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ABSTRACT

This thesis treats the discontinuous mode of precipi-
tation in Al-22 and 28 at.% 2Zn. High resolution STEM x-ray
microanalysis has been used to measure the composition pro-
files in individual depleted lamella formed under isothermal
conditions. These data, combined with local valles of cell
velocity and interlamellar spacing, have been used to evaluate
the kinetic and thermedynamic gquantities of main concern. It
is shown that the reaction is grain-boundary-diffusion con-
trolled and depending of individual grain boundary charac-
teristics. The driving force for grain boundary migration
and possible free-energy sinks are discussed. The results are
compared with predictions of existing theories.

The problem of the optimal interlamellar spacing is

addressed, mainly from the experimental poiﬁt of view. Experi-

.
mental data for Al-Zn and Mg-Al alloys are analyzed and re-
[
lated to the discussion.
It is demonstrated that initiation involves diffusion

induced grain boundary displacements, and that during the grdwth
. C o 1 T . .
process a significant amount of elastic energy is stored in the
P

product phases. The dissolution of the'reheated lamellar struc-

ture is volume diffusion-controlled. ' A
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CHAPTER 1

-
-

INTRO?FCTION AND SCOPE

Discontinuous precipitation is a solidfsolid phase
ﬁransformation resulting in the decomposition of a super-
saturated solid solution a, in a structurally identicéijfgaf\\\\“
solute depleted,. phase a' and a new g precipitate, behind an
advancing grain boundarf. "The grain boundéry then acts as
a fast diffusion path, enabling the required composition
changeﬂat temperatures too low for appreciable volume diffusion.
Th?s, for most cases, it Ean be considered that the moving
grain boundary sweeps solute to the growing precipitate. The
al and 8 phases form cooﬁerativer generating a duplex struc-
ture (Figure l1). The precipitate may fbrm as lamellae or
as rods. Due to this morphological charactéristic, the

-

transformation is alsio known as cellular reaction and explains
why its theory has evolved in close contact with the theory
of eutectoid transformation.

From both scientific and practical points of view,
discontinuous precipitation rpactions have been of interest
for a long time. These are among the most intriguing solid

state phase transformations; their full analysis involves

consideration of interacting chemical, capillarity and friction

S e
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~ . .

Fig. 1. Ideal discontinuous preciQitation of B plates from_
supersaturated ap. The o /oy boundary acts as a high
diffusivity path.

terms, all focussed on a moving grain boundary-reaction front.

+

In this regard discontinuous precipitation products differ

"from other lamellar microstrﬁctures {eutectic, eutectoid),

most of which.can be modeled on the basis of a local equili-
brium hypothesis. 1In contrast, the non-equilibrium aspects

of discontinuous precipitation are central to its guantitative
description. From the practical point of view, the trans-

formation is of importance since it often relates to the de-

gradation of coherent precipitation hardening phases, wherein



an otherwise long-lived‘microstrucﬁure is discontinuously
coarsened by the sweéping gréin boundary. BAs-a result the
action is generally deleterious to the physical and mecha-
nical properties of a wide range of alloys of commercial
interest. |

There have been many atteﬁgts to understand the basic
processes involved in this mode of transformation. In ad-
dition, numerous experimental studies on discontinuous precipi-
tation on various élloy systems have yielded an appreciable
body of empirical facts. Nevertheless, despite ocutstanding
thebretical contributions, there still remain ihportant‘un—
answered questions related to this reaction, which are in
part of fundamental importance.

We shall examine previous models for initiations-and
for growth kinetics, along with relevant experimental investi-
gations. The extent to which these theorieé can be tested
has been limited essentially by the availability of high”
spacial resoclution experimental informationf

In this perspective, the present work attempts to
invesfigate the kinetics of discontiﬂuous precipitation by
studying the resulting microstructure and microchemical dis-
tribution in the transformation product. The analysis is
focﬁs;bqf;ainly on the steady state growth process. Further

e ’ .
discussion is centered on the diffusion-induced grain boundary



migration event as occasioﬁa; precursor of the discontinuous
process, and on the nature of the driving force. To gain in-
sight into the reaction product characteristics, their poét-
dissolution microstructures are analyzed.

The alloy system chosen fof ﬁhig/iaqgstigation, Al-Zn,

il

permits an accurate high resolution X-é%y microanalysis in
the Scanning Transmission Electron MicrggagpF (STEM) . It is
therefore an important aim of this work tojéirectly measure
the pérameter of primary concern and the fine scale compo-
.sition distributions for specific regions of individual
colonies (cells) by means of CTEM and STEM techniques, there-

4]
by enabling a better comparison between theory and experi-

ment.



CHAPTER 2

LITERATURE REVIEW

The fuller understanding of a recognized and well stu- )

TR

died phenomenon begins with a comprehensive review of the

relevant literature. 1In this section the proposed mechanisms

for reaction initiation are briefly described. The more ad-

vanced growth models for discontinuocus precipitation are summa-
rized. Both theoretical and experimental contributions are

reviewed in parallel. In addition, some important questions

. related to this mode of transformation are raiséd.

2.1 Occurrence of Reaction .
) = ,
Discontinuous precipitation can now- be considered a

fairly common event. Recent reviews on this subjectl'2

,* in-
dicate that a wide variety of alloys-undergo‘ this kindlof'
transformation; over 80 binaryl and many ternafy2 sysEEms'
are listed. For the first 25 year; following its discoyery3
in 1930 this precipitation mode was considered a curiosity.
After this period, howevef} the annual number of publications
has not ceased its increasel.

There have‘beqﬁ sdme attempts to rationalize the oc-

currence of discontinuous precipitation by determining the

conditions under which it is favoured. An early suggestion4

-
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concerning why the reaction was found in some alloys and not

in others is that a minimum particle/matrix misfit of 1% is

necessary before the reaction will occur. This implies that
the matrix strain energy is a major driwving force. The obser-
vation of the reaction in systems with much lower precipitate/
matrix misfit such as in Al-Li (misfit Al Li-0.02%)> does,
not support this idea. A closely related concept was proposéd
by Béhms; it is based.on the atomic matching, i.e. the dif-
ference in solute/sol%ent atom size and it was applied to
Cufbase binary sysﬁems. The idea was that a ﬁismatch of 12.5%
Or more was necessary to causé discontinucus precipitation (DP}.
The occurrence of DP in f? Cu—Co7 (mismatch é.B%) rules out
this criteria. Recently Meyrick8 postulated that the driving
force for DP has its origin in the chénge of grain boundary
energy with the degree of solute segregétioﬁ. If this change
is high enough, the increase in boundary energy resulting from
grain boundary precipitation might be sufficient to induce the
boundafy to migrate in search of fresh solute. The results
of Hi}lert'semui?urdy's experimentsg, in which grain boundary
migration takes place during de-alloying or alloying in the
absence of precipitation, has-:again indicated that the Meyri§¥
proposition cannot be accepted as argenerai rule. It should
be noted that the Meyrickfand Bohm criteria ‘are also related
since segregatiqn to grain boundaries is expected to increase

with the solute/solvent mismatch. .
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In summary, there is no simple model capable of predic- \\\\\:::’
tiﬁg, unequivocally, the occurrence of DP reacticns. As will:
be seen in the following secticons, there are a variety of fhc-
tors playing a role in the events of D.P. The most important,

perhaps, concern the grain boundary reaction front and the

chemical supersaturation.

’
-

2.2 Initiation Mechanism

The initiation of discontinuous reaction is dependent
on two main faétors: the occurrence of heterogeneous grain
boundary precipitation and tﬁe ability of the grain boqndary
to migrate. Hill’ertl0 has suggested that the reaction can
occur when there is a deviation from local thermodynamic equi-
librium. This is illustrated in fig. 2 by means of free-
energy-composition diagrams for the alloy matrix y and the
grain boundary B (regarded as thin film of boundary "phase"
with its free-energy curvelo). At thé bottom of fig. 2 are
schematics of the composition profile across the grain boun-
dary of thickness §. At the upper side of the boundary, the ¢
ma£erial\entering the boundary is transferred to a higher free—.
energy state as illustrated by the/arrow AGﬁ' while on the
trailing side the same amount of paterial is leaying th? houn-
dary and being transferred to a~lower energy state as indicated
by the arrow AGR' The imbkalance is thus AGp and it works in
favour of pulling the boundary forward in the positive;rdirection.
The deviation from local equilibrium is thus zero for

stationary grain boundaries. The natural question is hence
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how a staticnary grain boundary gets its initial migra;jjivrate
which leads to a small deviation from thermodynamic equilibrium.
There are two relatively extreme approaches concerned with

answering this guestion.

2.2.1 Precipitate induced boundary migration

The first model is due to Tu and Turnbullil. They ob-
served that the first step for cell formation in a Pb-Sn alloy
is the nucleation cf a é particle at the grain boundary. " Fur-
ther growth ofAB may be determined by the habit plane with one
of the two adjoining grains.Tu and Turnbull ;upposed that the
‘orientatiOn relaticonship is that of minimum interfacial energy.
The specific interfacial energy of 8 plate is different in the
two grains. This imbalance.can be eliminated by the migratiocn
of the grain boundary around the B plate in drder to replace
the higher-energy interface by the lower ("pucker mechanism"),.
This kind of boundary motion imbeds the B plate in one grain,
the other being consumed by the first, leaving the precipitate
attached to the grain boundary at its tip. During the course

of boundary motion a second £ plate may be formed lying paral-

-

lel to the first one. 1In thé same manner a third‘plate, a
fourth and so on would appear successively, constituting a
precipitation cell. This mechanism is illustrated Eeqdentially
in fig. 3. "

12,13

Aaronscon et al. extended the treatment of the
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puckering mechanism by studyihg other related forms of pre-
cipitate/boundary interactions. Faceting of the grain boun-
dary érecipitate and the establishment of a local equilibrium
- N

geometry with the grain boundary are postulated to favour the
mechanism.

, A different form of precursor grain boundary preci-
pitation in discontinuous reactlions has been postulated by

-
L%pge and Purdyl4. These authors have studed the initiation

;% cellular precipitation in Fe-2Zn alloys and Observ;d that the
reaction is preceded by the nucleation, growth and coarsening
of a metastable equilibrium grain boundary phase. It was
deduced that a significant amount of volume diffusion must
have oécurred thereby reducing the local'chemical driving
force. Based on approximate stability calculations it was J
thought that the coarsening process itself can lead to grain
boundary displacement of the appropriate magnitude through
the abrupt relcase of portions of the grain boundary into re-
gions of large ana increa;;;g supersaturation. Fig. 4 illus-
trates three stages in an hypothetical ageing sequence. The
authors emphasize that this kind of behaviour is perhaps

&typical for s?stems that will evolve to discontinuous mode

of precipitation.
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Fig. 3. The pucker*mechanism for initiation reaction after
Tu and Turnbullll.' For explanation see text.

