 )

CRITICAL SHEAR STRESS'FOR HETEROGENEOUS NUCLEATION

OF DISLOCATIONS IN COPPER AND ALUMINUM AT ROOM TEMPERATURE (158)-

A. PERFECT DISLOCATION ,NCRITICAL SHEAR STRESS
1. Surface nucleation with step G/11 G/8
formation - : _ ' :
2. Surface nucleation without G/16 G/15
step formation

3. Vicinal surface nucleation G/22 G/28

B. IMPERFECT DISLOCATION

1. Surface nucleation with step G/10 . G/12
- formation
2. Surface nucleation without G/13 G/24

step formation
3. Vicinal surface nucleation G/17 G/48
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most favorable case of the vicinal surface (which corresponds
to the grain boundary) is of the order of G/ZS. Hirfh
pointed out that a reduction of 50% for the values in
Table 5 occurs if Frank's expression (161) for the elastic
energy of the dislocation loop is employed instead of
Nabarro's (162). Thus an overall range would be G/25 -
G/50. - o

It should be noted that the Vitinal surface
calculation involves a surface energy term. Since the grain -
boundary energy éan be as much as four times smaller than
the surface energy, it might be thought that a serious
error would occur in applying the results of Table 5 to
a grain boundary. HoweVer, for the case of Cu (surface
energy roughly 3 times the bdundary energy), approximate
.calculations.indicate-that this would only lead to a 10%
increase in the value of critical streés.

If we now examine the models for boUndary generation,
we may first note that the binding energy of the GBD to
the boundary must be overcome in g;; models., It is apparent
that the Li, Orlov'I and II and Price and Hirth models
closely resemble the situation‘qf surface steps in fhe
above calculation. Although it is not clear, the Gleiter I
model is also likeiy to fall into this category. Apart
_erm'those GBD's already present in the boundary, it has

been postulated (39) that GBD's may have to be nucleated
i
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within the grain boundary to form the pile-ups in the
Gleiter II model which lead to lattice dislocation |
generation. This would iikely also apply to the Berghezan
and Fourdeux model. ' In addition it is‘possible that
unfavorable'dislocétion reactions may be required af the
head of the pile-up to emit the lattice dislocations.

The Frank-Read source onvthe grain boUndéry differs.from
the above in that it only requires a.single GBD, which
could conceivably be. left from the heat treatment and

thus not have_to‘be nucleated (Indeed, such a source

could be postulated as a GBD source for the above models).
However, if we consider a facet size of 100 R (13) (CDEF
.of figure 31) and assumé that the facet must be ropghlyv
three times the source length to be regenerative, the
oﬁerating stress must be G/lS; Thus even a ten or hundred-
fold increase in facet size would still require substantial
operating stresses.

Keeping the foregoing theoretical estimates in
mind, a perusal of Table 3 indicates that most of the
bouﬁdary generation has been observed at very low stresses,
generally below the macroyield point. A case in point
for Fe - 3Si (91) showed that generation occurred at applied
stresses from G/580 to G/730. Even for the few cases where
- clear generation has.been seen well above the macroyield

point, the applied stresses are still relat ively low. For

i
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example, the stress to deform fine-grained Armco iron to

% elongation is G/800 (163). Of more pertinence to.the
present study, the appliéd stress value for boundaryA
generation in Ni has been observed to Be approximately
G/3000 (54)."Thuslstress toncentration factors of the order

of 10 - 100 appear to be required for boundary generation.

3.3.2 STRESS CONCENTRATION FROM GBD's (Kn)

This stress concentration would arise from pile-
ups of glissile GBD'S. "However, it is by no means obvious
that GBD glide over even planar boundary segments is easily -
- possible.. Although the Burgers vector of the GBD may lie
in the boundary plane, fhe previous study of boundary structure
indicates that this plane is.rather "rough" on an atomic
'level,.unlike the smooth slip planes of the grain interior.
Unfortunately, no work of any sort appears to have been
conducted in this regard, perhaps because GBD glidé is
rTelatively easy and obvious at higher temperatures, where
non-conservative motion can occur. -

‘ Assuming' that glide over planar boundary segments
is possible, it would be Vaiuable to have some idea of their
length in a given specimen. Unfortunately, this is ex-
perimentally difficult since the length can vary considerably
.and a tremendous variation'cah exist in any given specimen.

About all that can be confidently stated is that different

i
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types of heat treatments willblikely produce preponderances:
of certain lengths, e.g. a long, high temperature anneal
will likely produce large grains with straight boundaries
that afe as symmetric as possible with'respect to the
misorientation across them. It is essential to remember
that the boundary is a curved surface in three dimensions;
hence these slip lengths:will be,limited'in'EEg dimensions,
as per figure 31.

Before examining the limited experimental evidence
for small scale,'low temperature GBD glide, it would be
advantageous to recall the pertinent boundary defects
discussedAearlier. IGBD's do not appear to have been
considered for this role, although they have been for high
 temperature sliding (165).> The pure GBD, G-ledge énd C- |
‘ledge all possess similar'éontrast and are therefore hard
to visually distingﬁish. It is desirable that they could
be, however, since the first_tWO'can move conservatively
while the latter cannot.

The original work for the Gleiter II model
(39; 125) contained several micrographs purportedly
illustrating the GBD pile-up concept. Some are obviously
of GBD's, but show no pile-up distribution. Others, by
the regular spaciﬁg of the defects and their straightness
. are more likely GBD—macrolédges. TWo encoﬁraging figures

do show apparent bowing of GBD's around a particle and a
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configuration resembling a Frank-Read source. - The authors
furthermqre state that no such defects were observed in
undeformed samples and that some of‘thgﬁ increased in number
with increasing deformation.'TShortly thereafter, however,
Gleiter, in a'étudy of boundary migration'(59j found similar
configurations which he deduced to be monatomic steps.
Similar spiral defects were identifiedfby Schober and
Balluffi (166) as Bardeen-Herring soufceé,'i.e. sources of
>GBD'5 with their Burgers Vecto} normal to the boundary
(C-lédges). Fur thermoré, the spiral step configurations
vand other normal GBD's observed by Gleiter (59) occurred

in undeformed specimens (both slowly and rapidly cooled),

indicating their likely formation during heat treatment.
Y As mentioned earlier, the situation is made eveh more
'complicated by glissile GBD's possessing a small step
(G-ledge defect) and Gleiter found that even very small
steps could produce noticeable fringe displacements in the
boundary. Thus even Schober and Balluffi's identification
could be erroneous.

| Buzzichelli and Mascanzoni (63, 167) have also

indicated evidence for GBD glide. In one study of the
room temperature deformation of a steel (167), they purport
to show Orowan loops left by GBD's gliding around particles
in the boundary. Unfortunately, the figures are extremely

vague and unconvincing. In a more detailed study (63),
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they found GBD configurations in a rapidly cooled steel
which appeared to’indicate extensive glide. Similar
cenfigurations were duplicated in specimens deformed 0.3%

at 250°C (figure l7a) but not between room temperature

and 200°C. This latter result is somewhat contradictory,
since all specimens received identical heat treatments

and, as mentioned above, such configurations were seen

. in the undeformed state Agaln, one good micrograph shows
what the authors.claim to be a Frank-Read source on the
boundary, but which shods the fringe shifts characteristic
of the Bardeen—Herring source. In any event_the deformation
temperature is 0.3 of the melting point, uncomfortably close
to the region where true boundary sliding is considered

. feasible. The work of Malis et al (54) on pure Ni showed that
the frequency of boundary generation increased in microstructures
with-higher densities of GBD's, but no mention Was-made of
any visible correlation between sources and GBD pile-ups.
Figure 19 (g) shows a GBD pile-up connected with boundary
generation, but it is difficult to decide whether the GBD's
are causing the geﬁeration or are resulting from it. In
summary, the experimental data does not enable any reason-
ably firm conclusions regarding GBD glide to be reached

at this time. About all that can be said is that the

“extensive pile-up - like configurations discussed above
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cover far too much boundary area to be caused solely by
room temperature GBD glide. -

If localized pile-ups occurred, the stress
intensification could conceivably be estimated from the
pile-up length, as‘déne by.Eshelby et al (168) for grainA

interior pile-ups:

L.1/2 G 72
Kn - %_ =‘(§) / = (ﬂ:nx) /
0 0

(1)

wheré T = intehsified,stress'at a distance x ahead of the
pile-up
Ty = difference between the applied stress and the
local frictional stress
b = GBD Burgers vector magnitude
G = shear modulus for the boundary region.
fn = number of dislocations in the pile-up

There are two difficulties associated with this
calculation. One is simply the fact thét equation (1) is
only valid for points on the same slip plane ahead of the
pile-up. Thus for the case of a slip plane lying at an
angle to the boundary plane it is obvious that some decfease
of the concentration will occur, the severity depending upon
_its inclination. Secondly, it has been poihted out earlier

that GBD's produced in the boundary can have a variety of

P
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Burgers vectors, most being substantially smaller than
those of lattice dislocations. ~Also, since the sheaf
modulus is a measure of the atomic bond strength in a given
crystallographic direction, it would iﬁtuitively seem that
this parameter should be lower for the relatively dis-
ordered boundary region (and likely differént for differentv
misorientations). The réduction in G and E‘would, for a
given pile-up length, lead to a considerable increase in

'n, leading to the possibility of the pile-up being all but
invisible and making the length difficult to judge, (It
should be noted that little.is known concerning the
bouﬁdary frictional stress (169), which will be involved

- in Toj. At the same time, lowering of these two qgantities
would make it favorable for GBD nucleation before lattice
'dislocation nucleation, since the nucleation stress for
dislocations is directly proportional to both G and B (158).
Such an occurrence has been experimentally observed in

Fe (114) and Ni (42). Despite these difficulties, it is

at least apparent from equation (1j,that substantial enhance-
menf of the applied stress could occur from GBD pile-ups,
€.g. a pile-up on a boundary segment 1000 R long would
result in a value of Kn = 10 at a distance 10 K in front

of the pile-up. At a distance 100 X ahead of the pile-up
.the Valge of Kn would be down to 3 and the effect would

vanish entirely 1000 R from the pile-up (only a'tenthvof a
. 3
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micron). This latter figure demonstrates the relatively

short range of the concentration.

3.3.3 STRESS CONCENTRATION FROM ELASTIC

ANISOTROPY (Kg)

Most materials possess varying degrees of elastic.

anisotropy (170), that is, differentveiastic moduli in.

different crystallographic directions (a notable exception

. B .

being tungsten, Elgg'= 1.02). Given the large number and
111 :

varying orientations of 'the grains of a polycrystal, it

is reasonable to expect that some small fraction of grains

which are el astically "hard" in the direction of the

Stress axis will adjoin grains which are elastically "soft'".

N The effect of such a pairingvis illustrated in figure 32,
where the term non-isoaxial is used to denote the differing
crystallqgraphic-directions (and hence elastic strengths)
in the diiection of the applied stress. Under the applied
stréss, o, each component of the bicrystal would want to
extend®by an amount proportional tb the stress divided by
the modulus for fhét component. Siﬁté EA is greater than
EB’ 6A would be smaller than SB‘(figure 32b). However,
the components are atomically bonded across the grain
boundary, CD, and the extensions along this plane must be

‘identical to preserve continuity. Thus A extends somewhat




Figure 32.

The elastic extension of a non-isoaxial

bicrystal under an applied stress, o.
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more and B somewhat less at this point (figure 32c).
Therefore, the stress acting on A must increase

while that acting on B decreases, i.e. a "partitioning" of

the applied stress occurs. The enhancement is maximum
"~ at the interface and drops” to the level of the applied , T
stress at a distance of roughly one-tenth the component

width (169), making it a much longer-range effect than,Kn

It is to be noted that this effect of elastic anisotropy.
occurs in additipn to the normal incompatibility enhance-
ment which‘occurs at thé interface of any miéoriented
crystais of an anisotropic material even if the elastic
strengths in the stress direction are identical (isoaxial
.crystals). A value for this type of enhancement of 1.6
- may be calculated from Hook and Hirth's data on‘isoaxial
Fe - 38i bicrystals (100).

Data by Chuang and Margolin (102) appears to

indicate that this factor could be as much as 4, but

comparison of their experimental procedure with that of

Hook and Hirth (100) indicates that some seriously in-
correct assumptioné were used in the calculation of

the stresses which furnish the value.

Returning to the effect of elastic anisotropy,
Carrington et al (96) conclusively demonstrated its
existence by work which showed that a substantial majority

of dislocation generations from Fe-3Si grain boundaries
. i




105

occurred into elastically hard grains which were adjoined
by substantially softer ones. The theoretical aspects
of this factor hafe been studied by Hook and Hirth (101),

Hasselman (173) and Abe (174 - 178). Hook and Hirth (101)
state a simple relationship for KE according to the |

relative areas of the crystals:

. |
A_ _ :
23 @

where AA’ AB7 AT are thé crOSS*Sectional areés of crystal
A, B and the total bicrystal, respectively. Studying
this relationship, maximization of KE requires that AB
;be much greater than AA’ and it has been shown that this
Y}_occurs when the ratio of AA/AB is 10 or greater‘(179).
KE then approaches the maximum.anisotropy ratio, A = Elll/
/ Eipor Thus for Cu, the maximunm Kp is 3.08 and for Ni
it is 2.26 (179). The validity of equation (2) in
determining KE is readily demonstrated by inserting the
appropriate values of EB/EA from Hook and Hirth's data

(101) for A, = AB,iand comparing the calculated Ky with

A

that calculated from their observed stresses on various .

operative slip systems. The two are identical.
Hasselman (173) came to a similar conclusion

'with-regard to the maximum value of KE when he studied
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the effect of length to width ratio in elliptical grains

of E ., surrounded: by grains of E ;- Still another

ax in

confirmation is possible using Kelly's formula for
localized stress enhancement when a modulus difference

exists between two grains (180):

Tm _ 1 AG., .4
=== K = S @) @ (3)

maximum stress

‘where T
m 1]

\T = applied stress

AG

modulus difference
o = geometrical constant
d = grain size (presumably diameter)

p = grain boundary radius of curvature

Using a value of d = 3.7 for an ellipsoidal grain

(181), identical values of mbdulué difference, and
identical grain length to width ratios, KE values from (3)
are-th; same as may be taken from Hasselman's curves (173).
| Finally, Abe has extensively studied the effect
of elastic anisotfopy on theoretical polycrystal arrays’
(174 - 178) utilizing a number of variables, such as
grain shape and varying degrees of anisotropy. Some of

his pertinent findings are:
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for a square grain network of alternating elastic
strengths (figure 33a), the stress is discontinuous
across boundaries parallel to the stress axis,

as in the case of bicrystals. It is continuous
across boundaries.perpendicular tqlthe stress |
axis except near intersection points such as 0.
The elastic strain behaves in an opposite manner
save that no. triple point anomolies occur. These
distributions are schematically sketéhed in

figure 34.

the maximum stress occurs at boundary intersection
points.

the stress discontinuity is most severe for

square grains, least for circular grains.'

as plastic flow begins; the elastic moduius dis-
continuity becomes '"smeared'" and the stress
discontinuity vanishes.

although the maximum stréss (and hence KE) stays

the same, various configurations can increase

the stress differential across the boundary. Abe
found this to occur when the grains became
elongated in the direction of the stress axis,

for triple point configurations such as figure

33(b) or for configurations such as figure 33(c),
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Figure 33. Square - grained polycrystal array under an

applied stress, o, and El > EO > EZ' (The sig-

nificance of the dashed area in (a) is shown

in figure 34).




(a)

(b)

(c)
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. Figure 34. Distribution of (a) strain, and (b) stress,
in the dashed area of figure 33 (a), under an
| . applied stress, o. The third dimension in each

case is indicated by the axis on the left.
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where moduli of grains in the direction of the
stress axis were considered,

. g 1s
likely the anisotropy ratio (although Hasselman (173)

Thus it appears that the maximum value of X

somewhat vaguely alludes te a further enhancement for the
case of ‘a large, hard grain surrounded by small, soft
grains so that a "cascadé—effect” occursj.va maximum
value for a fairly anisotropic metal.such as Cu 1s 3.3.
Evenlif normal elastic incompatibility effects are
included, this ié only ﬁaised to around 5.

One other'interesting effect of elastic anisotropy
is that of dislocation attraction toward the soft grain
accompanied by repulsioh from the hard one, caused by
image forces (171). 1In othef words, the strain'fiéld of
'a dislocation in the hard grain extends across the boundary
into the soft grain where the energy/unit displacement
is lower. Thus the dislocation further lowers its;energy
by moving toward the boundary.” In the context of boundary
dislocation generation, this means that the generated
disiocation will have an additional force to o?ercome
besides lattice friction and boundary dislocation binding
energy. An estimate of the profile of this force has

been made by Tangri and Tandon (182).
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5.3.4 . STRESS CONCENTRATION FROM LEDGES.(KG)

The most éignificant stress intensification factor
for boundary generation is thg notch-effect created at
ledges when under stress, since even the most well-
annealed material is highly unlikely to hé&é perfectly
planar boundaries. Unfortunately, there has not been a
great deal of work dope in this area, although Gleiter
‘et al (39) implied that it accounts for GBD generation
at bdundary ledges. ‘Thg Basic'hypothesis was verified
by Marsh (183), who considered steps on crystal surfaces
ahd determined the stress concentration by photoelastic
study of large scale models Qnder a uniform stress (figure
;35). The equivalence between the macroscopic steps of |
the models and the microscopic steps on real érystals
is, of course, purely geometric, hence the 1abé1 of this
factor. Thus no account is taken of such factors as a
pure step versus. a GBD—macroiedge!

The geometry considered by Marsh is shown in
'figuré;SS. He tested steps on a semi-infinite surface
with values of ¢ = 45° and 90° (both common érystal steps)
and found that the results folloﬁed a relation of the
form:

h)l/Z

KG=1‘+K(? (4)
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Figure 35. Nomenclature of'a crystal surface step under
a uniform appiied stress, o, as considered . T

by Marsh (183).

Figure 36. Staﬁdardized nomenclature for an elliptical

crack in a solid under a uniform stress, o.

(Paris and Sih, 184, 185).
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It should be noted that in (183) this is erroneously

expressed as Keq =h + K.{%)l/z.

The results are shown (in an extended form) in

figure 37. As can be seen, the results for the 90°
steps were qﬁite close to the range of stress intensifications T
produced by normal Griffith cracks. This approximate

equivalence can be further indicated by comparing equation -

(4) to one stated by Timoshenko and Goodier (184) for an

elliptical crack:

o

Kg=o—=1+2 () (5)

-or especially to one stated by Paris and Sih (185 ):

1/2 .

K, = =1+ 2 (3)

Q

(6)

|

Where o' is the maximum stress at the root of

the crack, and the remainder of the terms are as indicated

in figure 36. Finally, the shear stress contours around
the step (figure 38a) bear a resemblance to those around

a crack (figure 38b), at least for steps with large

values of h/r (roughly those greater than 100).
The steps used by Marsh were equivalent to those

- on a'semi—infinite solid. For a boundafy step this would
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‘Figure 37. Stress intensification factor KG for various

step dimensions (after Marsh, 183).
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(a) Shear stress distribution around a step
for an applied stress of 20 units.
(b) Shear stress distribution around a double-

ended crack (Marsh, 183).
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mean that neighbouring steps in the boundary plane (either
parallel or perpendicular to the step in question) would
bé far enough away so as to have no influence on the
stress concentration. Marsh éxperimcntally found that
this distance Qas é minimuﬁ of 5 times the step height.
From eariier considerations it would appear thaﬁ both
cases could exist in typical random high angle grain
boundaries, e.g. stepvheights of from 3 - several hundred
R have been seen (2, 120, 59). VWhen the spacing of the
ledges becomes small,vit!is quite possible that additional
stress enhancement of up to five times for elliptical
cracks spaced at a distance which is equal to their length.
Tangri et al (179) have estimated KG for typical
boundary steps in Cu and Ni by using as root radius
values the interstitial holes in the FCC lattice (0.415 R
for the octohedral hole and 0.225 R for the tetrahedral
hole - R = atom radius). Their results are shown in
Table 6 for step heights of 100 R and 1000 R. The important
point is that values of Kg can be large enough to generate

dislocations without the aid of eilther Kn or K thus

E’
making it theoretically possible for boundary generation
to occur in practically all metals (assuming for the present

that the value of r used in (179) is reasonable). In-

~direct confirmation of this comes from evidence that

i N
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K~ VALUES FOR VARIOUS LEDGE GEOMETRIESAIN COPPER

AND NICKEL (179)

h (&)

Ké (6=45°)

0

)

- 100
100
1000
1000

K. (6= 90

11.2
14.2
33.2

42.5
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surfaces (and likely surface steps) can act as sources
of dislocations (187, 188). It can be seen from figure
38(a) that the range of the =tress concentration is of

the order of the‘step‘height,‘although it 1s apparent

that the decay is quite rapid away from the root radius.

