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ABSTRACT

A combination of SEM and electron-probe studies have
been conducted onAthe dissolution of Widmanstatten y(Angl)
plates in A1-15.3wt.% Ag between the temperatures 458°C and
494°C. Individual rather than averaged kinetic events have
been monitored in all cases. The mechanism of dissolution
observed at the plate tip was found to be different from
that operative at the broadface. Precipitates shorten
linearly at vplume diffusion controlled rates according to
the Horyay—Cahn, Zener-Hillert and Jones-Trivedi analyses,
adapted for the case of dissolution. 'The kinetics of thin-
ning were observed to be two orders of magnitude slower than
volume diffusion controlled rates. indicating an interface-
controlled reaction. This interfacial inhibition has further
been'confirmed by the consistent fall of the interface con-
centration va]de below equilibrium solubility values as
determined from the electron probe measurements. The
electron probe measurements give similar diffusion distances
at the tip and broadface and would require short circuit
diffusion from the ti} to the broadface to be in agreement
with the kineticlresu1ts. A mechanism to explain the over-

a11 reaction has been proposed.
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1. INTRODUCTION

Precipitation reactions can occur whenever a single
phase material is heated or cooled to a temperature at which
a second phase becomes stable (Fig. 1). Precipitation of
the new second phase may proceed in a variety of ways as in
the aging, massive or proeutectoid decomposition reactions.
However only a few distinct precipitate shapes occur and
these are listed in Table I}’ZThe main shapes are allotrio-
morphs which form only at grain boundaries and Widmanstatten
precipitates which can form either at grain boundaries or,
more cohmonly, in grain interiors. Other precipitate shapes
such as sawteeth, idiomorphs and massive structures occur
less often.

The kinetics of transformation as well as the inter-
facial structure of the precipitates have been extensively
investigated for specific transformations in several systems.
Most of the kinetic studies have been of precipitate growth.
The corresponding case of precipitate dissolution has been
much less studied. As yet very little is known about the
mechanism of dissolution of Widmanstatten plates which

forms the basis of this work.

1.1 Mechanism of Dissolution

The process of dissolution involves mass transport

from the dissolving second phase to the stable matrix phase.
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Table I. The Dube Mofpho]ogica] Classification Syétem.
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Grain
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Allotriomorphs

Widmanstatten

Intra- Primary Primary
granular and Secondary| and Secondary
Sideplates .| Sawteeth

Idiomorphs

Massive

Morphology
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An
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The dissolution composition profile for an alloy of com-
position Co, after instantaneous heating from TG to TD is
depicted in Fig. 2.

For a transformation involving long-range solute trans-
port,as in the case above,the diffusion field adjacent to
the precipitate can be described by a solution to the field

equation:

where C is the concentration of solute in the matrix and it
is assumed D # D(C). The applicable boundary conditions
need a]so.be specified. The interface boundary condition
is of particular interest in this study.

Consider the case of a constént interphase boundary
composition(cix In this case, chemical equilibrium exists
between the compositions of the two phases in contact with
each other, and the rea;tion is controlled by the volume
Qiffusion of solute through the matrix. Thus the inter-
phase composition is predictable from the corresponding
phase diagram and local equilibrium conditions are said
to exist.

The assumption of local equilibrium is one limiting
form of this boundary condition. The other limiting form
is for a sluggish interface, in which case the concentration
near the boundary CI is almost equal to CM’ the initial

matrix composition Fig.2(c). The solute flux J across the
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precipitate : matrix interface may then be represented by

the equation:
Jd = o (CE - CI)

where C_.is the equilibrium solubility at the dissolution

E
temperature and o« is the reaction rate constant. The rate
of reaction will be less than that predicted by the 1océl
equilibrium model.

In any real transformation the boundary composition
often lies between these extremes Fig. 2(d). In this case,
part of the driving force for the reaction i.e. decrease
in free energy per unit volume,is used up at the interface
and the rest goes to estéb]ish a diffusion gradient in the

matrix. It is however common and justifiable to approximate

reactions by either of the extreme cases.

1.2 The Widmanstatten Structure

The Widmansﬁatten structure is most readily identi-
fied by the observation of elongated précipitatés which
grow independently along specific crystallographic directions
within a grain. It is common for the plates to form on
matrix planes of low index and they are usually associated
with a large grain size of the matrix and a fair degree of
supersaturation.

Much of the interest in Widmanstatten precipitation and
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kinetics is due to the effects of the structure on mechani-
cal properties. It may enhance the strength as in Al-Cu
alloys or it may reduce the ductility as in Widmanstalten
ferrite in steels. There are three basic morphologies,
plates, needles and Tlaths,the origins of which are still
a matter of controversy. There is however a general
acceptance as to the existence of a growth barrier of
some kind accompanying the partitioning of elements from
solid solution. Earlier theories to explain the growth
barrier 1ike the Point Effect of Diffusion and Anisotropy
of Interfacial Energy have been extended by more current

ones. The two principal models are the Shear Mechan1’sm3’4

and the Ledge Theory.s’6

The shear mechanism connotes a non—diffusiona],
deformation-like process, wherein each solvent atom in the
matrix has a predestined site in the precipitate. Displace-
ment of an atom occurs in cooperation with its neighbours.

The theory is defended on the basis of successful applica-

7

tion of the Phenomenological Martensitic theory  which

predicts the observed crystallography and surface relief

effects in several systems. For example, plate formation

8,9 110,11

in a-y Al-Ag, and

Bl—+ 41 Cu-Zn.]z’]B The fact that the theory cannot account

disordered —> ordered AuCu 1

for needle shaped precipitates and ité other inherent short-

comings have been thoroughly discussed by Aaronson et a1.14

The ledge mechanism has received‘much wider attention.



Details of the theory are deferred to a later section, but
essentially it consideré_growth or dissolution td otcur

by the lateral motion of steps with coherent terraces and
incoherent ledges. The barrier to migration is then the
result of a deficiency in the supply of these ledges.

15

Weatherly has obtained convincing evidence of such

ledges in both the A]-MgZSi system and the Al1-Cu system.

16-18 have since observed these ledges.

Several others
However their precise role during interface migration is

not yet very clear.

1.3 Experimental Studies on the Dissolution of

Widmanstatten Precipitates.

1.3.1 Electron Probe Studies.

Very limited work has been done in this

19 obtained the interface composition

area. Eifert et al.
change for 8——>a.in Cu-12.5”WtJ%A1. They found the trans-
formation to be neither diffusion nor interface reaction
cdntrolled, but rather to be a diffusion driven lattice
transformation limited reaction. In a rather definitive

20 observed the dissolution of

experiment,Hall and Haworth
the o phase in A1-5% Cu to be controlled by diffusion in

the a-Al1 matrix. Results of similar studies carried out

on y plates in Al-Ag2! and Si plates in A1-0.57%5i%% gave
interface composition values less than the equilibrium

solubility values. The results in both cases were
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interpreted to indicate interface reaction controliled dis-

solution.

1.3.2 Kinetic Studies

Dissolution kinetic studies carried out so

far have been -on angular-shaped precipitates following the

23 There have been no

pioneering work of Thomas and Whelaﬁ.
corresponding measurements on plate-shaped precipitates.
The case of precipitate growth must therefore be considered
here.