-

Fig. 4. Three stages in a possiblesaging sequence. In state 2,

the equal size precipitates of stage 1 have coarsened,
such that the outer precipitates -have grown carrying

the grain boundary forward with them. When the boun-
dary is released from the center (shrinking) precipitate
it will straighten abruptly. After Lange and Purdyld,



12

5.2.2 Precipitation on migrating boundaries

Fournelleandclarkl5 considered the migration of a
grain boundary due to its curvature' and advanced a model for
the devéloPment of a cell nucleus. The authors assumed that
the migrating grain boundary depletes the area behind it of
solute atoms by forming precipitates. Further migration of
the boﬁndary in the same direction is now favoured because of
the compositiorn gradient across the boundary, but is pos-
sible only if it bows between the ﬁrecipitates. wWith further
ageing the precipitaté% lengthen following the bowing reaction
front. 1In this manner a lamellar discontinuous product is
init%ated. This model is illustrated in fig. 5. A clear
distinction bethen this mechanism and that of Tu and Turnbull

is that the precipitate/matrix orientation and habit plane is

.0f little importance.

A literature surve} indicates that, for a given alloy,
it is quite unusual to be able to assign a unigue mechanism
for reaction initiation, Any system undergoing discontinuous
precipitation may show characteristics of more than one
mechanism depending on variables such as temperature. In the
case of the Pb-Sn system it appears clear that the Tu and Turn-
bull mechanism operates. For Cu-Be it has been recently sug-

6

gestedl that a modified version of the pucker mechanism

operates at low ageing temperatures while at higher temperatures

the precipitation may be preceded by boundary migration. Initia-

tion of cellular reaction in Al-Li alloysl7 has been explained
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by coupling the straightening of concave forward grain boundary-
(i.e. the critical component of the Fournelle and Clark model)
with some competitive coarsening of matrix precipitates. An
example of recrystallization-enhanced initiation of DP has
been cbserved in Ni-Cu—Auz; prior to ageing the alloy was
cold rolled 1%. o

it is worthwhiie to emphasize that the theoretical
formulations and observations that account for reaction initia-
tion, do not, in general, consider boundary structure. How-
ever this process must be affected by the structure of in-

dividual boundaries. More about this will be said later:

—\i.B The Growth Process
2.

3.1 The nature of the driving force

While it is clear that there is a chemical.driving
force for the precipitation pfocess, the nature of the‘driving
force for grain bo;ndary migration has been the subject o%
wide conjecture. In\this respect, 'Hillert and LangneborglB
have noted from the literature four possible sources of this

local force: — - hd

a) Stored energy, from plastic deformation, causes grain
boundary migration at sufficiently high temperature. (Chro-
nologically this was the first widely accepted mechanismlg.)

b) ‘fhe new phase formed at the grain boundary has such an
orientation re%ationship with one of the two grain§\Fhat
the surface cné%gies may then favour the growth of this

-

grain in contad£ with the precipitated phasczo.

——
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¢) The concentration gradient in a depleted zone gives rise
to coherency stresses if the lattice parameter varies with
the alloy content. This may provide a driving force for
the migration of the boundary into the stressed grain21

d) A driving force may be supplied thermodynamically if the

grain dary‘migration is sufficiently rapid to‘make

the concentration profile so steep that there is a devia-
rom local equilibrium between the grain boundary
mAterial and the retracting grainlo.

One can see that the. suggested "forces" b) and a)

above preceded the proposition of the Tu-Turnbull and Fournell-
Clark initiation mechanisms, respectively. The force c) was
proposed by Sulonen21 based upon the observation by Bé')hm6
(already mentioned in section 2.1); rather than invoking
solute segregation to the grain bbuhdary as did Meyricka,
Sulonen pointed out that there should be a concentration gra-
dient in a thin layer of the retreating grain in front of the
transformation front. He suggested that theggccoppanying
coherency strain energy should give a driving force for the
growth of the édvancing (depleted) grain which would have a

uniform solute content. &Hillert22 has developed Sulonen's

model in more guantitative terms, assuming that grain,boundarﬁ‘xb
/ v -

diffusion is rate controlling, and emphasizing thatf%ven if

lattice diffusion is not negligible, there may be a discon-

tinuity in composition due to the coherency effect. The latter
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point d)} has been explored in detail by Hillertlo’22

who sug-
tested that the driving force is of a pure chemical nature

and originates from a discontinuity in the alloy content at
the migrating grain bqundry. §irkaldy23 and Shapiro24 earlier
recognized the existence of a chemical driving force but
associéted it with the existence of a ﬁetastable miscibility
gap. They were therefore able to treat the reaction as a
monotectoide transformationzs. However, it 1s not common to
find éuch miscibility gaps in systems undergoing discontinuous
precipitation.

. In recent years, the discussion of the driving force
has been revipalized26 mainly through the studies of Hillert
and Purdy9 in 1978. They found that the same kind of boundary
migration can occur without the interaction of a second con-
densed phase. Specimens of Ee or Fe-Zn alloys were treated
in an atmosphere of a different Zn activity finding that the
grain boundaries would migrate as a result of grain boundary
diffusion of Zn;into or out of the same specimens. They called
the phenomenon chemically induced grain boundary migration,
CIGM. Hoﬁever, based on some experimental findingsz7, Cahn
and Balluffi28 have questioned the validity of this nomen-
clature. Instead they suggested thét the driving force comes
from the piocess of grain boundary diffusion itself and depends

upon a difference in the diffusivities of the components in
’ ~— .
an alloy system. Consequently, they called the phenomena dif-

fusion induced grain boundary migration, DIGM. They deveioped

amechanistic model coupling the climb of secondary grain
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boundary dislocations with the transfer of atoms from one side

of the boundary to the other. During the last 3 years, the

phenomenon has been experimentally documented in other sys-
27,29-33 . .

tems . The guestions of whether the process 1s DIGM

or CIGM resembles a cause/effect paradox. It is possible that

the two approaches are not contradictory but rather complemen-

tary. How then can both be tied together? It has been recent-
A

\
-ly stiggested that the grain boundary experiences a vacancy

P ,
supersaturation which may be responsible for coupling the

chemical driving force with the migration of the boundary. The

vacancy excess may arise from either a grain boundary or a

bulk-Xirkendall effect33. It is obvious, however, that addi-

tional experimental and theoretical work are necessary if the

z

phenomenon is to be well understood.

2.3.2 Models for Growth kinetics

The diffusion-controlled growth rate of discontinuous -
precipitation in binary alloys has been treated by many authors
over the years. In tﬁis section, some of the better-known
models will be presented briefly, and in chronological order.

Secondly, some important thermodynamical aspects will be pointed

out.

. Zener34 proposed the earliest model which assumed a volume

L]

diffusion-controlled reaction. This leads to the following

-
EN

expression £0r growth velocity
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<

1]
1
'

(1) .

A

where X is the initial concentration in the parent matrix
- - I

& and Xq is the equilibrium'conéentration in the depleted
lamellae ao'. Dv is the volume diffusibity and s the inter-

lamellar spacing. Actually, there is scant experimental

support for this theory35.-

Turnbull36

modified Zener's formulation and obtained the first,
very crude, kinetic expression based on interface diffusion-

control, as ‘ : 4V‘

v = ° b .-y _b : C(2)

where & is the boundary width and X the average (metastable)

.concentration in a'. Due to its simplicity, eg. (2) has

been very widely used in experimental work seeking to evaluate

the parameter éD. in discontinuous precipitation (e.g. re-

b
ferences 37,38) or intméving grain boundaries {(e.g. ref. 39).
Cahn40 considered that diffusion cannot be the only deter@i-
ning factor for the precipitation reaction and proposed a
model which, in éddition to grain boundary diffusion-controil,
assumes that the reaction frént moveg with a velocity propor-
tional to the change in the Gibbs free energy. Cahn wrote

the diffusion equation for the moving planar interface in

a lamellar cell structure as:

R 4 /
N T



“a

2
d xb
D & + vi{x -x ) =20 {3)
b dt2 o 'p
with solution:
o™* _ cosh(v3 z/s) (4)
X "Xg cosh(vas2) ¥ _ .
where:
, vst
R a = k D. 5 ’ (5)
c b
kc = xp/xB is the distribution coefficient which relates the

equilibrium boundary composition x_ to the depleted lamellae

B
compositions xp, X3 is the compoéition at the triple junction
aO/B/a', v is the growth velocity and z is the coordinate
perpendicu;ar to both tEg_Qfowth direction and the plane inter-
face a'/8 with origin at the center liﬁe of the o' lamella.

An essential consequence of Cahn's expression, eg. (4), is that
it predicts a concentration profile in the a° lamellae which

is higher in the middle as illustrated in fig. 6. It should be
noted that, since the interlamellar spa;ing,is, genefally,
§ubmicron, detailed experimental informatién on the solute dis-
tribution over the width of the al lémella requires‘high reso-—
lution microanalysis capability. 1In this connection, the

only work reported in the literature is due to Porter and

Edington41 and has proved to be a significant advance in the

understanding of the discontinuous precipitation phenomena .
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Fig. 6 Cahn's solution of the moving boundary diffusion

problem. The numbers on the curves are values of ~
4 the parameter a. a

&

i

» Aaronson and Liu's42 theory also used Zener's theory as iys

bésis, while the relatioﬁ&hip between v,. S and Dp is derived
~ ﬂ

more exactly than in the Turnbull model. Their analysis re-
3
sulted in the useful expression:

-,

. xo-x3 Dbé e
xmB-xo-Sa:SB
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where Xng is the average (metastable) composition of the

B lamella and SB its thickness. .With the use of the lever

rule and upon several approximations the following equation

-

is obtained: LY

(7}

Xg and X, are the equilibrium concentrations in the 8 preci-
pitate and in the o phase respectivély. If the relations -

X >> X and Xg >> X apply the concentration term in eq. (7)

can be eliminated and one obtains: (
//ffl l
D.§
= 4 b
v = 4 >
S

which is to be compared with Turnbull's eq. (2).

L (25)

Shapiro and Kirkaldy proposed a model in which the reaction

is considered as a metastable monotectoid reaction controlled

by interface diffusion and obtained the equation

V.y (K1) D3
v = 48 m (IB M b . (B)

gla.s-py°  s°

" ' Here V., 1s the molar volume of the precipitated structureandp, g

and K are thermodynamic parameters. The value of X is given by

.
-

S-AGc ‘
t K == __ & .. ’ (9)
2yVv .
m

where AGc is the change in the Gibbs free-energy and y the

specific interfacial energy of the a/Bf interfacel. K is there-
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fore a ratio between the actual interlamellar spacing S and

the critical spacing >,

~_” Sy = 2¥V_/4G - (10)

as originally derived by Zener34.