- Finally, it is interesting that eqﬁation (3)

used in the previous section to estimate K., can also be

E’
viewed in a different sense. That is, if the d and p
in this relation were to refer to the microscopic
.geométry at a boundafy ﬁtep instead of the macroscopic
geometry of thé entire grain, the result would be a
combination of the K; and K; factors. Thus, for Cu with
d = 1000 R and p = 0.5 R, an.enhanéement factor of 18
:results. Thié appears to have been done by Douthwaite
~and Evans (99), although they were not at all clear on
defining the above parameters. 'They did state, however,
that the stress concentration would be sufficient to
nucleate dislogations, so'it‘is oBvious that they were
certainly not considering the relation solely in terms
of KE' |

In addition to the detailed picture of the grain
boundary and its associated defécts, we have now seen.
proposals for its operation as a dislocation source
and expefimental confirmation of such activity. This

dislocation generation almost certainly requires a degree

b
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of stress inténsification at some point in the process,
and there appearvto be several factors which, singly
or in combination, can fnrnish such an intensification.
It would be useful if some experimental observations,
as specific and quantitative as possible, could be made

concerning this generation, and discussed via a coordinated

consideration of all the factors presented thus far.
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4 EXPERIMENTAL PROCEDURE

4.1 MICROSTRUCTURE DESIGN

From the foregoing considerations it is apparent
that the probability of grain“boundary‘dislocation gener- .
ation can be enhanced by séveral factors. . .These would
logically include such points as a very low density .of
grain interior sources of very strbng soiute pinning
thereof. Even more important, however, the boundafy
must be capable of generation. Most of the models indicate
that this would Be favored by the presence of ledges,
GBD-macroledges, GBD's, kinks and triple points (although
the glissile GBD models would favor lower ledge.and kink
densities to form longer pile-ups). However, it is to be
expected that the density 6f these should not become
too high, lest mutual interaction strangle the sources.
That is, for a high density of GBD's along_withAa_high
ledge density, the GBD's could not form pilé*ups bécause
of the ledges and the ledges could not act as sources
because of the randomly-oriented GBD's on top of them.
Thu§ some compromiSe microstructure is desirable,
one between the two extremes of . a heavily-deformed material
(wherein the boundaries contain a tremendous numBer of
defects) and a fuliy-annealed one (wherein the boundaries
.containzvery féw defects).‘ One indication of such a

compromise is the previously-noted tendancy for generation
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to occur in relatively fine-grained material. These'
~generally contain boundaries with a reasonable density,
of the above defects, yet the material is almost completely
recrystallized. An illustration is the previous Ni
work by Malis et ai (54), where fine-grained Ni of this
general'description showed substantial boundary generation.
Longer heat treatments produced larger grain sizes,
relatively defect-free boundaries and no boundary generation.
Therefore, a similar procedure was followed in this study
and the general mechanido - thermal treatment given was
one which wouldbproduce a 1afge amount of stored energy,
followed by varying degrees of recrystallization and a
-minimum of recovery in the boundary region. Thus the
general pattern was one of massive cold-rolling followed.
by a short time, low temperature anneal. The resultant |
fine gfain sizes alSolaided the electron microscope
requirement of reasonable lengths-of boundary in a thin

foil.

4.1.1 COPPER

The copper used in this study was of 99.999%
purity, the major‘impurities_being oxygen and arsenic.
The as-received material, in the form of 1.25 cm diameter

~bar, was first cleaned in a solution of nitric acid and
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water. It was then given a preliminary anneal of 1 hour
at 600°C under a dYnamic_vacuum of 10"4 to 10"5 torr.
The dynamic vacuum system (figure 39) was used for the
majority of heat treatments fér a number of reasons.
First, the dyﬂamic.vacuum ﬁould remove any outgassing
taking blace. Second, the cooling rate obtained upon
completion of the anneal was of the same nature for all
materials. That is, %he tube furnace was simply rolled
back from the stainiéss steel specimen tube (figure 39).
Third, because of the 1;rge'size of this tube and the
fact that a vacuum was present, the cooling rate for the
material within it was relatively slow compared to, say,
‘the normal air cooling of material enclosed in silica
_or Vycor tubing (e.g. from 500°C to 100°C in 30 min.).
It was hoped that these similar, slow cooling rates would
make any boundary segregation, however slight, be of
roughly the same magnitude, and, at the same time, result
in at least some solute pinning of grown?in dislocations.
The copper was then cold-rolled to a thickness
of 5 mm, given anofher annealvof 1 hour at 6OOOC, then
cold-rolled to a final thickness of 0.5 mm. Sémples

were annealed for 1 hour at temperatures of 2500, 3500,

0

450° and 550°C. They were eléctropolished-in.a solution

~of 1/3 nitric acid - 2/3 methanol at room temperature
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. Figure 39. Dynamic vacuum furnace used for Cu, Cu-1Sn
and Ni heat treatments; A - specimen tube
B - tube furnace
C - vacuum system (mech-

anical and oil diffusion pumps).
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and at a voltage of 4 « 5 volts, then etched by brief
immersion in a solution of 5 gm FeCls, 50 m1 HC1 and

100 ml HZO' Average grain diameters fqr these preliminary
treatments were estimated by comparison with ASTM non-
ferrous standérds.: Thin foils for electron microscope
examination were prepared (as detailed shortly) and

examined to determine the most suitable microstructure.

. as per the stated guidelines. The avérége grain diameter

of this material‘was-then also determined by the planimetric

!

method.

4.1.2 COPPER - TIN:

e

The alloy of Cu - 1 wt. Sn used in this study
N was prepared previously (189) from the above Cu and high
purity Sn. Roughly 80 gm., in the form of scrap pieces,
were first cleaned in a HNO, - H,0 solution. They were
then placed in Vycor tubing, evacuated to'lO_5 torr,
flushed five times with Argon and finally sealed with an
Argon pressure of 100 mm. The maferial was then meltéd
by placing it in a horizontal tube fﬁrnace for 30 min.
at 1100°C. It was solidified by moving the tube to

the mouth of the furnace for a few minutes, then air
cooling. The resultant ingot was sectioned and polished

on emery paper and cloth wheels impregnated with diamond

paste. Small clusters of what appeared to be inter-

)
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dendritic pqrosity were observed in some regions, so

the material was resealed, remelted and recast in a |
vertical position. If ahything, the porosity was worse,

so the 12 mm. diameter ingot was hot—rdlled at 750°C to

6 mm. thick Strip!’ This confined the porosity to the

outer edges of the strip, which were to be machined off

in the preparation of tensile specimens.. The oxide layer
was ground off and the strip cleaned.in‘HNO3 - HZO' It was
then annealed in the vacuum furnace for 10 hours at 900°C
and cold-rolled fo 0.5 mm strip. Samples were. then annealed
for 1 hour at 500°C, 1 1/2 hours at 500°C, 30 min. at

o)

5509, 575°

and 60006, and 40 min. at 625°C. Polishing,
.etching, thin foil examination and grain diameter

‘determination were conductédjin_the same fashion as for
the pure Cu, i.e. using‘the same polishing and etching

solutions.

4.1.3 NICKEL

The nickel used was of 99.98% purity, with the

major impurities being C < .01 wt % and Mn, Fe, Cu, Cr,

3\

S, Si, Mg, Ti and Co each < .001 wt %. It had been used
in a similar, previous study of boundary generation (54),
‘and it was decided to follow the treatment used there;

: ifvpbssible. However, this had involved cold reduction
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to 0.125 mm, producing a material with an average ofA
only 4 grains through the thickness. Since it has been
often stated that a minimum of 5 grains is required (190)
for true polycrystal deformation behaviour, it was
"decided to cold-reduce the ‘as-received sheet from 1.5 mm
to only 0.5 mm. (The'same rationale was used for all
specimen thicknesses). Samples were then annealed for .
20, 30 and 45 min. at 500°C. Specimens were electfo~
polished in a solution of 1/3 HNO3 -~ 2/3 methanol at

40 - 50 volts and etched by brief immersion in a 1:1
solution of HNO3 and acetic acid. Thin foil and grain
size studies were then conducted in the same manner as

the previous materials.

4.1.4 ALUMINUM

The Al used was of 99.999% purity (major_
impurities likely C and 0) in the form of 2.5 cm diameter
rod sectioned into four quarter sections. Kasen (191)
has derived a methbd for achieving fine grain sizes in
supe?—purity Ai, and achieved an avg. grain diameter of
30 microns in 99.9999 Al (which was unstable at room
temperature, however). Using this method as a basis,
the Al was cold-rolled to strip varying from 0.35 -

0.5 mnm thick, with immersion in liquid'nitrogen between
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passes. Kasen then gave the material a very short

anneal (a few seconds) in a salt bath at 4000C. Howéver,
since the reproducibility of a microstructure becomes
more favorable with longer annealing tiﬁes, the first
heat treatments of the Al used in this study were con-
ducted in a heated o0il bath (Dow Corning Fluid 210 - H).
Treatments of from 2 - 15 min. at temperétures from 170 -
200°C were given to the Al (which was kept in the quuid
vnitrogen as much as possible to preserve the maximum amount
of stored energyj. Specimens were electropolished in

70% methanol - 30% HNO3 at 4 - 7 volts and etched by
immersion for»several minutes in a solution of 45%
ethanol - 45% HZO = 10% HF. When none of these treatments
proved satisfactory, an annéaling medium of a molten Pb
.bath in the stainless steel crucible ofya salt bath
furnace was used. The specimens were held in liquid
nitrogen, dipped in the Pb, then quenched into watér.
Difficulty was occasionally experienced with the Pb
forming an "envelope" around the Al, although no bonding
occufred. Anneals ‘of 2 sec. at 340°C, 1, 2 and 4 sec.

| ét 365°C and less than 1 sec. at‘4OOOC were carriedAout,
The time for the latter anneal was difficult to estimate
since it was conducted by dipping the specimen as quickly

.as possible in and out of the Pb,
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This short time dlso led to a rather high
mortality rate among the specimens, either from incoﬁplete
dipping or striking the sides of the crucible, As
with the other materials, thin foil examination and
optical metallography was then conducted. . The eventual
final mechanico - thermal treatments for the different

materials are summarized in Table 7.

;4.2 TENSILE TESTS

Tensile specimens fof'alllmaterials were machined
from the cold-rolled strip with a standard 3 cm. gauge
length jig on a Tensilkut cutter. The widths were generally
of the order of 1 cm. After cleaning and the final
énneal, temperature-compenéatéd Kybwa strain gauges
‘were affixed, if necessary, and tensile tests conducted
on a table model Inétron testing machine (figure 40a).
All tests were done using the Instron Servo Chart briVe
Accessory, activated either by a strain_gauge on the
speéimen Or a strain gauge extensometer placed on the
specimen during the tests (figure 40b). While the
" normal Instron chart drive system synchronizes the'cross—
head speed with a set chart speed (thus indirectly
indicating specimeﬁ elongation), the Servo System directly
indicates the strain on the chart. This occurs because

the strain gauge (or strain gauge extensometer) forms

i
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TABLE 7

FINAL MECHANICO - THERMAL TREATMENTS

MATERIAL

99.999Cu

Cu-1wt%Sn

99.98Ni

99.999A1

" FINAL TREATMENT

Annealed material rolled at room temp-
erature to 90% reduction in cross -
sectlonal area and annealed one hour at
450 C under a dynamic vacuun.

Annealed material rolled at room temp -

‘erature to 95% reduction in cross -

sectional area and annealed 40 min at
625°C under a dynamic vacuum.

As received material (likely annealed)
rolled at room temperature to 70% reduction
in cross - sectional area and annealed

one hour at»SOOOC under a dynamic vacuum.

Aé received material rolled at liquid
nitrogen temperature to 99%+ reduction 1n
area and annealed by dipping in molten
Pb at 400° C, followed by water quenching.
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i

Figure 40. Tensile testing apparatus:
(a) Table model Instron set for testing specimens‘
.with strain gauges attached;
A - external balancing and calibration box
B - Servo unit
(b) Specimen in grips with extensometer attached.
Support bar. (on platform) fits into slots in
the grips for transportation and installation

without bending the specimen.

L
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a
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(b
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one arm of a Wheatstqne Bridge and specimen elongation
thus unbalances the bridge. This unbalance impulse is
amplified and used to drive a gear system’éo as to
directly move the chart. At the same time, a feedback
"loop continuélly reBalancés'the incoming signal, Hence
a continubus load-strain diagram is obtained during a
continuous tensile test. | |

The strain gauges attached to the specimens
were used for the low plastic strain tests, since the
sensitivity of the Servo 'System was much greater with
this configuration. That is, the‘five—position attenuator
on the strain gauge pre-amplifier of the system corresponded
‘to full-scale strains (20 cm. of chart paper) of 5 x 10F4,

3, 2.5 x 1073, 5 x 1073 2

1 x 10° and 1 x 10 The same
éettings for the extensometer corresponded to full-scale
strains (25 cm. of chart paper) of 1 x 10—2, 2 x 10_2,
5x 1072 and 1 x 107 L. As seen in figure 40(b), a set

of grips with a removeable support rod was used. After
placing:the specimen on the machine‘and removing the
suppoft rod, the strain gauge leads were soldered to

‘the leads from the external balancing circuit (Wheatstone
Bridge) of the Servo System. After zeroing and calibrating
the load on the Instron console, the strain was zeroed

on the Servo unit and calibrated by shunting a calibration

resistor (in the external balancing circuit) into the

i
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system. The tensile test Qas then conducted to the
appropriate plastic strain, which was taken as the deviation
from the elastic loading 1line.
For the higher strain tests (1 x 10"2) and

low temperature tests, the.Instron G51~16Mwextensometer
(1 cm. gauge length) was uséd. The procedure was much
the same as above, save that the calibration was con-
ducted before the test by attaching the extensometer to
a special calibration micrometer and displacing the
exteﬁsometer arms a set distance to correspond to full-
scale chart displacement.

| All tests were conducted at a cross-head speed
of 0.005 cm/min in order to allow a reasonable amount |
6f time for the low strain tests. Specimens of Cu
were first pulled to plastic stréins of 1.25 and 6.2_x

-4

10 to determine if the microstructure was conducive

to boundary generation. Then specimens were pulled to

strains of 1, 3, 5 and 7 x 10-4, 1, 2.5 and 5 x 10_3, and

2, all via strain gauges affixed to the specimens.

1 x 10"
In the'same fashion spécimens of Cu -1 Sn were pulled‘
"to 3 and 7 x 10" % and Ni and Al specimens to 3 x 10_4,
This room temperature testing corresponded to 0.22 of the
melting point for the Cu and Cu - 1 Sn, and 0.17 of the
melting pdint for the Ni. However, for the.Al this

“would héve been 0.32 of the melting point, right in the

F
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range which was mentioned earlier for the onset of high
temperature boundary behaviour, i,e. large scale sliding.
Accordingly, tensile tests were conducted via the
extensometer at -~45° to HSOOC;(O.ZS of the melting

point) to a strain-of 4 x 10°%. This was achieved by
immersion of the specimen and grips in a bath of dry ice
and alcohol. Finally, specimens of éll fouf materials

2 with the extensometer

were pulled to a strain of 1. x 10°
to establish the macroyield deformation behaviour (the

Al again at —450C). Itnshould'be noted that, due to

the somewhat unpredictable nature of the heat treatment
given to that material, all Al tensile specimens were

first polished, etched and optically examined over the
entire gauge length for any Signs of large unrecfyétallized
‘regions before testing. Parameters measured included

Omy’ the microyield stress (first deviation from linearity),
Oy, 2> the 0.2% yield stress, E, the modulus of elésticity

(from both the 1oading-and unloading lines).

" 4.3 ELECTRON: MICROSCOPY -

The very nature of grain boundary dislocation
generation in the early stages of yielding hindered the
quantitative collection of data concerning the density
~and distribution of lattice defects related.to'the

phenomenon. That is, the defects were small enough to

1
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require at least moderate electron microscope magnifications
for detection, e,g. x10000 - x20000, producing a field
of view on the microscopé screen of “he order of 10
microns of specimen surface. “At the saﬁe time, the
defects were as much as 100 microns apart,. .Thus, selectiqn
of random areas for density measurements would have been
statistically prohibitivé and plate-colléges would have
required an enormous number of plateé, to say nothing of
the difficulty of co-ordinating the individual plates of
such large collages. This low defect density also
necessitated the examination of large areas 6f thin foil,
(especially at the low strains) meaning that thin foils
with very large electron transparent areas were desireable,
if not necessary. Also, because of the relativély "soft"
'nature.of the materials (particulary the Cu and the Al),
great difficulties were anticipated in that deformation
resulting from foil preparation could obscure the true,
bulk deformation defects. |

In summary, then, the electron microscope
reqﬁirements were twofold; to produce thin foils with
large electron transparent areas while at the same time.
minimizing foil handling, and to develop a reasonably
fast, efficient means of scanning such large areas and

.reCording the pertinent information. The attempts to
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fulfill these requirements will be discussed in some
detail because of their critical importance and their

novel character. -

4.3.1 THIN FOTL “PRODUCTION

All thin foils were prepared with an Astromet
Dual Jet Electropolisher (figure 41). QTHe pblishing
conditions for the various materials are summarized in-
Table 8. The major point of interest in the Table is
the "hybrid" tecﬁnique.;’The normal procedure with thin
foils prepared on the above unit had been to cut around
the first perforation as carefully as possible with a
sharp biological scalpel. However, as anticipated{
" this resulted in a very high level of spurious deformation
.and related defects. One alternative which was attemptédv
was to simply "punch out" the perforation using a special
punch that had been constructed for the purpose of.making
grids for the electrbn microscope holders (figure 42).
This solution did not work. Foils of Cu, Cu - 1 Sn and
Ni éimply tore and buckled. The Al fared somewhat better,
with tear - free, round dists being produced. However,
they were found to become slightly concave and spurious
deformation of a sﬁbstantial level resulted_from this.

Another alternative was the use of the PTFE
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Figure 41. Electropolishing apparatus for thin foil prep-
aration; A - cooling bath o
B - polishing solution

C - stainless steel jets with specimen

“Figure 42. Punch used for attémpts to obtain thin foils

with reduced handling deformation.
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holder'(figure 43) to produce thin foils from disc
specimens, This looked very attractive, since foils
produced by this technique are virtually free of spurious
deformation. At the same time, a simpiet rapid method
had been derived for produeing the strain - free discs
needed for the holder. As reported elsewhere (192), the
method was basically one of grasping the.spécimens with
tweezers to which 3 mm diameter discs had been attached.
Mineral oil was used on the disc faces to act as a
sealant. The remainderof the specimen was then dissolved
away in a chemical polish,vleaving behind a disc of
abproximately the correét diameter (usually slightly smaller).
In the latter stages of the study, spgcial tweezers made
lof PTFE material with removeéble insefts were cOn-A
structed (figure 44). Thin foil production by_the PTFE
holdér encountered several problems, however, when
extensive attempts were made on both Al and Cu disés

(the former punched, the latter prepared by the above
.method). The major one was that the disc-production
method favored, and the goniometer electron microscope
holder required, thinner discs (0.2 mm) than the optimum
for the PTFE holder (0.5 mm). This meant polishing from
only one side in the holder, which invariably resulted in
>va foil quélity far inferior to foils produééd by the dual

jet method. Even without this, however, the most important

i
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. Figure 43. vElecterolishingbholder'for disc specimens,
made of PTFE material (Teflon)."
(a) Holder showing; A - Pt electrode
B - main body of holder With'
removeable insert
| C - cavity for disc.
Note: polishing from one side achieved by placing
large PTFE disc over entire cavity.

(b) Specimen profiie before and after polishing

(Brammer and Dewey, '193).

