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Atomic Mechanisms of Precipitate Plate Growth in the Al-Ag
System - II. High-Resolution Transmission Electron Microscopy
J.M. Howe, H.I. Aaronson™ and R. Gronsky
Materials and Molecular Research Division
Lawrence Berkeley Laboratory
- Department of Materials Science and Mineral Engineering
University of California, Berkeley, CA 94720
ABSTRACT

High-resolution electroﬁ microscopy was used to study the
ihterfaciail structure of v' precipitates in an Al1-15 w/o Ag alloy
aged atb350°C. The results of these studies show that: (1) all ledges
are multiples of two {111} planes high, supporting the theory and
conventional transmission electron microscopy observations that plate
thickening occurs by passage of Shockley partial dislocations on
alternate {111} planes, (2) most ledges are more than just two planes
high, indicating a strong tendency toward diffusional and/or elastic
interactions, (3) the terraces between ledges are atomically %1at
and ledges are uniformly stepped-down from the centers fo vthe edges
of isolated precipitates as predicted by the general theory of
precipitate morphology, (4) the {111} planes are continuous across

the edges of ledges, ihdicating that they are largely coherent and

- not disordered as treated in most kinetic analyses, and (5) the edges

of precipitate plates appear to be composed.of similar two-plane ledges
arranged vertically above one another and hence, may grow by the same
mechanism of atomic attachment as ‘1edges on the brodg faces.
Examination of Y' p]étes during early stages of growth indicates that

their aspect ratio may deviate from the equilibrium value almost



immediately, probably due to the ledge mechanism of growth. Lastly,
an atomic model of a ¥ precibitate was used to test the high-resolution
images obtained, and illustrate possible atomic growth mechanisms
of the ledges.
1. INTRODUCTION

Part. I of this study presented the results of a conventional
transmission electron microscopy (CTEM) investigation of precipitate
plates in an Al-15 w/o Ag alloy. Shockley partial dislocation ledges
on the faces of precipitates were some;imes found to 1nteract
sufficiently to create multiple-unit ledges, displaying the diffraction
contrast behavior of perfect 1/2 <110> dislocations. In addition,
observations of the morphology of ©precipitate edges revealed
similarities between the growth of ledges on the broad faces and the
edges of precipitates, both of which appear to involve the motion
of kinks.  This paper reports the results of complementary
‘high-resolution electron microscopy (HREM) studies which were performed
on similar y' precipitates in the same samples used for Part I.

2. EXPERIMENTAL PROCEDURES

2.1 Sample Preparation

The material, heat treatment and electropolishing techniques
were described in Part I. In addition, light ion-beam milling of
the thin foils just prior to examination wés found to facilitate
high-resolution imaging by removing a thin surface oxide which
inevitably formed during polishing. In order to minimize heating
during this process,-the foils were jon-milled and cooled in alternating

30 second intervals, using an accelerating voltage of 4 keV, 0.3 mA



maximum total gun current and a 12° tilt.

2.2 High-Resolution Electron Microscopy

Lattice fringe imaging was performed on a Siemens 102 operating
at 100 keV, wusing either‘ the centra] spot or oﬁter rings _df an
undersaturated LaBg filament in order to lnafimize beam coherence.ls2
The desired area was tilted to a <110> orientation and a ‘systematic
row of <111> reflections éxcited. After correction of astigmatism,
an 0.28 K'] objective aperture was positioned symmetrically around
the - forward scattered beam and the illumination was tilted so that
this, and the proper <111> Bragg scattered beam were symmetrically
positioned inside the objective aperture. The magnification was'then

increased to 300 to 500 kX, and the proper focus condition established

| by superposition of bright and dark field images. A through-focus

series was then taken in 220 A increments based upon this position.
For the Siemens 102 at 100 keV, Cg = 1.1 mm, C;c = 1.6 mm and thus,
[o] ! o
AZminimum contrast = -230 A and AZzgcherzer = -640 A.
~Axial Tlattice images were taken on a JEOL 200CX microscope,