- _r"

. ' L
+ Peterman and Hornbogen43 used as their basis the recrystalli-
zation theory developed by Lﬁke44. They'found that the reaction

front velocity can be expreésed by the eguation

vo_ghe Db
. RT 52

(11)

which contains explicitly the (overall) driving force term, AG.
_ :
45

* Sundquist concerned himself in’obtaining a more realistic

solution to the moving boundary diffusion problem and considered
the non-plagar shape of the reaction front. .He defined an angle

§ between the growth direction and the normal to the local ao/a'

-

curved erface (fig. 7) and obtained the parameter
; :

sz
JK 45 T kD Scosh ' (12)
b av .

which differs from Cahn's a parameter edq.(5) by the factor:
l/coseav (cosGav is the average value of cos0 between the pre-
cfEitate lamellae). Otherwise, Sundquist's and Cahn's solutions

are identical.
. r
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a’ ' ' v

Fig. 7 A qon:planai\avfﬁixfront of the type cbmputéd by
' Sundguisté>s A . ' .

-

Peggzgc and Purdy46 analyzed guantitatively a precipitate

A
! - s . .
o ( ; ~configuration different from the lamellar case so far dis-
i< - “

cussed iIn this section. They extended the soclution of the
grain boundary‘diffusion equation to the formation of pre-
cipitates with radial symmetry, i.e. rods. Hence, the dif-

" fusion equation in cylindrical coordinates isof the form

. Bzxg l.ﬁxb
t Dbé( ; 5t~ 5;—) + V(XO-XP) = 0 (13)
T
with solution
X =X _ Io(or)Kl(ob)+Il(0b)KO(0r) : ﬂ??ﬁ# .
- p— = —
%57 %g 1,(ca)X, (ob)+I, {cb)K_(ca) ~

where IO and Ko are the modified Bessel functions of zero order

- of the first and second kind respectively, and I, and X, are

1 1
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their derivatives, a is the rod radius and b= 5/2; the para-
f,j . _ . \
meter ¢ is given
/ v - ~ . y //
R _ ¢ = Ykv/D ¢ . (15}

The other parameter has alreaﬂy been defined above, when Cahn's
solution,was presented.* In fig. 8 it is shown the concentration
profilegjcalculated by these authors for different o values

and for*the case of b A 10 a which corresponds to their experi-

mental condition in Cu-1.5 Co.

— 1

o,

10

T

Si2 r 51 Y

(]
o
Q2
=

Fig. 8 Calculated concentration profiles for the case of
grain boundary diffusicn to a rod. The numbers on the
curves are values of ¢ (b-a). After Perovic and Purdyqs,
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2.3.3 Thermodynamical treatment of the reaction front

It has been pointed out10 that both Turnbull and, Cahn

treated the growth process without taking into account ti;
forces acting on the grain boundary. Conéequently they do

not provide a detailed indication as to how .the reaction
.occurs. To give a more rigorous treatment to this phenomena
requires taking into acé;:?:\tbe non-planar shape of the
boundary and the effect of capillarity. This leads to a fhermo-
dynamicai tfeatmeht of the local forges wﬁOse balance 1is
presumed to determine the boundary shape. 1In this respect

the work of HiIlertll'is central. In Hillert's formulation

the grain boundary is treated asma separate phase with its own
therE?dynamic properties. A composition step ﬁAx; at the ao/a'
‘interfﬁce,'which arises fromthe fact that boundary transport

is muc aster than volume diffusion, results in a chemical

heh) available tb induce boundary migration. This

force, however, will vary locally along.the interface since,

force (P
c

for nearly planar shapes, Ax will take a minimum value at the
center of the o lamellae, varying continuously to a maximum at
the ao/u' interface immediately adjacent to the B lamellae

(as can be deduced from fig. 6). PFor dilute solutions this

force is - .
’ diff
— AG
Pchem = £ v , (16)
with e
diff xymxd® L,
AG = RT —2—& o (17)
23 !

o ..
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where f represents the fraction of this force available to
move the boundary (since some volume diffusion may moderate the

concentration profile), and is estimated as:
= ’

£ = l-exp(- o22) . (18)
v

b is an interatomic distance, and the other terms have already
been-defined in the text. As a corollary, thé chemical force
induces the boundary to migrate against.its curvature.

In additiOn'to the chemical force, there may exist as

-

well a capillary force which should result in migration of the
boundary towards the center of curvature. Perovic and Purdy46
envisage two kinds of capillarity forces:
a) a general grain growth force ari%ﬁng from the initial

R )

curvature of the boundary ) 3

&
1

b) a "traction force" due to the tendency of the growing
' precipitate to pull the boundary in such a shape that
boundary curvature assists growth.

On combining the chemical force with that of capillarity
HillertlO proposes the following equation for the balance of -
forces acting at every point alon§ the grain boundary, of a
perfectly lamellar structure, moving with constant velocny:

v
- Pchem M (19)

<
|

*
where y is the specific interfacial free-energy, p the local

curvature and M the mobility. In this manner p, at any point
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in the advancing interface, is such that all the forces balance

each other. Hillert has devoted particular attention to the

COnfi;S}ation at the ao/a'/B junction. It was assumed that the

growth front is held back by the action of the surface tension

v

0’8 inthe o'/8 interface which acts perpendicular to the

growth direction. A fraction L is carried by the edge of the

a

lamellde and the remaining fraction (L-L) is carried by the

edge of the 8 lamellae as shown in fig. 9. The value of L is,

in principle, obtained from a geometrical construction based

on the angles of tangency at the particular triple point. This

22

approach has been maintained by Hillert over the years and

has resulted in rather complex equations for the interlamellar

spacing 5, always containing the factor L. Recently, however,

based on some approximations, a new version of his previous

treatment has been offered47 and simplified expressions for S

have been proposed.

chemical force

Equation (18), hence, balances capillarity (y/p) with

Pchem) and fricticn (v/M). The relgtlve pre-

dominance of Pchem or capillarity gives the different interface

shapes. This has been recently discussed by Perovic and Purdy

and is illustrated in fig. lO..

Sundquist45 extended Hi_llert's10 analysis including

several additional forces. In an attempt to understand the

spacing in a lamellar discontinuous product, he proposes that,

at some point, the boundary is required to take a non planar

S
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Fig. 9 Interfacial force balance at junctions in a lamellar
discontinucus precipitation productlo.

W

Fig. 10 Schematic shapes tpe grain boundary can take if
a} the full chemical force acts in a high mobility
boundary, b) the chemical force is partially cffset
by a friction term, c) no net force acts on the

boundary, and d) precipitat& traction aids boundary
motion. From reference 46,

-
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—
shape in order to .maintain the steady state. The region of

s
reversed curvature in the middle of the a' lamella, called a L\’/
recess, is due to the absence of sufficient chemical force and

acts as an ideal site for further nucleation of § and sub-

sequent lamellae multiplication (recess mechanism, fig. 11).

This point will be discussed in more detail in chapter 5.

Fig. 11 Proposed mechanism controlling the average inter-
o lamellar spacing. After Sundquist43,

-
\
v
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A detailled thermodynamical study is due to Hillert22

who gave an individual treatment for each growing phase.

Particular emphasis is placed on how the total free-—energy

available to drive the reaction is divided into many parts, ™

each part serving a ?articular purpose. This is schematically

shown in fig. 1l2. The shortcdmings to Cahn's theory are

Fig.

12

40

F

Free-energy diagram for discontinuous precipitation
showing the various sinks for the total driving free-
energy, as proposed by Rillert22_. The dashed curves
apply for the growing and 8 phases, xp is the
composition of the boundary material and of the growing
a' phase.
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™
. ) —Tﬁg{‘ a/B
pointed out, particularly Cahn's approximati®n xj =x. .
Indeed, Hillert's theory22 predicts X4 A xz/sb only when

cell boundary mobility/is very low and most of the driving
force for the reactiomis consumed in overcoming friction
losses. i

4 -~ From the preceding discussion one can appreciate that
the non-equilibrium aspect of discontinuous precipitation is
essential for its quantitive desc&iption. Due to the incom-
plegeness of solute segregation, only a fraction P (0<P<1)
of the available AGchem_is expended during the steady state
process. The factor P can be calculated with the aid of
equation 4 and integrating the actual Ax along the full width

of the o' lamellae. .Cahn40 first recognized the importance

of this factor and obtained for dilute solutions the eguations

Pla) = 3 tanh(lg) - % sechz(ﬁg) (20)
Ya : : .

which allows accurate evaluation of the residual supersaturation,
(1-P), in o'. While some workers have contented themselves

with obtaining-values of v and/or S, through average measure-

ments, and have assumed that equilibrium is reached37'38'49'50,

‘others have made an estimate of the average supersaturation in
,25,51-56 L .
o . These estimates have generally been obtained by

x-ray diffraction measurements of lattice parameters in bulk

specimens and hence some average solute concentration. Conse-

R
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quenti& such details as concentrationhprofiles have not been
provided by this hethod; the information obtained is in fact
more subjécé to error due to volume diffusion behind the reac-
tion front.