Extensive data on the lengthening kinetics of plates
are now available in a wide range of alloy systems.24’25
From the results available, it appears that the lengthen-
ing kinetics can be satisfactorily understood in terms of
the volume diffusion control, local-equilibrium model.

Thickening kinetics have been measured using a variety
of experimental techniques, for example thermionic emission

26

microscopy (a Fe-C), hot-stage polarised light microscopy

(x Cu-Si),26 hot stage transmission electron microscopy

1
(v A1-Ag)‘7 and room temperature transmission electron

27

microscopy (e” Al-Cu). In all these cases as well as

28,29 thickening kinetics were found to be

several others,
slower than volume-diffusion controlled rates.

The results have been explained on the basis of
shortage of_ledgesvgiving rise to the appareht inhibition.
Recent studies on y plates in the Al-Ag system by Doherty

30-32

and co-workers indicate inhibition to occur only
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during the initial stages of precipitation and growth there-

after proceeds by volume diffusion.

The present investigafion has been undertaken to
elucidate the roles of volume diffusion and interfacial
structure in the dissolution of Widmanstatten plates.

The thinning and shortening kinetics of several in-
dividual bulk precipitates have been measured by scanning
electron microscopy with composition profiles being measured
on an electron probe microanalyzer. The eXperimenta] ap-
pfoach is basically non-statistical unlike conventional
population methods. The resulting data are analyzed on the
basis of current analytical models.

An analysis which accounts for the combined effects
of precipitate thinning, shortening and interfacial structure
is presented. This unified approach will hopefully bring
into better perspective the overall mechanism pertaining

to the dissolution of y(AgZAl) plates.
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2. EXPERIMENTAL PROCEDURE

2.1 Choice of System

Fig. 3 shows the phase diagram for the Ag-Al binary
system. Precipitation of the close-packed hekagona] (A92A1) Y-
phase takes place on slow cooling the supersaturated Al-rich a-
solid solution. The conjugate habit planes {0001}Y ﬂ{]]O}a
which form the broadfaces of the Widmanstatten plates have
jdentical atom patterns. However the corresponding atom spacing
at the edges, <1120>_ // <110>_ differ slightly. '’

The growth kinetics of both the transition y” and equili-
brium phases have been extensively documented, providing a
backlog of ancillary data pertinent to this work.

The system was also considered very suitable because of
the following reasons:

(i) the low vapour pressure of the alloy which ensures
constant surface composition at the experimental temperatures.

(ii) significant variation in concentration around a dis-
solving precipitate, due to a rapid solvus composition change
with temperature.

(iii) The high degree of accuracy that can be achieved in
quantitative analysis of the system using the electron probe
microanalyzer. (This accuracy is due to the small correction

required to convert the measured Ag X-ray intensity to weight

percent Ag present.)

2.2 Preparation of the Master Alloy

A master alloy of nominal composition 15.50"WL% Ag
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was prepared by melting fine silver of 99.95% purity and

99.99% pure aluminum in a graphite crucible. A splitgraphite
mould casting produced a slab of dimensions 68 mm x 44 mm x
99 mm. This was then homogenized for one week at 520°C.

The silver content of the alloy was determined on
- representative samples drilled from different parts of the
slab. Analysis performed by Cantest Ltd. using atomic absorp-
tion, gave an alloy composition of 15.34wt.% Ag. This value
was independently checked by obtaining the exact solvus tempera-
ture. The corresponding composition from the equilibrium
phase diagram deviated by no more than 1% from the Cantest
value. Later scanning of microscopic sections of the alloy
in the electron probe microanalyzer showed no significant
microsegregation.

Sections of the slab one centimetre wide were cold
rolled to a 50% reduction. These were then annealed for 2
hours at 500°C and given a further reduction to 0.1 cm
thickness. Pieces cut from this sheet were annealed at 520°C
for 3 days and water quenched to room temperature to give a

homogeneous o solid solution.

2.3 Specimen Preparation

In order to be able to study dissolution of in-
dividual precipitates, a heat treatment procedure had to
be developed which would produce large precipitates well

separated from each other in order to eliminate diffusion
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field overlap. It became evident after several initial

trial runs that the desired microstructure could not be
produced either by quenching and isothermé] ageing or by
slow cooling. The isothermal treatment technique of
Aaronson et a1.33.proved more suitable. This involved an
initial 3 day ageing treatment at 445°C to give complete
precipitation of the Y phaée. The specimen was then trans-
ferred to a furnace at 466°C for 12 minutes to give dis-
solution of the smaller precipitates and to leave only a few
precipitates remaining. Final ageing at 445°C for 5 days
caused these remaining precipitates to grow giving large
precipitates with a large separation.

Fig. 4 shows a typical microstructure of the equili-
brated alloy, whilst Fig. 5 shows the population distribution
curve. The mean aspect ratio (length/thickness) is shown
to be 96. Precipitates were generally about 50 um minimum
separation.

Specimens were then polished to a 0.5 um diamond
finish and mildly etched in a 5% NaOH solution for 20 seconds.
About 2-3 um of the matrix dissolved leaving the precipitate
untouched. A dark amorphous residue left on the specimen
surface as a result of the etching was removed by ultrasonic
cleaning.

Individual precipitates to be studied were subsequently
selected optically using the following criteria, in order of

priority;
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(i) 1large separation from neighbouring precipitates
and gréin boundaries to avoid impingement of diffusfon
fields. A 60 ﬁm minimum precipitate free zonerwas easily
attainable.

(ii) large sized precipitates (for which sectioning
was considered to be close to the center).

(iii) perpendicularity to specimen surface.
This procedure was necessary to facilitate later inter-
pretation of the results although it was not possible to
satisfy all three requirements in eVéry single case.

Selected precipitates were identified with micro-
hardness identation marks (seé Fig. 4) after which the
etching was carede]y removed on a 0.5 um diamond wheel.
Polishing scratches introduced in the process proved an in-
dispensable complement to grain boundaries and indentation
marks in locating precipitates during the later stages of
dissolution.

Before proﬁeediﬁg to the study of dissolution kinetics
it was important to firét ascertain the effect of surface
diffusion on the bulk precipitates observed on the speci-
men surface. Samples were solution treated at 474°C for 20
minutes to give partially dissolved precipitates. Two
experiments were then conducted

(a) Using the SEM, widths of several indivi-
dual precipitates were measured. Repeated measurements were

made following successive removal of a 2-3 um surface layer
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on a 0.5 ﬁm diamond wheel. Thickness values remained con-
stant for more than half a dozen runs indicating identical
internal and surface dissolution behaviour.

(b) The second experiment was carried out on
the elctron probe microanalyzer. This involved measurement
of diffusion profiles surrounding partially dissolved
precipitates using the same polishing technique described
above. There was once again no difference in the diffusion
fields at the surface and in the interior of the specimen.

Subsequent profiles obtained on nearly completely
dissolved precipitates indicated a diffusion distance of
about 30 um less than the 60 um precipitate free zone cri-
terion. Thus the absence of both surface diffusion and
diffusion field overlap were confirmed.

The entire heat treatment schedules involved in this
work were carried out in air using hoerOntal tube furnaces.
The length of the hot zone for these furnaces was about 4 cm.
Temperature control was within + 1°C for prolonged periods,
checked periodically using a potentiometer. The transfer
time from the furnace to the quenching bath was less than
1.5 seconds. The specimens were solution heat treated at

temperatures: 458°C, 466°C, 474°C, 485°C and 494°C.