equipped with a pointed LaBg filament and operating at 200 keV. The

- procedures above were followed except that the specimen was tilted

into an exact <110>. orientation. In addition, an objective aperture
was sométimes ‘used to filter out higher order spatial frequencies
and thereby, improve image contrast. After correction of astigmatism,
the desired ﬁagnification was selected andr a through-focus series
was taken in 340 K increments, starting near the minimum contrast
condition and continuing through Scherzer focus and the second pass-band

interval. For the JEOL 200CX at 200 keV, Cs = 1.2 mm, Cc = 1.4 mm



and therefore, Azgme = -240 A, Azgeh = -660 A and Azpng = -1290 A.
Amorphous edges were included in the images whenever possible, and
the angle of divergence was ‘recorded on. the electron difffaction
patterns. |

2.3 Optical Diffraction and Simulation

Optical diffraction was performed on high-resolution micrdgraphs
~in order’ to determine the contrast transfer function and spatial
frequencies recorded in  the image:kvand also to search F¢r lattice
parameter vafiations' and ordering within the Ag-rich precipitateé.3

Additionally, image simulations were performed on the optical bench

by constructing a dot or "atom" model of a y' ory hcp precipitate’

in an Al matrix in a [101] orientation. Al and Ag atoms were scaled
according to their atomic -scattering factors, i.e. 5.889 and 8.671,4
vrespettive]y, and positiohed as black .dots on. a white background.
When a negative of this model was reduced to 6.0 mm x 6.6 mm and placed
in the optical bench, it produced a diffkaction pattern andA image
which were suitably sized for photographing on 35 mm. film, using
objective ahd projector lenses with focal lengths of 30 mm andv 50
mm, and f-stops ofv 0.9 and 2.8, respectively. Several experiments
were performed with this model using various apertures and i]]uminatiqn
conditions.
3. RESULTS

3.1 Lattice Fringe Images of Precipitate Faces

Figure 1(a) shows a lattice fringe image of two intercepting
precipitates in the quenched and aged sample. The foil orientation

[e]
is <110> and the horizontal precipitate is edge-on and about 95 A

~



thick. A number of ledges are visible on both faces of the precipitate
and three of these ledges (enc]osed) are enlarged in Figs. 1(b) through
(d). In these figures, ledge heights of two, four and six {111} planes,
i.e. 2.3, 4.6 and 6.9 ; are visible, as indicated. In addition, the

{111} planes appear to be continuous across the edges of the Tledges,

. although the exact locations of the edges is somewhat uncertain. The

fact that the ledges are multiples of two atomic layers in height
supports the proposal that growth occurs by passage of Shockley partial
dislocations across the faces on every other {111} plane. Furthermore,

the multiple heights of these ledges agrees with the results of the

vprevious contrast analyses, where Shockley partial dislocations appeared

to interact, leading to unusual contrast behavior.

It is also evident from these figures that with strong,.two-beam

~tilted illumination conditions, substantial Fresnel diffraction can

occur at the interface between the Ag-rich precipitate and the matrix,

obscuring the interphase boundary. In order to verify that the observed

 ledges were not due to this effect, or some artifact of sample

preparation, the sample wasv tilted roughly 60° to a second <110>
orientation so that the faces of the precipitate could be examined.
Although the number of contrast conditions taken was insufficient
fo determine the Burgers vectors of the dislocation ledges, they were
visible, as indicated in the BF images in Figs. 2(a) through (c),
where the letters correspond to the enlargements in Fig. 1.

Figure 3 shows a second lattice fringe image, taken in the same
sample as above. The three precipitates, labeled A, B and C, are

from four to six {111} planes thick, although Fresnel diffraction



againvmakes it somewhat hard to define the exact interphase boundériééf"&iffii.

at the faces. MNotice the large variation in aspect ratios among the

precipitates, i.e. 9:1, 20:1 and 35:1 for -A, B and C, respectively.
Aaronson et’a].5vhave,rough1y estimated the interfacia]'freenenergies

of coherent, semicoherent and disordered Ala /AngIY interfaces in

“an A1-18 w/o Ag alloy as about 40, 130 and 350 erg/cm?, respectively.