In view of the definition of the parameter a, equation

(5), P is determined by the set S, v and Dbd. Indeed the

diffusion equatién provides only a relationship between S, v
and the degree of segregation. Therefore, for a given spacing,
there is a iange of velocities within the limits imposed by;_
the thermodyﬁamiés. What, then, determines the spacing? No
.detailed investigatioh has been devoted to answering this
guestion. Cahn40 has postulated that the reaction takes place
with t?at S which maximizes the rate of decrease of ffée~energy.
Puls and Kirkaldy57_pr0posed that the system chooses S which
maximizes the eqtropy production. |
Summarizing this section, we differentiate two major
categories of‘theonf pohcerned with the gescription of dis-
continuous reactions: é detailed type of aﬁq%ysis aé developed

10,22,47 (and Sundquist45) and, on the other hand, a

global approach’'due to Cahn40 and to Puls and Kirkaldy57; The

-

by Hillert

study of the precipitation process has benefitted from the

availability of exact solufionégfor the formation of either

40,45 or rods46.- From the experimental point of view,

plates
however, close comparisoﬂ\with the theory has been initiated
only recent1y4l, with the advent of high resolution micro-

s

analytical instruments.
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2.% ReéﬁtiOn Morpheology

2.4.1 Reaction classification

.
4

Iin a re&iew paper, Hornbogen58 proposed a classification in

. which discontinuous precipitation is_inéludéﬁ as one of six
different discontinuous transférmations because they make use
of grain boundaries as reaction fronts. 'Furthermore, grain
.boundary D.P.Freactions POSSess singulafities that deserve
_their own clasgification. .Although.ﬁhere are numeroUs'Ehé£;:;

' teristids which differentiate some systems from others, there
has been no rigorous classification in the published literature.
The presence of general precipitation in the matrix is an im-

portant factor and on this basis Thompson59 proposes the fol-

lowing classification:

Type l: a_ +a' + B ' ' °

VO .
This is the type discussed so far.r,;o general preczpltatlon
takes place. It lS difficult to find a system undergomng this

type of reaction. However, it has been su%bested that an

example may be Mg--Al41 y /,//
i ST oL _
- . ' / ] . >
Type 2: ao + B+ a'™+ B

‘wherein there is a competitive general precipitation ahead of

the‘éiscontinuous'growth front. B is a prior matrix coherent
“

precipitate which' transforms to coarser lamellae or rods._

Examples of this type happen in Al—Lil7 and Cu- Co46
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\kf Type 3: o  + § »a’ + B
in which a coherent metastable & phase transforms into a more
, fhermodynamically stable g. Cu-Be and Al-Zn alloys fal; into
this category. In general, precipitation ahead of the ois—

continuous growth front will reduce the free-energy available

for DP by an amount which is difficult to estimate. -

2.4:2\\Micromorphologx

As mectioned in the previous-section, all the theories of
discontinuous precipitation are based upon ideal characteris-
tics: a perfect lamellar-morph&logy with a near—planar reaction
froot and constant interlamellar spacing.‘However, a survey |
of the published micrograohé shows that it is for morc usual
to find the reaction front being anything but planar and the
interlamellar spacing showing significant variations, .even | -
within individual cells. This latter aspect has received com- (

parétively.little attention. The work of Gust and co—workersGG,
however, shows that a ronge of spacings exists with?n a given
opecimen and .that their distribution is aoequately described

" by a Gaussian. Variations in interface shapes were observed

in discontinuous rod formation in Al Zr by Nes and Bllldal61

who then applied Hillert's model to conclude that this effect

is due to a force of the precipitate pulling the boundary and

so reducing the interfacial energy. It is worthwhile to recog-

nize here that the thormodynamical'analysis for discontinuous

. e



35

precipitates'in rod morphology is more difficult than the
lamellar case. This is because of the extfa capillary term
associated with the cylindrical curvature of the precipitate
which, in turp, influences ﬁhe equilibrium composition of a
in contact with 8, as expressed by the Gibbs—Thoﬁpson effect.

is dependent on the rod thickness.

That }s to say AGchem

‘Other morphological variations have been reported.
Perovic? showed that ' the discontinuously transformed product
presents rod particles as well as columns of spherical preci-
pitates. These latter spheres are thougﬁt to form és a co
sequenceiof Rayleigh instability. Aihsley,et a162 have foun
that in Fe-Mn-V alloys discontinuous fibres precipitate associla-
ted with high coincidence site density planar boundaries; in
‘céntrast, particle p;gcipitation and non plhﬁaf growﬁh are

associated with boundaries of poor fit.

2.4.3 Macromorphology

F:om'a more macroscopical point of view, the.migration
of the grain boundary associated with the reaction develops a
single and/or double seam mbrpﬁologyf i.e., as the growth pro-
cess takes place only in one direction or in more £haﬁ one ‘
direction,‘respectiVely. This aspect has beén studied by -
Bauman et al16 who. proposed that the lower ageing temperature
' generally leads to a double seam morphology while the high
temperature leads to a-single seam fashion. The double seam
is, according to these authors, originated by the pucker

mechanismll and formed via an "S"-mechanism proposed ihdepen—
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//dently by Frebel and Shenk63 for discontinuous precipitation

N

and by Fournelle64 forthe case of discontinuocus coarsehing
(figure 13). The distinctié; between‘higher or lower tem-
perature is related to half of the absoluté melting point of
»the ailoy, Tm/2. Consequently, the formation of a single seam
is thought to be initiated by the'ﬁhermal migration of the
boundary, preceding grain boundary precipitation, and the
authors seek support in these observations for high.temperatu;e
initiation as proposed by Fournelle andclarkls.

It is perhaps pertinent to mention as a morphological

- feature, the ways in which lamellae (or rod) multiplication

might be accomﬁlishéd. These fall into two categories: lamel-
lar branching and repeated nucleation of new lamellae at the
advancing interface, as represented schematically in figure

14. Several workers have reported observations of branching

15,37,66 . rods®. 1In contr st, observation of re-~

lamellae
peated nucleation during iscthermal growth (as proposed by
Sundquist) has not been reported, although it has been sugges-

téd67 tHat it may operate in the Cu-Ti system, where the pre-

S

cipitate hagit plane is rigidly defined so -branching is ener-
N .

getically unfaéburable. Nonetheless, it must be considered

that in any two-dimensional microscopic technique, it is very

difficult to distinguish repeated nucleation (during isother-

mal ageing) from secticning effects.

b
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Fig. 13 a) Schematic diagram of S-mechanism, after Fournell
b) Development of double seams via s—mechanlsm,

after Frebel. and Shenk63
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g

Fiqure 14 ™ possible mechanisms for lamellae multiplication
during discontinuous precipitation: .
a) branching, b) repeated nucleation on cell
boundary, c} nucleation in recess of cell boun-
dary. After Butler®5,

In summary, at present there are reasonable mechanisms
to account for the macroscopic morphological variations with
some limited evidence for the factbrs which influence them.
Contrarily, the observed microscopic morphological variations
both within .individual cells and at the matrix/cell interface
are far from fully clarified. Current evidence point to the
fact that the characteristics of individual colonies ar depen-
dent on two key factors; the driving force available in a

particular system and the characteristics of the grain boun-

daries where the reaction is taking place.



2.5 Effect of Grain Boundary Structure on Kinetics

Since discontinuous precipitation occurs with high
angle grain boundaries, a brief actount for these boundaries
is*appropriate here. Judging from recent reviews on the to-

.c68

pPi , a comprehensive description of thrain boundary is a

particular and difficult task. For the present purpose, a
grain poundary can be conceived as a thin slabsg, having a
general structure which\can be understood through geometrical
modelling70 and which accounts for properties such as energy,
impurity éegregation level and diffusivity7l.' Grain boun-

dary diféusion ;; its own exhibits anisotropy as recently#
reviewed by Peterson72. Indirect evidence for this effect, in Zn
diffusion along well characterized grain boundaries in Ai, has
been presented by Herbeuval et al73 whose results are shown

in figure 15.

The recent contributions of Balluffg4’75 have parti-
cular relevance to ;he discussion of the conjugate grain boun-
dary étructure—diffusion-@igration. A central role in Balluffi's
model74 is Assigned to the climb of secondary grain boundary
dislocations as the soufrces/sinks for tﬁe point defects neces-
sary for atOmié transport. lThe model has been extended for
application to the mechanisms operating duripg DIGMzB. Although el

76 has reviewed

DIGM is a recently recognized phenomena, Purdy
its characteristics and examined the areas of uncertainty.

For instance, considering that diffusion is a structure-sensitive

&
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Flg 15 Penetration depth of 2n along [110] tilt boundaries
in Al at 250°C as function of miscrientation angle.
After Herbeuval et al.73,

process, then it is obviocus ﬁhat the rates of grain_bounda;y
diffusion will depend upon the parametérs that determine the
structurél With this premise Hillert and Purdy9 postulated
. : ,
that a grain boundary thch, as a result of DIGM, is found to
depart from its (local) équilibrium configuratioh may thefe—
fore be'characte;izedrby a set of structural parameters n6£
[¢]

typical of the majority of grain‘boundarisi/in the annealed

polycrystal763 That is to say: the structure of migrating

/ N
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grain boundaries 1is no£ the same as that of staﬁionary ones.

A further major question concerning DIGM relates to
enhanced grain boundary diffusivity. The first study due to
Hillert and Purdy9 in Fe;Zn measured d;ffusivities in DIGM
2 and 4 orders of magnitude higher than in discontinuous pre-
cipi£ation54 and in stationary grain boundaries in the same
system, respectively. About the same level of énhapcement.
of Dbd in moving boundaries has been reported by)Smidodéh

Gotschalk and Gleiter39 30.

and by Hillert and Li The original
conclusiOn9 was that grain boundary diffusivity is greatly

enhanced by its motion. However, recent experimental work

- » -
of Gust et al79 suggests the inverse. These workers measured

diffusion penetration of indium in static grain boundaries in
nickel bicrystals and found very large values of'DbG {com-
parable with those obtained by Hillert and Purdy and by
Smiaoda et al) suggesting that DIGM may occur at high energy
and therefore high diffusivity grain boundaries.

On the other hand, pfecipitation on grain boupdaries
has been proved to be influenced by the inc.’!.ination-,8 and

79'80, the orientation of the

misorientation of the boundary
grain boundary plane with respect to the habit plane of ‘the
precipitate and the existence of grain boundary steps or

ledges81

. All these factors acCougt for the observed very
widely different distributions of precipitates from one grain
boundary to another in the same sample. In this regard, the

detailed, high resolution electron microscopy investigation
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82-84
‘undertaken by Gronski and co-workers is of interest.

Studies of the relationship grain boundary structure vs. grain
bounda;y precipitation in Al-Zn and Al-Zn-Mg alloys82 have
indicated that intrinsic grain boundary defects have signi-
ficant effects on the precipitation sequence and that a hier-
afchy cf structural influences exists. In an attempt to de-
termine the exact correlation ¢f grain boundary structure and
nucleation in these alloys, a high resolution microanalysis

rd

was performed.in order to study the behaviour of Zn solute in
al bicrystalsa3. Specimens subjected to short annealing times
at 500°C are found to exhibit a periodic distribution of Zn
along the g.b. plane prior to the appearance of any evidence
for precipitation itself. -The authors noted that the segrega-
tion periodicity bears no relationship with the transition
lattice models of bopndary structﬁre but its behaviour as a
function of misorientation angle does agree with the expected
intervals of atomic relaxation in the O~-lattice, Figure l6.
(the same diffusion system at lower temperatures and exten-
sive annealing times undergoes b;GM33). Smith,noted earlier85
that discontinuous precipitation did not occur on twin boun-
"daries because coincident site pqsitions prevent precipitate
nucleation. Hornboqen58 later proposed that discontinuous

growth and not precipitate nucleation is retarded because of

low mobility at twin interface.
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Figure 16 ~ Plot of the Zn/Al count rate as a function of

distance along the grain boundary plane for 3
bicrystals, classified by their axis/angle
pair. After Briceno-Valero .and Gronski83.

The heterogeneity of discontinuous precipitation rates
is a common feature in.many alloy systems. Melton and Eding-
ton86 attributed the observed variations in growth rate in an
Al-Zn alloy to the température dependence of the boundary

mobility (rather than to the miscrientation). Portex and

Edington41 also found the kinetlcs of)discontinuous precipita-

tion in Mg-Al strongly dependent on grain boundary characteris-

o

.