2.4 SEM : Single Precipitate Measurements

In order to study the progressive dissolution of

one precipitate it was necessary to examine it at the specimen
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surface. Optical microscopy would have required etching and
so might have caused a change in surface conditions. Electron
microscopy gives images from a flat surface and was there-
fore more useful.

The secondary electron mode of an ETEC Autoscan scan-
ning electron microscope operated at 20KV excitation was
used. The precipitate thickness (ax) and edge to edge
length (ay) were measured for corresponding time increments

until total dissolution.

2.4.1 Shortening Kinetics

Measurements of precipitate length were
made directly on the monitor of the SEM at a fixed magnifi-
cation of 1000X using vernier calipers. A ruled grating
standard was employed to calibrate the microscope. It was
often found necessary for the sake of precision, to obtain
lengths from both secondary and backscattered electron
images. The appropriate compensation in magnification was
made whenever it became necessary to tilt the specimen for

measurements although this was seldom done.

2.4.2 Thinning Kinetics

Precipitates were photographed on a Polaroid
camera attached to the SEM console. Thickness measurements
were obtained directly from the photograph using vernier
calipers. Measurements were made to within 0.01 cm on the

photograph corresponding to 0.0] ﬁm on the specimen. At
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longer dissolution times, precipitate resolution was greatly
impaired through'surface degradation from repeated heat

treatment cycles.

2.5 SEM : Population Study

Six aged specimens were solution treated at 466°C
for various lengths of time (0, 8, 20, 32, 48 and 60 minutes).
Specimens were placed in a 5% NaOH solution to partially
dissolve the matrix following the technique of Doherty et a1.32
The soft reacted matrix was ultrasonically flushed in alcohol
and the residue, composed of fully extracted precipitates, was
dried for metallographic observation. The étchant did not
appear to attack the precipitates at all; their edges appear-
ing straight and the faces very flat. The lengths of
over 250 extracted plates per specimen were measured directly
on the SEM.

Measurements were made only of precipitate length.
No observations were made of thickness. These measure-
menfs could not be made using the present technique since
the precipitates obtained lay flat on the SEM specimen holder.
However they could have been made by deep etching of the matrix
causing the precipitates to stick 6ut. Since this statistical
study was just to confirm the direct kinetic results, such

time consuming measurements seemed unnecessary.

The technique used is a variation to the usual method
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of measuring lengths of the largest precipitates present on
the plane of polish. The statistical sampling is thereby

improved in that true precipitate lengths are always measured.

2.6 Electron Probe Microanalysis Profiles

Matrix concentration profiles around partially
dissolved precipitates were mapped using a JEOLCO JXA-3A
electron probe microanalyzer. Dissolution profiles at 485°C
and 474°C were generated. In order to obtain a minimum spot
size an accelerating potential of 15KV was selected to satisfy

the criterion for optimum accuracy in quantitative analysis:

v
S = 3
Vg
where: V = the accelerating potential
VK = excitation potential for AgLa radiation
(4.0KV).

A step-scan device attached to the microprobe micro-
meter moved the specimen in 1.25 um steps after 20 seconds
counting on a spot.

Measured x-ray intensities were corrected for dead time,
background, absorption, characteristic fluorescence, back-
scattering losses and ionization/penetration losses using

34

Colby's Magic Computer Program to determine Ag percentages.

The precision of the analysis was within O.IZVQt% Ag for the
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range of composition measured.

The largest precipitates were normally se]ectéd for
study and rotated into position depending on the direction
of scan. Dark contamination streaksrmarked scan traces as

shown in Fig. 6.

2.6.1 Tip Profile

The electron beam had to be focussed

exactly on the tip of the precipitate (dimension <lum),
then traversed parallel to the precipitate into the matrix
beyond the limits of any composition gradients. Bringing
the precipitate and -beam into coincidence involved three
separate steps and proved quite difficult due to the small
width of the precipitates:

(i) the beam spot was located on the crosswires of the
eyepiece using a fluorescent sample.

(ii) the precipitate was aligned for parallel motion
relative to the spot by observing the absorbed electron
image.

(iii) accurate spot-specimen coincidence was obtained
by monitoring changes in the specimen beam current as the
beam crossed the precipitate-matrix boundary. This required
supressing the main specimen current and using a very sensi-
tive scale reading on the beam current meter in order to

pick up the small changes in current.



Fig.

6

Optical micrograph of a typical Widmanstatten

plate (arrowed) with contamination marks showing

a broadface and tip scan.

24
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2.6.2 Broadface and IsocOnCentrate'Profiles

Profiles perpendicular to the broadface
were generated much more readily. The precipitates had to
be rotated into position, following steps (i) and (i1)
above, then scanned perpendicular to the broadfaces of the
precipitates.

By combining tip profiles with multiple transverse
traces, contours of isoconcentrates around dissolving

precipitates were mapped.
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3. RESULTS

3.1 Kinetics of Shortening -

3.1.1 Results

Fig. 7 shows the results of a typical
dissolution experiment plotted as half-length vs time.
A linear relation indicating steady state dissolution

“was obtained corresponding to a dissolution rate of 9.33

-7 cm sec'] at 485°C. Table Il summarizes the other

x 10
experiments carried out and the actual plots are given

in Appendix I.

As seen from Fig. 7 and the rest of the compiled
results, precipitates shorten according to a linear law
until essentially complete dissolution has taken place.
This implies there is no change in mechanism during dis-
solution. In particular it indicates an absence of dif-
fusion field impingement from adjacent precipitates at the
Tatter stages of diffusion. This simplifies the analysis
markedly and all the theoretical models to be discussed
will cover precipitate dissolution under semi-infinite

conditions only.
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Table II.  Compilation of Single Precipitate Results

: Shortening

- “Dissolution Velocity, v x 107 em sec”! v

- Mean Velocity Std.
Temp. °C Ppt. Ppt. Ppt. Ppt. Ppt. Ppt. 7 -1 Dev.

1 2 3 4 5 6 x 10" cm sec
458 0.73 1.05 0.58 0.78 0.87 0.89 0.82 0.18
466 2.05 | 1.61 2.41 2.11 1.83 1.88 1.98 0.27
474 4,28 5.42 4.37 4.50 4.08 4.41 4,51 0.52
485 7.8 9.17 8.33 8.17 9.00 9.20 8.62 0.58
494 13.8 18.5 14.5 17.2" 15.3 15.8 15.87 1.94

8¢
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The A92A1 precipitates were of large
initial aspect ratio (length/thickness) averaging 96.
The dissolution of the edge can therefore be considered
independent of dissolution of the broadface.
There are a number of analytical models in the
literature to describe growth of a tip. Most of these
can be modified to account for dissolution. In this thesis,

50

the Horvay-Cahn49 model, the Zener-Hillert model and the

Jones-Trivedi®! theory will be discussed. These all in-
volve steady state diffusion and hence it is pos-
sible to have them modified to the case of dissolution
by essentially redefining the supersaturation para-
meter.

The Horvay-thn model considers the migrating tip
to be a parabolic cylinder of constant size moving with
constant velocity. The solution to the diffusion
equation for a tip dissolving at a diffusion controlled
rate yields isoconcentrate lines as shown in Fig. 8(a).