Based on 'these estimates, the’ equilibrium aspect ratios of coherent
and semicoherent precipitates should be about 9:1 and 3:1. However,
it.is apparent  from the three ear1y;stage y! precipitates in Fig.
3 that they can deviate from the predicted aspect ratios very early
in the growth brocess. Since the Tlocal environment around: each of
the three y' precipitates sﬁou]d be sihi]ar, these observations suggest
that the deviation from équi]ibrium is most likely due to constrainfs
imposed by the 1edge mechanism of grdwth, rather than. by inferfacia]
energy effects. Howevér, also ﬁotice that the (111} planes are
continuous across. the ends of the precipitates, indicating that the

ends may also be 1érge1y coherent with the matrix and not disordered

as treated 'in the above analyses. Hence the equilibrium aspect ratio

should be 3:1 or less.

3.2_sLatt1ce Images'of-Precipitates:

Axial lattice images were also takén of several precipitates
in the quenched and aged sample® in a <110> orientation. Figure 4(a)
shows an isolated precipitate about 150 K thick at its center, and
two intersecting precipitates of slightly greater thickness. For

this image, an objective aperture of radius 0.74 A-1 was used to

eliminate higher order spatial frequencies, as shown in the
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corresponding e]ectroh diffraction pattern in Fig. 4(b). The heights
of a number of ledges are indicated in Fig. 4(a), and- several of
these are enlarged in Figs. 5(a) through (d). From the enlargements,
it is readily apparent that ledges are present on both faces of both
precipitafes, and that the ledges.are multiples of two atomic layers

in height, as 1in the previous lattice ffinge images. In addition,

- four and six-plane ledges are most common on the faces and are present

in relatively large numbers. This is in agreement with the previous

cohtrast experiments, where 1/6 <112>and 1/2<110> dislocation contrast
was primarily observed, further indicating that multiple-unit ledges
are quite common, and that a Shbck]ey partial dislocation is the basic

ledge unit.

Also notice that in Figs. 4(a) and 5(d), ledges on opposite faces'

of the single precipitate tend to lie across from one another, as
seen in the previous contrast analyses. In addition, the terracés
between the ledges are atomica]]y flat and ledges on both faces afe
uniformly stepped-down as they approaéhrihe.pfaté édgé from its center,
in the Tower right corner in Fig. 4(a). These characteristics lead
exactly to the overall precipitate shape predicted by the general
theory of precipitate morpho1ogy7 for growth by. ledges, as sketched
in Fig. 6.

Another 1mpotfant feature in these micrographs is that the {111}
planes are continuous across the edges of the ledges. This implies

that if atomic attachment occurs at the edges as thought, then

~ attachment takes place across a largely coherent interface, at least

"in this orientation and direction, and not across a djsbrdered



interphase boundary as previously envisioned. That attachment is
occurring at the edges of the ledges 1is supported by the fact that
the edges  are often indistinct while the faces or .terraces' betWeen
ledges are generally sharply defined. Particularly good examples
of this are given by the four and six {111} plaﬁe ledges in Fig. 5,
where opposite edges of ledges are 1ape11ed (a) and (b). While the
‘edges of the ledges ‘give variable contrast, the terraces appear
atomically flat.

Part of. the variable contrast at the edges may be due to the fact
that the dis]ocat%ons/]edges are not exactly parallel to the <110>
é]ectron beam direction. A linear Shockley partial dis]ocation']ying
along <110> should have sdfficient]y few kinks in a thin foil so that
its true projection is seen.8 However, as a ledge bends away from
a Iow;index <110> orientation, the density of kinks increases rapidly,
i.e. refer to Fig. 2 in Part I, thereby complicating image
interpretation. Since the migration rate of an interface usually
increases with its diffuseness,? it would seem that the indistinct
edges of ledges with a high density of kinks should migrate far more
rapidly than the sharply defined broad faces of the precipitate. In
addition, because vthe image often varies significantly across the
riser of a given multiple ledge, even though the overall strain field
of the riser resembles that of a single dislocation .in a contrast
experiment, each dislocation in the ledge may have its own density
of kinks and hence, sites of atomic attachment.