- 44

tics., They performed high resolution microanalyéis,\psihg
electron energy loss spectroscopy, on individual segments of

cells and found different composition profiles. How these

H

_Efofiles are related to the characteristic of the particular

63

reaction front was not explained. Frebel and Shenk reported

that in Fe-Au there was a tendency for the reaction to be
inhibited at boﬁndaries with high density of coincident sites
(low I) and concluded that the grain boundary influences both
kinetics and morphology. Ip an Fe-Mn-V alloy Ainsley et al62
also concluded that precipitate morphology depends on the
structure, indexed by I, and curvature of the boundary, al-
though their expé?imental data indicagés that a£ low I boun-

daries, the growth rate was fastest.

The effects of structure-sensitive grain boundary
. , .

properties on discontinucus precipitation are obviously not
v [] -~

simple. If boundary diffusion is not a limiting factor, then
the growth rate may be determined by boundary mobility. Con-

versely, if boundary diffusion is a limiting factor, then

low CSL boundaries, although able to move more easily87’88,

'hay not supply enough solute to generate the necessary chemical
driving force.

d In an attempt to obtain a better understanding of the

w

influence of grain boundary structure on D.P., Gust and co- ~
“

workersag-gl have started a systematic investigation of this

reaction in synthetic Cu-In bicrystals of known and predeter-

mined misoriiﬁpationgo’gl

of ag-Cu. T

and "in naturally grown tricrystals

Sii results show that the morphology, the growth
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velocity, the interlamellar spacing and the activation energy,
depends on both the misorientation of the two neighbouring

crystals and on phe inclination ©f the grain boundary plane.

More recently Wirth and Gleitqrgz, attempted to investigate
the effect of the atomic structure at the.reaction front on
discontinuous precipitation resultiné from sintering experi-
ments in Cu-Ag. Théir conclusions are similar to those of \\\\)
Ainsley et al with respect to the rglgtionship between I and .
the deg:ée Sfuprecipitation but they propose thég’;5struc ral
transformation in a static boundary is a prerequisite.in-prder' /// ﬁ;//
for it to 5ecome a discontinuous reaction front. This idea ‘ |

was extended in a second paper93 in which is reported the ,/

effect of pressure on discontinuous precipitation in the sam%/

system. The reaction rate was found to decrease at high /

pressures (about 109 Pa) by about two orders of magnitude,

depending on the temperatire. However, no significant effect . 7
on crystallography and on morphology, particularly on lamellar
spaﬁing, was reported. The authors assume that the transport S
of an atom along or across the reaction front interface réquires/{ ¥
ailocal free volume fluctﬁgtion. With increasing preésure this
f¥uctuation occurs less frequenti;. Thus, the idea £ a prés=--
sure-impeded structural transformation oflthe boundary seems \vff/f

consistent with the reported "constant lamellar spacing at

high and low pressures.
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2.6 Dissolution of the Discontinuous Product

- . . -

This subject has received less attention than thé_iso—‘

o : thermal growth process. It is expected that volume diffusion

will co#trol the dig‘olution process at high temperature

74, but in some“cases the alloy solvus temperature,

g+ may be low enough for the short circuit effect of boun-

. rd
dary diffusion to predominate in dissolution at temperatures

aroundfig, Only a few experimental studies have been reported

in t?é'literature.. These are, nonetheless, summarized, again,

N

in chrgnological order.

LiA 95 .

* Sulonen provided the first evidence for discontinuous dis-
solutjon in Cu-Cd alloys in a range of temperatures above
and below, but cleose to, Ts. He studied the dissolution

i~ - ‘
kinetics, applying the Johnson-Mehl-Avrami equation and\?y

: means of quantiti%tive metallogtaphy. It was also shoyn‘that
w |

BT = Ts-+20 K the process is volume diffusion controlled.
i s ’

. Larikov and Yufqhenkog6 submitted to prolonged annealing at
T >-TS discont%nuous microstructures in Ni-Be and in Pb-?d -
single crystals. The information deduced from this paper is
that the precip}tite dissolution is volume diffusion-controlled

o ~
and involves some peripd of recrystallizati@n.

@ * Bogaceva et a1’ repo a similar kind of exper}mgnts in Cu-Ti,
and in Fe-Ni-Ti, and also similar obsefvations'. ~ With the
second alloy, however, discontinuous dissolution occurs at

o~

L/
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« Tu and Turnbullgs"99

-y
i,

. ‘lamellar/precipitates in a Pb-Sn alloy. This investigatio

R -

have investigate® the dissolution of

o

47

970°C but iZ-rapidly overcome by continuous mode of disso-

was quite detailed, and has beeg/correIgted with their pre-

vious studies on discontinuous precipitation in this system.

hY

It was shown, by oﬁtical microscopy, that.ipe cell boundary,

acting as a fast diffusdAop’ path, recedes,

the precipitates. A critical temperature, Tcr; defined -

}
as the temperature at which tﬁé receding boundary ceased
x %

moving, was found to exist slightly below Tyr figure 17.
R y -

/ . :
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‘Pigure 17 - Schematic curves of cellular reaction rate vs.
temperature, after Tud9.
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sideration of this fact was central in their analysis of

the balance of forces on both sides of the cell boundary
at the critical Eemperatureiwlt\should be stressed that,

in the Pb-Sn alloys undef conSideration, at T = Tc < T, there

exists thermodynamlc condltlons appropriate for dlscontlnuous

98

precipitation. Tu and Turnbull obtained the following

‘equation which'in principle-permits the estimatjon of the

upper bound for the interlamellaf surface energy Yaé:

"

[ SRT x (l-x )

e ' '
YGB < ZVm {x Q.n/-—(;-i- (l—x } &n —m} - (21)

.

Equation (21) is the result of equating the chemical free
energy, assuming ideal ;solution behaviour, with that spent

in creatiné the interfacés inyolved at T cre Y o8 is there-

1]

fore extremely sen51t1ve to the accuracy in determing T cr”
100

Gupta , taking advaritage of the mlgrathn of the boundary

1nvolved in discontinuous ﬁracipitation, promoted a grain
refinement in cd-In alloys through thermal cycling: precipi-
tation in the a+$ regioa followed by dissolution in the «
region. The dissolution process was evidently volume dif-
fusion controlled. Referring go-the Tu and Turnbull's
publicaticn, cited abovegs, he expected but did not show,
discontinuous dissolution to take place in this alloy .at

-

T < TS.
101

-Frebel and Shenk have found polygonization and recrystal-

lization accompanying precipitation "and dissolution in Au-Fe.

. './f"’“

v
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Discontinuous precipitation in\;giiﬁsystem is controlled
: ’ - . :

by volume diffusionBs. .The authoré proposed that lattice
defects produced by the growing o Fe plates are the reason

for the ohseived recrystallization phenomena.

102,103

Gust and coworkers have also explored in the dissolu-

tion of discontinuous precipitates. Cu-Cd alloys were studied

as well a% Cu-Sb single crystals. In the latter103, although

their micrographs do not show a receding reaction front, they
treated the problem as discontinuous dissolution, and com-

pared their extracted results with diffusivities for migrating

9,30,39

grain boundaries publiéhed by other authors In

both cases the dissolution temperature was close to TS.
Pawlowski and Truskowski104 treated an as cast Al-Zn alloy at

températures where discé;;}nuous precipitation is known to oc-

ur 37 ,86,105

c and anneal them at two higher temperatures,

50K and 90K above T,- These authors used a variety of experi-
mental techniques such as x-raygfiffraction,~ microhardness

tests and electrOn_micrOSCOpy aind interpreted their results

. as supporting the mechanism of discontinuous dissolution at

T < 360°C (i.e. T < (Ts-+50K)). The critical temperature, as

96

. e
defined by Tu and Turnbull™", was estimated, extrapolating a

2-point curve, as 295°C; then, applying eguation (21) they

cbtain XaB = 120 erg/cmz, a value smaller by a factor of 4

—

than the measured YGB for lamellar interfaces in this sys-—

. : W
om®67106,107 At 295°C the alloy is in the miscibility gap

t

vy
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; ‘; ) - - . . . 3
at+a” anfzgherefore no driving force for\B precipitation
cowld exist. In consequence the use of eqy (21) is not
Justified.
] hd d

2.7 The Role of Interfaces; Some Thérmodynami al and Struc-
tural Aspects '

- . - N X .V/’
It is now well recognized that interfaces constitute

an integral part of the structure of materials, and so they

enter diie@tly into the structure/property/performance linkage

which constitutes the central theme of material science and
108

-engineering™ . Particularly, in discontinuous precipitation

interfaces play an important role in both the thermcdynamics
. [ 4 .

and kinetics of the process. In this section, rather than a

comprehensive accotnt, some aspects pertinent with the scope

of the present invgstiéatiOn will be underlined.

"2.7.1 Interfacial eéﬁilibria

- Qur problem is situated in the\COntext of precipitation
from supersatufated solid solution. This subject has been
reviewed many times {(e.g. references 109-111l) and treated under
particular perspectives (e.g. referencés llZ—llS).'%recipitation
can occur via spinodal decompositiOnll6 or by the nucleation
and growth mechanism. In the former case no interface effects
are involved but.én the lattexr the formation and motion of an
interface are the esSentialvfeaturé? of the transformatiOn.//

. - Is ‘\ -

The classical tHeory.of nucleation requires that, in order to

reduce the activation energy of the process, the nucleu;\¥§5ms
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with the minimum possible surface energy per unit volume of

precipitate. It is customary to consider two cases:
a) Precipitation Hbmogeneously in the matrix. A precipita-

L]

tion with isotropic interfacial energy vy simply requires
a spherical nucleus shape by the Gibbs-Wulff theoremll4 117
In the usual cases of solid state precipitation, however,
where the two phases have different crystal structures, a
low-energy interface occurs only, for particu;arly well
‘matched planes or directions. As a result a relative orien-
tation relationship between the two phases is established.
Figure 18 {Speich and Or@anilla) shows the expected varia-
tion of { as-a‘éunction‘oflthe interface orientation, Y-
plot, for aQEEC BCC\(Cu-Fg; system where a sharp vy cusp at
the low v orlentatlon corresponds to the close packed
direction <lll>Bccanui<llo>Fcc. In general the precipitate/
matrix interfacial structure at the cusp orientation corres-—
ponds to a fully, or in ;\mekcases, partially coherent )
(misfit dislocation contalnlng) boundary. For the other
part of precipitate/matrix interface in the regquired OR,
there is a poorer atomic f£it. It has been shown that even
across B/y Cu-Zn boun@aries, where the difference in crystal
structure is small, faceting is preferred to continuous
curvature, ‘and occurs at several orientationsllg.
b) Heterogeneous precipitation:
Nucleation can also occur heterogeneously at grain boundaries,
120,121

on dislocations—or even on(preexisting zones d . Figure

e e
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Equilibrium
, shape

Fig. 18 A section. through a y-plot for a precipitate showing
one coherent interface, together with the equilibrium
shaa? {(a disc). From ref. 151.