The dissolution rate is related to the supersaturation

parameter (f) by the equation:

f = !ET/E'ep erfc/p ..l
2
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(C)

Schematic drawing of the steady-state diffusion field near

a Widmanstatten precipitate tip according to

the Horvay-Cahn model S
the Zener-Hillert #odel
the Jones-Trivedi model.
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where the Peclet number p = yo
2D
with v = tip velocity
p = radius of curvature at the tip, and
D = diffusion coefficient.
and
C.-C
F = I "M
Cp-CI

In applying this theory to the present experimental
results, it was necessary to make a determination of the
radius, p. Measurements were made either intermittently
during the kinetic study directly off the SEM screen or
indirectly from photographic enlargements. The values of p
determined on the screen were accurate to better than 3%.
The value of p generally appeared to decrease during a »
dissolution run and indeed seemed to have a value close to the
half thickness of the precipitate. The constancy of the
dissolution rate measured implies that if the Horvay-Cahn
theory is to be applied, a conStant radius of curvature is
required. Accordingly an average of the measured values
was used and this would always be within a factor of 2 of
the actual radius at any time. This would thus lead to a
maximum error in the diffusion coefficient of 2 times. For
most experiments a mean radius of 0.20 ﬁm was used. It is
realized that this procedure is not wholly satisfactory

but is essential if the Horvay-Cahn model is to be used.
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The results of diffusivity values thus obtained are sum-
marized in Table III. \

The Zener-Hillert model is similar to the Horvay-Cahn
model except that account is taken of the capillarity
effect at the tip. This has the effect of increasing.the
dissolution velocity at small radii of curvature. Profiles
generated by their solution are shown in Fig. 8(b). |

The significance of capillarity effects can be readily

determined from the Gibbs-Thompson equation:

Cip = CIp (1 f rK) ... 2
where
S
RT
with
y = interfacial energy
V = partial molar volume of solute atoms in

precipitate

R = gas constant
T = temperature
CIr = composition in the matrix at the curved

precipitate : matrix interface.

CIp = equilibrium interphase composition

In the present work the change in the interface com-
position is calculated to be of the order of 1% and thus

the effect of capillarity is negligible. Hence the model



Table III.

Comparison of Calculated Mean Diffusivities D :

Shortening

Supersaturation | Mean Tip D D D
Temp. °C. £ vel. v Hor&gz;?ahn Zener-Hillert Jones-Trivedi
x 107 em sec™! | x 10° em? sec” | x 10° en? secf] x 10° en® sec”!
458 0.018 0.82 0.71 0.73 0.66
466 0.034 1.98 0.76 0.91 0.54
474 0.083 4,51 0.98 0.78 0.72
485 0.132 8.62 0.88 0.96 0.23
494 1 0.176 15.87 0.58 1.22 0.37

€€
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should give results identical to those of the Horvay-Cahn
theory.

The Zener-Hillert model is essentially valid for low
supersaturation conditions i.e. p<<1, representative of the
conditions of the present alloy e.g. 0.08 at 485°C. The
final form of the solution based on Zener's maximum growth
hypothesis is given as:

£ = BB 03
1+8p
f being the supersaturation, and p the Peclet number,
Equation 1. As shown in Table III, D values calculated by
the Zener-Hillert model are in very good agreement with
those of the Horvay-Cahn model.

The Jones-Trivedi analysis was developed for the
lateral growth of a ledged boundary. It assumes the step
spacing is such that each step may be considéred independent
and that diffusion occurs only in the parent phase. In this
model, atoms leave or enter the phase only at the step
face. The step has to advance and yet retain its shape.

The Laplace equation is assumed and a solution to the moving
boundary equation at the ledge is obtained. When diffusion
is rate controlling,the final form of the equation describ-

ing the step velocity VS is given as:

Vs ="'ZDp
h
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where h is the step height and p is the Peclet number. The
ledge movement analyzed by Jones and Trivedi can be applied
with minor modifications to the dissolution of a tip, since
the tip can be considered made up of two ledges placed

side by side as shown together with resulting profiles in
Fig. 8(c). The tip is therefore considered to be flat with
rapid diffusion along the 1nterfacé and negligible diffusion
across the broadface.

Since the precipitates were in fact observed to have
quite large radii at the tip, this model is a fairly good
representation of the effect at the tip. The value of h
used is 0.2 um corresponding to the tip radius measurement.
This obviously must be an approximation. Substituting VS
values obtained from half-length ys: time plots into
Equation 4 gives values of D shown in Table III.

It can be seen that the agreement with the values for
the Horvay-Cahn and Zener-Hillert theorie$ is excellent.
Thus three different theories, all assuming diffusion con-
trol at the tip give similar values of D. The inherent
differences in the models become noticeable at the higheb
dissolution temperatures. Particular]y'at 494°C signifi-
cantly lower values are obtained for the Zener-Hillert and
Jones-Trivedi models.

The experimental values of D thus determined were
compared to literature values. The work of Heumann and

35

Bohmer>~? was found most suitable for this purpose. They
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determined the diffusivity of Ag in Al by radioactive
tracer techniques and diffusion couple measurements over a
wide temperature range i.e. 400°C - 650°C. Results obtained

36,37 The

were in confirmation of those by earlier workers.
agreement between mean D values obtained in the present
study, Table III, and literature values were always within
a factor of three and in most cases better than a factor
of two.

Fig. 9 shows the experimental diffusivity values
obtained on the basis of the Zener-Hillert model plotted
as log D vrs %: The values of D show some scatter but lie
close to the Heumann and Bohmer 1line.

The present results are thus in accord with literature
values. It thus appears likely that dissolution of the tip

js controlled by volume diffusion of solute in the matrix.

3.2 Shape Changes and Statistical Analysis of

An alternate method for studying precipitate
shortening was by extraction of precipitates by chemical
dissolution of the matrix after various ageing times.

Fig. 10 shows a representative sequence of micrographs
for four solution treatment times. Perfectly hexagonal-
shaped precipitates'are observed at the onset of dissolu-
tion. The sharp corners become progressively rounded due

to enhanced diffusion via the point effect of diffusion.
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Fig.9. Arrhénius plot of DV (Zener-Hillert) versus ]T (K']) for dissolving A92A1 plates. 3
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0 min 20 min

30 min 45 min

Fig. 10. Secondary electron image micrographs used to observe
shape changes and population shortening kinetics of

466°C.
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In the final stages of dissolution, these precipitates appear
as circular discs so thin they could hardly be resolved in
the microscope.

The statistical study of shortening kinetics for the

Ang1 plates was carried out at 466°C. Fig. 11 shows the

"~ results for half-length plotted against time. Each point

in Fig. 11 is the average of more than 250 measurements and
the error‘bars correspond to the standard deviation. Mean
precipitate dimensions were about 40% shorter than corres-
ponding values for the single precipitate measurements. The
difference is easily understood. Whereas the statistical
measurement averages a large spectrum of lengths, precipi-
tates selected for individual study were generally the
largest sized ones.

The results followed a linear relationship as found
from studies of individual precipitates. The dissolution

7 1

velocity was 1.90 x 10" " cm sec ' in very good agreement

7 1

with the mean value of 1.98 x 10°' cm sec obtained from
the single precipitate plots.