The edge of the single precipitate and the precipitate intersection

in the top-left corner of Fig. 4(a) are enlarged in Figs. 7(a) and

™



(b). The §trUc£uf§§3;qfijthef precipitate edges in these figures show
that the edges arétfoﬁﬁésed.bf a number of the same two-plane ledges,
stacked vertically or siight1y behind one another.. In addition, note
the distinct serrated shape  associated with the edge in Fig. 7(3);
Several terminating frinées‘ are also discernable in the precipitate
at thié edge, at. the locations indicated. Such 1/3<11i> dis]ocatioﬁ
loops around the precipitate periphery, with Burgers vectors normal
to the faces, may be neceﬁsary tb accommodate lattice parameter changes
asso;iéted with the prisﬁ.b]anes in we]]-déve]oped precipitates. Thus,
while atomic ’attachmenf  should ‘also take place at kinks -on the
precipitate edges, just?as at the edges of ledges on the faces, tﬁere
may be additional misfffldislocations at the edges, which are necessary
to accommodate ]atticé parameter changes a]ong the c-direction of
the precipitate. | \

The precipitate intersection in ‘Fig. 7(b) furfher supports thev
contention that atomic attachment does occur at the edges of ledges,
and that these precipitates do not thicken by a continuous- growth
procéss of sing]e;‘atom jumps across the faces as proposed by some
authors.10,11,13 Fop example, notice that the horizontally-oriented
precipitate in Fig. 7(b) 1is roughly ten {0001} planes thicker on
the right side 6f the vimpinging precipitate than on the Teft side.
Clearly this difference would only occur if the inte}face was thickening
by a ledge mechanism rather than by continuous normal growth. Also
notice that v]edges migrating on the right face of the 1impinging
precipitate appear to have stopped short of the intersected face,

possibly due to "soft impingement" of diffusion fields and to a lesser
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extent, to repu]sfon-of the Shockley pértia]'dis]ocations on the two

faces of the precipitates.]5

Optical microdiffraction was performed on the large precipitate
in a search for changes _in' 1attice spacing. Figures 8(a) and (b)
. show Optiéal diffractograms taken from the matrix only, and with the
precipitate and matrix spots superimposed, respectively. A slight
e]ongatjgn of thev <111> spbts due to thé precipitate is  evident fn

(b}, giving a corresponding decrease 1in lattice parameter of about

2.5% along the c-axis of the precipitate; which is about 0.5% Targer

than decreaseS‘given by Barrett et all6 and Mondolfo.!” In addition,

notice the strong <0001> precipitate reflections halfway between the
forwérd scattered beam and the <1T]> matrix reflections in Fig. 8(b).
These_spots‘areialso present in the e]ecﬁron diffraction pattern and
_have been interpreted in the past as meaning that the precipitates
aré. ordered.lg’Tg However, in this sfudy, "slight tilting away from
an exact <110> orientation diminished the intensity of the reflections,
suggesting that vthéy may be at least partially due to doubie
diffraction from the h;p precipitate. This is possible, as indicated
in the [101]A]//[21f0]_y diffraction pattern 1in Fig. 8(c). These
reflections lead to strong <0001> periodicities, evident throughout
the lattice images!

Figure 9(a) shows a second axial lattice image taken in the same
sample without using an objective aperthre, as indicated by the electron
diffractioq pattern ~in Fig. 9(b). The corresponding optical

diffractogram is shown in Fig. 9(c). Again, several 1edge$ on the

ot

~
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precipitate are indicated; however, in this micrograph, .the
precipitate/matrix interphase boundaries are not as well-defined as
in the previous case.

First, notice thatlat the point of:intersection enlarged fn Fig.b
10(a), several ledges (arrowed) appear to have nucleated near the
edge of the impinging precipitate, and started migrating back toward
its center. Also, note that the four-plane ledge en]arged in Fig.
10(b) 1is migrating on the same plane as the ledges coming from the

intersection. Therefore, these ledges are not uniformly stepped-up

lor<downvwith respect to each other. - A similar situation is seen for

the Tledges on the bottom face in the lattice fringe images in Fig.
1, also involving a precipitate intersection.