\n - ~
hY

Fig. 19 wyplffconstruction for one-facet nucleus at a grain

c .1
boundary. YaB & 5 Yau' From reff 13,

—_—
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19 shows the equilibrium shape developed at a planar, dis-
ordered grain boundary when the nucleus/matrixIboundaries
are disordered at all boundary orientations present. A
modified version of the Wulff plot is employed in this
figurelB.-
A substantial contribution for determining the equili—
prium shapes of second phase particles at surfaces and grain

boundaries has peen given by Cahn and | Hof fmant22r123

These

authors developed a generalized thermodynamic formulation for
- - " .

anisotropic (planar or curved) surfaces. Their treatment is

N

based on a vector E, as an alternative to the scalar function

Y with which the free energy of anisotropic surfaces is clas-

sically described, defined by

E = grad(ry) {22)

with the following properties:

E-n =y _ ‘ (23)
k £-dn = dy (24)
n'df =0 ' ' (25)

where r is the-magnitude of the position vector r , and n is

the pnit normal. A conéequencg of equation (22) is that the

compontent of £ normal to the interface is.equal to vy, and the
!

of f-component represents the torgue which tends to rotate

the surface into a lower energy orientation. Equivalent to
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]
eq. (22), there is an expression for the capillarity vector

in component form:

L

LR Guig e 26

where ty points in the difeétion of the maximum angular rate of
increase oE/y/as indicated in figure 20. A property of the E
vector is ﬁhat, at each point along the line of intersection
between 3/;; more surfaces, the sum of the E'vector of the
surfaces is equal to zé;o. An example of the E vector develop-
ment in the general (non symmetric) solution for 1sotrop1c
surfaces is illustrated in flgure 2l.a. The case of_ 5-
anisotropic surfaces is illustrated with a particle on a twin
boundary in figure 21b. Other applicatioﬁs of the vector form-§
alism include the distribution of torque over equilibrium facets. .
In the last of a seriég.of papers about discontinuocus
99

precipitation (Pb-Sn a110ys), Tu has reopened the discus$ibn

about the 1n1t1§T'states of grain boundary motion via the

i

——a

puckering mechanism. Fig. 22 illustrates its characteristics.
It is phen accepted that the torgque term determining the
grain boundary results from the sole requirement that ﬁhe pre-
cipitate lies on a hgbit plane. Electron micrograbhs of grain
boundary precipitates in a configuration similar to that in
fig. 22b has since been published inAC;—-Bel6 and in Cu-T1124.
Recgg?izing the(Té;gix/precipitate habit plane speci-
fically as a requirement for the puckefing mechanism, Ecob and

Ralph125 have recently attempted to rationalize its occurrence

?
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’ T
Flgure 20 - Illustration of_vector £ for anisotropic surface_
: of orientation n. After Hoffman and Cahnl22,

/

.

(a) (b)
( R I

Figure 21 - Two graphs of equilibrium construction.-
a)/particle with isotropic but unequal surfaces.
b} ticle at a twin boundary. In both cases: the
/dgquilibrium shape is given by truncation of
isolated particles. After Cahn and Hof€manlZ23

.

\
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GRAIN BOUNDARY

Vh) )

s

Figure 22 - Prec1p1tates morphology on the plane of a grain
0 boundary. a) the lens type shape, local equili-
. brium around its circumference is assigned, no
torque is exerted by the particle; the grain
boundary remains stationary. b) The disc type
shape which lies on a habit plane of the lower
grain a;. The pair of arrows indicates the
torgque exerted by the precipitate which twists

the boundary.
-

_ ) |
(and also-attach it to the m?thod of plate multiplication}. These

authors have developed a technique from the O-lattice theoryl26
‘ \

. . : ‘ . > .
which yields to the computation of & geometrical parameter R

linked to the energy of a two-phase semicoherent interface127.
Typical FCC matrix alloy systems were discussed under this cri-
A .

o ¥ . .
teria and apparent consistency was shown. This procedure was,

however, immediately criticized; the main argument is the use

N . ' _\\ -
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of the R parameter to indicate the extent of free-energy aniso-

-

tropy while the (large) chemical component is impiicitly ig-

nored.

Sargent et a1123 have examined the effect of interlaced

thermodynamic forces (torgues) on the structure of low angle
grain boundaries. A variety of geometrical circumstances were

considered. It was shown that, often, the resulting configura-

tion can be proé@rly estimated by considering virtual displace-
o : ' ’

L
ment at constant structure. ‘

¥

,/o .

2.7.2 The structure of two-phase interfaces
' 129

~In a recent paper, Weathérly acgnowledges that in
contrast to the extensive literature on the structure of grain
boundaries, there have been few definitive studies on the struc-
ture of intérphase-interfaces other than those types where the
two lattices are related by a simple transformation strain.
Difficulfies‘in identifying the defect, especially when the
two phases have differeﬁt structure, and relating.them with a
plauéibie dislocation model are the problems associated with
characterizing.the interface structure.

In present days, however, this subject is an active
‘field of ‘research, motivated by the éowerful experimental tech-
nigues available, chiefly electron microsdbpyl30.' A review of
the contribution relating phase transformation ;nd interfacial

structure is an exhaustive task, incompatible with the extent

of this segtion. A synopsis is nevertheless appropriate. This

]
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is outlined below in a schematic form, accompanied by selected

references. Then attention will be drawn to some points consi-

dered of interest in the present study. PR

Approach to the study of interphase boundaries.

a)

b)

Thecoretical studies

—

Most of the theoretical effort has been concerned with

fully equilibrated boundaries, as treated by the Frank-van

der Merwe mode1131’132 and by Bollman's theorleB. These

theories have been recen§§§:§éxéewed by van der Merwe¥34.'

In regard to non-equilibrated boundaries, the Brown-Wool-

house theory135 of misfit dislocations nucleation or

acqulsltloﬁ'has been an outstanding contributidn. Often

this theory is reported in agreement with exper1mentl36’l37.

Experimental Observations

v

108

I

This subject has been reviewed by AaronsonlBG, Murr
g £n 137 BN

and by L%&rd and Sanjaran . An increasing b%dy of evi-

dence has emerged. With the objective of observing the

structure associated with the accommodation of misfit

between crystals, epitaxial film-substract methods have been

used (this topic has been reviewed by Mathewslés). In

the course of phase transformations, however, a variety
of interphasial strudctural singularities have been ob-
served. Here, it is convenient to distinguish two cate-

gories; equilibrated microstructures and partially trans-

formed microstructures) produced by diffusional grdwth.
LY

bt
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The former category involves incoherent (averaged) pre-
s ’ :
139

/
cipitates (relevant studées are due to Hall et al , to
Weatherley et all40) and structures produced by shear )//“/’
141,142)

transformations (recently reviewed by Christian
-

In the last category full disordered boundaries (e.g.

143)

formed by differential growth rate, Purdy and partially

coherent boundaries.

Misfit dislocations represent in principle (and indeed

/i

in practice) an equilibrium component of the structure-af | ™~
. —
partially coherent interphase boundaries. Séaaies have

shown that mféfit dislocations can bé found under dif-

ferent conditions such as after prolonged annealing of

145

precipitate plates (Sankaran and Laird ), of precipi-

tates simultaneously aged and plastically deformed under

creep conditions (Weatherly and Nicholson144) and of <:>an\

structure produced by spinodal decomposition (Livak and

Thomast*®) . Other vital feature of semicoherent inter-

L

phases ife ledges. These are considered as grdwth.or

0)

structural ledges {Rigsbee and Aaronson15 . The TEM

. {u
technique developed by Weatherly and cg—workexsl47,l4e

have greatly facilitated the optimum viewing condition

of ledges-and misfit dislocations.

\
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&
The mechanisms for coherency loss by the generation of misfit

: ‘ﬁ"' f‘f S} 1
dg¢slocations have been récently reviewed 37915 . The following,
f{1lustrated in figure 23, can’ be d¥$ nguished. i

—
é) ‘{hen coherency stresses_a{);:;cipitate/matrix igterface
are caused by a laﬁgﬁ misfit (estimated to be >i0.05)
this can be relieveddgy'the precipitate punching out pris-

matic dislocation loépsl35.

£

Tﬁ%»precipitagg can attract dislocation frOm\QVFon;fully

fﬁﬁéiéd matrixl35. Y | /7
. 0y .

™~
Hlat
c) For Pl?

e

ike precipitates, the highewsstressed region at
the edge] of the plate can nucleate a dié@ocation that

eventually overlaps the precipitate. The'process is re-

peatedias the plate lengthenslqs. =

d) Another mechanism observed for plate-like precipitates is
the nucleation of dislocaﬂ!pn loops within the precipitate.

Vacancies can be attragted to coherent interfaces and

’A—
condense to form a prismatic dislocation loop which can
152)

Y

expand across the precipitate
/

&

y
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ap—
L ]
Dislocation ‘Matrix

v : dislocation wraps

— —
- e’ 7 around
) F’re@itote . 7
Punched- .
. @ Jo out loop
erfacial - . :
/d ocation ~—~—— |
) fa) § (b) '
/ -
o ' - - "; ! ’
R : (-—'r (—r “—» - :',"
- . }
<) 7 ﬂv" ’
. New dislocation Mistit
- % as plate dislocation
lengthens
r“ ( c) @ . A (d)

Figure 23 - Mechanisms for coherency loss.

punching from interface.
R dislocation.’

a} Dislocation

b) Capture of matrix
c). Nucleation at edge of lengthening

plate. d) Loop expansion by vacancy condensatlon

in the precipitate.

[ ]
-
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The misfit dislocation originally considered by Frank
and van der Merwe{}i\were pure edge. Incidentally, up to 1973

the dislocations observed were in or fairly near to the edge

orientation. Mathew5153 then discussed the case of two iden-

’

tical orthorhombic crystals joined on (001) faces in such a
w;y that the a axis of one crystgl is parallel to the b axis
of the other;-‘a is slightly sgﬁalef than b; the crystals are
strained elasticallf in'ordep7£?/ accommodate the misfit. It
was shown that the coherenc¥% can be treated as caused by shear
without\dilayion, allowing,théﬁﬁfg?ff:to be relieved by two
orthoéonal sets of screw dislocations.
A more generélized mathematical study has been carried
‘out_by Sargeﬁf and Purdy. They devgioped a methoed for calcula-
ting the geometry of hiséit 9ig;é§ations that can Rpmpletely
accommodate the misfit across the interface bet&een epitaxial
crystals,  and proved thateven pure dilational misfit can be
.

acceommmodated by two or three sets of\screw dislocations, fig.
24.