The results are analyzed in a similar way to the single
precipitate kinetics. Thus, diffusion coefficient values
were calculated on the basis of all three theories i.e. the
Horvay-Cahn, Zener-Hillert and Jones-Trivedi models. Table
IV compares the present results to the equivalent mean
single precipitate kinetic results and the 1iteraturé

value.
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Table IV. Population Kinetics Results -

Temp: 466°C
. -9 2 -1
v.‘%jjt)r.lrlovx 10 7 cm” sec
Lip vel (X.109 cm? sec”!
cmsec Dy_¢ | Pz-n | Dy-1
Population Kinetics 0.034 1.90 0.73] 0.87 | 0.51
Mean Single Kinetics | 0.034 .| 1.98 0.76| 0.91 | 0.54

Again very good agreement between the diffusivity values
are observed, in confirmation of volume diffusion controlled

dissolution of the tip.

3.3 Thinning Kinetics

A typical sequence of micrographs used to measure

the thinning kinetics at 485°C is shown in Fig. 12. Fig. 13
shows the corresponding measurementg.

It can be seen that the rate decreases with time but
when the results are plotted against square root of time, a
straight line results, Fig. 14. In general, all the results
showed such parabolic behaviour with time (Appendix II). The
method of least squares was used to obtain the rates, which
are summarized in Table V.

The linear plot suggests that the precipitates dissolve

according to the relation:

X = o/t ceob
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Secondary electron image of thinning sequence at 485°C.
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Table V. Compilation of Single Precipitate Results : Thinning
7 -0.5
Measured slopes, o x 10" cm sec Mean Slope
o ; Std.
X 10_0 5 | Dev.
| Temp. °C Ppt. Ppt. 2 Ppt. 3 Ppt. 4 Ppt. 5 cm sec

466 1.71 2.66 2.20 1.86 1.89 2.06 0.38
474 2.13 2.80 3.52 2.40 2.55 2.68 | 0.53
485 6.45 8.03 9.04 7.56 8.29 7.87 | 0.96
494 8.65 8.87 11.30 10.52 9.27 9.72 1.14

Gy
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In order to obtain a value for the rate constant, «, and
hence the diffusivity, D, the Dube-Zener analysis for the
migration of a planar disordered boundary was employed. For
dissolution under matrix diffusion controlled conditions
and with D independent of concentration, o can be obtained

from the equation:

0.5

70-% xet erfe (-1) = /2 ...6(a)
where
, = op0-5 ..6(b)
and
f. = CI-CM

The D values calculated using this analysis are summarized
in Table VI. Also shown are the literature diffusivity
values of Heumann and Bohmer.35

Without exception, the diffusivity values at all tempera-
tures were lower by two orders of magnitude compared to the
literature volume diffusion rates. Such slow kinetics could

only be caused by an interfacial barrier to atomic migration.

3.4 E]ectronQprobe Microanalyzer

3.4.1 Introduction

This section deals with the direct measure-
ment of concentration fields adjacent to disso]ving precipi-

tates. The results are presented in the following order:



Table VI. Comparison of Calculated Diffusivities : Thinning

Mean Mean
Temp. °C | Saturation Growth Rate Diffu%ivity_" D(h‘fc.)
' X 1-07 cn(:t.‘:se.'c'o"5 X 1.011 cm2 sec'] X 109 cm2 sec-]
466 | 0.034 2.06. 2.93 - 0.87
474 0.083 2.68 0.81 1.37
485 0.132 7.87 2.78 1.81
494 0.176 9.72 2.38 2.27

LY
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(i) Broadface profile.
(1i) Tip profile.

(iii) Isoconcentrate contours.

3.4.2 Broadface Profile

Fig. 15 shows some typical concentration
profiles made before and after solution heat treatment. The
blank profile taken prior to any dissolution heat treatment
shows an apparent increase in Ag concentration within a
~region extending up to 4 um from the particle matfix inter-
face and is due to the finite spot size of the microanalyzer.
Thus in the vicinity of a second-phase particle, a small
fraction of the incident e]ectfons are écattéred by the
precipitate itself. A1l measurements within the 4 um range
were ignored in subsequent analyses. |

The boundary position was grabhica]]y ascertained to be
at the midpoint of the step in the plot of Ag-Lo intensity
against distance.

The following assumptions were made in order to simplify
analysis of the profiles:

(i) The diffusion coefficient of aluminum-silver solid
solutions is independent of concentration at the dissolution
temperatures. This is evidenced by the work of Heumann and
Bohmer.35

(ii) There is very little movement of the interface

ré]ative to the diffusion distanceXKinetic measurements give

0.5 um displacement.)
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Fig. 15. Concentration profiles on both sides of two precipitates
dissolved at 485°C for 10 minutes.

6¥



50

(iii) the diffusion fields from neighbouring precipitates
do not overlap; this condition is ensured by the heat-
treatment schedules adopted.

(iv) from a mathematical point of view, the planar
surfaces of the precipitates are assumed to be infinite in
extent and are vertical to the polished surface. Both
criteria were reasonably well satisfied because of the very
large aspect ratios of the A92A1 precipitates.

For these conditions, the concentration profile ahead

of a dissolving plate is given by:

C - C X
(X,t)r M = 1 - erf : : Y
CIM- CM 2/Dt
where: CI js the solute concentration at the precipitate

matrix interface and CM is the matrix concentra-
tion. C(x,t)is the solute content of the matrix
at a distanceix from the boundary and t is the
duration of the solution heat treatment.
Values of CI and D were obtained from Equation 7 wusing the
following graphical analysis originally developed by Hall

et a].:20

(i) For three values of x(x = 7.5 um, 12 gm and 18 um)
the corresponding experimental values of C(x,t) were obtained
from Fig; 16 and were used in conjunction with a range of
(Dt)o'5 values to solve Equation 7. The graph of Cp vs.

(Dt)o’5 (Fig. 16) consists of three curves which cross at
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" Fig. 16. Interface concentration C; versus /Dt at 485°C.
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a point corresponding to approximate values of CI and (Dt)o'5

(ii) A plot of:

(c(x,t) versus erf [zgzéijﬁjg])

was made using the value of (Dt)o'5

obtained from Fig. 16.
This is a linear plot which is consistent with Equation 7.

When extrapolated to

1
o

fFr—X _ 7 =
er [z(Dt)o.sl

a more accurate value of CI is obtained as shown in Fig. 17.

(ii1) Accurate values of D were obtained by plotting

C - C
(é’tz C M against x
I M
on a probability scale. D can be calculated from the slope
of the line in Fig. 18 which is equal to ————Lﬁ—g
2(Dt) "

(iv) Iteration of (ii) and (iii) was used to deter-

mine more accurate values of D and CI in some cases.

Table VII shows the values of CI and D determined using

this procedure for a number of precipitates.

In the case of the 485°C resu1ts,_the CI values shown
in Table VII have a mean value of 21.881ﬁ5%‘Ag with a standard
deviation of 0.10 slightly less than the equilibrium solu-

bility value of 22.3M¢;%Ag. This consistent drop in the
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experimental CI values though not overwhelmingly definitive
does depict a clear trend. The corresponding diffusion co-
efficients are however in good agreement with literature
bulk diffusivities, see Tab]e VII.

Comparison of fhe results for the two sides of a pre-
cipitate show thét CI and D were identica] in most cases
(Table VII), confirming the reproducibility of the profiles.
The few cases where an asymmetry of.profiles ‘was. observed
may be attributed to precipitates inclined to the surface
of polish. Soft impingement from sub-surface precipitates
could also contribute to this asymmetry.