3.3 »AtomiC'ModeT of y' Precipitate

An atomic model of a y' or y precipitate was constructed in
a [501] matrix orientation, based on the information obtéinédv from
the previous conventional ~and high-resolution 1images. The model,
shown in Fig. i], assumes that the precipitate is disordéred and that
no relaxations have occurred around the Shockley partial dislocations.
Actually, atom p1anes adjacent to the left Shockely partials on the
top face would not be a; closely spaced as shown. In addition, the
2% contraction in the c-direction and 0.5% expaﬁsion along the c-axis
in the hcp precipitate have been neglected. However, even with these
simplifications, the model iQ relatively accurate.

The first layer of hcp precipitate was formed by introducing

one Shockley partial on a (111) pléne. Subsequent hcp layers on the

"top face were created by  introducing additional Shockely partials
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of the same type on every other (111) plane. The bottom face of the
precipitate was thickened vby adding opposite Shockely partials on
.(TTT) planes. Using this construction, Shockely partials on opposite
faces have oppdsite signs and therefore, might be expected to interact!®
as seen in the previous 1magé$. Such .partials were often aligned
in the model to concur with the images.

3.4 Optical Simulations of Lattice Images

The precipitate model in Fig. 11 was also used for image simulation
experiments on the optjca1- bench. Figure 12 shows the results from
this analysis. ‘The original- negative is shown .1n Fig. 12(a). The.
optical diffréétion pattern from this negative, and the ihage which
resulted when all of the beams were allowed to recombine, is shown
in Fig. 12(b). Thé original image is rgproduced, with a slight loss
in clarity and some distortion near thé outer edges. Also notice
that the <000i> reflections present in electron diffraction patterns
due to double diffraction, are not present in éhéloptical diffraction
patterns. This is due to the two-dimensional nature of the optical
bench experiment. Figures 12(c) through (e) show how the image changes
when successively smaller objeétive apertures are placed in back-focal
plane. Although some detail is lost, the true atom positions, including
the more closely spaced dislocations are reproduced, even when an
aperture which just allows the <200> reflections to pass through is
used, i.e. Fig. 12(d). Since this condition approximates the resolution
1imit of the JEOL 200CX at Scherzer defocus, it indicates the manner

in which the previous lattice images may represent the true structure.:

When the aperture size is reduced to the extent that it prevents phase
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contrast from occurring and a BF image is formed, true atom positions

are lost or blurred and/or somewhat displaced. However, structure

~ factor contrast is greatly increased as shown by Fig.'12(e). Figure

12(f) shows a two-beam lattice fringe image similar to those in this
study. | |

| 4. DISCUSSION N

The - high~-resolution microscopy results verify unambigously that
growth of Y precipitates. occurs by Tlateral migration of Shockley
partial dislocations on alternate {i11} planes, rather than by any
type of continuous normal growth mechanism. Alﬁo, multiple-unit ledges
were often seen, further supporting the deductions made as to“the '
origin of contrast behavior associated with ledges in the .conventional
TEM study 1in bart I. They‘a]sb show that iéo]ated precipitates héye
the shépe predicted by the general theory of precipitate morphology,
i.e. théy are atomically flat between growth iedges, and are uniform]y.
stepped-down from»the centers to the edges. However, much more can
now be said about possible growth mechanisms of individual ledges,
and the configuration of the precipitates and thefr edges.

First, notice the structure of the ledges in;the model in Fig.
11. The (111) planes are continuous across the edges of the ledges,
as observed 1in -the lattice .images. In addition, examination of a
single two-plane ledge shows that a structural rearrangement or
shuffling of atoms is required on only the upper atom plane, since

the Shockley partial dislocation terminates in this layer. Therefore,

the lower atom plane is similar to the matrix in all directions, except

for strains due to the terminating partial dislocation in the layer
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above. Thus, substitutional diffuefoﬁiiefffA§ ;ac?oss' this position
should be similar to volume diffusion offA§ife{ihevmatrix, and almost
independent of 1ledge structure. This 1mp11es that structural factors

such as kink density and disorder at the edges may‘have to be considered
only for the upper atom plane in a sing]e_twoeeTene ledge; formation
of the upper layer may thus 1limit the growth process. In addition,
beEause the lower layer possesses the required Sfructura] arrangement
for the hcp phase before the Shockley partial dislocation has passed,
substantial compositional changes may occur jh this layer prior to
its incorporation into the precipitate. Theee factors need to be
included in kinetic analyses if an accurate understanding and modeling
of the growth process is to be developed on anfetomic level.