An interesting result has been recently feportLq\Ey

Smith, Champness and Lorimerlss. It is related with ebserva-

tion of loss of cocherency of lamellarﬂg}Fcipitétés in ortho-
! A 7 (

égggest that

pYroxene. The misfit.\is ow; 843 The authors

;?ﬁj\ \\ the dlslocatrons having nucleated at the gralp_g?nndary move

into thej gtes Tt p051t10ns by gllde in the interfacial. plane.
_ - ) o ey,
~.,.\\' - . o r .‘ ' -
AV ¢ = ;‘ - " . N

.’ . . .u ’.l . R ‘\ \.‘ N ‘-|V ’ . i
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Figure 24 - Equivalent dislocation arrays -which fully.relieve.
a dilational misfit. After Sargent and Purdyl54.

>
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- CHAPTER 3

EXPERIMENTAL PROCEDURE AND TECHNIQUES

3.1 The Choice of Allov System

The Al-Zn alZey system was chosen for study for two
main reasons: b . -
a) Experiméntal reasons: &

Aluminium and zinc are simple metals, with knowl phy-

sical properties. Their alloys give good contrast for electrons

and -x~ray experiments, as required for the 1nvestlgati$n<3f dis~-
|

contlnuous prec1p1tatlon reaction in detail. Furtherﬁore, the
reaction is 'known to occur in a number of Al-Zn alloys37'86’106.
b) Practical redsons:
Qe
Binary Al-Zn alloys have not been’ used for commerc1al-

purposes, but alloyed with é ‘(and Cu), they have extensive

applications, ma%nly in the aeronautical industﬂ?lss'lsg. In

~general, discontinuous reactions can be  Fegarded as highly

undesirable since they are related to the degradatlon ofrbreci-

pitation-hardened mlcrostructureslGO. The answers obtalne

. —
from a better understanding of discontinuous precipitatiqﬂ in

Al-Znesmight be applicable to other systems facing similar prob-

lems. 2 -~

It is also noted .that the Kern'system provides a gaed

field for acqﬁiring experience in electron microscopy tech- »
< oo 64 i a
) -
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porting data have not yet beéen o

N e

niques. This, in turn, will be of ;jéat value for the fhter-

pretatlon of and experlmental de51gn associated with micr

TN

-

structural features in the very large spectrum of technofogl—

—_— Rt
cally important Al-base alloys. h

3.2 The aAl-2Zn System :
T\--_/

The equilibrium phase diagram published by Hansen and
lel

Anderko (fig. 25a) has become widely accepted over the

162,163

years. Recent work on dilute alloys and on medium Zn

coQizntration alloyslo4’164, acknowledges the large extent‘oﬁ

- solid solubility at high tempfratures, as given by this phase

3 -

165 (1973): Elliot (1965)

diagram. Quoting Hultgren et al ﬁ
and Shenk (1960) report independent high‘teﬁperature X-ray -
diffraction studies‘which indicate that the phaées labelled

(Al)l and (Al)z, although they are both fcc, have lattice con-

stants which differ\gg%ghtly and diseontinuously. Their single *
phase fields are separated by two-phase reéiéns. It is sug-

~. T :
gested that'thé\aigh Zn phase may be a superlattice but sup-

ptained. Nevertheless, th

modified version of the Al-2 diagram is shown in ig.

25b and includes the metastabl (The alloys

used in this study were ﬁelI—- 1, region of

the phase diagram.)
ﬁﬁ?se’%rans‘ormatlons in Al-Zn allo s have rece1ved

conSLderable attention and a number of experlmental studies

A -
‘have been conducted, tybically on precipiﬁh ion kinetics,.con-

N NS ' ~
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tinuous transformations and reversion. It has been generally

confirmed166 that in dilute.alloys the precipitate sequence

. .167,168
is :

supersat. a_=+G.P. zones -~ rhombohedral o+~ cubic a - zinc.

The spherical G.P. zones appear to ‘form by nucleation and j)
growth. In concentrated alloys,’decomposition occurs by a
spinodal reaction.  In this connection, several outstanding
studies have been done; we note particularly Rundman and

Hillard[s169 study in which Cahn's theory170

was successfully
tested. .

h
In theqiresent investigation, the matrix spinecdal

' decomposition received attention only as it impinge%on- the

central subject of the discontinuous precipitation reaction.

3.3 Alloy Preparation

A serieP’UibAl—Zn alléys was prepared from high purity
inc

aluminium and zi

*

y induction me;ting'under purified argon
and chill cast into lO‘mm diame£er rods.™ The 1mgots<1,1v§{e-the’nﬁ:.g
sealed W1th argon for homogenization treatment at 456:E\§?r
500h. Slabs about 1 mm thick were flrst checked for segrega-
tion in the electron microProbe\andzi:en cold roo;Td to 100 um,,

The alloygﬁhad the following coﬁp031 'ens- 6 ﬁﬁiﬁ 9.49:0.35, _
f

12.23+0.05, 22.10:0. 50 and 28.39:0.69 at % Zn. All the alloys

- '

were used in the X-ray mlcroanalyéiiﬂggllbratlon, the last two o

fo;B;he studlea of discontinuous prec1p1tatlon but only the
h . /\ \-

- J . ” . N
e~ : i
LS
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"+ 22 at % 2Zn for analytical electron microscopical studies Of\\\\//)

discontinuous precipitation products.

- ' #

63;4 Heat Treatment-Schedule

The cold xplled strips were solutién treated at 370°C
during lh in a fluidized bed furnace controlled to :i°C.1 A
fully recrystallized structure, grain size = Ys0 um; was
‘achieved. This,low solution temperéture was chosen in order
to avoid the formation of dislocation loops due to the gquen--
ching operation. Various gquenching media waere tested before
the adoption of water at 0°C. In order to geproduce, as close-
ly as possible, isothermal conditions, only fluidized bed fur-
naces were used. We nowedistinguish two heat treatment se-
quences ' (figure 26): ‘
a) Ageiﬁq sequence:

Solution treatment, followed by étéhching, and immediate
ageing at the desired temperature’ (ranging from 110°C to 220°C).
b) Dissolution seguence:

As a) but followed by immediate annealing for a few seconds
at temperatu;es slightly above the solvus temperature of the

-alloye. ) '
:‘After the finai)%jpnch, beﬁause of the known tendency;

of Al—zh’allbys tc decompose at room temperature, they were

4
7

stored in liquid nitrogen.
oA

Lo s

/-“h.
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Figure 26 - Schematic illustration of the heat treatment
. sequences for the Al-22 at % Zn alloys.

\\%_h//\

3.5 Sample Preparation ' L s (

a o {

This stage proved to be critical for the quality of - O
microanalysis. All samples were first thinned via the window

technique. The electrolyte, 22% HNO, in methanol, was main-

3
tained at -~-25°C. Thié method removed the okide layer and

thinned the foil to % 20 um. Discs 3 mm in diameter were -
punched?out’and immedjately thinned with a Struers double jét
standard apparatus, using either 30% nitric or 15% perchloric

solutions in methanol 2% -40°C. This opératicn tdakigyfew
i N 1
's . i
. . _ (-—-\7

- . _ - -
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minutes in most of the (successful) cases. Thus, it can be

L

considered that the as-aged microstructure has been r tained.
Details of the electrochemical thinning operations aez\ﬁiqgﬁ
¥

in table I.

Table I. Electropolishing conditions /
Sample Solution ' Temperature Current Washing
size _ °C m Amp Sequence
- ot
1 <:1'n2 . Methanol-22% o #0-25 . = 600 Water-
Nitric Acid#* Me;hanol
- ’ 'p‘ T . (
disc 3 mm Methanol-30%, -40 120 Methanol—
diameter Nitric Acid | - "Ethanol-
Methanol
disc 3mm Methano]l-L%# -40 80 idem

diameter Perchlorit acid"

*Window method ;  'Double jet method .

-

T?Q ion thlnnlng technigque was also trled using argon
1ons accelerated through a potentlal of 4 kvV. <The operation
howeveqﬂtook hours and the temperature in thejstage was around.
50°C. 1In consequence, the asfaged and quenched samples wefe.

susceptible to significant microstrLQEp:al changes. Samples
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. !
‘/v‘ -
prepared by this method were not used for microanalysis.

Y

3.6 Electron Microscopy

A Philips 300 transmission electron microscope (TEM}
operating at 100 kV was used. Detailed microstructural infor-

" mation was documented by means of photomicrog;aphs along with
seiected area diffraction patterns, in order to permit determi-
nation of foil orientation as well as the diffradtion conditions
resp0n51ble for the contrast effects in the micrograph. Bright
fleld and centered dark field technlques were employed.

The average growth rates were determ:}bd from the slope
of average cell_width versus ageing time, using scanning elec-
éron microscopy (SEM). (Cambridge s;ereoscanf: Cell widths
were taken as the distance from the start of the cell of thé
grain boundary to its leadiné edge with the average cell fof
each ageing temperaturemana time beiny taken as the average i

of 10 such measurement effects. Care was taken in order to

.avoid sectioning effects. _Average as well aﬁk;oca& values of

interlamellar spacing S were measured in the STE# nd details

are given in the next chapter.

3.7 STEM Microanalysis .

[

In order to measure the Zn composition~profile present
1n‘the depleted o', extensive use was made of the energy disper-
’ - . V . . ' J
sive x-ray (EDX) microanalytic‘capabilities offered by’

Vacuum Generators HB5 dedicated STEM. o
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| : The x-ray spectrum consists of two parts:
-~ ? | o
i) Characteristicec peaks which result from electrons falling
i .

into the holes in inner atomic shells; this radiation is
'Lgétropic.

ii) A continuous background %Fremsstrahlﬁng) peakéd at low
energy and arising from deceleration of the fast electrons;
this radiation is peaked in the'férward directién.

. In an ideal system, thé X-rays dete;teavCOme only from
the ;rea of intefest on the specimen. The peak to background
ratio can be maximized by placing the detector on the electron-

ok

= ' entrant side of the specimen, so that detected bremsstrahlung\

. ... 171
is minimized -

In the present system, the accuratie evaluation of the

v

" composition profiles on a fine scale requires-the maximization

e T . s e d " withi
///) . of thexlaggggifz‘?f the characteristic x=-rays produced within

the sample while optimizing the spatial resolution.