The activation energy for volume diffusion has not
been evaluated from these results, as the good correlation
between individual volume diffusion coefficients and
literature values reasonably demonstrates the consistency
and accurdcy of the measured profiles.

The deviation of CI from equi]ibrium splubdlity values
‘tends to indicate interface control for the reaction. If
indeed the reaction were interfaéé controlled, a varying
silver concentration at the phase interface would occur.‘ No
such variation has been made evident, owing to the single
solution treatment time used. For such an analysis the
Linear Flux model would be most adequate. This assumes that
CI varies linearly with time. However it has been shownZ]’22
that this model gives CI values comparable to the error
function analysis adopted which assumes a constant value of

C. throughout the dissolution process.

I



Table VII. Electron-probe Determination of Interface Concentration QI) and
Volume Diffusion Coefficients (D\',) for the Broadface.
= 22.2wt
Temp: 485°C Time:. 600 sec. CE 22.2wt3 Ag
Side 1 Side 2 Mean Values
‘ 2 ) ¢ ° 2 1
Ppt. # C; % Ag (x 10" %cm?sec™ 1) C; % Ag (x 10 9 cm?sec”!) I (x 10 “cm“sec” ')
1 21.85 0.87 21.77 0.74 21.81 0.81
2 21.81 0.92 21.93 1.06 21.87 0.99
3 21.79 0.75 21.87 0.99 21.83 0.87
4 21.73 0.91 21.75 0.97 . 21.74 0.94
5 22.04 1.01 22.00 0.82 22.02 0.92
6 21.90 0.73 - 21.96 0.77 21.93 0.75
7 21.92 0.67 21.88 0.73 21.90 0.70
Temp: 474°C Time: 12 mins CE = 19,50 wt%
Side 1 Side 2 Mean Values
1 18.71 0.57 18.88 0.62 18.79 0.59
2 18.82 0.76 18.69 0.81 18.75 0.79
3 19.03 0.65 18.84 0.66 18.94 0.66

9¢
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Results of the measured profiles in cqmbination with

equivalent kinetic data were used to inveStjgate the flux
balance across the precipftate interface. Thé area under-
neath the concentration distance profile was first calculated
and corresponded to the solute discharged from the disso]v-
ing broadface.. This area is denoted region A in the sche-
matic diagram of Fig. 19. The resulting displacement (x)

6f the interface was subsequently obtained by a mass-balance
calculation across the boundary. For the profile of Fig. 15,
corresponding to dissolution at 485°C for 10 minutes, an

interface displacement of 1.45 ﬁm was calculated.

Ce -

Cm [

Fig. 19 Schematic diagram for the flux balance calculation.
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By comparison, the actual migration of the interface
measured directly in the kinetic study was 0.27 ﬂm. This
is less than % of the value obtained from the composition
profile. This rather stfiking difference clearly suggests
an excess of solute adjacent to the broadface. The origin

of this extra solute will be discussed shortly.

3.4.3 Tip Profile

Fig. 20 shows a typical concentration pro-
file for dissolution at 485°C. Measurements closer than
3.5 um to the tip Have not been used because of the spot size
of the beam. Profiles were fitted to the Horvay-Cahn analysis.
The relevant equation from solving the steady-state diffusion

equation is given as:

V 0.5
VX
Cix,t) ~ Cwm _ erfe (iﬁ) g
C; - Cy By (vx])0-5
er:fc ?‘D—
where X = radius of curvature at the tip
x = distance from the origin

and v velocity of the moving tip.

A concentration (C(x t)) versus distance (x) plot
éa]culated on the basis of Equation 8 was superimposed on
a measured profile at 485°C, see Fig. 20. The data used

for this purpose were taken from the kinetic study and are:
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Fig. 20. Comparison of experimental and calculated (Horvay-Cahn) profile for a tip (solution treated
at 485°C for 10 minutes).
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v = 9.3 x 1077 cm sec”!
x; = 4.0 X 107° cm
x = 6 X 107% cm

and p = 1.81 x 1072 cm sec”’

It can be seen that the fit is poor. Very notable is the
fact that much 1es§ solute than expected is present at
larger distances-fromthe tip.

A fit to the infinite planar Error Function model was
attempted as was done for the broadface analysis. The
assumptions entailed in this analysis are obviously in-
appropriate in view of the fact that the tip is sigﬁificant]y
displaced and that there is curvature. The fit was sur-
prisingly good however. Bulk diffusivities calculated were
jdentical to literature values. CI values obtained were
slightly lower than equilibrium values and similar to those
obtained at the broadface.

Very little weight can be placed on the results of
this latter analyses for obvious reasons. However the over-
all poor fit to the Horvay-Cahn analysis cannot be easily
explained. One would expect on the basis of the successful
fit to the kinetic data that it would be equally applicable
to the profiles. However the diffusion fields have seemingly
been altered by some form of solute transport away from the

tip.
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3.4.4 Isoconcentrate Contours

Representative isoconcentrate contours at
two temperatures 474°C and 485°C are plotted in Fig. 21.
The contours correspond to the diffusion field surrounding
the half length of a precipitate. The contours all run
at approximately constant distances from the surface of the
precipitate and clearly show the comparable diffusion dis-
tances at the tip and at the broadface discussed above.

Because of the poor agreement of the composition pro-
files with those expected from the kinetic measurement it
was felt necessary to confirm the experimental results by
carrying out an overall solute balance.

First the total amount of solute discharged into the
matrix from the dissolving precipitate was calculated,
taking the relevant data from the kinetic study. This cor-
responds to the single hatched area of Fig. 22. The solute
transported into the matrix was measured from the area under
the concentration-distance curve, summed over the entire
precipitate surfaée. This area is described by the broken
line contours of Fig. 22. The details of the calculation
are presented in Appendix III.

It was found that the total extra solute present in the
matrix was within 6% of the solute lost from the dissolving
precipitate, thus confirming the experimental results.

It thus appears that the measured composition profiles
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are correct and that the lack of agreement wifh the kinetic
results is due to flux of solute not anticipated in the
kinetic theories. In particular, it indicates a transfer
of solute from in front of the tip to.the broadface thus
giving less solute at the tip and more solute adjacent to
the broadface than expected. The details of this suggested

mechanism will be presented in the discussion section.
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4, SUMMARY AND DISCUSSION OF RESULTS

4.1 Introduction

It has been shown that Widmanstatten A92A1
plates shorten at a linear rate which according to the
Horvay-Cahn, Zener-Hillert and Jones-Trivedi theories
is volume diffusion controlled. Agreement between all
three models were found to be remarkably good. Laird
et a].]7 have studied the growth kinetics of y plates
in A]-lSHWt«%Ag using transmission electron microscopy.
They find a linear growth rate which is in good agree-
ment with volume diffusion control. Thus the mechanism
of lengthening and shortening in ¥y A92A1 appear to be
similar.