Since the precipitate edges in Fig. 11 are also composed of these
same fwo-p]ane ledges, the .(111) planes are continuous across the
edges as well. Hence, the precipitate edges should grow by a mechanism
similar to that of the ledges on the broad faces. However, it shou]d
also be noted that 1/3<111> dislocation loops around plates, whose
presence 1is suggested by the Tlattice image in Fig. 7(a), must be
enlarged non-conservatively, by the addition of vecancies to permit
dislocation climb. Also notice that the radii of the precipitate
edges can be determined very accurately by HREM for use in kinetic
analyses; and are seen to vary significantly from the ideal parabolic
cylinder shape often used in such analyses.20

It is also interesting to compare the shapes of the precipitate
edges with models of different possible ways of transforming cubic

close-packed planes into a hexagonal lattice,2! as sketched in Fig.
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13. As shown in Fig. 13(a), if the fcc to hcp transformation is
accomplished by passage of identically oriented Shockley partia1
dislocations of the same type on 'évery other (111) plane, then an’
overall shape change occurs. This distortion must .be accommodated
within the matrix, resulting in a very high  stra1n energy at the
precipitate edges. However, if the transformation is /accomp]ished
by using equal numbers of all three Shockley partials on (111), as
illustrated in Fig. 13(b), then a large shape change does not occur.
Such an arrangement would be highly favored from a strain energy
viewpoint and consequently, the Shockley partial dislocations might
be stacked vertica]Ty rather than at an angle as in the previous case.
The appearance of all three types of Shockley partials on the same
faces of precipitates and the residual contrast asso;iated with the
precipitate edges 'in Part I ﬁs consistent with the latter scenario.
Such an interface might then resemble the serrated precipitate édge
in Fig.  7(a).

Lastly, Fig. 14 illustrates the different types and configurations
of dislocations that have been observed on the faces and at the edges
of Y ' precipitate plates during the conventional and high-resolution

TEM studies. These dislocations include: (1) single 1/6<112> Shockley

_partia] dislocation 1edgés on the precipitate faces, (2) multiple-unit

- ledges on the pretipitate faces composed of interacting 1/6 <112>

dislocation loops on alternate {111} planes, (3) 1/6<112> dislocation
ledges stacked vertically at the precipitate edges, (4) 1/2<110> and
1/6<112> dislocation loops wrapped around the precipitates and extending

across the faces, and (at least sometimes) (5) 1/3 <111> Frank
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dislocation 1oops in the precipitates at the plate eages. The presence
of these dislocations is consistent with the expected requirements
for growth and the accommodation of misfit for yv' precipitates, and
. was revealed by a cohbination of con?entiona] and high-resolution
TEM imaging techniques.
5. CONCLUSIONS

The interfacial structuré of Y' precipitate plates in an Al-Ag
alloy was studied by conventionai/ and high-reso]ﬁtion TEM in order
to: (1) test the general theory of precipitate morphology proposed .
by Aaronson,/ and (2) further understand the atomic structure and
growth processes of ledges. .The results of this study. are as follows:

1. Both lattice and lattice fringe images show that ledges on
the faces of vy' precipitates are multip]es of two {111} planes 1in
height, supporting the theory 'aﬁd brevious conventional  TEM
observations2,23 that thickenihg of the precipitates occurs by lateral
migration of Shockley partial dislocations on every other {111} plane.