Figure 44. Apparatus used in hybrid technique of preparing
; thin foils; A - PTFE tweezers with removeable 3mm
inserts
B - holder used for washing thin foils

C - vacuum tweezers.
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drawback was that the PTFE holder generally produces
foils with much less electron transparent area than éther
methods using larger specimens. This prbblem has often
been overcome to some degree by use of more sophisticated
apparatus for'discipolishing which incorporate photocell
detectors, high intensity light sources and automatic
devices for cessation ofvpolishing upon.ﬁerfbration.
Since such equipment was not-avaiiabie,.it was decided to
.conduct the stud? as far és possible by the aforementioned
procedure of cutfing out’ the perforation as carefully

as possible and studying only areas relatively free of
spurious deformation. This was done, buf the problems
became insurmountable at the higher strains and for Al
foils in any condition, anneaiedAor deformed.

Fortunately, the suggestion of a colleague (194)
resolved the impasse by leading to an adaption of the
above disc - production method. The adaption was to
follow the same procedure but applied to the perforation
in the.thin foil produced via the dual jet method. Initial
thoughts were that ' the application of sufficient pressure
to maintain a good seal would badly deform the foil,
but, as illustrated 1in figuré 45, it ‘appeared that the
concavity of the foil greatly reduced this possibility.

‘That is, the most delicate area around the perforation was
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Figure 45. Scaled cross - 'section of specimen - disc

configuration for hybrid technique.

Figure 46. Typical Cu folls produced by cutting with

 scalpel (square) and by hybrid technique (disc).

Millimeter scale at top.




pressure -

zone of partial aftack

-/

Lo

| iSmnﬂ_'diSRs

/'///I

elec‘iron ‘rronsparen?
areas B

A pressure




142

not in direct contact with the tweezers, but was only
acted upon by the much safer hydrostatic pressure trans-
mitted through the mineral 0il, As simpie as the idea
sounded, its application nonetheless requiredva high
degree of‘déliéacy; for example, in the above-mentioned
application of sufficient, but not excessive, pressure.
In addition, centering of the perforatioﬁ with respect.
to the discs was very critical, since‘some etching often
occurred a short distance inwards (figure 45). To aid

in this, reference marks were inked on each side of the
square specimen. The dissolution of the remainder of the
specimen should preferably take only a few minutes, since
dincreasing time increased the likelihood of a breakdown.
in the o0il seal at some pbint, invariably followed by
attack of the electron transparent area. The washing
procedure was also iﬁportant, since it was found that any
0oil left on the foil greatly. obscured the underlying
structure. Unfortunately, the only solvent that appeared
to satisfactorily dissolve the oil was trichloro -
ethylene, which itself often left a residue on the fbil,
though not as bad a residue as the oil. This trichloro . -
~ethylene film, when if did occur, could not be removed
by. prolonged washing in either methanol or ethanol; It

-was Hoped that glycerin could be used as a sealant, since
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it readily dissolved in alcohol, but it was also found
to slowly dissolve in acid (e.g. HNO3 and HC1) and the
séal usually broke downlbefore dissolution of the exposed
portion of the thin foil.

Great care was also taken in handling the foil
during the washing'procedufe. The disc was floated off
the tweezers in the trichloro - ethylene.onto a specially -
constructed holding instrument (figure 44) ﬁormaliy used
for electron microscope replica prepération. It was
then transferred from wash to wash via this instrument
and air dried. It was finally lifted from this holder
by vacuum tweezers (figure 44) and placed in the microscope
holder. The technique also proved amenable to electro-
B polishing via a pair of stainless steel tweezers with
.2 stainless steel discs soldered to them. Figure 46
shows a comparison of typical foils from the cutting
vprocedure and thé "hybfid” procedure. This latter
desighation was given since it.was felt that method combined
the best aspects of the previous methods, i.e. the large
thiﬂ areas of a foil obtained from a large specimen (dual
jet method) and the minimal foil handling obtained from,
a disc specimen (PTFE holder). The value of the technique
was important, not so much for the reduced magnitude

-of;foilvhandling, but for the location of the handling -
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inducéd deformations., Thus, there were still many

“cases of tearing and cracking at the foil edges and, less.
often, narrow bands of héavy slip passing through the
entire thin area. The former'was likely attributable to .
foil washing and the lattef to excessive tweezer pressure.
or the insertion of the lock-ring on top of the foil

in the microscope holder. The major redﬁctions in
handling came in the ‘thicker regions whefe defect contrast
was poorest and hence the possibility of making an erroneous
classification greatestf This is only iogiéal, since,

for cut foils, travelling away ffom the perforation edge
automatically meant travelling towards the heavily-
deformed region extending from a cut edge, whereas, for

N hybrid foils, this same edge had been formed by'stress—
‘free chemical dissolution.

Although the results indicated that this technique
~ had great potential, there are a number of obvious
refinements that could be made. Of primary importance
would be a framework of some kind into which both the
thiﬂ foil and tweezers could be clamped, then adjusted
so that the discs were centered over the perforation.-

The discs would then be brought in contact with the foil
via some means whereby the clamping pressure could be

‘regulated. With regard to electropolishing, it was found
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that the stainless steel discs also were dissolved

away. A possible solution would be to have discs made

of carbon, or one of éarbon and the other of PTFE material.
Finally, the sealant and washing solution combination should
" be improved to provide better (and more consistent) foil

visibility.

4.3.2 ELECTRON MICRO-MAPS

‘The technique devised for quantitative study
of the premacroyielding’process'in the electron microscope
was basically one of traversing suitable areas of the
thin foils at moderate magnifications, noting configurations
Qf interest and recording them on a '"map" (referred to
és an electron micro-map). The ;orrelation betWeeﬁ the
foil and the micro-map was achieved by press-fitting
plastic discs onto the x and y traversing controls of
the Phillip's EM300 electron microscope (figure 47j.
The discs were graduated into tenths of a revolution.
The magnitude of the correlation was established as follows:
1. The selected area (SA) magnification mode was set at
the value which positioned the tilt axis of the specimen
closest to the horizontal on the lower microscope
viewing screen. In this situation, operation .of the
horizontal specimen tra?ersing control resulted in a

near horizontal displacement of the thin foill on the screen.
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Figure 47. Graduated disc on‘electron microscope specimen

traversing control for thin foil .- map correlation.

Figure 48. (a) Correlation between thin foil and micro-map.
(b) Mapping of defects by following the indicated

traversé and recording relevant defects on

the micro-map.
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A small particle in the thin foil was positioned on
one of the phofographic plate reference marks on.one
side of the screen, then moved across the screen to
the matching mark on the other side;‘ Knowing the
distance between these-marks (10.2 cm), the rotation
of the control (0.07 revolution)’and‘the magnification
(x26,230), the correlation of the cdhtrdl to the thin
foil was calculated as 0.1 revolution of the control’

'equal to 5.5 um of foil movement.

A general mapping procedure was then established as follows:

1.

An area of the foil suitable for examination was chosen.
If grids were used to contain the thin foil (as was:

normally the case), the specimen was rotated, while

on the low magnification SCAN mode, so that the grid

bars coincided with the horizontal and vertical
displacements of the specimen. This was done at a
tilt angle of 0° to avoid distortion of the grids and
the grid bar directions were set as the x and y axes
of . the map.

A convenient point, such as-A in figure 48(a) was
chosen, and its map co-ordinates determined as the
readings on the horizontal and vertical controls (i.e.
0.4 and 0.7 revolution in figure 48@) when A was
located at the centre mark of the microscope screen.

The map scales wére then laid out accordingly. (It
[ .
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should be noted here that if no grids are present,
point A should correspond to some easily identifiable
part of the thin foil for re-~examination purposes).

The approximate centre of the thin area (point B) was
levelled with respect .to the tilt axis of the micro-
scope, 1i.e. sb that specimen movement on the screen
upon tilting was minimized.

The foil edge was then mapped by SWitChing to the SA
mode, proceeding in the y-direction, and marking the
x;co-ordinate'of the :edge at each increment, the incre-
ment size depending on the degree of map detail desired
for the edge.

Starting from A, a traversing pattern, such as illustrated
in figure 48(b) was follbwéd, and relevant defeéts,
their co-ordinétes and their élassification? were
mapped. The scale of the traverse (figure 48b ) was
governed by the scale of the defects being mappéd,
through the magnification necessary to distinguish

them.

. As the traverse proceeded, the specimen was continually

tilted in both directions about 0° tilt to detect those
defects out of contrast at the central 0° position.

Where desired or applicable, plates or collages were taken
according to'whatever criteria were deeméd hecessary,

e.g. simple observation, Burgers vector analysis, stereo

3
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microscopy, etc.
The feasibility of the procedure was tested-by

a brief study of lattice defect densities in rapidly -
and slowly - cooled Cu (195). The nomenélature and
‘definition of ‘the defects recorded in the present study,
somewhat simplified from that of (195), are listed in
Table 9. Those defects recorded in a givén mép were a
matter of both interest and'expediency. For example, for
the former, twin boundary generation of lattice dislocations
was generally notvrecorded after initial maps demonstrated
that it appeared to be more a function of a factor (or
factors) other than the specified plastic strain. For the
latter, GB segments were only recorded over small pqrtions
T of maps wherein this densitf wés fairly high, and eliminated
éltogether when the density reachéd the point where almost
all segments showed some defect activity. For much the
same reason, the boundaries themselves were not fuliy
recorded for most maps (although, again, small portions
were recorded for several). Where possible, grain size
estimétes by the planimétric method were made on maps
where the boundaries had been recorded. Grain boundary
sources that were only a few hundred R apart were classified
as one‘P—orF-defect; This was done to enable a consistent

classification to be made, something which could not
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TABLE 9

MICRO-MAP NOMENCLATURE

Note: numeric subscripts‘uéed on maps to designate different

defects,

SYMBOL

IA

GB

TP

TBE

TBP

e.g. IA

2° :
DEFINITION

Denotes areas of grain interior dislocation

activity not obviously connected to the

~grain boundaries.

Denotes grain boundary segments (semi-
planar portions) containing observeable
boundary defects (GBD's, ledges, etc.).

x
Denotes emission of lattice dislocations

from a boundary triple point.

Denotes emission of stacking faults (partial
dislocations) from a grain boundary (includ-
ing any from triple points).

Denotes emission .of perfect lattice dislocations
from a grain boundary (including triple points).
Similar to F-defects, but referring to a

twin boundary.

Similar to P-defects, but referring to a
twin boundary. -

Aside from obvious cases of dislocations bowing out from

the boundary‘(figure 19, p.68), this will include disloc-

ations which are merely in contact with the boundary when

there is little or no dislocation activity in the nearby grain

interior.

i
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be done for adjacent sources when the source site was
not visible (e.g. figure 19f) or the sources were very
close together.

As intimated previously, the major difficulty
-in this procedure was the necessity to exclude . from the
study lattice defects due to foil handling. The origin-
of a given defect or defects was particularly.difficult to
determine in thicker regions of fhe foil where confrast
was severely reduced or when the specified plastic strain
was rélétively‘high. Toraid in this, the following ob-

servations were regarded as generally characteristic of

thin foil regions that had been subjected to high handling

stresses:

1) The presence of cracks dr tears 1in the foil edge.

2) The presence of deformation bands, accompanied by slip

traces which inditatedvtheir formation in the thin
foil (196).
3) The presence of a high density of extinction contours

which indicated a high degree of foil rumpling.

4) The presence of. extensive dislocation arrays or tangles

not expected from the level Qf-stress (if any) reached
in the bulk specimen.

5) The presence of a number of long dislocations nearly
‘parallel to the foil surface (196). |

Any region of the thin foil which contained an
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appreciable number of any of the above mentioned characteristic .

f=zatures was designated as a Deformed Zone and was not
employed for mapping. As ‘the transition between such
zones and the normal thin areas was found to be gradual,
.defects 1lying in the vicinity of these zones were carefully
studied in relation to the surrounding matrix before |
mapping. Finally, after thorough examination of the micro-
graphs, defects suspected to be due to handling were |
distinguished with asterisks and were ignored for defect
density calculations. Some isolated spurious defects
were occasionally observed outside Deformed Zones and
sinilarly excluded. Any 1attice defect whose origin or
nature was. deemed particularly contradictory or unclear
+was so indicated by a question mark and its status dec1ded
only after con51derable thought. It is a well- known fact
that lattice defects annhllate at the foil surface much
more easily in the thinnest regions'(196), therefore,
where possible, it was attempted to choose areas of a
similarwproportion'of thin to thick regians.

The micro-maps were recorded on graph paper to
a scale of 1 cm. = 0.1 revolution of the control (rendering .
a map magnification of X1800). A few of the Al maps weré
drawn to half this scale because of the larger grain size
in that material. Tracings of the map were made and,

together with pertinent micrographs, assembled into a

i
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collage which was regarded as'a cqmpleted map. For greater
clarity these were made somewhat oversized (27.5 by 35 cm.),
but'for this thesisvwere reduced and photographed to fit
standard-sized pages (21.25 by_.27.5 cm.), thus producing
©.varying maps magnifications, For the calculation of

defect densities, the areas of the maps wefélﬁeasured with
a planimeter and, where appropriate, the grain boundary
lengths were measured with a distance récorder normally.
used for regular maps.

It should be p?inted out that the maps possessed
rather poor accuracy with regard to exact locations due to
twb factors; play in the specimen traversing controls and
some geometric distortion upon tilting (even when the foil
was levelled with respect to the tilt axis). |

Thus any given defect,‘grain boundary of‘foil
edge could be perhaps as much as several microns from its
true location and the'maps should not be used for Suchi
calculations as exact interdéfect distances or radii of
curvature for -boundary segments.

It must also be emphasized that the defect

densities are comparative only. Many defects were un-
doubtedly lost to the foil surfaée in thinner regions.

In thick regions, many were undoubtedly overlooked
_(espécialiy in the foils of higher strain).' There may

have beén defects from spurious deformation which resembled,

|
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in all respects, those from bulk straining, or they may
have been present in the annealed material (incomplete
recrystallization). Some'of the defect definitions were
obviously rather general e.g. IAfs and GB'S, and there
‘were often large variations in the numbers of individual
defects within these areas from one case to another.
Howéver, this generality (along with such‘factors as the
previously mentioned classification of closely adjacent sources
as one source) enabled large lengths of boundary in a
large number of foils to 'be studied quantitatively in at
least some respects. Finally, and most importantly, they
were determined for a very thin slice of the deformed
metal, i.e. a section through (approximately).only 1% of

" the total volume of a grain of average diameter.

4.3.3 -GENERAL MICROSCOPY

In addition to the mapping, a number of individual
boundary generations were carefully studied in both mapped
regions:and areas outside these. Because of varying foil
conditions and defect contrast, no set amount of data
.was obtainable from every configuration. Amongst the
'information that was sought was | |
1) The intensity of the generation (number of dislocations

generated and the distance travelled into the grain),




2)

1)

5)

6)
7)
8

9)
10)

11)
12)

3):
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Any evidence for either single sources or multiple

adjacent sources,

Character of the genefated dislocations (edge, screw,
mixed),
Burgers vectors of the dislocations, in the sense of

whether or not they were identical for all dislocations
in a given configuration, |

For faults, confirmation via bright field-dark field
fringe asymmetry, .

Any related béundary”defeéts‘(GBD, IGBD, GBD-macroledge,
etc.) or topography (ledges, triple péints, kinks),

Any evidence for boundary type (coincidence, low angle,
etc.),

Any configurational data confirming or refuting
boundary origin of the dislocations, i.e. as opposed

to grain interior or twin boundary sources,

Any evidence for the presence of elastic strain.concentrations,
Any evidence for enhanced generation in particularly -
oriented grains, |

Source location’'with respect to grain size or shape,

Any possible connection to foil handling.

Although most of the electron microscopy techniques

associated with the above are quite well-known, e.g. for

3)

5), it would be appropriate to comment on that used

for 9) since it does not appear to have been used extensively
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prior to this study. Briefly, the presence or absence of
significant elastic strain concentrations was detected

by the relative sharpness of Kikuchi lines in selected
area diffraction patterns. These lines result from the
-inelastic scattering of electrons and, because they are
rigidly "fixed” to the specimen with regard to the
diffraction pattern, theyvhave been often used for
accurate orientation determination or orienting foils for
taking stereomicrographs (196). However, a few authors
have also noted_that these lines should be sensitive to
thg presence of elastic strain (197, 198), much in the
same fashion as are x-ray powder photograph lines or
diffraction peak‘profiles. Accordiﬁgly, diffraction

“ patterns with strong Kikuchi lines were taken for séme
boundary sources. They were taken with a very small
diffraction arpeture at three locations; at the source,
at the grain boundary away frqm the source, and in the
grain interior. Of course the latter two were taken,

as much?as possible, away from any other possible source

of elastic strain.
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5 RESULTS

5,1 MICROSTRUCTURES

As mentioﬁed, final heat treatﬁents of 1 hour
at 250, 350, 450 and SSOOC'Wefe_given to the cold-rolled
Cu. The ASTM average grain diameters ranged from 10 -
35 microns. Electron micfoscopy examinatibn of the structure
from the 250°C treatment showed a substantial number of
grown-in dislocations in the grain interiors. The 350°¢
treatment produced relatively cléah interiors and many
boundary segments with substantial numbers of defects.
There was, however, a very high density of annealing
twins which was undesireable due to spurious dislocation_
wgeneration occurring from thém (to be discussed shortly).
This was greatly reduced in the 550°C treatment, but the
grain boundaries were quite defect-free. Thus the 450°C
treatment was accepted as the best compromise of avfeasonably
annealed structure with defected grain boundaries and a
tolerable density of annealing twins. Its ability to
produée grain bounddry géneratibn of lattice dislocations
was confirmed by electron micrbscdpy of the specimens
deformed to 1.25 and 6.2 x 10—4 (figure 49).

The Cu - iSn presented a somewhat different problem.
Examination of the first trial treatment (1 hour at $OOOC)

showed a very high annealing twin density'along_ﬁith many

i
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Figure 49. Grain boundary emission of a<110> perfect

lattice dislocations onto {111} slip planes;

(a), (b) Cu, plastic strain of 1.25 x 1074

(¢) Cu, plastic strain of 6.2 x 107,

GB = grain boundary, TB = twin boundary
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grown-in dislocations. Slightly decreasing the time and
increasing the temperature proved helpful in that the
inferiors became cleaner,'while the boundéries still
contained some defected segmenfs. However, the cleaning
of the grainAihferidrs appeéred quite slower than that

of the gréin boundaries, so the 40 min. at 6250C_treatment
was accepted as another compromise between tolerating the
occasional cluster of‘grown-in dislocations and boundaries
containing some number of defects. The annealing twin
density was much the samé’as the Cu.

Because of the reduced cold-working from the
previously-used treatment (54), the Ni required a somewhat
longer time (45 min.) to produce an acceptable micro-
‘structure similar to the Cu and Cu - 1Sn.

The initial treatments of the cold-rolled Al
in the oil bath were unsuccessful, with the best recrystallized
structure possessing an average grain diameter of roughly
100 microns, rather too large for a reasonable amount of
grain boundary length in a given thin foil. The initial
treatments in the PB bath imprdved on fhis only slightly,
but the quick dipping at 400°C produced better results,
with many portioﬁs of the micfostructure being of reasonably
small grains.

These microstructures are shown optically in figure
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50 (Cu, Cu ~ 1Sn, and Ni) and figure 51 (Al). The average
~grain diameters via the planimetric method were 18 miérons
for the Cu, 22 microns for the Cu - 1Sn and 25 microns
for the Ni, At the same time, it can be'seen that the
‘extremes of individﬁal_graiﬁ diameters was quite large in
each, beihg of the order of 1 to 50 - 100 microns (the
lower range for the“Cu - 1Sn, the higher for the Ni and
-the Cu falling somewhere in between). |

The notion of an average grain diameter was

rather difficult to apply to the Al. Not only was there

a very large variation in individual grains (1 - 450 micromns),

but 1érge variations in average diameter for areas of the
same specimen (figure 51 b-d) and overall variations from
" one specimen to another (figure 5la vs 51b-d). It should
Be noted that the Al was very difficult to fully etch
and thus figure 51 is somewhat misleading in that some

grains have undoubtedly not been revealed.