As discussed in the introduction there are no
measurements of shortening in the literature. There
are however a number of observations of pfecipitate

24 demonstrated that the

edge growth. Simonen et al.
lengthening of Fe3C plates in low carbon steel, aq
plates in Cu-Zn and « plates in Ti - Cr could all be

described by the Jones-Trivedi equation.
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The situation is different in several other cases how-

25,27 - 38,39

ever 07 plates in A1-4% Cu, o plates in 87 Cu-In

grow more rapidly than Trivedi's equations predict, whereas

40 and Ti - Cr41_grow

bainite and ferrite plates in Fe-C
more slowly than expected.

The kinetiés of thinning were found to be much slower
than volume diffusion rates throughout the entire 1life of
the precipitates. This again is in agreement with the
growth results of Laird et a1.17 who find thickening slower
than volume diffusion rates by more than an order of magni-
tude.

This it is again found that the mechanisms of growth
and dissolution in y are similar. The tendency for kinetics
to be less than volume-diffusion controlled rates appears to
be rather general. Slow growth rates have been observed for

28

ferrite p]ates]8 and Cu-Si plates. Observation of volume

30,31 45 very 1imited indeed.

diffusion controlled thickening
Analysis of the composition profiles measured adjacent
to the dissolving y plates indicated ihterface concentra-
tion values slightly lower than equilibrium values. This
deviation from 1oca1 equilibrium has been reported previous]y23
for the broadface in dissolving v AgZAI precipitates. It has
not been measured heretofofe at the precipitate tip. Devia-
tions from local equilibrium have also been reported at the

22

broadface of diséolving Si plates in Al1-Si. The composi-

tion profiles adjacent to the broadface of the precipitate
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give diffusion distances expected theoretically from a
volume diffusion controlled boundary. Much shorter dis-
tances were anticipated on the basis of the kinetic results.
It has therefore been suggested‘that the altered solute field
adjacent to the broadface arise from solute transferred from
the area of the dissolving tip, the tip concentration profile
is found to have less solute than expected from the kinetic measure-
ments.
This transfer of solute can be explained most clearly
by comparing the observed composifion cohtours Fig. 23(a)
with those that would be anticipated on the basis of the kinetic
results. This would suggest a very small diffusion field ad-
jacent to the broadface and a much larger diffusion field ad-
jacent to the tip. This would lead to a dumbbell pattern as
shown in Fig. 23(b). It is perhaps not surprising that such
a pattern is not observed and that the contours are less curved.
It is interesting to note that the measured contours do
not show any point effect of diffusion at the tip. This would
be seen as a shorter diffusion distance at the tip compared
with the broadface Fig. 23(c). This is what would be expected
if dissolution at all points of the precipitate were volume
diffusion controlled which is certainly not the case here.
The mechanfsm for the transport of solute atoms from the
front of the precipitate tip to the centre of the broadface
will now be discussed. The diffusion distances required are
at least 40 ﬁm. The volume diffusion distance can be calculated

approximately using x2 = 2Dt. Taking D at 485°C to be equal to



Fig. 23. Schématic concentration profiles associated with

dissolving Ag2A1 precipitates

(a) experimentally observed profile.
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(b)
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Fig. 23 (b) predicted from kinetic measurements- Dumbbell shaped.

(¢) due to the point effect of diffusion- spheroidal shaped.
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1.81 x 10772 cm? sec”! and t = 10 minutes, gives a diffusion
distance of 15 ﬁm, much less than that required. Thus some
mechanism other than volume diffusion appears to be in-
volved for solute transport.

The precipitate : matrix interface seems to be the most
natural path. Solute from the dissolving tip is rapidly
transferred along the broadface and them moves laterally
out into the matrix. Provided the lateral diffusion is fast
the diffusion distance at all points on the precipitate
j.e. broadface and tip will be the same, as observed experi-
mentally. If any point on the surface were to have a smaller
diffusion field adjacent to it, solute would immediately be
transferred to the point to e]iminate the steep composition

gradient. Details of this short circuit diffusion mechanism

will be discussed short]y.

4.2 Physical Mechanism of Interface Migfation -
5,6

The Ledge Theory

In the present work, kinetic studies indicate that
there is a barrier to diffusional migration on the broadface
and so the ledge mechanism may be re]eyant here. A detailed
description of the ledge mechanism now follows.

According to the ledge mechanism, a barrier to normal
diffusional migration is present when there is a partial
or fully coherent boundary. Partially coherent boundaries
contain misfit dislocations, Fig. 24(a). Fully coherent

boundaries do not and are equivalent to an extension
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(0)

(b)

Fig.24

Schematié répresentation of

(a) semi-coherent interface containing some dislocations and some
strain.

(b) coherent interface maintained by elastic strain.
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of the stacking sequence of one crystal into the first layer
of the other with no more than elastic distortions fn the
vicinity of the interface, Fig. 24(b).

The barrier to migration arises when the crystal and
matrix have different crystal structures. Displacement of
the boundary would then involve a change in the order of
atom stacking across the interphase. This can only be
accomplished by fitting atoms of the migrating phase bound
for substitutional sites into the interstices of the other
phase, Fig. 24(c). This is energetically unfavourable and
therefore the boundary remains immobile.

Migration of such interfaces can be envisaged as taking
place by means of ledges, a familiar phenomenon previously
associated with ‘vapour-solid and liquid-solid phase trans-
formations.

Ledges found on the interphase boundary have semi-
coherent flat faces to enable good atom matching across
the interface but the step faces are usually considered
incoherent. This means that atoms leave or enter the
precipitate phase only atvthe step and no passage of solute
occurs across the broadface. Thus the growth velocity of the
face (G) is determined by the lateral velocity (v),
height (h) and spacing (A) of individual steps according to
the relation

G = av/a

The edge always moves at volume diffusion rates.
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There are a number of models for the detailed structure
of ledges. FEig. 25 shows the possible structure at a fcc-cph
interface. An unstable packing situation arises for a single
and double layered ledges, the three and fiveblayered ledges
being more stable.

On the basis of this mechanism, migration can occur at
coherent and semicoherent interfaces only with the aid of
ledges and if these ledges are not available in a sufficient
density, migration is inhibited. It is worth mentioning
at this point that growth or dissolution ledges described

above differ from structural. Tedges42’43v

which appear at
boundaries across which good matching is not initially obvious
e.g. an fcc : bcc interface.

Much of the discussion on ledges so far has been
theoretical in nature. The experimental evidence for iedge

15

growth is less complete. Weatherly has shown some strong

evidence for the presence of ledges on 67 plates in Al-Cu.

A summary of ledge observations has been given by Aaronson.44
There is relatively 1ittle direct evidence for nucleation
of ledges and whether they in fact have incoherent edges.
!rle.':n:helr‘]‘y,]5 for example, shows that the strain fields
associated with the edge of ledges indicate a partially co-
herent boundary and one that would be immobile. Laird et a1.45
have shown growth kinetics in a number of precipftates which

appear to follow a step-wise growth. They postulate that
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each increment of growth is associated with passage of a
ledge past the.point of measurement. These, however, have
to be .superledges and their relationship with the atomic

sized ledge expected theoretically is unsure.

4.3 Kinetics of DisSo]ution‘of‘y(Ang) -

The Ledge Mechanism

Laird et a1.45

observed parallel arrays.of dis-
locations at the edge of y“plates using transmission elctron
microscopy. Their resuits together with kinetic studies
of others (see Section 4.1) have led to the general belief
that the plate edges are indeed partially coherent. One
would therefore expect ledges to control edge migration.
For a smoothly curved edge there will be a very high ledge
density and so dissolution can occur at volume diffusion
rates (Fig. 26) as observed experimenta11y.