2. There is a strong- tendency for single 1/6 <112>dislocation
ledges to interact, forming multiple-unit ledges. Conventional TEM
results showed a prevalence of 1/2<110> , or six-plane ledges; however,
similar numbers of two, four and six {111} plane ledges were observed
in lattice and ]aftice fringe images. Such combining of ledges may
have been responsible for the range of migration rates observed at
a given reaction temperature on the faces of similar precipitates
in a previous 1nvestigation.23 |

3. 'Both‘the edges of precipitétes and ledges on the edges are
also composed of 1/6<112> partial dislocations, which align vertically

or slightly behind one another along the precipitate periphery. In
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1f;f‘addition, a serrated ,edgel shape was also observed, whose origin may
':'re]afe to a minimuh strain energy configuration due fo the interaction

:of all three types of Shock]éy partiai dislocations on alternate {111}

- Pplanes.

4. The {111} planes are continuous across the edges of ledges
;.-on precipitate 'faces, and predominantly continuous across the
précipitate edges as well. - This indicates fhat both types of interfaces
are similar, largely coherent and- thus, not disordered as treated
in most current kinetic analyses.2% Therefore, 1edges on both the

faces and edges of precipitates should grow by similar mechanisms

" of atomic attachment.

5. lLattice images prove thaf growth occurs by Tlateral migration
of these ledges and not by continuous normal growth as prbposed by
some 1'nvest1'ga’cov's.]0 ’ |

6. The terraces between ledges- are atomically flat band ledges
-;are uniformiy stepped-down from fhe éenters to fhe edges.ofvisolated
precipitétes, leading to the overall shape predicted by the general
theory of precipitate morphoiogy. The ideal precipitate shape is
violated, however, when precipitates intersect, thus causing nucleation
of ledges near the edges of 1nter$ect1ng precipitates and/or on the
faces of the intersected precipitates.

7. Optical microdiffraction of y' precipitates shows a s]ight
decrease (v2.5%) in the sbacing of the basal planes as compared with
octahedral planes in ‘the matrix, agreeing with conventional TEM images
which show vacancy-type strain fie]ds‘associafed with the precipitates.s'

In addition, there is evidence that in thicker precipitateé, 1/3<111>
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Frank dis]ocatibns, may also be 'present at the edges in order to-
accomhodate.;heﬁinterp]anar spacihg changes.

| "8; Ndé]giv of y' presumably have the equilibrium aspect ratio
predictédb by the Wulff theorem; however, there is strong evidence
that the brecipitates deviate significantly from this ratib almost
1mmediate1y upon entry into the growth stage, doubtless due to “the
1édgewise naturé of theif growth.

9. Reflections of the ?000]> type from v' precipitates in <011>
matrix orientations may be partia]]y due to double diffraction and
not totally to 6rdering as reported by some investigators.

10. Optical simulations using an atomic model of a ' pretipitate
in a [301] orientation were used to verify the results obtained from
high resolution 1images. In addition, this model also indicates that
the diffusion of Ag into the upper and lower planes in a two-plane
ledge could be different, since the Shockley partial dislocation
'terminates.in thevupper p]ane; |
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FIGURE CAPTIONS

(a) gattfce fringe fmage sﬁowing‘ ledges on the face of a

v' precipitate oriented end-on, and (b) through (d) en]argementsl
from Fig. 1(a) showing two, four and six {111} plane heights
of ledges.

(a) through (c) BF images of ledges after tilting specimen

to observe face of precipitate; [101j orientation.

Lattice fringe image of three early-stage Y' precipitates

with aspect ratios of 9:1, 20:1 and 35:1 for A, B .and C,
respectively; <110> orientation.

(a) Low magnification lattice image of y' precipitates with
heights of ledges indicated, and (b) corresponding Tmagfng
cohdition used for lattice image; <110> orientation.

(a) through (d) Enlargements from.Fig. 4(a) showing heights
and structure of interfa;ia] Tedges. |

‘Illustration of the 1ledge mechanism of growth and the
precipitate’ shape predicted by the general theory of
precipitate morphology (arrows indicate‘ growth direction;
stacking change also ‘shown).

(a) and (b) Enlargements from Fig. 4(a) showing the structure
of precipitate edges.