5.2 TENSILE DATA

| The main parameters calculated from the stress-
strain curves are presented in Table 10. Because of only
moderate equipment accuracy, occasional microstructural
Variation and/or a somewhat limited number of tests, they

are presented for completion only. The lower Omy for Ni,
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Figure 50. Microstructures of;

(a) Cu - etchant of aqueous FeCl3
(b) Cu-1Sn - etchant as above
(¢)-Ni - etchant of equal parts HNO;-acetic acid.

Markers = 100 microns.
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Figure 51. Microstructures of Al (etchant of 10% HF-45% HCI-
45% H,0). (a) and (b)-(d) are from different

specimens. Markers = 100 microns.







TABLE 10

TENSILE DATA
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- bracketed numbers indicate number of tests used for

average

value

- EXT indicates extensometer used

- RT = room temperature

Copper

Imy

%
5o, (EXT)

2

= 1.3 kg/mmZCZZ)
= 5.6 kg/mm2(4)

E=12.0 x 10° kg/mn®(20) °

= 4.7 kg/mm®(1)
- breakdown with respect to full scale straln of o

my

(measure of recordlng sensitivity)

full
full

full
full
full

» @ ® ® ® ®

Cu-1Sn

full

scale
scale
scale
scale
scale

scale

o
o
E

because E

Nickel

Aluminum

0’
O'

5

1
2
5
1
2

my

x 1074

10~

bR &) B
-
o

10~

< 21.4 x 10°

loa
or could not be measured.

my 5
0.2 (EXT)= 6.2 kg/mm” (1)

d values were either greater than E

g =

2.

Il

1.
= 1.

1.

4

2
1
1
0

(EXT)—
= 2.9 kg/mm (2)

kg/mn” (6)
kg/mmz(IO)

.1 kg/mm2(2)'
kg/mmz(l)
kg/mn”(3)
2.35 kg/mm? (1)

o 2 (EXT) = 10.5 kg/mm® (1)

kg/mm2(4) - from unloading line

= 1.05 kg/mm®(4)

(RT) =
(230°K)

o0 2(230 X)

1.1 kg/mm (3) E s

1]

E

unload

26.4 x 10° kg/mm? (1)

]

19.0x10° xg/mm®(3,RT)

0.6 kg/mm (4,EXT) E= 6.5x10 kg/mm2
1.2 kg/mm (1,EXT) (2,BXT,230°K)
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Stress - strain curves of a low plastic strain,

obtained from specimens with a strain gauge attached.
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Figure 53. Stress - strain curves of a high plastic strain,

obtained from specimens with an extensometer attached.
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compared to the Cu, 1is rather surprising in view of the
consisténtly higher flow stresses in Ni at higher strains.
.This is seen in the typicél stress-strain curves for both
low and high strain regimes, shown in figures 52 and 53,
‘respectively. It should be noted that the majority of
modulus values calculated from the unloading curve were
significantly greater than those from thevloading curve.,
Therefore,'thé occasional cases where the‘reverse occurred
were not used for.the-calculations. Also, E and Omy values
were calculated only if there was a reasonable linear

portion.

5.3 ELECTRON MICROSCOPY

Before presenting the results for each'material,
éome general comments are appropriate with regard to micro;
graphs; dislocation generation and general boundary defect
densities. All micrographs in these maps are at the same
orientation wifh respect to the maps (allowing, of course,
for the:slight rotational differences between differenf
magnifications). All distance markers are 1 micron unless
.otherwise indicated and arrows are used to represent the
deduced direction of'the dislocation generation where
déemed necessary. (These latter two considerations apply

to all micrographs in the thesis).
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It appeared that not every case of foil handling
or spurious deformation could be distinguished by any
amount of examination accerding to the criteria listed
previously. This was demonstrated by the observation,

"in every annealed méterial,'ofvat least one case of

what resembled bulk deformation activity. Examples for Cu
and Al are seen in figure’54, others are ﬁoted in the
micro-maps. With regard to spuiious deformation, all
microscope examination was conducted with a liquid nitrogen-
cooled device around thefSpecimeﬁ to prevent any structural
degeneration due to .specimen contamination.

One very notable phenomenon was the generation
of dislocations from both coherent and incoherent segments
U of twin boundaries. The generation was of both perfect and
ﬁartial dislocations (figure 55 and Map 1), with the 1attef
occurring elmost exclusively from along the coherent
boundaries (Map 1). ‘The puzzling aspeet of such generation
was‘that it gave no strong indication of being dependent
on specimen strain, whereas the grain boundary dislocation
generetion did.

It occurred in annealed as well as deformed
material and showed no regular increase with increasing
strain. This is»iliustrated in Table 11 (a compilation

of the defect densities from the 'various micro-méps) by
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Figure 54. Examples of dislocation emission from grain
boundaries in annealed material.
(a) Cu
(b) Al (although.this configuration wés

near an extensive Deformed Zone).
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Figure 55. Emission of (a) a<110> perfect, and-gb) a<ll2>
pértial dislocatioﬁs from incoherent aﬁneaging
twin boundaries;

(a) annealed Cu.

(b) Cu, plastic strain of 5 x 1074,




H
i




- all densities x 10-4/cm

TABLE 11

MICRO-MAP DEFECT DENSITIES

2
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(?)-indicates some doubt as to strain value due to poorly-
defined stress-strain curve

NM - not measured for this foil

H - hybrid technique of foil ﬁfeparation used

"% - recorded over less tham total map area. .

*#% - number of activated grains/(number of whole grains plus

ann.=annealed, WQ=water quenched, ep=plastic strain

one-half of partial grains)

ACTIVATED} GB

_[FBP

MATERIAL/| STATE MAP QREA BOUNDARY F |P TP |IA [BF

MAP NO. (ym™) LENGTH (um)] GRAINS*#

Cu(Map 1)|ann. 3787 NM NM 7.91 0 |0 0 |0 {13.2]0
ann. 3818  NM NM 2.610 |0 0 |0 23.6] 2.6
ann. 4969 NM NM 0 0 |0 10 [0 |6.0/6.0

total or avg. 12574 3.210 |0 0 |0 [03.513.2.
WQ 13090 NM NM 9.9160 |0 0 0 3.8/ 2.3

WQ 10270 880 0 19.5{0 (0 6 0o [2.900
total or avg. 23360 880 0 |14.170 /0 10 [0 [3.001.3
, £ =1x10_4 10393 NM "NM 7.7 10 |0 0 |0 1.0{0 ;
Y P 10483 NM NM 5.710 (1.900 o |5.710
(Map 2) e 8666 NM NM 12.7 10 (3.510 [0 14.6/2.3"
total or avg. 29542 8.510 |1.710 0 |3.7/0.7.
' e =3x10 *| 4272 NM NM 32.8 12.3(11.719.22.3] 0 {9.4

(Map 3) e 7545 NM NM 25.2 1.3 2.61.3[1.3]2.6]7.8
o 6333 NM NM NM 3.2 1.6[1.6[L.6] NM | NM -

total or avg. 18150 ' 27.912.2 ] 4.43.93.3] 1.7/ 8.5"

(Map 4) |e =5x10—4(?) 10908 - NM NM  [22.9,3.7 (5.5 \M [2.8
e 10554 375, 1/14 150.6 (2.8 |5.7 2.8 0
o 14119 412 2/8 INM 4.2 (1.4 [1.42.1
"o 9817 NM NM M 1.016.0 [2.03.1

total or avg. 44600 787 3/22 [31.5 3.114.9 [2.12.0
. > =7x10“4(?) 13574 NM NM 39.0 | 0 |8.8 WM |5.2

(Map 5,H)Pr v 14180 737 9/19 NM_ | 0 6.3 [0.74.9

total or avg. 27754 737 9/19 39.0 10 |7.6 [0.7)5.0

(Map 6,H)en=1X10-J 5272 270 5/7 INM 3.8 |[NM NM1{L 4

(Map 7,H) n=5x10 > 7726 610 20/24 NM 0 |NM INM NM




TABLE 11 (continued)

TBF

MATERIAL/ | STATE MAP AREA|BOUNDARY |ACTIVATED
MAP NO. (um“) | LENGTH (um)] GRAINS
Cu-1Sn | 1
‘(Map 8,H) |ann. | 8090 NM NM 0 0] 2.6 (2.6 |
(Map 9,H)le_=3x10 " | 7575 500 6/23 .6 2.6[0.6 | NM
- ol - BN
(Map 10,H)"=7x10 6060 NM NM  52.0] 0 0 NM |
(Map 11,H)ann. 6363 NM NM 48.8] 0 0 0
(Map 12,H)e_=3x10" "7 3212 NM NM 0 6.2 0
nP 2242 165 3/7 0 9.3 0|
total or avg. 54574 165 3/7 0 7.3 0
Al
(Map 13,H)jann. 13800 390 0 0 0 0 0| 0 .
ann. 10165 340 0 01 0 0 |L.0]1.0
total or avg. 23965 730 0 0 { 0 0 (0.7 (0.4
(Map 14,H)je =4x10 39800 1496 8/24 0 0l o0
@230°K P -
e_=3x10 " 4540 209 1/4 0 2.21 010
(Map 15) ¥ 16060 341 3/5 0 5.006.6] 0|0
total or avg. 110600 50 479 D 2.8/4.7| 070
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comparing TBF and TBP densities for slow- and fast-cooled
Cu (the latter included from (195) for this comparison
only). Contrary to what might 1dgically be expected

in terms of generation due to cooling sfresses, the
"densities are‘éubsténtially'greater in the slow-cooled
Cu. Twin boundary generation (both partial and perfect)
was observed in all materials (even the‘Ai, where only. a
very few annealing twins were found). The incidencg‘df
partial dislocation generation appeared higher in the Cu
and Cu - 1Sn than in the’'Ni. The generation did seem to
show a dependence on the methodlof foil preparation.

For example, for cut foils the densities were: Cu,

4

annealed - 16.7 x 104/cm2, ep = 1 x 107 - 4.4 x lO%/cmZ,

e =3x 104
p

they were: annealed Cu - 1 Sn - 2.5 x 104/cm2, annealed

- 10.2 x 104/cm2, whereas for hybrid foils
Al - 0.4 x 104/cm2, annealed Ni - zero, Ni, ey " 3 x 1074
- 3;7 X 104/cm2.

There were definitely overall preponderances
of certain grain boundary line defects, at least ones
that.were visible at moderate magnifications. IGBD networks,
.such as iilustrated in figure 56, were rarely observed.
Somewhat more often, defects were seen that showed dis-
tributions similar fo those discussed in sec. 3.3.2 con-
cerning GBD glide (figure 57).

Large pure ledges or large GBD-macroledges were

i
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Figure. 56. ApparentFIGBD network in annealed Cu-1Sn.

Figure 57. Semi-regular configurations of bouhdary defects;
(a) Cu, plastic strain of 7 x 1077
(b) anneated Al |

(c) Ni, plastic strain of 3 x 10—4.
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only infrequently spotted. Randomly-oriented GBD's were
quite frequent, particularly at higher strains. By fér
the most abundant line defects were the straight (or
only slightly curvilinear)'GBD~macroledgés in which only
‘the GBD strain field was visible and the ledge was too
small to be directly resolved. These can be seen in
most micrographs in this éection. | |

It is important to note that miSleading fringes
éppear in many micrographs in somewhat of a "fingerprint"
configurétion ovef a portion or all of the print. These
are not from thin foil contrast but from some part of the
reproduction process, i.e. either in the electron micro-
scope plate or the printing procedure. Examples are seen
" in figure 54(b), figure 57(5)‘(top left), figure 57(b),
(upper portion) or figure 57(c) (upper right). These can
be particularly misleading where they cross the images of
grain boundaries, since they can be mistaken for fihely-
spaced dislocation networks of weak-contrast.

It should be pointed out”thaf, although some
of-tﬁe densities in' Table 11 are based on comparatively
small areas, the entire foil wasuexamined in choosing
thevmap areas. Mapped areas were, in almost all cases,
representative of the entire foil (excluding_Déformed'

Zones) .
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5.3.1 COPPER

Micro~Maps 1 -~ 7 illustrate the yielding behaviour

of’ the pure Cu. The variations in defect density with
strain are éeen in Table 11. GB's (bouﬁdary segments
"showing defect éctiﬁity),'steadily increased from a
fairly low value in the annealed material to the‘7 b 10_4
strain, at which poiht théir measurement was discontinued
because almost every segment possessed some defects.

In addition, it was noted that, on the whole, this was
accompanied by an increase in thé number of defects in a
given segment, e.g. GB1 of Map 1 vé the P7 - boundary of

Map 5. At ey = 1x 10°%

(Map 2) signs of microyielding
(aside from the GB increase) were'few, consisting of only
'hthe occasional, isolated boundary generation (total of
i.7 X 104/cm2). At ey = 3 x 10 %
was much more widespread (6.6 x 104/cm2) and a.significant
vamount'(roughly 30%) was of partial dislocations. Some
signs of interior dislocation activity also appeared. Map
3 also :illustrates a moderate tendéncy for both GB- |
segménts and boundaty sources to occur in the same general

4 (Map 4) the boundary generation had.

.region. At 5 x 10
increased (total of 8.0 x104/cm2), but not as drastically
as in the previous strain increment. Partial dislocation

generation was still a significant factor (37%) and

(Map 3), this generation




Micro-Map 1. Annealed Cu (cut foil).
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Micro-Map 2.
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Cu, plastic strain of 1 x 10 % (cut foil).
The P, (?) defett.was judged to be a remnant
of the recrystallization process. The P2
activity was (as shdwn) dnly a single.dislocation

bowing out of the boundary.
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Micro-Map 3. Cu, plastic strain of 3 x 10-4 (cut foil).
The Pl-defect occurred in one of the smaller

grains observed.
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t

Micro-Map 4. Cu, plastic strain of 5§ x 10 %

(cut foil).

' P7 is one of the few apparent ggnerations
observed from large ledges (at A). Note the
Fl_3 -defects 6céurring on two slip'plénes.

Only a portioniof FS is shown since it was

of a substantial length,
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interiqr activity, though nominally decreased, was of a
more intense nature, é,g. IA3 of Map 4, By ep = 7 X 10~4
(Map 5) total boundary_generation had decreased somewhat
due to the complete lack of observed partial dislocation

-generation. Interior activity was greatly in;reased and
showed definite signs of occurring within the same region,
as did the P-defects (though not necessarily together).

It is noted that this was a hybrid foii and the decrease
in Deformed Zones from those of Maps 1 - 4 was dramatic.
The bdundaries thémselves were fecorded for this map and
the anisotropy in grain size and shape is obvious.
Application of the planimetric technique to such maps
produced an average grain diameter identical to that ob-

“ tained optically. Map 6 demonstrates that interior-
activity was quite widespread by the 1 x 10 ° strain al-
though the dislocation distribution within the IA's

was somewhat diffuse, as seen. The presence of extensive
interior activity led to difficulty in distinguishing true
P—defec;s and they were therefore not recorded. Somewhat
surprisingly, at least one, and likely -two, F-generations
were observed. The spread of intgrior activity is emphasized
by Map 7, ey = 5 x 1073 (into the macroyield rggibn).

The accumulation of dislocations was much more intense and
the'first signs of cell formation were appareﬁf. However,

'boundary generation was still observed, even of partial

"
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g

Micro-Map 5. Cu, plastic strain of 7 x 10 % (hybrid foil).
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Micro-Map 6. Cu, plastic strain of 1 x 10>

(hybrid foil).
FZ(?) is questiohable as it emanated from
the intersection of three twin boundaries.

It was counted as a boundary source, since

‘this was the only case of its kind and thus

did not resemble other twin boundary sources.
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]

Micro-Map 7. Cu, plastic strain of 5 x 10 ° (hybrid foil).
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dislocations (figure 58). The NA designations on this
map refer to the few grains which were not active at all.
This the percentage of yiélded grains 1is very high

compared to earlier strains (Table 11).

5.3.2 Cu - 1Sn

The annealed Cu -~ 1Sn (Map 8) sﬁowed a moderate
density of GB-segments. The most notable aspect was the
presence of the scaftered grown-in dislocations (at A
and B) mentioned earlier 'in this section. Even so, they
were classified as IA (?) (indicating uncertainty as to
their origin) for reasons which will soon become apparent.
In addition, at least one P-defect was observed although.
' this was annealed material. |

At e =3 x 1074

P
quite small. Boundary generation was substantial (6.5

(Map 9), the GB increase was

X 104/cm2), with 40% being of. partial dislocations. The
puzzling aspect of this map was the large number of
relatively intense IA's. Some areas of comparable activity
were.present in the annealed material (though none were

'in Map 8), but not as numerous as here. Large numbers:

of the dislocations in these areas gave the appearance of
being segments of grown-in networks. Thus the difficult

question of whether these were caused by bulk specimen
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Figure 58. Two partial dislocation sources in Cu,
plastic strain of 5 x 10°°. The direction of
emission is deduced mainly from the dislocation

spacing and curvature. Note also the TBP

emission from a coherent twin boundary.







Micro-Map 8.

Annealed Cu-lwt%Sn (hybrid foil).
*

1
a spurious origin) because of the nearby

p was given this designation (indicating
Deformed Zone. Though not visible. in these
prints, GB3 showed signs of a faint IGBD

network.

186
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Micro-Map 9. Cu-1Sn, plastic strain of 3 x 10~
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4 (hybrid

foil). The large arrow indicates the approximate
direction of the applied stress. TP(?) could

have originated spuriously from the circular
depression, but the presence of the GBD-macroledges
in the boundary (not clearly visible) led to

its classification as a true source. Fl emanates
from a twin - grain boundary intersection and is
thus erronecusly located on the map. It should

be about 0.5 cm to the right. P, is a good

2
example of two sources (A and B) that are separated
yet have been classified as one to maintain

the consistency of classification. The dislocation

characters of these sources are 10° from screw.
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deformation, foil handling, the heat treatment or some
combination of any of these. |

" The 7 x 10"% strain (Map 10) did little to
clarify this matter. IA's were again pfesent in numbers

‘greater than in the annealed material but less than in the

3 x 10°* material. This strain exhibited two distinct
deformation modes. A foil made from near.the end of the
specimen gauge length 'showed a uniforﬁ distribution of
fairly intense dislocation activity, both in grain interiors
and grain boundaries (figure 59).' A foil made from nearer
the center of the specimen showed a much different
behaviour (Maﬁ 10). There were many GB-segments, but

most possessed a relatively moderate defect densityk The
most striking aspect was the tremendous increase'in
boundary generation (all of perfect dislocationé),-many
‘of which were almost classic examples in their retention
Qf a planar array well into the grain. They occasibnally’
were clustered on a very local scale (Pl_6 and P30 were

on the-same'boundary segment) or on a somewhat broader

.scale (the region of P15 to P7,8 to P17). Some F-defects
‘were observed outside of the Map 10 area and a few were
seen in the region of intense activity mentioned above

(figure 60). As seen in figure 61, many perfect dislocation

loops were seen to emenate from tne grain boundaries of this
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Figure 59. Collage of extensive dislocation activity,

both at boundaries and in grain interiors, in

Cu-1Sn, plastic strain of 7 x 1074,







Micro-Map 10. Cu-1Sn, plastic
foil). The large
of the objective

and the strongly
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strain of 7 x 104

(hybrid
circles on P, _¢ are images
arperture over the main beam

diffracting beam for a twb -

beam disappearance condition for the dislocations,

which occurred at a tilt angle close to that

for this plate;
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Figure 60. Emission of partial dislocations in the same

Cu-18n foil as figure 59, plastic strain of

7 x 10”4,

" Figure 61. Emission of perfect dislocations in the same

Cu-1Sn foil as figures 59 and 60, plastic strain.

of 7 x 1074,
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region, but in a different fashion tnan in Map 10.

5.3.3 NICKEL

The annealed Ni (Map*11) showed a very high
‘density of GB - segments with some, such as. GBg, possessing
a fairly high defect density. Occurrence of the GB's
in groups was also noticeéble. As in thevother materials,
an unexplainable P-defect was observed (Pl), although
the dislocations are somewhat faint. It should be noted
that the defect wés rather close to the Thick Area where
contrast was negligible and nothing (including possible
Deformed Zones) could be seen.