The kinetics at the broadface are slower than volume
diffusion controlled rates and this implies a deficiency in

46 have shown experimentally

“ledge supply. Laird and Aaronson
that the nature of ledges at the broadface of the transition
v” plates appear to be identical during thickening and
thinning. A similar condition appears plausible for the
equilibrium y plates. However, there does not seem to be any
ready justification for the dearth of ledges in thinning
which would be necessary to explain the slow dissolution

15

kinetics. Plate edges have been known to serve as prolific
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Broadface -

Fig.'26. Ledge structure at the edge of a precipitate.
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sources during dissolution since ledge nucleation occurs
readily  at these locations and the ledges then migrate
inwards towards the centre of the plate. It can be seen
that it is hard to apply the ledge mechanism in the present
situation. Certainly there is a barrier to the migration
of the broadface and this «could be explained assuming

that there are three layer high ledges of the type shown

in Fig. 25(b) located about 6003 apart. However it is not
at all obvious why:they do not approach one another more
closely to give a faster dissolution rate since there should
be no shortage of 1édges due to nucleation. It may perhaps
be related to strain field interaction between ledges.

However it is not possible to discuss this in detail.

4.4 Overall Mechanism of Dissolution

It has been established in the present study that
the diffusion fields adjacent to the tip and broadface
interact. The ledge and misfit dislocation networks known
to exist at the interface serve as short circuit diffusion
paths'for solute transport from the edges to the broad-
face. The éolute atoms on reaching a suitable point on the
broadface disperse into the matrix by the normal volume
diffusion process. It has been observed that y plates
have intricate interface dislocation networks44 and these

would be expected to act as short circuit diffusion paths.
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The suggested mechanism fits the observed results very
_ satisfactorily. However there are two potential problem
areas which wiT] now be considered.

Interfacial diffusion is generally considered to be
similar to grain boundary diffusion. However, boundary
diffusion studies indicate that it only becomes a dominant
mechanism of transport at relatively low homologous tempera-

tures (TH). Pasparakis and Brown47

for example, find in
the dissolution of grain boundary aT]otnjomorphs in A1-Cu
alloys that grain boundary diffusion predominate only at
temperatures TH <0.72. In the present work dissolution
occurs at high temperatures corresponding to TH = 0.82
and thus interfacial diffusion might not be expected to
occur here. However so little is known about interfacial
diffusion the analogy with grain boundary diffusion may
not be correct.

A second problem is that the suggested mechanism re-
quires a large fraction of the solute from the tip to dis-
perse by interfacial diffusion. However the shortening
kinetics were analyzed by the Horvay-Cahn, Zener-Hi]]ert‘
and Jones-Trivedi models which all assume only volume
diffusion at the tip. They are therefore not immediately
applicable in the present case. It is perhaps surprising
that the models used give such excellent agreement with

literature va]ués of the diffusion coefficient. The agree-

ment is too good to be just fortuitous. It must be
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- remembered however that ultimately solute from the tip is
dispersed by a volume diffusion process and so qualitatively
the models used may still be applicable.
The present mechanism in which misfit dislocations
girdling the plates serve as "rejector Tines" is analogous
to the "rejector plate" mechanism for grain boundary allotrio-
morphs. In this model, the grain boundary allotriomorphs
dissolve via a three step process.
(i) diffusion of rejected solute along the interphase
boundary of the allotriomorphs to the grain boundary.
(ii) diffusion of solute along the grain boundaries, and
(iii) volume diffusion of solute from the grain boundaries
into the matrix.

27 .. .
have made use of a similar mechanism

Aaronson et al.
to explain observed accelerated Tengthening of ¢~ plates
in A1-Cu. The general concept of interfacial diffusion has
been used in many more systems 1in reference to Widmanstatten
plates, but there is yet to be a direct study of this effect.

23 studyvon 6“(A1-Cu) needs mentioning in

Sankaran et al's
this regard. They observed that plates whose broadfaces

are fully coherent exhibit accelerated interface diffusion
and that those whose broadfaces are partially coherent do

not.
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5. CONCLUSIONS

The results of the present study of the dissolution
behaviour of Widmanstatten Angl precipitates yield the

following conclusions:

1. Widmanstatten A92A1 precipitates shorten at volume

diffusion controlled rates.

2. The thinning kinetics at the broadface indicate an

interface controlled reaction.

3. The precipitate : matrix interface dislocation net-
work serves as a conduit for solute transport from the tip

to the broadface of dissolving precipitates.

4. An elliptical disc diffusion contour of equal length
in front of the tip and across the broadface was obtained

for the dissolving plates.

5. The ledge mechanism may be used to describe the dis-
solution of both the precipitate tip and broadface. The
apparent dearth of ledges at the broadface is however not

readily justifiable.

6. A similar mechanism seems to govern both growth and

dissolution of A92A1 precipitates.



7. The overall mechanism of dissolution can only be
properly understood by complementing kinetic measurements

with electron-probe studies.
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Appendix I

COMPILATION OF KINETIC RESULTS : SHORTENING
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Appendix II

COMPILATION OF KINETIC RESULTS : THINNING
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Appendix III

SOLUTE BALANCE CALCULATION
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Appendix III

Overall Solute Balance Calculation -

Fig. III-1 shows the schematic diagram of a dissolving
precipitate solution treated at 485°C for 10 minutes used

in the present calculation.
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Fig. III-1. Schematic diagram of partially dissolved
precipitate and surrounding solute distri-

bution.

Amount of Solute Dissolved From Kinetic Data

The fractional change in precipitate dimension from the

initial to the final size over the concentration range of
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57 at.% Ag for the precipitate to a matrix concentration of

4.10 at.% Ag is:
[(52 x 0.26) + (8 x 0.47)] (57 - 4.10) = 914 at.% .2

Amount of Solute in Solid Solution:

The amount of solute corresponding to the area under
the concentration-distance profile, see Fig. II1-2, was

obtained by the Trapezoidal Rule at 10.8 um at.%.

7-0

& 543
X (=]
= 4o
O
462
4:29
4.1
: 0 25 5 7-5 10 125
X,pm —

Fig. III-2 Schematic Diagram of solute distribution profile

(485°C for 10 minutes).

Thus the solute from the flat face is equal to:

(10.8 ymat.% x 52.68u) = 571 at.% uz
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Solute present at the corner was obtained by summing

over the five sectors of Fig. III-3 as follows:

S~ :
\7\6‘{ \
2.5\\2 \ \ \
,v\\ \ \\_ Vo
o e 4 |1 . Flatface
o ww o v o o ‘
~ ~ - T

x, pm. —+

Fig. III-3 Solute distribution profiles representing the

corners of Fig. III-1.

z [92.5)2 x (7-5.43)] + [(5.0)% x (5.43-4.96)] +

[(7.5)% x (4.96-4.62)] + [(10)2 x (4.63-4.26)] +

[(12.5)% x (4.29-4.10)] = 80.98 at.% u

For the total of four corners = 323.9 at.% u2. Hence the

total solute in solution equals;

(324 at.% w2 + 571 at.% u®) = 895 at.% u°.
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This is to be compared with the value of 914 at.% u2
obtained from the kinetic.data.' The difference is 2% which

is within the uncertainty of the calculation.