V(a) Optical diffractogram from matrix only, (b) from matrix
and precipifate, showing a slight elongation of the [111]

spot, and (c) superimposed diffraction patterns showing
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appearance of <0001> reflections due to double diffraction
from the hcp precipitate.

(a) Secoﬁd‘]ow magnification lattice image of v' pfecipitates
end-on, and (b) and (c) corresponding electron and optical
diffraction pattefns.

(a) Enlafgemeﬁt_from Fig. 9(a) showing ledges (arrows) near
edge of impingihg precipitate, and (b) enlargement showing
four-plane Tledge migrating on same plane’ as 1edge§ comihg
from the precipitate intersection.

Atomic model of 1a Y' precipitate formed by a passage of
Shockley partial dislocations on every other (111) plane;
paper normal is [T01] (see legend).

Optical simulations of Tlattice images using the precipitate
model in Fig. 11. |

I1lustration of . different ways of transforming cubic
close-packed planes into hexagonal close-packed; (a) using
only one Shockley partial, and (b) using equal numbers of
all three Shockley partials.

Summaryr of different dislocation configurations observed

on y precipitates from conventional and high-resolution

TEM studies.



23~

XBB 838-6698A



2=

XBB 830-8824A



~25-

XBB 838-6700



.

XBB 838-6710A

Fig. 4



-27=

XBB 838-6702A



R
-
(2]
(g]

_28-

,Next ledge nucleates here.

>m>®OX

&
4 7
— c
B’  E— D
¢’
rhcp —
—
-

XBL 835-5706

Fig. 6



-29-

XBB 838-6699A



~30-

56 -
eQ o o ® O
o2 ol ollo Ol \0Tn2

® [271’0]),
@) [IO|]A|

¢ () Double Diffraction
from hcp

XBB 839-7850A

Fig. 8



-31-

XBB 832-1591A



=37

XBB 830-10554A



=33

LL 614

G/0TT1-8€8 18X
-y - - . sw- - - \ - - o - - - - o

99 =_=o-_|_oOoooooouoooo
m_ﬂ_u;_aa 9}I0yS - @ ooto ®© @ 00 o oo..o ®

swoje <.-oooooootooo ; © cmooooto

mEcumEo.ooooocotooo o 09

TNH_ © 060 0 o otooo&' .
ootQQQQtoootoowoooo\o
Tnﬂ_ﬁ  e90 © 0 06 oo © 09 0 ofc
ooooo\ooooa.ﬁ.ooooo oo.omooomoooo

-oooo.v.o.ooot .

uouooo&.oo<o
© 0005000000 ofje @ o p o ofe «

Woum

o.
®

00900000
@ ooouoo

e 00 09 ' EN NN X )
) © 00 09 °00°90 000 °000° 0 e - o
e 0 0 0 Qo.o.o..o..oo.o.mQ 00&00.

po o)e o o
oooouooto&ooc
00.0000‘0 ofle o o «

\ ootooocooioouoooo
.ocmooootov wotQQQOQ‘oooooo
ootooooao‘oooooo&o\oooootoooooo.
ootoooototooooooto\cooootooooooo
begoeooseogeo o000 00 ©e o0 oco0goooo0 o0
egooo0 o0y © 000 0o0popooo000p00 00 00 0 (
ototto\ Nooooooto%QQQQOtoooooooo
.10000. toooo‘owotooooo%ooooo'oo

oo.o.v
.ooo..coooo
® 6 00O 0 00O

]
o
J

Q..‘..Q....




-34-

BT g 3

0"‘.‘;&(""4 2as :v" ey
#re v any ~l»:4‘4 . o’Q“'? ¥ oxane e

Fig. 12

838-6708A



(a)

(b)

35 .

|
| |
al —
N =
[ — b=1/6[112]
| |
fee hep ()
L 1‘1_—.
[j T—b=1r6[i21]
1 T—b=1r6[211]
1 F=b=1/8[ii2]
L ]
XBL 841-10016

Fig. 13



172 <I10> and 176 <112)>
across faces and edges

176 <112 at edges

176 <112 > either singularly,or
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