The Ni deformed to 3 x 1074

(Map 12) showed a
fllarge amount of P-activity distributed somewhat uniformly.
No F-defects were observed here or elsewhere, contrary to
‘the previous findings (54), although it should be pointed
out that the Ni was the least. examined material and-that
TBF's were observed. The P-defects tended to comnsist of
only 1 or 2 dislocations, e.g. P4, PS’ The GB density
was ﬁuch too high t6 record and some ségments, such as

.that of P appeared to be totally obscurred by defects.

S’
Despite the small generations shown here, more intense

generation was obserVed elsewhere in the Ni (figure 62).
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Micro-Map 11. Annealed Ni (hybrid foil).
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Micro-Map 12. Ni, plastic strain of 3 x 10" % (hybrid

foil). P7 is th¢ single dislocation just
bowing out from thevboundary (barely visible).
TPl’ Pl and PZ’ as per réquirements, were
classified as one source (further emission
may Be taking place at A). The few dislocations of

P4"wer¢.from an unusual small grain which was
surrounded by a much larger grain. A similar

grain was also observed in a Cu specimen.
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Figure 62. TP activity in Ni, plastic strain of 3 x 1077,

Figure 63. Partially recrystalliized region in Al,

4

plastic strain of 3-5 x 10 % at 230°K.
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5.3.4 ALUMINUM

The annealed Al (Map 13) was most nqtable iﬁ that,
over the entire area searéhed, not one GB-segment,was
observed. This observation generally héld even 1n severe
' Deformed Zones, although some defected segments, such as
figure 56(b), were seen in or near these areas. TPZ* and
Pl* of Map 13 serve as good illustrations>of spurious defects.
They are located near ‘a Deformed Zoneband a large hole in
the foil. There is good evidence of local foil buckling
(the semi—circulaf contours), and there is at least some
indication that Pl* is oriented along these contours.
There are no similar characteristics for TPl but it should
be remembered that there was evidenée.in many Al specimens,
H:both optically and in the electron microscope, for the
loccurrence of small areas where recrystallization was not
quite completed (figure 63).

| Some GB—ségments started. to appear in the.Al

4 at 250°K (Map 14). This strain

strained to 3-5 x 10
uncertainty, incidentally, was due to the fact that the
exteﬁsometer was used and, unlike the stress-strain curves of
figure 52, this stress-strain curve was very foreshortened
with regard to strain (1 cm corresponding to 4 x 10—4 strain).
In addition, the elastic loading line was quite irregular.

These few GB-segments were of fairly high defect densities

and showed extensive networks resembling the previously-
1 v




i

Micro-Map 13. Annealed Al (hybrid foil).
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Micro-Map 14. Al, plastic strain of 3-5 x 10" % at 2309k

(hybrid foil). P3-6 consisted of only one or
two dislocations starting to bow out from the
boundary (although the nearby interibr dis-
locations may have originated at the-boundary).
TPl’ Pi and P2 are obvious sources, but may be

spurious because of the nearby Deformed Zone

and their close resemblance to the source

of figure 54(b).,P2 posessed a screw character.
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mentioned regular configurations of GBD's, C- or G-ledges.
IA - defects were the dominant ones in this material,'
being quite widespread. The dislocation distribution
within each was generally in the form of small, scattered
. tangles.

- Map 15 is of Al deformed at room temperature
to a 3 x 10°% strain (specimen strain’gauge-used). It
is both puzzling and intriguing. The puzzling aspect ié
with regard to the authenticity of any of the boundary
generation. This was one of the few "punched" thin foils
and all but a few areas showed obvious signs of spurioﬁs
deformation. One of these, unlike the Map 15 érea,
showed almost no activity. However, in favor of the activity
%-being authentic, is the absence of overt signs of fbil |
handling. There was an extensivé Deformed Zone tolthe left,
but extensive tilting showed there was none in the
immediate vicinity to the right or be1ow the activity.
One notable feature was the occurrénce of at least some
of theugenerations (particularly P2;3) af unusual variations
in the boundary dimensions. Such curvilinear boundary
topography was largely unique to the Al and is also evident.
in the boundaries of Map 14. The intriguing aspect of |
this activity is that these would be rather unusual cases
of boundary generation if indeed they are 1égitimate.

"They are all quite intense (even the IA regions) and 3

¥
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Micro-Map 15. Al, plastic strain of 3 x 10_4,at 25°C

(cut foil).
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of the 5 sites generate into both grains, quite uncommon

amongst any of the‘other sources observed in any material.

Almost all of them show signs of high strain concentration.
Finally, to aid in the comparison between differént

-materials at the same strain, some of the more pertinent

data nhas been extracted from Table 11 and is presented

again in Table 12.

5.3.5 INDIVIDUAL BOUNDARY SOURCES

Almost all of the generations from the micro-maps,
plus any others that were photographed outside of these
aréas, were analyzed according to the guidelines stated
in sec. 4. The results of some of this analysis are
éompiled in Table 13. Such data as distance generafed
into the grain and number generafed were relativeiy easy'
to measure and were recorded for most. Other factors were
rather more time-consuming or difficult to apply, hence
they were performed for a limited humber of generations.

| Perhaps somewhat surprisingly, both the length
and number for Cu appeared to show no strong dependence
~on strain. Similarly, there was no outstanding differences
for these parameters between the different materials, sa?e
for the Al deformed at room temperature (cf. Map 15). One
difference that is quite apparent is that bétween the

generation of perfect and partial dislocations. Note also

¢
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TABLE 12

COMPARATIVE DEFECT DENSITIES

- all x 10—.4/cm2

- note that oniy the low témperature Al data is included .

ANNEALED MATERIAL
Cu Cu-1Sn Ni Al

GB 3.2 3.7  48.8 0 ( all others zero)
4

PLASTIC STRAIN OF 3 x 10
Cu Cu-1Sn Ni Al

GB 27.9 6.6 NM 1.8
F 2.2 2.6 0o
P 4.4 1.3 18.4 1.
TP 3.9 2.6 7.3 0.3
IA 3.3 10.6 7.3

" PLASTIC STRAIN OF 7 x 10°%

| . Cu Cu-1Sn

GB  39.0 58.0
F 0 0
P 7.6 54.5
TP 0.7 5.0
IA 4.3 9.9"

- recall the suspect nature of these configurations




TABLE 13

DATA FOR INDIVIDUAL SOURCES

AVERAGE DISTANCE OF EMISSION INTO THE GRAIN(micronms)

- bracketed numbers indicate number of defects used for average value

* - indicates em1551on was completely across grain

- includes all strains

P-defects

Cu  0.9(31) (1)
Cu-1Sn 1.0(38) (0)

Ni 0.4(16) (0)
A1(230°K) 1.2(7)(0)
A1(290°K) 1.4(8)(0)

AVERAGE NUMBER OF DISLOCATIONS EMITTED

F-defects
3. 2(25)(14 )

5.8(4)(2 )

- includes all strains

P-defects F-defects
Cu 4.0(29) 12.9(20)
Cu-1Sn  5.0(38) 20.0(4)

A1(230°K)  3.3(7)
A1(290°K)  17.6(8)
NL O 3.9(16)

AVERAGE DISTANCE EMITTED AND AVERAGE NUMBER FOR Cu

. P-defects
‘strain length number
1x10°%  0.4(5)  3.0(5)
3x10™%  0.6(11). 3.3(10
sx10™%  2.4(7)  6.3(7)
7x10°  0.2(5)  2.4(5)

)

PERCENTAGE OF PARTIAL DISLOCATION EMISSION

F-defects
length number
3.0(1) ~40 (1)
4.9(5) 10.0(5)
2.9(13) 13.1(8)

- measured over equal areas, all strains included

Cu - 18/75
Cu-1Sn- 2/36

]

2

4

6

S oR
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TABLE 13 (continued)

BREAKDOWN OF TRIPLE POINT SOURCES

- includes all -strains

0,

$ TP's P- defects F-defects GB triple GB-TB triple % of each

. points points

Cu 43 12(31) 12(25)” 9 15 (38/62)
‘Cu-1Sn 21  ~5(38) 4(4) 4 o 5 (45/55)

Ni 37 6(16) - 3 3 (50/50) -
Al too few defects of reasonable authenticity -

ratio of GB triple'poiﬁts to GB-TB triple points

- total of 4 runs
- areas surveyed for each material not equal

(a) counting around a grain

GB GB-TB % of each
Cu 15 35 (30/70)
Cu-1Sn 21 45 (32/68)
| Ni 16 30 (35/65)
o (b) Counting along random boundaries :
GB GB-TB % of each
Cu 12 39 (24/76)
Cu-1Sn 15 36 . (30/70)
Ni 14 21 (40/60)
(c) total Cu 27 74 (27/74)
- Cu-1Sn 36 81 . (31/69)
Ni 30 51 (37/63)

CHARACTER OF EMITTED DISLOCATIONS

- all materials, all strains

P-defects - 7 pure edge,,Saloofrom edge, 4-200,from edgé, 2—-
35° from.edge, 3-450, 2-30° from SCTew, 1-10° from
screw, 1 pure sScrew | ‘ o

4F-défects - 2.20-25° from edge, 3.30° from edge

' BURGERS VECTORS OF GENERATED DISLOCATIONS -

- Cu and Cu-1Sn, all strains . [

P-defects - 40 sources all identical, 2 mixed

F-defects - 6 sources all identical , 12 mixed
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the larger number of F-defects that completely traversed
the grain. It is also apparent that:generation of partial
dislocations was a significant portion of the total
boﬁndary generation, at least for the Cu.

} The_breakdown of TP-éenerations definitely shows
thét there was more of a feﬁdéncy for F-defects to occur
.at these points than there was for P-defects. Triple.
point.generations also accounted for a‘fairly significant
portion of the total éenerations (43% in Cu, 21% in Cu -
1Sn and Al, 27% in Ni). The breakdown involving grain
boundary triple points (éB triple points) and grain boundary -
twin boundary triple points (GB - TB triple points) would,
of course, have been influenced by the relative proportions
of each. These ratios were determined for the Cu, Cu - 1Sn
and Ni and are included in the Table. The Counting for
this waé conducted in two ways; counting completely around
a single grain or counting along random grain boundaries.
As seen, both gave approximately the same ratios. Comparing
- these ratios to the TP generations, it is apparent that
GB tripie points are consistently more likely to act as
'_sdurces, but not bf a very wide margin. Finally, there
was no marked association of F-defects with sharp kinks.
Of the 13 that were not from triple points, only 4 were
from boundary kinks, the remainder being from smooth segments.

Dislocation characters were determined by obtaining

[
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a good 2-beam vanishing condition usihg, if possible,

low index operating.reflections (g = 002, 111, 220).

This was done becaﬁse Loretto and France (199) found that
apparent disappearance can occur for larger g values,
-such as 311, even for g-b.=.1 (g-b = 0 being the true
disappearance condition). As shown in the P1—6 defects

of Map 10 (p.190), thése beams were suﬁerimpoSed on a plate
of the defect wherein the dislocations were visible. This
was done at a tilt angle as close as possible to the
disappearance condition to avoid changes in the orientation
of the dislocation lines that can occur over large tilt
angles. The most serious difficulty was often that of
determining the true dislocation orientation, i.e. at the
éource itself. Thus, mosttdeterminations were conducted
on Cu —_ISn boundary sources, sihce only in this material
were sources well-delineated. For example, thé corrective
rotation necessary between the diffraction pattern and
defects of Pl—6 was roughly éOO. Hence the Burgers Vector
of the;e‘dislocatiOns was roughly paraliel to the two
superimposed circles, indicating that the orientation was
20 - 30° from screw,'usiﬁg those dislocations nearest the
boundary. However, closer examiﬁation'showed that they'
were actually emenating from GBD-macroledges that were
‘almost at right angle= to b, i.e. they were 10° from pure

edge dislocations.
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An angular error arises from the fact that the
'slip plane lies out of the plane of the foil. Calculations
on typical sourceé.indiCate this error to be small for
dislocations with edge or screw-character and a maximum

of 8 - 12°

forAdislocations with 45° character. The F-defect

determinations also have to consider the fact that partial

dislocations may vanish for g.b # 0 (196). Another reason
for ﬁsing the boundary source itself fbf character detérmin;
ation is that dislocafions often rearrange themselves in

the thin foil, destrdying their original orientation.

Table 13 also aemonstrates that essentially each
bdundary source of perfect dislocations (P-defects)

involved ones with identical Burgers vectors, whereas a

) majority of those involving partial dislocations‘(F-defécts)

were of dislocations with different Burgers vectors. However,

it shouid be pointed out that this_latter was generally

a casé of only a few dislocations of one Burgers vector, with

all ofvthe remainder possessing anbther, e.g. figure 66(a)

shows an F-defect with six dislocations of one character

and two of another.

Some other points that were determined were:

1) The configurations of the-geherated dislocations dften
made it uncertain as to wether they emanated from a
single line on the boundary or closely adjacent lines,

 e.g. figure 64(d), due to a wide zone of strong contrast,

Z) Generation was observed to occur from boundaries with




3)

4)

5)
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no defects (figure 67a), a querate number of defects
(figure 64g) or a high number of defects (figure-65c).
Of 130 generations examined, only 14 were from the same
point on the boundary into hoth grains (4F, 10P) but

it should be noted that 6 of the P-defects were from

- the uncertain Al foil of Map 15. A good example-of

such an F-defect is Figure 67(d). In only one case
was the pair definitely close to being collinear.
Somewhat more often, generation would occur into both
grains, but at point's separate from each other,

€.g. the boundary of figure 64(b), (c), (d), (e).
Although not extensively studied, there appeared to
be no obvious trend to boundary generation occurring
in either very small of_lérge grains, or in pairings
of the two. This also proved true for the relation
of active boundaries to the stress axis.

The orientations of both source and neighbour grain
with respect to the stress axis were determined for

three cases. 1In one, the stress axis was < 110 > in

both (P17 of Map 10 - stress axis vertical). In another

it was < 122 > in the source grain and 10° from <. 001 >
in the neighbour (figure 65b - stress axis vertical).

The third had the stress axis being <<001 > .in the source
grain and 10° from < 112 >}in the neighbour (the main
and right hand grains of fig. 64a - stress axis Vertical).

. 3 . R
The accuracy of such estimations was somewhat dubious
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Figure 64. Localized grouping of boundary sources in Cullsn,
plastic strain of 7.x 10_4;
(a) expanded view of region showing some soufce locations
(b)-(g) close-ups of individual.sdurces
Note: (d) and (e) are the same area, but under
different diffracting conditions.
Dislocation characters are (b)-450, (e) lower source,

- pure edge, (f) AB source, 10° from edge.
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Figure 65. Examples of perfect dislocation emission from
grain boundaries;
(a) Cu, plastic strain of 5 x 107%
(b) Cu-1Sn, plastic strain of 7 x 104 (30d from

Screw orientation)

(c) Ni, plastic strain unknown (pure edge orientation).

(d) Cu-1Sn, plastic strain of 3 x 1074 (dark field

micrograph, g = 113, pure edge).
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Figure 66. Examples of partial dislocation emission from
grain boundaries;
(a2) Cu, plastic strain of 5 x 10_4 (major set of
partials is 30O from edge)
(b), (¢) Cu, plastic strain of 5 x 104

(d) Cu, plastic strain of 3 x 10 4.
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Figure 67.
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Examples of emission of partial dislocations

from grain boundaries ;

‘(a) Cu, plastic strain of 5 x 104

(b) Cu-1Sn, plastic strain of 7 x 10 % (roughly
25° from edge)
(¢c) Cu, plastic strain of 5 x lO_4 (300 from edge)

(d) Cu, plastic strain of 5 x 10 %,
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Figure 68. Enlarged views of partial dislocation sources;
| (a) Cu-1Sn, plastic strain of 3 x 10~ % (dark
field micrograph, g = 111, T = top surface
of foil) |
(b) same defect, bright field
(c) emission site for F1 of ﬁép 9 (p.187) ( arrows
at right indicate 111 directions) |
(d) emission site for F-defect of figure 67(b),

faults out of contrast but emit from AB.
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due to the fact that the stress axis
was optically noted with respect to the perforation
in the thin foil and this information used to estimate

it on the area being examined. Hence a circular

perforation would have been completely useless in this
regard. : - L | -
6) Of 11 instances where the 0° tilt foil normals were

determined for both source and neighbouring grains, 2

cases of a common mormal were found.b The upper and
lower grain of figure 67(c) were misoriented either 8
or 82° about < 001 >! Neither are near any coincidence
orientation (using Pumphrey and Bowkett's compilation,

200). The misorientation. for F, (Map 9) was about

1

< 110 >, which was around 3° from the » = 17 coincidence

orientation. | .

A7) Numerous F-defects were checked by the standard bright
field-dark field technique of stacking fault identification
and all showed the required asymmetric fringe'feversal.

An example is the faults of figure 68(a), (b), where

the outer fringes change from both dark in the bright
field (figure 68b) to one dark and one bright in the

dark field (figure 68(a); The unchanging fringe marks

the fault intersection with the top of the foil and
the reversed fringe the bottom.
Figures 64 - 67, which have already beeh_mentioned

several times, are a compendium, as it were, of many of
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the more obvious boundary generations not already presented
in the maps. Figure 16 is a particularly good example of
both obvious'generations énd their clustering on a very
localized scale in the Cu - 1Sn at ep = 7 x 1074, Figure.
- 64(a) is an oVérali micrograph and figures 64 (b) - (g)
show no less than 10 generations in this small area, 7
into the major grain of the micrograph and 3 into neighbouring>.j
grains. (SuBsequent examination showed S moré sourées to
the upper left of figure 64(a) and 1 more to the right of
figure 64 (g), a total of 16). Tt appeared at first that
the sources of (b) and (f) were identically aligned, thus
indicating the possibility of an interior source operating
against both boundaries (the only such case found, it
w-should be noted). However, careful examination appeared
to show a slight misalignment between them and there was
also no sign of any dislocation activity whatsoever
between them. Figure 64(b) is a particularly clear example
of the necessity of studying the boundary itself rather
than the generated dislocations fof character determination.
As-with the three adjoining F-defects of Map 4 (p.179),
| figure 64 (g) shows apparent generation on two slip systems.
One consisted of the vertical dislocations and the other
consisted of the almost horizontal dislocations just

l'starting to bow out from the GBD-macroledge, AB. TFigure 64(e)
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also shows 2 generations, with the more regular one emenating
from a quadruple point (one TB is almost out of contrést).

In figure 65, the two sources of figure 65(b)
came from two apparent GBD-macroledges fhat were the only
"defects in the boundary. 'The strain for the. generations
of figure 65(c) was indeterminate, since the specimen was
accidentally bent in the énnealed conditibn and therefore
not strained. The general appearance ofAthe thin foil
indicatéd the strain was likely of the order of a few
percent or less. In figure 66(d); it should be pointed out
that the two F-defects originate from a boundary where it
adjoins avvery tiny grain, and the smaller generation
actually occurs from the intersection with the grain boundary
" of a twin boundary within this grain. (The F-defects of
figure 66a-c and figure 67b originate from GB-TB triple
points). The F-defect of figure 67(a) occurs near to,
but not at, a GB triple point. The fault-like defeﬁt below
the right hand generation of figure 67(d) is a coherent
twin boundary. It should be noted that the faults of
figufe 67 (c) are out of contrast between the visible
.ﬁortion and the triple point from which they emanate.

Some cases of apparent GBD pile-ups at sources
‘turned out to be misleading upon closer examination. A

\

case in point was F_ of Map 9 (p.187) which appeared (at

2
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a different tilt angle) to have GBD's from the boundary
segment just above it piled-up against its point of brigin.

However, the GBD's can be seen in the dark field of figure

68(a) to be actually piled against a twin boundary inter-
section (which is visible in figure 68b). The area around ', -

the generation point of the faults is actually quite clean.

Figure 68(a) incidentall&, illustrates‘the findings of

McDonald and Ardell (60) re boundafy'fringe attenuation
(p.41). Thus the top of the grain boundary is as indicated
in figure 68(a).> One case where a GBD pile-up does appear
to have occurred is seen in figure 68 (c), where dissociated
GBD's (shown by changes in fringe intensity) seem to have
moved along the boundary from right to left and piled up
.at the twin-grain boundary intersection. This is_é
'close—up of the generation point‘for the Fl defect of Map
9. The trace of the faults generated from this point

may be faintly seen under the directional arrow. A third

example of the point of origin for partial dislocations

is seen in figure 68(d), which corresponds to the faults
of figure 67(b). Here the faults are out of contrast,

but .the intersection line AB is clearly visible.

As previously mentioned, very few extremely
large grain boundary ledges (either pure or associated with
~a GBD) were observed. One of these cases of very large

ledges (3000 R or so) is seen in figure 69. Although the
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Figure 69. Large gfain boundary ledges showing strain

enhancement, Cu, plastic strain of 3 x 10_4.

Figure 70. Partial dislocation pileup against a grain boundary.
Small white circles are objective arpeture images
for dislocation character determination (main set

of partials 30° from edge).
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boundary resembles an annealing twin boundary, both
extensive tilting and consideration of its placement
relative to nearby grain boundaries demonstrated.that it
was almost certainly a grain boundary. This case is
~particularly notable in that strain concentrations at the
corners of the ledges are clearly visible, yet no dis-
location generation has occurred.

No cases were seen of the classical concept
of dislocations piling up against a grain boundary and
causing dislocation nucleation in the next grain. - (It
should be remembered, hoWever, that few generated dislocations
travelled completely across the grain). Pile-ups did
Qccur'(figure 70 - the end of the Fl - generation of Mapv
Q‘9), but they showed no sign of causing any significént
strain concentration at the boundary.

Finally, a few boundary generations were checked
"via the Kikuchi line techniqug. Figure 71 shows the
diffraction patterns from the grain interior, along the
boundary away from_the generation and atvthe generation
itself, for the F-defect of figure 67(c). Figure 72 shows
‘patterns from a point on the boundary away from the sources
of figure 65(c) and from a point adjacent to the right
hand emissions. In both cases there are differences in
some'of the Kikuchi line widthsvthat are detéctable to the

'eye (particularly in figure 72). Figure 71 shows increasing

i
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Figure 71. Selected area diffraction patterns for the F-
defect of figure 67(c);
(a) 1in the grain interior .
(b) along the upper right grain boundary away from
o the triple point |

(c) at the triple point.
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Figure 72. Selected area diffraction patterns for the P-defects

of figure 65(c);

(a) along the grain boundary away from the source

(b) at the right - hand sources.
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!
Figure 73. Densitometer traces across Kikuchi lines from
figure 71;

(a) Traverse 1 - drive speed

8.1 cm/min, chart
speed = 6 cm/min

(b) Traverse 2 - drive speed

1 cm/min, chart

~speed = 3 cm/min.




Interior ' GB away from source Source

Interior GB away from source ~ Source. .. EE




Figure 74.
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Densitometer traces across Kikuchi lines from

figure 72;

(a) Traverse 1 - drive speed 8.1 cm/min, chart

il

speed = 6 cm/min

(b) Traverse 2 - drive speed

13.2 cm/min, chart

speed = 6 cm/min.




- Source ’ GB away from source

(b)

\
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width (and hence elastic strain) in the order grain
interior, boundary away from the‘source and the source
itself. This is not the case for figure 72 which shows

‘a broader width for the boundary away from the source.

. To check’these>qua1itative observations, a number of
traverses were made over portions of the original plates on
a»densitometer._ The results (shown invfigurés 73 and 74)
confirm the visual observations. The locations of the
traverses are indicated on figures 71 and 72. The few
other instances in which,this technique was applied showed
much the same trend, that is, a decided increase in elastic
stfain from the interior to the boundary, but no definite
trend on the boundary itself vis ; vis the source and

~locations away from the source.
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6 DISCUSSION

We have seen ample evidence for the generation of

lattice dislocations from grain boundaries in the premacroyield

-region, the magnitude of this activity in different materials
and the characteristics of individual boundary sources. Wé
shall now examine the implications oflthis eVidence with re-
spect to several factors. These will include the validity
of the dislocation generation models and stress concentration
factors discussed'earlier, the proportion of total strain
contributed by emission of dislocations from boundaries, and
the effect of farious parameters, e.g. solute content, on all
Qf these.

The conclusions based on this data will, in turn,

be used to speculate on the finer details of boundary disloca-
tion source operation and ité role in deformation under dif-
ferent conditions. First, however? some comments should be
made concerning the initial microsfrucfures of the materials
tested, since the number and distributidn of lattice defects in
this state will also affect yielding.  Because of the boundary

~defect comparisons made at different strains and in different:

materials, the Validity of the strain detection should aiso |

be commented upon.
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6.1 MICROSTRUCTURES

At the outset, it should be pointed out that the
basic criterion used for microstructure determination proved
reasonably correct. That is,”treatmenté leading to the pre-

- sence of relatively high energy graih boundaries (from the
point of view of both their intrinsic and defect structures)
led to at least some grain boundary generétion of lattice
dislocations in all materials. That this included high purity
FCC metals (the Cu and Al) tends to confirm the trend es-
tablished in Table 3 that such generation can be a phenomenon
which occurs in all metals under the right conditions. This
mechanico-thermal principle of obtaining high energy boundaries
entailed certain difficulties, such as the occasional presence
of undesireable "debris' due to the somewhat 1ess_than com-
‘plete recrystallization. These included, at various times;
small unrecrystallized regions, semi-cellular dislocation
walls, and a relatively high .grown-in dislocation and anneal-
ing twin density. (The treatments used also precludéd any
accurate determination of solute segregation, as we shall
‘See ghortly.) The full anneals tcomplete‘recrystallization)
required to eliminate this "debris'" would likely have ser-
iously impaired or eliminatéd altogether the boundary genera-
. tion observed here, as noted at the outset of the experimental

procedure.
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6.2 TENSILE DATA

The tensile data of Table 10 was in reasonable

- agreement with.literature values. Thomas and Averbach (201)
‘found the yield stress based on 10 ° strain to be 1.7 kg/rﬁm2
for 99.999 Cu of 25 um aVerage grain diametef. For the samé
material, A (the stress for earliest détection of plasfic
'strain, roughly equivalent to Gmy in this study) wés found

to bebl.Z kg/mmz.' Using more sophisticated techniques, Bilello
and Metzger (202) found that 04 Was roughly 0.3 kg/mm2 for

50 um 99.999 Cu. The value of oﬁy=l.3 kg/mm® for Cu in this
sfudy is comparable to thése oA values, considering the rela-
,‘Eive accuracies of the techniques involved, i.e.-oA iS expécted
to be sgbstantially lower than Uﬁy since it is‘the.stress at
which load-unload microstrain loops fail to close, rather

than a deviation from an elastic loading line which was itsélf
often difficult to distinguish. Also, .the strain sensitivity
used inl(202) was likely much greater than that obtainable
in.thiésstudy. Ni data for dA.is soméwhat scarce, but Holt

- (203) found a value of 0.25 kg/mm2 for 48 um Ni of identical
purity to that used here. Considering that Holt's straiﬁ .
sensitivity was somewhat less than that of’(202)_(10_6 versus
-8

10 for (202)), this would tend to confirm fhe result, seen in
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Table 10, of Gmy for Ni being slightly lower than that for.
Cu, even though the flow stresses for the Ni were geﬁerally

higher. It should-be noted that Brown (204) also points

out a similar énomaly for Cu, where OFHC Cu has a o, Value
more than an order. of magnitude lower than Cu of;substantially

higher purity.

~In Al, Rosenfield and Averbach (205) determined a

yield stress at 10 "6 straln of 0.6 kg/mm , again comparable

to, if somewhat less than, the values found in this study.

It should also be noted,that modulus of elasticity values

for all materials agree well with those of Tegart (206);

2 3

for Cu, 12.5 x 105 kg/mm? (12.0 x 10 kg/mn® in this study),

2 (26;4 x 107 kg/mm2 here), and,

3 2

for Ni, 20.5 x 103 kg/mm

_ for A1, 7.2 x 107 kg/mm?

(9.0 x 107 kg/mm” here).
The point of these cbmpariSons is to indicate that
the strain detection was reasonably accurate for the purposes

for Wthh it was employed, i.e. comparisons of defect densities

at a given plastic strain between different materials, and
variations in defect densities in a given material at

differént strains.

6.4 CONSIDERATION OF THE MODELS FOR GENERATION OF DISLOCATIONS‘
FROM GRAIN BOUNDARIES

The phenomenon of grain boundary dislocation genera-

tion may be examined from two major viewpoints. The first
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shall focus on the individual source, the second on the con-
tribution of the tqtaiity of these sources to the plastic

deformation process. The separation between the two cannot
be clearly defined since the former 1ogica11y leads into the

-latter as the ‘influence of various variables are considered.

- We shall start with a consideration of the observed '

boundary sources in terms of the models réviéwed earlier,
particularly in terms of those characteristics that furnish
the best chance of deciding which models are, or are not,
viable (Table 4, p.86 ). Where appropriate, this viability
(or lack théreof) will be commented upon in terms of the
structurai model of the boundary.

Regarding the Orlov models, there is no concrete
J'évidence for emission of dislocations onto 2 slip pianes iﬁter—
Secting_at a ledge along the boundary. A few cases of two

slip systems being activated were seen, notably F of Map 4

1-3
(p-179) and figure 64(g) (p.209), but neither could have been
the operation of Orlov models as pér the above characteristic
since they did not share a mutual intersection line at the
graiﬁ boundary. One might also speculate that the complexity
“of the Orlov models works against them. That is, the boundary
imposes very rigid geometric restrictions on operations con-

ducted within its rather narrow domain, particularly with re-

gard to the continuity of atomic bonding across the boundary.
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Therefore, the more complex the model (the more steps involved
in its operation), the more likely if would seem to risk running’
afoul of these restrictions. Tﬁe same lack of double emission
rules out the Gleiter I model;“althoughlcross—slipping and
~tangling of the screw dislotations emitted by this source

could easily mask such emission. The Price-Hirth model.was
not confirmed, despite its attractions as a relatively simple

regenerative model. Only 1 defect analyzed for character was

of a screw orientation, and that was the somewhat suspect P2

defect of Map 15 (p.200): More important, no signs were

observed of any of the compensating GBD's which are required

for operation of this source.

There was limited evidence for the models requiring
"GBD glide, notably the Gleiter II model modified for genera-
tion of_partial dislocations (54). This was the FFdefect of
figure 68(c) (p.213), in which there was a definite appearance
of dissociated GBD's having moved along the boundary from
right to left and piled-up af the twin-grain boundary inter-
sectionf ~At the headbof this pileup,~the GBD's may have
either combined or dissociated in$o partial dislocations which
"were emitted into the interior (Fl of Map 9) and GBD's (likely
~the trailing ﬁartials) which remained at that point. Thére |
is also evidence for the creation of other GBD's which moved

a short distance further left along the bouhdary. In view




of the presencerf a long length of defect-free boundary to
the right of the pileup, no comment can be made on thé origin
of the dissociated GBD's. If they were present on the boun-
dary in the annealed state, however, itAis noted that the
"source could not be classified as regenerative, since there
would be no obvious means of providing more GBD's. It should ,”Ta
also be pointed out here fhat no other signs of GBD pileups -
were observed at kinks or triple points, even though some
defects would have matched well with a‘pileup, e.g. the F-defect
of figure 67(a) (p.212). |

The Li model of edge dislocation generation was’
thus the only one supported by positive evidence in a large
number of cases. The findings of Table 13 indicated a marked
k preference for e&ge dislocafion éeneration. In addition,
fhe Li model may be modified to account for dislocations df
mixed character (as shall be seen later). Almost all defects
eménated from what appeared to be ledge—dislocationlassocia—
tions. Although many sources seemed to demonstrate a regen-
erative: nature (which the Li model does not possess), closer
examination often showed this to be erroneous. For example,
.the ends of the generated dislocations of figure 64 (d)- (p.209)
do not lie on a straight line, as should be the case if they
were on the same_pléne, thus they must lié on planes some

distance apart. This distance varied, but the largest separation




(between the third and fourfh'dislocations) was of the order
of SOOX. |

Two very good examples of the Li model appear to be
the P3— and P4- defects of Map- 14 (p.198). The P3- defect
"may have been & case of the  classical Li model in which the
C-ledge was simply expelled into the grain as a lattice dls-
location, leaving no defect contrast behlnd (althougn a small,
pure ledge could have been present). The P4- defect, on the
other hand, appeared to have left behind a residual GBD on
the ledge from which it originated. A similar operation
to that of Li-type sources is, of course, the simple bowing
out of pure GB segments as discussed in figures 30 and 31
(p.88 ). This is expected to occur occasionally, resultlng
~in a single dislocation travelllng into the 1nter10r (as
w1th Ps,and P4 above), but with no associated ledge at the
Boundary. ” |

As noted in Table 13; a substantial portibn of the
dislocation generation cén be of partial dislocations, a
phenomenon which persists at relatlvely high strains. The
stress orientation ‘concept to explain this (54) has the ad-
'Vantage of being applicable to all cases, regardless of the
type of soﬁrce. Thus, even though it was originally conceived
as an extehsion of the Gleiter II model, it can, in fact, be

applied_to any dislocation, nucleated or simply expelled from
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tﬁe boundary, which posesses the proper orientation of Burgers
vector. The 5 cases of such generation that were anaiyzed

for character (Table 13) are all roughly'SOo from an edge
orientation. Again, one must keep in_miﬁd the possibility»

- that partials can disappear for values of g.b#0, a fact com-

plicated by the presence of overlapping faults in all 5 cases..f75

Even considering this, tﬂe occurrence of éuch nearly-identical .
characters seems more than coincidentél and may, in fact,

.be explained by slight modification of the stress orientation
concept. This modification arises from the fact that, although
there may be no direct component of the applied stress acting
on the trailing partial of a dissociated pair, there will

be an indirect component. That is, the stress, in moving

the leading partial away frbm the trailing one, increases
'the.faulted area between the two and therefore increases the
attractive force between them which is due to the free energy
of the fault. This will cause the,trailing partiai to move,
providing this attractive force exceeds_the lattice friction
force before the stress for wide, non-equilibrium splitting

of the partials is ‘reached. (The analogy would be similar

to pulling a cylinder across a surface, with anofher cylinder 
attached to the fifst via a rubber sheet.) There should be
one case when even this attractive force should not be felt

Aby the trailing partial, and that is for the case of the




trailing partial posessing a screw character. Since the at-
tractive force of the faulted area acts normal to the'disloca-
tion line (figure 75 , it would be normal to the Burgers vec-
tor and not act upon the trailing partiél. As seen 1n figure
75, this would then mean that the leading partials expelled
into the interior should show a character of 30° from edge,
as was observed. | | |
There would ‘then be three ciasées of F-defects:

1) The one discussed above, where there is no significant
'effect of either Fapﬁ or Fy on the trailing Shockley par-
tial (S,), |

2) There is no effect from Fapp’ but the orientation is only
close to screw, therefore Fy has some effect,

- 3) Both F, and Fy nave some effect due to the Burgers

pp
vector of S being slightly deviant from the ideal orien-

T
tation in both respects.
Only 1) will produce a permanent separation (per-
manent until the direction of the applied stress changes due

to grain rotation, etc.), while the F-defects produced by 2)

and 3) will be increasingly less stable. This stability

will be a function of the magnitudes of Fapp and Fy relative

to the lattice friction force and any attractive force between
the trailing partial and the grain boundary. (The latter will

be discussed in more detail later). Thus the formation of




Figure 75. Illustrating the orientation of the Burgers
vectors for the leading (SL) and trailing-(ST)
Shockley partials which are necessary for the

creation of F-defects at grain boundaries.
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F-defects diminishes with increasing strain. At the same
time, it is obvious that the statistical probability of the
orientations increases from 1) to 3). Thus many of the over-
lapping faults that do occur at lower strains will ”unfauit”
~at higher strains. Counteracting both of these trends to
some extent would be the tendancy for more F-defects with
increasing strain as moré.boundary sources bécome operativeA
and the number of favorable stress-Burgers Vectér orientations
increases. The result would be a peaking of the proportion
of F-defect occurrence at some intermediate strain, which
was indeed observed (Table 11).

Summarizing to this point, there was substantial
evidence for the operation of boundary source models of a
1 nonregenerative nature, but Véry_little for those'of a re-
'generative nature. This does ggg rule out the existence of
regenerative sources, since the absence of identifying char-
‘acteristics can always be explained. (For example; the com-
pensating GBD's required for the Price-Hirth model could
easily dissociate into the IGBD network, effectively rendering:'
them‘invisible{) What does appear:to have been established,
“however, is that regenerative sources play a very minor role

in low temperature grain boundary generation of dislocations.
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6.4 CONSIDERATION OF STRESS CONCENTRATION FACTORS

In examining the evidence for stress concenfration
factors, it should be reiterated that such concentration is
necessary, i.e. the experimental observétions indicated that
" dislocation nucleation accounted for the major portion of»
boundary source opeération. This was particularly clear
in the Al, which posessed défect-free bouhdafies in the an- -
nealed state, yet showed defected boundary segments and dis-
location generation therefrom.. in the deformed state. For
the Cu and Cu—lSﬁ, the density of boundary defects (GB-segments)
in the annealed state was not sufficient to account for any
substantial portion of the sources observed, even with the
unrealistic assumption that all these boundary defects were
GBD's capable of simply moving off the boundary as lattice
‘dislocations. In addition, there were substantial increases
in the number of GBD's (as seen in GB~segment increases)
before the operation of boundary sourcés into the grain inter-
ior, pointing to nucleation of GBD's in a fashion similar to
lattice dislocafions, as suggested’by Tangrimand;Tanddn;(l82).
At the same time, the stresses at whith such nucleation must
| have occurred indicated that total enhancements of the order
of 50 for Cu-1Sn, 60 for Cu, 100 for Ni, and 110 for Al were
required.v |

As already noted, there was no evidence to indicate
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a substantial or widespread stress concentration due to GBD
pileups, i.e. K,. There were some configurations (figure
57, p.173, GBl,Z of Map 14, P.198) which, by their semi-

regular distribution of defects, indicated movement of bound-

~ary dislocations (pure GBD, C-ledge or G-ledge). However,

their presence in.annealed material as well as deforﬁed, and
their extent over boundary lengths of the.order of several
microns (regardless of boundary curvafuré), suggests the in-
volvement of non-conservative movement in fheir formation.
This would indicate formation during the heat treatment.

There is also no concrete evidence that elastic

anisotropy (KE) plays a major role in boundary source operation.

If maximization of this factor was critical for the operation

" of large numbers of boundary sources, the following should

be observed (as described in sec.3.3.3):

1) A tendancy for sources to emit dislocations into the smaller

grain of a pair of grains where there is a large size
disparity. (Resulting from a maximization of equation
(2),p. 104). No such tendancy'was observed, although
isolated examples of this ggg the opposite behavior
were both seen )Pl-Map 3, p.178, for the former, and

figure 66(d), p.211, for the latter),
2. A tendancy for the active sources to be located on bound-

aries parallel to the stress axis and very seldom on those




normal to 1t, since the stress differential should only occuf
across the former and be zero across the latter. This was
not observed, although irregular boundary curvature and un-
certainty of the stress axis orientation would have made
"such a trend more difficult to detect. 'As-a rather more
accurate.check, a brief study was made of micrographs of

etch-pitted Fe-3Si (K =2.14), that had been stressed(137)

Emax
into the premacroyield region and had yielded by operation
of grain boundary sources. The location of the stress axis
on the micrographs was a&curateiy known. No trend was dis-.
covered - 12 active boundaries were roughly normal to the
stress axis, 7 were parallel and 8 were of a mixed nature.

If anything, the boundaries»nofmal to the stress axis géve
the qualitative impression of having the highest.sourCe den-
sities,: |
+3) Generation of dislocations into the elastically_harder
grain of a' grain pair. (This is where thé‘higher stress
occurs, cf. figure 32, P.103). For the three cases in
which this was done by estimating the crystallographic direc-
tion along the stress axis, the resulté were inconclusive,
.with one pair having the sources .in the harder grain, one

having them in the weaker grain, and one with both grains

having the same elastic hardness.

.The effect of KE should not be entirely discounted since

|




240

(unlike the case for K,) it is a factor that is always
present to some degree. This degree may be iufluenced by
the amount of texture in fhe material, and it should be point-
ed out that a high percentage of {001}<001> cube recrystal-
‘lization texture was likely present in the Cu and Cu-1Sn (207).
This may.have produced many grain pairs with both grains being'%h
oriented close to <001> in the direction of the stress. axis, |
thus minimizing their elastic hardness differences and hence,
Kg: |
This appears o leave'KG as the principal stress
concentrétion'factor,‘without which substantial grain bound-
ary dislocation generation would have been impossible. Un-
fortunately, concrete evidence was somewhat scarce for this
w.factor as well. Thére was ample observation thaf.boundary
sources  accounting for a large majority of boundary dis- |
location generation were located at defects showing contrast
characteristics indicative of ledges. Unfortunately, these
ledgés were seldom actualiy seen, either through fringe dis-
placement or a macroscopic change in the plane of the boundary. .
Since the fringe diéplacements'would bé greater than the actual
‘ledge height due to geometric distortion (59), lack of obser-..
&ation of any such_dispiacements indicated the ledges were
rather small. For a representative magﬁification of XBOQOO,

moderate geometric distortion and assuming displacements greater
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than 1mm may not have been visually detected, a maximum ledge

6 .
‘height of 150 - 200 A for the boundary sources is obtained.
At the same time, some very large ledges were seen (figure
0 3
69, p.218, height ~3000 A) from which no generation occurred,

even though boundary sources were observed elsewhere in the

foil. Sﬁch cases Will algo have to be considered in the form-. . .

ation of a more detailed model of boundary sources.

It should be noted, at this point, that both the
Li-type model andlﬁz,'as the principal source model and stress
concentration factor resﬁectiveiy, fit well with the physical
model of boundary structure. Thus, this model predicts that
ledges are not ohly always preSent on grain boundaries, but
that for the type of mechanico-thermal treatments used here,
they should be present in numbers far greater than any other
boundary defect. |

6.5 EFFECTS OF MATERIAL PARAMETERS (SFE, etc.) ON BOUNDARY
SOURCE CHARACTERISTICS

It would now seem appropriate .to broaden our con-
sideration of individual boundary sources to include the effects
| occasioned by the differences in SFE, Solute, elastic aniso-
tropy and initial boundary defect density, for the materials ..
tested.

There is a decided difference in the matrix SFE'of,

~on the one hand, the Ni_(220ergs/cm2 (208)) and the Al




242

(163 ergs/cm” (208)) , and, on the other hand, the Cu (41
ergs/cm (209)), and  the Cu-1Sn (a few percent less than
the Cu (210)). This appeared to effect boundary sources
in two respects. The first relates to the incidence of
'F—defects, with none observed in the Ni and ‘Al, and many
observed in the Cu and CuflSn. This may be explained in
terms of the model fof emission of partial dislocations.
from'grain boundaries discussed earlier. That is, the

SFE has beeﬁ observed to decrease greatly very close to an
interface (150 - 152). Tt would.seem.reasonable that the
value to which it decreases be somewhat proportional to
the matrix value of SFE. If this is the case, the permissible
deviation of the trailing partial's orientation from pure
" screw which\woulg still allow wide separation, should
decrease as the SFE adjacent to the boundary increases.

In other words, the Ni and Al would require orientatibns
very close to pure screw to produce an F-defect, while the
Cu ahd_Cu-lSn'would tolerate a much wider range of
orientations. |

The effect of SFE was also apparent in'the longer

.distances the partial dislocations travelled into the
grain interior (Table 13, p203). This may be explained by
consideration of the previous model of F-defect formation.

It is'apparent that the formation of an F-defect requires
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a larger stress than that for‘a P-defect because of the
attractive force due to the increased separation. The
additional stress has been estimated by Tangri et al (179)
as G/170 for Cu and Gk70 for Ni, a rather sizeable value.
-Thus, after a perfect dislocation is nucleated to relax

a stress concentration, it may be propelled into the grain;
overcoming lattice friction and any attractive forces with
the boundary as it does so. For a 1eading partial dis-
location, however, such emission is delayed until the
above additional stress is added. Thus when the partial
is, in effect, 'released", it will be under a greater
impetus than that experienced by the perfect dislocation
and will travel COrrespondingly'farther.

It is somewhat puzziing that a large différence
exists in the proportion of partial dislocation generations
for the Cu and Cu-1Sn (24% and 6%, respectively) in view
of their similar SFE's. This difference may be ascribed
to the presence of solute/impurity atoms at the grain
boundary. This.presence has often been quoted as making
the movement of boundary defects more difficult duriﬁg
‘annealing, thereby stabilizing them, e.g. Li and Chou (211)..
Thus there would be mofe relatively high encrgy boundary
defects in the Cu-1Sn than in the Cu, i.e. more defects which
could'emit dislocations at a givén stfess. Counteracting

this, however, is the fact that this same. solute concentration
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could hinder the dislocétion emission through pinningf

The former consideration would mean that, in the Cu-1Sn,

the extra stress needed fdr F-defect creétion at some

ledges made such sites unattractive for operation in view .
'ofbthe large number of sites available. - In the Cu, on the.
other hand, the smaller number of available sites meant

that many F—defects had to be created to contribute the
proportion of the total strain required ffom the boundary.

The latter considgration would explain the density differences
for both GB-segments and 'the tdtél of F- and P-defects in

the Cu and Cu-1Sn at ep = 3 and 7 x 10 %4,

4

That is, at

= 3 10
ep X

nonetheless generate more readily and therefore were

» the relatively fewer Cu sources could

zyqbserved in greater numbers, while at ep=7 X 10_4,.the
much more numerous Cujlsn sources had finally overcome the
pinning of the solute and thus greatly outnumbered the

Cu sources. There was substantial wvariation in the degfee
of eiastic anisotropy amongst the metals tested, with Cu

( and likely Cu-1Sn ) having a maximum KE of 3.08, that
for Ni being 2.26 and that for Al being 1.20 (97). A
.major role for this parameter could have accounted for-
the fact that the incidence of confirmed boundary sources
in Al was very low, but the different heat treatment for that
material had unfortunately given it a marEedly different

boundary defect density and solute distribution than the
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other metals. The treatments were similar for the Cu
and Ni, yet the Ni showed a higher source density than

the Cu, indicating that some factor other than anisotropy

was responsible for the difference. As mentioned previously,
- -elastic anisotropy produces.maximum stresses at triple
points, but it should be pointed out that the increase

over the KE value obtainable elsewhere on the boundary

appears to be only of the order of 5 - 10% (176 -\178).- If

this additional enhancemeht, small as it is, resulted in a

preference for triple point generation, the relative

proportions should decrease in the order of Cu, Cu-1Sn,

Ni and Al. Table 13 shows that the respective proportions

were actually 43%, 21% and 37% for Cu, Cu-1Sn and Ni,
“Zagain indicating the presence of other factors (the'Al

had too few defects for a meaningful comparison). .Perhapsj

ali that can be safely predicted with regard to anisotropy

is that, other factors being equal, increased elastic

anisotropy will produce more boundary source operation,

likely with a higher proportion from triple points.
The difference in initial boundary defect density

“appears to be the principal cause for the high density of

*activated sources in Ni and, at the same time, the cause
- of the reduced number of dislocations generated and the
reduced distances they travelled. That is, there were

Alikely many C-ledges and random GBD's on the annealed Ni

i




246

boundaries that possessed lattice dislocation Burgers
vectors. These could have been emitted into the graiﬁ
interior at quite low stresses, sincevdislocation'nucleation
was not involved in their emission. This would help
‘rationalize the relatively low stress at which boundary
generation occurred in Ni (as indicated by qmy or 0, ValuesL
with the high total enhaneement factor (”100) needed for
boundary dislocation nucleation in thet metal. Such

nucleation might still have occurred, e.g. P. of Map 12

1
(p194), but it would have been felatively rare, as was
observed. This is by no means a linear phenomenon, that

is, increasingly higher initial defect densities on the
boundaries will not neceésarily lead to increasingly greater
" ease of boundary generation; ‘As the defects becomelmore
humerous, a point will be reached where mutual interactions

will prevent their emission from the boundary and render

boundary source activation more difficult, not less.

636 BOUNDARY GENERATION iN THE PREMACROYIELD REGION

The previous considerations of boundary sources
and the parameters influencing the operations of these.
sources now enables a more comprehensive picture of the
premacroyield regioh to emerge. First; however, it should
be noted_that the marked independence of strain shown by

dislocation emission from annealing twin boundaries would

i
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indicate that it was primarily due to either foil handling
or the heat treatment and thus will not be commented on.
. For the Cu, the initial state of - the boundaries

was one of a comparatively low.density of defects (Table 11,

"P.170) which were nonethéless capable of dislocation generation

at rather low stresses. Thus the first plastic strain,

from g_ to e =1 x'10~4; (Map 2) was likely contributed

my p
by a combination of generation .from the most favorable of
these sources (hence only P-defects were observed and a
high percentage of them were from triple points), along
with movement of favorabiy oriented segments of the

grown-in dislocation network in the grain interiors. Other

boundary sources nucleated dislocations which did not

" travel into the grain interior, producing an increase in

the density of GBD's (GB-segments). At a plastic strain

4 (Map 3), all three of the above had increased.

of 3 x 10~
The GB density increased more(thanfthe-total F- and-P-

defect density since, if the ﬁemission” sources only form
a small.fraction of the '"nucleation" sources, any increase

would lead to an increasing disparity in total numbers.

'Dislocation multiplication occurred in a few grain interiors

(IA defects). At 5 x 1077 strain (Map 4), the GB density

‘had again risen dramatically. Emission of dislocations from

grain boundaries had become more widespread and'showéd
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signs of occurring preferentially in certain regions (as
had been seen for the GB-segments at lower strains). A
larger portlon of the emissions was of partlal dlslocatlons
and the prominence of trlple point actlvatlon was reduced
‘as more and more sources on "the boundaries between triple
points became operative. The interior activity became
more intense in nature. As the strain fufther increased

to 7 x 10”4

(Map 5), many of the overlapping stacking
faults (F-defects) unfaulted, greatly reducing their
density. At the same tiﬁe, many interior segments were
multiplying, thus a smaller proportion of the strain was
required from the boundary region and the source deﬁsity
there remained relatively constant, with new source activation
w>only required to offset those sources exhausting-thémselves
(due to their non-regenerative nature). The IA-defects |
were located in the same general regions, indicating f(as

did the boundary sources) a non-homogeneous distribution of
yield initiétion sites. The strains of 1 and 5 x 10 °

(up to-andvpast the macroyield point - Maps 6 and 7),

mereiy confirmed the increasingly minor slip contributibns

.of grain boundary sources. However, there was ample evidence
to indicate that such generation still occurred, but was

generally much harder to detect due to the masking effect

of Widespread interior activity in almost all grains.
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It must also be kept in mind that at least some of the
interior activity could have resulted from boundary |
generation, yet would have been undetected because of the
boundary source(s) exhausting themselves; i.e. there

-would have been'no configuration of emitted dislocations

to indicate the connection between grain boundary and 1nter10r‘-7“

dislocation tangle.

The transition of the yield process from markedly
non-homogeneous (e.g. Map 5) to homogeneous (Map 7) during
premacroyielding,‘appear& to confirm a type of two-stage
yielding model, as suggested by Bonfield and Li (131).
The first stage consists of movement of grown-in dislocations,
grain boundary generation and subsequent work hardening in
**a small percentage of grains This would have taken place
from the microyield p01nt to approximately 5 -7 x 10 ~4 in
Cu (note the change from 10% to 50% activated grains between
these 2 strains, Table 11). The second stage consiets of
dislocation multiplication within many grains (mainly through
activation of interior sources in the case of Cu). Yield
initiation does not -spread via the classical dislocation
pile-up - propogation model, which has been increasingly{
questioned as having any integral part in the yield process
(120, 211).

Thus, for the Cu, the overall role of grain boundary

sources in the premacroyield region is rather difficult to

i
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ascertain. Boundéry sources were certainly instrumental
in the first portion of this region, wherein a small
percentage ofvgrains yielded, but it is very difficult to
acéurately determine their influence in the latter portion,
where the remainder of the_grains were activated. In
lview of the high purity of,éhe material and.éonsequent high
mobility of the groWn—in dislocations, the influence of
grain boundary dislocation generation in this latter portion.
was not likely very gréat.' | ;

This was not the case for the Cu-1Sn, where the
presence of the Sn soluté produced higher stresses than
in the Cu at a given strain, resulting in a marked o
and flow stress increase. The'omy increase (2.5 times that
p‘of Cu) resulted from the combination of partial solute
pinning of grown-in dislocations and relatively few boundary
'sources‘Which could operate at low stresses. (The latter
resulting from the solute piﬁning of nucleated dislocétions,
as discussed earlier). By the 3 x'10~4'strain (Map 9),
a number of the sites of lowest operating stress had.been
activatéd, providing roughly the same strain contribution
;as in the Cu at thié'strain. The GB-segment increase, on
the other hand, was much less than in the Cu, probably' |
due to the solute atmospheres at the ledges making nucleation
more difficult. The increase in flow stress.was thus

-primarily due to the greater stress required to unpin and

i
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move the most weakly - pinned ségments of the_gfown-in
dislocation network. The indications of roughly simiiar
proportions of the 3 x 10-'4 strain contributed by boundary
and interior sources for the Cu and Cu-1Sn would predict
-similar IA - defect densities (and characteristics),

as was the case for the boundary sources. That this was
not seen for the IA densities (Table 12),‘demonstrates that

most of these defects in the Cu-1Sn were therefore portions

of the grown-in dislocation network and not due to dislocation

multiplication within this network causéd byvthe applied
stress. _
| By the 7 x 1074 strain (Map 10), it was apparent
that boundary source operation was playing a major role
“in the yield process, i.e. there were a large numbef of
active boundary sources and no apparent increase in interior
dislocation activity. The distribution of sources was
more non-homogeneous than in the Cu, as shown by thé number
of sources along the grain boundaries of figure 64 (p.209).
The boundary sources likely provided the impetus for the
onset of macroyielding, as shown in the widespread boundary
'and»interior activity occurring at the same strain in a
different region of the specimen (figure 59, p.189). Some
interior multiplication from the grown-in network could
also be_expected by this stage. With the stronger pinning

and higher equilibrium segregation furnished by a furnace-

b
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cooling treatment, the observéd yield drops in Cu-Sn
alloys (212) could be explained as the sudden activation
of:a very large number of boundary sources.

The Ni and Al were only tested at the one strain

of 3 x 1074

(3-5x 10" % in the Al). It was apparent
that the Ni first yielded primarily through emission of
single dislocations from the boundariés,vbut; by the 3
X 10-4 strain (Map 12), interior movement and multiplicatiom
along with some boundary.source operation, accounted for
substantial portions of the strain. The boundary defect
density, which was initially high, had increased greatly,
and these defects would likely have interfered with
source operation ét higher strains. The Al was not at all
“'suited for grain boundary disiocation generation, since
there was no pinning of the grown-in network and no
sources with a. low operating stress on the boundaries.

. Thus the movement and multiplication of'ihterior
dislocations governed yielding from the outset, although
the smagl, unrecrystallizéd'regions may have had some
influence on oy and the work hardening behaviour. waever,
it is indicative of the pervasiyeness of boundary sources
that some bona fide nucleat;on of both GBD's and lattice
dislocations still occurred (P3—6’ Map 14, p.198). The
TP, P; and P, - defects of Map 14 and those of Map 15

'supply many intriguing prospects (e.g. for higher temperature

i
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Source operation), since they were unquestionably boundary

sources, but the uncertainty of their origin would make

commenting on these prospects particularly hazardous at

this time.
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- DISLOCATION SOURCES

To this point we have established the major type
of boundary source (Li-type) and the major stress concentration
factor (KG) reeﬁltihg in source operation. ' We have described
the role played by the operation of these sources in the
yielding of several materials and the influence of a number
of parameters on that role. In constructing a more detailed
model of these sources, it must be kept on mind that use of
the word "source'" does not necessarily imply a regenerative
nature.

The basic factors which a source model must take
into account are that boundary sources operate at stresses

b‘requiring concentration factors of the order of 50-100, and

do so from quite small ledges or ledge-dislocation combinations.

Table 6 (p. 117) indicates that the max1mum KG obtainable at

a ledge of 100 A height is about 15. Thus even with a maximum
KE factor of 2 or 3 present, the total enhancement is
30-45, dand some addltlonal enhancement will be necessary.

One p0551b1e means of prov1d1ng this is through a
variable value of the ledge rqqt'radlus, T, since the Iedge‘
height appears to be limited. Such an argument would be
supported by the relaxed structural unit model. This model
‘indicates that the detailed structure of a ledge corner is

governed primarily by the relaxation of atoms into the lowest
ol




energy configuration as the different structural units
" mesh " at the ledge cormer. The units involved and the

ledge geometry are a function of the misofientation between

the two grains and the location of the boundary between
them. Both of these, in turn, are a function of the mechanico- - -
thermal treatment. Thus, a non-homogeneous distribution of

grain misorientations and boundary orientations would imply

a similar distribution of the ledge root radii. This

would then logically account for the operation of certain
boundaries before other$, and the preferential occurrence

of active boundaries in localized regions, both a result

of the non-homogeneous nature of the mechanico-thermal treat-
ment. The difficulty witﬁ unlimited variation of the ledge
root radius is that, on a ball model of atoms,‘it_could
decrease (theoretically) to an extremely small value at the
juncture of the two atoms at the ledge corner. This would

produce véry high stress concentrations atvvirtually every

ledge. There would then be nucleation of dislocations
at every ledge on every boundary, which is not observed.
A possible resolution of this difficulty would be a lower

limit of roet radius, with variations only above this- value

(so that the non-homogeneous distribution of_sourées could

still be accounted for). In this regard, Tegart (213) has
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stated that this should Be.the atomic spacing, approximafing
to the large dashed circle of figure 76.  Another reasonable
possibility would be that of the small dashed circle of
figure 76, which is approximately the size of the octahedral
-interstitial’hole located -immediately to the right of'this
circle. A similar possibility would be the tetrahedral
interstitial hole thieh is hot in the plene'of figure ?6).

Since this still leaves a ﬁaximum KG factor of
around 15, the additional stress concentration must originate
elsewﬁere. A sighificant portion of this could come from the
interaction of closely-spaced ledges of finite dimensions,
i.e., where the approkimation to a semi-infinite solid is no
longer valid. Thus the value of KG for a given ledge would

=”be enhanced by the presence of nearby 1edges Thls would occur
in groups -of ledges, such as atA and C of figure 77 and not
at 1solated ledges such as B and D.

These configurations would then account for the
non-aligned ﬁature of the dislocationseobserved at many
generation sites (figure 64d, p.209, figure 65c and 65d).
They would also explain the broad contraet of the GBD-
'macroledges from which these dislocations often emanate as
being due to residual GBD's at each ledge or dislocations
‘which had been nucleated, but had not left the boundary, e.g.,

source C, figure 77 shows one example of the latter.
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Figure 76. Illustrafing a <1005 grain boundary ledge in
the FCC lattice with possible root radii of either
the atomic radius (large dashed qirqle).or that of
the small'dashed circle. The‘lafter is approximately
that of the octahedral interstitial hole (after

Tangri, 214).

Figure 77. Schematic illustration of dislocation emission
at groups of small grain boundary ledges under an
épplied stress, 1. Source A is exhausted, while

source C is not.
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Further enhancement woul& come froﬁ KE’ which
would normally be preéent to some degree in an anisotropic
material, and possibly evén from Kn’ but.not in the manner
discussed previously. This Kn"might arise from 2 or 3
‘glissile GBD's‘piled—up at éach ledge corner such that a.
cumulative pileup effect is felt (at B in figure 78) which
results from all the GBD's in the Configuration. Sin;e.
these GBD's are not all in the same plane and are separated
ihtb small groups, the effect would not be as intense as for
the normal case of a disfocation‘pileup on one plane. Glidev
of -these GBD's would be easier than.in the lattice if the
Peierl's-Nabarro force along the boundary plane was less.

A reduced shear modulus élong the boundary plane would
z#indicate this, since the Peiefl's—Nabarro stress.is directly
.ﬁroportional to G. We know that the boundary region is one
of some disorder and we also know that G can decrease sub-
stantially with increasing temperature, e.g., by as much as

a factor of 10(215)._ Since increasing temperature results
in.increasiﬁg disorder in the perfeét lattice, there may be
an analogy between the reduction in boﬁndary modulus and that
'due to temperature. Even if such an analogy were only"
partially correct, the modulus reduction could be significant.
It should be noted that the_Peierl's-Nabarro,streSs increases

with décreasing dislocation width (and hence decreasing
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Burgers vector). Thus GBD's of larger Burgers vector would
be moved more easily.

The combination of these various additional stress

concentration factors (enhanced KG, KE and Kn) could produce
‘total concentrations of 15 = 135, even if each were only of“ -
the order of 1 - 3, using the original Ko value of 15. It

must be remembered that the enhanced stress would consist

primarily of the component due to KG and, as such, would
decrease to approximately the value of the applied stress at
a distance from the boundary of the ledge height.

It might be pointed out here that the Kikuchi iine
technique (p.219) appears to hold promise in the gross
“detection of the elastic>strain due to these concentrations.
thhe preliminary attempts in this study demonstrated that the
boundaries, as expected, possessed higher elastic strains |
thaﬁ the interior. Moré impoftant, the tests detected
variations in this strain along the boundary. This would

. furnish a means of distinguishing between sources which were

exhausted (the strain relaxed below the level of the rest of

the boundary, figure 72) or those which could generate more

dislocations (a strain level above the rest of the boundary,

figure 71). Refinements of this technique could also lead
to the possible identification of sources of high potential

before they are activated.
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One possibility that should not be discounted is
the presence of GBD's at ledge corners triggering the nuclea-
tibn process. That is, the intense strained region near the
core of the GBD might supply tﬂe final impetus needed to
‘shear the atoﬁic bohds at the ledge corner, which would be
already éeverely strained by the concentrated applied stress.
Distingui;hing such GBD's would be Very difficult because -
they would provide much the same electron micfoscope contrast
as that provided by nucleated dislocations which had not left
the boundary or by compeﬁsating GBD's (both of which are dis-
cussed next). All of these would have been classified as
GBD-macroledges in this study.

Figﬁre 79 demonstrates the need for compensating
GBD creation with nucleation of lattice dislocations at pure
ledges (figure 79a). Such GBD's may be of C-ledge character
(figuré'79b) or possess both c- énd G-ledge character>
(figure 79c). The only other possibility is for nucleation
into both grains (figure 79d) if the slip planes in each weré
suitabl&valigned with the ledge. This would be a rather rare
oééurrence, but posgible examples may be the (d) micrograph
of figure 19(e)(p.68 ), or the Pli-defect of Map 10 (p;190),
with A indicating the dislocation being emitted into the
neighbour grain to P17. It shouid be noted that these double

‘emissions would appear more often . in etch-pit studies because

I
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 Figure ‘78, Illustrating the possible pileup effect of

glissile GBD's at closely spaced ledges under an

applied stress, 1, such that the effect is maximized

at ledge B.

Figure 79. (a) Pure grain boundary ledge, AB.

(b) Lattice dislocation generation with C-ledge

compensating GBD. »
(c) Dislocation generation with both C- and G-ledge
compénsating'GBD{s.

(d) Dislocation generation into both grains.
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the low optical magnifications used would not'distinguish
between adjacent sources (such as figure 64c). Nucleation
of mixed character dislocétions could arise from the applied
stress acting at less than 90° to the ledge length (which ‘is
out of the plane Qf'the paper).

| As previously menfioned, Table 12 (p202) indicates
the Cu and Cu-1Sn possessed similar boundary deféct densities
in the annealed stafe;:as shown by GB-segment densities. At
the strain of 3 x»1074, the boundary source densities were
also similar, but the GBEdensitvaas markedly highér in the
Cu. This could be a consequence of the reduced shear modulus
leading to a reduced value of nuc1eation stress (G/25 - G/50)
| ‘ih the vicinity of the boundary for the Cu. This lower stress
should mean that many dislocationé would be nucleated at ledges
in the Cu at low strains. A large portion of these would not
have sufficient impetus to escape the '"capture cross-section
_bf the boundary", i.e., those forces tending to retain the
dislocation at the boundary, resulting in the large increase
in GBD‘density from the annealed maferial. Segregation of
solute to ledges in the Cu-1Sn alloy might raise the local
shear modulus substantially. This would mean a higher
nucleation stress,vhence fewer dislocations nucleated at the
lower strains. The fact that the density of emitted dis-

locations (boundary sources) was similar to that of the Cu,




indicates the Cu-1Sn ledges were more "efficient" sources,
perhaps through a décrease in the above-mentibned retentive
forces. It is thus seen that the creatidn of GBD's and.
lattice dislocations occur by %he same process. A consequence
of this fact Wduld Be that CBD*macroledgesAOf‘strong contrast
(due to ﬁhe nucleated dislocations retained at them) would

lie along the same crystallographic directions. These
directions would be simply that of the ledge segments with

the lowest root radii. This'was_indeed the case and can be
seen, for example, in thé right-hand grain boﬁndary of

figure 64 (P.209), the boundaries of figures 65(c) and 65(d),
and the boundary of figure 68(d). This was in marked contrast
- to the more random oriéntationélof GBD-macroledges seen in -
Cﬁannealed material, e.g., GB.

3
(p.193). These latter GBD-macroledges would have resulted

of Map 1 (p.176) or GBg of Map 11

from lattice dislocations which had been swept up by the grain
_boundary.during'annéaling and’ thus WOuid show no preferred
‘orientatibns like the above.

As mentioned above, rachieving the stress required
- for nucleation does‘not always produce dislocation emission.
Tangri and Tandon (182) have'prop05ed that an image force due
to elastic anisotropy could retain a generated dislocation at
the boundary. Sample éalculations for Cu indicate, however,

that this force alone could not retain the dislocation at the

!
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boundary, since the applied stress (enhanced by KG and KE)

would always be greater than such an image force. In addition,f‘

suEh~a force would only be significant when maximum elastic
moduli differences ocourred between two grains. There are,
'however a number of other forces available to retain the -
dlslocatlons near the boundary. One would be the attraction.
of the long-range strain field of the dislocation to the
regions of opposing strain in the boundary. This would have
a marked influence ovér a distance of at least a few hundred
Angstroms out from the boundary (the width of the strong
contrast which arises from the most severely strained regions
of the dislocation (196)). A similar attraction would be the
reduction in core energy (v 50%) postulated by Ashby (51).
:An approximate estimate of this‘attraction may be made as

follows. A relationship_of the form,

R . (7)

isanSUmed (182), where KG is the total enhancement and x is
.the distance from the edge of the boundary region, which is
.assumed to be 20 A w1de Thus at x =10 A and h = 100 A (ledge
height) Kz =91, which.is sufficient for nucleation. At

x = 100 X, KG = 1 and the enhancement has effectively vanished.
A radius of 5b (v ZOfX) is usually taken for the core radius,

so it will be assumed that the attraction due to core energy




265

' . O .
reduction disappears roughly. 30 A from the boundary. .KG = 24

0
at x = 30 R and an average value for x = 0 - 30 A would be
around 70. Using a value of applled stress at which moderate
dlslocatlon generatlon from boundarles was observed in

-4

'Cu (t = 3 kg/mm at e_ = 3 x 10 7), the“energy available

app p

to move  the dislocation to x = 30 X can be calculated as
roughly 10-4 ergs per cm of dislocation"line (using KG_= 70,
Tapp = 3 kg/mn”*, B = 3 x 1077 mm and x = 30 x 1077 mm). At
the same time, a reasonable estimate of the core energy is
10 - 20% of the total seif¥energy (216), furnishing a value
of 2 - 4 x 10__5 ergs/cm of dislocation (216). Therefore, if
this core energy can be reduced 50% at the boundary, the
attractive energy will be 1 - 2 X 10_5 ergs/cm or iO - 20%
| of the available energy, indicating the attraction to be
quite substantial. The above’two tendencies for the dis-
location to locate itself in the boandary region apply to
all cases (these are the dr1v1ng forces for dislocation
annlhllatlon at boundaries during annealing). - In addition,
the segregatlon to the ledges of solute atoms may hinder
_diSlocation emissioa due to pinning or an incfease in the
local lattice friction stress.

It should be pointed out that the preference of

triple points as active boundary source locations implies the

presence of some extra stress concentration over other
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locations along the boundary. Whatever the nature of this enhancement,
it must account for the fact that little preference is shown between grain

boundary triple points and twin boundary - grain Boundary triple points.

This additional enhancement may be connected with the large-scale enhanced
'strain contrast observed at some triple points, e.g. figure 68(c) (p.213). T

If this were the case, it could conceivably be related to a macroscopic

KG factor, such as is shown by the large ledges of figure 69, where the

regions of enhanced strain;contrast'are far too large to be due to the
miéroscopic stress concentration factors discussed previously. (Lack of
dislocation emission from these 1edges‘is now seen to be due to an insuf-
ficient stress concentration from these séme microscopic factors, even

though the ledges are of a very large height compared to most others.)

6.8 IMPLICATIONS OF THE MODEL

In view of the preceding model some comments can be made on
the 1nterconnected roles of solute and grain size.  The relatlvely pure
metals, such as the Cu and Ni used here show signs of boundary source

operation almost exclusively in flne grain size material (54). This would

not be a result of the grain diameter per se, but of the defect structure

of the graln boundaries associated with the production of such grain sizes.

-The mobility of this defect,structure is high in high purity metals and

the higher temperature anneals used to dbtain the larger gréin sizes would
result in the annhilation of most of the boundary defect structure. The
presence of.substantial amounts of solute in alloys such as Fe-3Si would
.‘élow this énnhilatidn process considerably. The result of this would

j f
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be a decrease in the total mumber of boundary defects, but the solute
atmospheres at ledges might result in more large groupings of ledges,

that is, more sources such as C in figure 77 and fewer like A, B and D.
There would also be an increase in the average ledge height due to ledge
‘combination. - This.does:not appear to be a very large increase, as figure
19(b), p.68 , shows that boundary sources in'Fe—SSi of moderate grain
size bear a remarkable resemblance to those in the Cu-1Sn, and the ledges -
are still not discernible. The net result of thié process would then be
an increase in the total number of dislocations generated in large-grained
Fe-3Si, since the process would be more accentuated than in the finer
grain sizes. This appears to be confirmed in acoustic emission work by
Tangri and Tandon (217) which showed a definite increase, with an increase
in grain diameter, for the total acoustic emissions up to 80% of the
;ﬂmacroyield stress. (The stress relaxation achieved by each dislocation
nucleation produces one acoustic pulse, thué GBD as well as lattice dié-
location nucleation would be detected.) This process might be expected
-to maximize at some grain size and decrease thereafter, as even the large
ledge groupings annhilated.

The boundary-source model has implications for high temperature
behavior, in that the sources could become parfially regenerative. Through
.continued removal of the compensating GBD's (figure 79) by a combination
‘of glide and climb, fhe ledge could continue nucleating dislocations until
it vanished. This removal of ledges was.postulated some time ago by Strutt

and Gifkins (107) to account for the zone of intense shear observed
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along boundaries in grain boundary sliding experiments and may now .be
feasibly explained. |

The role of boundary‘generation in the yield process predicted
by the model could also account for some aspects of ductile-brittle be-
‘havior. Thus the‘brefefential location of sources on-certain segments.
and in certain grains is due to the favorable local microscopic conditions,~ﬁ'n
Primarily a minimal root radius at the ledge corners, the distribution
of which is governed by fhé mechanico-thermal freatment. For materials
in which solute strongly pins both interior sources and all but the most
favorable boundary soufces, tHis prefefential source location would be
greatly accentuated. In thevextreme, the bulk of the plastic strain must
be provided by only a few grains, even near the macroyield point. A good
.example of such behavior might be in the deformation of ceramic materials,
:‘and this has been confirmed“recently by.etch—pitting work 6nvpolycrystalline
MgO (105, 218). 1In other words, strong pinning of grown-in dislocations,
relatively defect-free boundaries and a limited number of slip systems
likely combine to produce boundary generation in this materlal in only a
small fraction of grains, produc1ng a hlgh density of slip bands. This
subseqpently led to crack initiation in such grains, and fracture occurred
after very little plastic strain. (It was also noted that the generated
.dlslocatlons appeared to be of edge character.)

The major point from these examples is that better understanding
of such phenomena can be obtained by examining the detailed behavior of

_ grain bbundaries durihg plastic deformation and applying the information
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obtained to'prediction of the macroscopic properties of interest.
In summary, the operation of grain boﬁndary sources is at

once simple and complex. Simplé, in the physicalvoperation of the model
(one dislocation generated per ledge) and complex in the number of factors
‘that produce the hécesséry stress, that govern whether or not the disloca-
tion will be emitted into the grain interior, and thatlgovern the charac-
teristics of the source when it does generate dislocations into the in-
terior. This complexity has been shown to account for the very individual-
istic character of boundary sourées, particularly pertaining to their
locations. Because of this céhplexity; only a very small ﬁraction of

the total number of boundary ledges available for activation actually
- become activé, but this small fraction can have profound effects on major
lmechanical p?operties. It should be emphasized that an apparent reduction
; in the rolé of these sources as plastic deformation proceeds, is by no
means the end of their role. Because of the large number of ledges re;
‘maining'dormant, grain boundary sources could again be called upon to
vcontribute plastic strain if they became energetically more attractive
than alternate sources. This leads to perhaps the two most important
poinEé_cOhCerning this subject. 'All polycrystalline materials are ul-
_tiﬁately capable of dislocation generation from grain boundaries, and the
.role of this generation ﬁust always be considered in the light of alter-

native sources of plastic strain.
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7.0 "CONCLUSIONS.

These major points may be extracted from the preceeding text:

 The hybrid technique of thin foil preparation resulted in foils

- relatively free of spurious defects due to foil handling,

The micro-mapping technique provided a means of obtaining compara-

tive quantitative data as regards sparsely distributed thin foil

phenomena (dislocation sources involved in yielding in this study), -

Operation of grain boundary dislocation sources can occur in most
metalsfwith the right microstructural environment,

There was no concrete evidence for boundary dislocation sources of

-a regenerative nature. The majority of the sources observed poss-

essed characteristics somewhat similar to the Li model of dislocation
generation from grain boundaries (144), .

The occasional emission of partial dislocations from grain boundaries
resulted when.the'BUrgers vector of the trailing partial of a dis-
sociated perfect dislocation was normal to the applied stress (54)
and was parallel to the dislocation line, i.e. of screw character,
The matrix value of stacking fault enérgy has an influence on the

occurrence of this partial dislocation emission, i.e. substantial

- increases in SFE result in a reduced incidence of occurrence,

Solute or impurity atoms stabilize relativelylhigh energy boundary
defects, which can then become sources at low operating stresses.
This preferential segregation at such sites may, however, make dis-

location nucleation at these sites more difficult because of an
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increased local shear modulus, or make dislocation emission more

"difficult due to solute pinning. These counteracting tendencies

make the influence of solute or impurity atoms on boundary sources
rather complex,

A high grain boundary defect déﬁsity in the annealed state is
initiallybféﬁorabie for bbuhdary'dislocation emission, but is
1ikely to hinder such emission at higher strains,

The premacroyield region consists of two major strain regimes,
with the first involving activation of those dislocation sources
of very low operating stresses located in a small percentage of
grains, and the second ihvolving éctivation of many more sources
of higher'oﬁérating stresses located in most grains. The strain
at which the transition occurs and the location of the dislocation
sources vary from material to material,

A detailed model for grain boundary dislocation sourées has been
proposed which is based on groups of closely-spaced ledges of
small height.(a few hundred R at most). The stress for dislocation
nucleation at these ledges is-achieved by concentration of the
applied stress. The major component of this concentration arises
from the individual ledge geometfy aﬁd influence of adjacentAledgés
(KG) and Varies below a certain.maximum'Value depending on the
variation of ledge root radius. Other components may arise from
elastic anisotropy (KE) and modified GBD pileups (Kn). At

triple points and kinks, an additional enhancement operates, and,
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with the root radius variation, accounts for the non-homogeneous
distribution of boundary sources. At low,temperatures, only one
dislocation can be nucleated per ledge and this requires the creation

of a compensating GBD. Emission of this dislocation into the grain

. Interior will be hindered by the reduction in self—enérgy the

11)

dislocation can achieve by remaining at the boundary. Emission
may also be hindered by elastic anisotropy image forcés and by

pinning and increased lattice friction due to solute segregated to

the boundary region,

The characteristics of the groups of ledges which comprise boundary
sources (number, distribution of spacing and heights) are strongly

influenced by the mechanico-thermal treatment which the material is

- given.
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8.0 'RECOMMENDATIONS FOR FUTURE WORK

~ This study, - in its multi-faceted consideration of boundary

sources and their operation, suggests a mumber of more specific studies

on different aspects of the phenomenon.

1) It would be valuable to confirm or modify the source model presented - -
here through more accurate direct observation, i.e. by high resolutidn.‘ﬁw' .
electron microscopy of a material, such as the Cu-1Sn, which
possesses well-delineated active sources. This observation would
hopefully include the ledge numbers, héights and spacings, and
the presence of any GBD'éf(compenSating or in pileup form). The

¢ influence of grain misorientation on any of these could also be
considered in such a study. The technique of weak-beam electron
miéroscopy should prove helpful, since it furnishes Very narrow
dislocation contrast and could be used to study closeiyespaced
defects or dissociated GBD's. It must be kept in mind, however,

that the grain boundary region is one of complex contrast behavior.

Contrast components due to the different orientations of the two

grains and the IGBD network will always be present. Also, the
extension of the GBD core in the plane of the boundary reduces the
GBD contrast (219) and the GBD strain field is shared by both

grains; both of which add further complications to the study of

individual boundary defects.
2) A relatively short project could clarify the utility of the Kikuchi

line technique. This would involve more extensive measurements
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of actiye boundary sources and different portions of non-active

segments, It would be useful to determine the feasibility of

" relating the line broadening to the actual value of elastic strain,

or to determine whether the strdin_is compressive or tensile. In
situ thin foil tenéile straining in the electron microscope could.
be used to test the ability of the technique for detecting potential
sources before activation.

The influence of initiél boundary defect density on the process of
boundary disldcation'generation could be determined in a number of

ways. One would be a study of water-quenched versus slow-cooled

* high purity Cu, since fast cooling has been seen to greatly increase

the boundary defect density, e.g. (81,82). Another way of changing
only the GBD density might be to strain the Cu used in this study
at a low strain rate, moderate temperature and low stfess, such
that grain boundary sliding would increase the GBD density while
leaving the grain interiors relatively clean. The temperature
would have to be below that where 1arge'boundary migration takes
place, since this would drasticaliy change other factors like ledge
dgnsity. The material would then be foom temperature tested as

in this study.

It would be useful to ascertain the influence of varying levels of
equilibrium solute segregation on boundary»source operation in Cu,
by premacroyield testing of material which had been given sufficient-

1y long heat treatments at different temperatures. Slow and moderately
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Tast cooling from these temperatures would provide a comparison
between boundary. sources under the influence of full segrégation

and grain interior sources under varying degrees of pinning. At

the same time, two different solute levels could be checked. One

would be a'hnhdréd;ppm;or:szdfiinterstitialiimpurity,asuch as Ccor -
0, to first establish the effects of foreign atoms at the boundary. .
Then, tests could be condﬁcted on an interstifial-free Cu-low Sn

alloy to establish the additional effects of increased lattice

friction stress. Auger electron spectroscopy would be useful
to such a study in deterﬁining the level of segregation and its:
distribution on different boundaries.

5) The influence of strain rate and témperature on boundary source
operation should be investigated by testing of a material'such as
the Cu-1Sn at strain rates around two ordérs of magnitude above
and below that used here, then at a temperature_weil below room
temperature (e.g. liquid nitrogen) and one_above 0.3 of the'melting

point (where non-conservative GBD movement can occur). This would

shed light on whether boundary sources are temperature sensitive,

how the source characteristics change'at higher temperatures, and
- how the rate of stress concentration influences these characteristics,

if at all.

These are but a few of many conceivable studies, a fact
occasioned by the relatively new nature of the field. Other studies
- could utilize a combination of direct and indirect techniques, such as
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electron microscopy combined with acoustic emission and/or etch-pitting,
or could include a larger variety_qf materials, such as BCC and HCP
metals,or ceramics. Above all; there is a decided need for reliabie
quantitative data on the phenomenon of grain boundary source operation,
" both above and below the macroyield point. Such data is essential for
future.clafification of the-various deformation theories for polycrys—A
talline matérials (micro-and macroyielding, work hardening, grain

boundary sliding, etc.). =
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