3.7.1 Princi%les of charagteristic x-rays production

The number of counts per second of characteristic x-ray
. e =

(ka or kB)-.of an element)}\geherated by electron excifation

of @ thin speciment of thickness t can be written asl72'173
- .
. - Q.w.a,
-TCPS)i = [¢ypf Na Pt] [if—l}fffi)ci) ' A27)

1 t

-s . 45fﬁhere.d'is the electron beam flux, y the anisotropy factor, o
e /F\d ( the_denéity of~§ie material, @ the fraction of radiation being‘
. ‘ . e P )

ﬁ N
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collected, Na Avogadro's number, P the area of the electron
probe spot, Qi the ionization cross section, ws the fluorescence

yield, a; the characteristic ka fraction Of total emission

'(ka/{ka+k81)' A, the atomic weight, €y the|detector ejficiency

and bi the concentration of i in weight fr¥ction. Thus, the
.

first term in brackets contains parameters depe‘ﬁing_gp the

instrument and on the material of specimen, i.e. common to ell

elements. The second term in brackets contains parameters de-

-pending on element i being analyzed only while €5 depends ‘on

.

both the element i and the imnstrument. Therefore, eq. (27?\\

can be'written as - .

L

et . cps)i = Bkieici . _ (28)

IS 24

h ﬁis is however, a fairly idealized situation since the analysis /

Py

ignores loss of electron energy, absorption of x-rays in sampl

and fluore#cence (th&g_f}lm assumption) and does not account

for spurious X—ray generatlon* Neverthel%, this approach

is very useful in STEM for analysis.of the concentration ratio :

between elements A and B being measured simultaneously. Factor
. \
B }n eq. (28) can%els out and we arrive at the C1iff-Loriﬁkr175

equation for non-absofbing systems

Eﬂ = “p®p (°PS)p =k EEEELQ = k E_
CB\ kA A (cps)B AB-(cps)B AB I

i

(29)

where the factor AB }s a co&sg nt for a glven operatlng voltage

1ndepend@%t of COmpOSltlon nd thlckness. kAB can be calculated
_ & B -
analytically or determined, experimentally. .- —

| N

SUECY S S S
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J ) .
i) experimentally: need only use of standards
ii) analytically : from, first principles (59)
“; -
J e R,
S M TR, - - B

* ’ .
This fraction of kAB must be corrected for absorption in the

solid-state detector -by the Be window (BeF), the Au layer (AuF)
” . ’ -

and the Si dead layer (SiDLF). Thus, N . )

It

kg k;B-BeF-AuF-siDLF_ . v 431)
where

exp(-1/P|hs  Ppe t,)

t )

Y (32)
Beg&pBe w

BeF -
. exp(-u/p

L
Y

and similar equations hold for AﬁF'and SiDLF. “In eqgs {32) u/p..

is absorption coefficient for A or B x-rays, p the bulk density

. - .
and t the thickness.. Thus a major dif%;Culty with the analy-

\

tical method lies in the need for calibration of the Eﬁg
detector.

3.7-2 Resolution limiting factors

In a thin sample the spatial resolution for chemical
analysis is dramatically improved éompared to the bulk. An

accurate account must consider the following factors:

1

a), Incident}probe diamFt r, d:
f . . e

Probe diameter may be estimated usiﬁg~

6 N
: beam aberrations co

e method of Venables

and Janssen17

“

ibuted to its enlarde-

L. | | /o -
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' ‘ment. Estimates of probe diameter produced on the McMaster

177

<’ HBS STEM have been tabulated by Robertson for different

' operé?§55§90nditions, table II. The smallest 100 um vir-

ﬁ\«
tual objective aperture A) was used and produced a probe
: . ) .
, diametér of 10 A.
v -
1
- Table II. Probe sizes* and angles in the
(// . McMaster HBS5 STEM . - "
rJ -
}_ ‘ 2 ' 4 Optimum ° Objective Virtual
A > - resolution aperture(OA), objective (VOA)
» . - 1 2 3 1 2 3

116 (VOA) 100 50 20 300 2000 100

_ 81(0A) 100 50 20. '210 140 70

' _ 9.1 - 37 12 27 300 90 .10
probe semi-angle (mr)  '6.8 8.6 4.3 1.7 18 12 5.8
relative probe chf;ent 1.0 1.6 0.4 0.0€ 6.9 3.lwb0,8

L 3 . z - ) .
'+20% approximately . - o

L]

b) - Beam spreadlng,-b B - .eL 6\ .
Beam ‘spreading in thin foxls is currently a llvgizj)oplc
[ v <
of both experlmental 1nyest1gatlonsl7P -180.. d thee*e%;gal

analYSlS. One approach is to use Monte Carlo 51mu1at10n

methbdslal +182 or usg a single scattgrlng model}83 which -

H

yields to a useful,pxpressibn for the spreading
[ .oy ' -

-

'. ' o S
b-=‘s.25x;oszmz 32 (e SENEEI

. - . - . . ! ‘. .
where z = average atomic number, A = average atomic weight,

UL . e . - o .
. . - - )

o ( ‘ . . , - o
\ S _ . . , Y S



c)

d)

'ej

" tion be applied to equation (20), namely

7

%

EO = energy of electron beam in eV, o = density in g/cmB,

and t = sample thickness in cm. At 100 kV operating po-

tential, equation (33) gives for t = 100 nm in Al foils

b = 8.13 nm. This value is, however, accurate typically
tc :30% (approximately). .
Spécimen drift
Thermal or mechanical instabilities may cause the specimen
to move during the x-ray acquiring time, thereby reducing
the resolution. Drift is detected through the motion of
the image and estimated, typically, about 2 nm during 60 s
acquiring time. _
Sectioning effects

A Y
This is also a factor to be considered and even of critical
importance in the presence éf an interface causing the
broadening of the composition profile measured across it,
as discussed by Wycliff18 . 4
The accuracy, rather than the spatial resolution, is further
dependent on 2 additional factors:
X-ray absorption .

Analysis in thicker samples requires that dbsorptiod’correc—
183,185

C I

A
= = k,n =— exp{-
B AB I

/010~ u/plh Jeosca) . (34)

- i -
In this equation « is the take-off angle. Preferential

absorption of x-rays by the specimen (spc) may alter the
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ratio of characteristic x-ray intensity. Zaluzecl

185

gives the standard Tixier-Philebert criteria for

assuning a thin £ilm sample (i.e. no absorptiocon).

o gt

“1ag Sing/cos(2-a)lpt < 0.1 (35)

where £ is fhe incidence angle. It should Se noted that
the absorption_path length varies with both the sahple
tilt and the relative position of the wedge-shape sample
with respect to the incoming beam.

£) Extraneous x-rays
These are x-rays generated from other than the sample re-
gion excited by the focussed electron beam, and are cauébd
by two major effects: (1) stray radiation ip the illfimina-
tion system and (2} specimen interaction with the primary
electron beam. McMaster's HBS5 STEM is~ equipped with a modi-

fied x-ray collimator186 (fig. 27 ) which helps to minimize

extrancous contributions to EDX spectra and to permit more
(X8

accurate microchemical analysis%87.

3.7.3 X-ray data collection

X-ray counting statistigé are‘hsually aésumed to b
described by a Poisson distribution, such that, ;t the 820 con-
ﬁidence level, the relative error in the number of counts I is ™
2V/I. Thus, in principle, the relative error in a given analysis
time is reduced by maximizing the count rate. There are, how-

/ rd
ever, limitations imposed by the detection system which dis-
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Figure 27 - McMaster HBS5 STEM x-ray detector system. 1

rplays undesirable effects at very high input count rates, as
discussed in detail by Woldsethlas. On the other hand, the
need to maximize the spatial resdlution requires the use of

the smallest probe size, which, while permitting "safe" count

rates, increases the chances of producing specimen-borne con-

tamination build-up due 'to high current density. Carbon con-

tamination on the samp}e, influencing the absorption of gene-

(

rated x-rays, has an

dverse effect on the quality of the

microanalysis.



3.7.4 Operation and interpretation of data

EDX data was obtained from individual lamellae ©f in-
terest by first imaging at high magnification (500Kx, 1Mx
depending on S) to attain thermal stability, then stopping
the probe and'simulﬁaneously recording the convergent beam
diffraction pattern (CBDP) during EDX acguisition. A fixed
tilt stage, mean take~off angle 14° was used.

Composition profiles in a', close to ao/a' interface
were measured by "manually" stepping the probe at appropriate
and measured intervals with the specimen fixed. Since the Zn
lamellae were dissolved in the thinning process, microanalysis
very qlose to the a'/B interface was possible. Also, beam broa-
dening and sectioning effects, associated witp B, were largely
reduced. In order to measure as close as possible the actual
composition profiles, the following selection criteria were
adopted. |

i) Well defined reaction fronts exhibiting steady state
growth conditions were generally chosen (although, for
comparative purposes, a few non steady state reaction
fronts were alsoc analysed).

ii) Due to the limitations imposed by the fixed tilt stage,
only lamellae with both ao/a' and a«'/8 interfaces
fairly parallel to the beam were selected. +

1ii) 1In order to minimise and equalize foil thickness, in the
majofity of cases lamellae with o/u' interfaces close to
and accompanying the edge of the foil were analyzed.

This in many cases allowed the adoption of the thin film



80

condition.

iv) Foils with orientation such that the x-ray path lay with-
in a' were preferred.

v) Specimens giving rise to significant contamination build-
up were eliminated for analytical purposes.

To.fulfil the above requirements, a large number of
foils had to be prepared and carefully studied. This gave use-
ful morphological informaticn.

The characteriséic x-ray spectra for Al and Zn are
relatively simple and well resolved by the kevex detector sys-
tem. The characteristic Al kazmuiZn-ka were used. The back-
grounds were subtracted systematically by the computer method
proevided with the kevek 7000 system. The peak intensities were
deterﬁined by both the integration over the full peak width and
integration over full width at half_maximum (FWHM}.

\ Quantifying x-ray information from,the STEM through
Cliff-Lorimer method requires knowledge of the K, a1 factof
"(in the thin film approximation). Diluted standards, whose
composition is given in sec. 3.2 dgfe used. All precautions
were taken in order to preserve the homogeneous solid solution

before the analysis; the samples were solution treated and

thinned just prior to observation. The data used for the cali-: -

bration of the k factor came only from the thin region of the
foil, as observed by the CBDP.
The foil thickness measurement by CBDP techniquelag de-~

mands a two-beam dynamical diffraction condition being opera-
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tirg. In view 0f the lack of +£ilt, +his cordition was not
controllable and occurred fortuitcusly when analyzing indivi-
dual lamellae. .

T™wc other diffraction modes available in the STEM were

used.

. 1) “"Parallel" beam diffraction, aiming to obtain high reso-
lution (3 100 R) misorientation information.
i1) Grigéon selected area diffraction, which is equivalent to
the conventional selected area in the CTEM, and was used
to obtain information on the parent-product matrix mis-
- orientation and to enhance morphelogical detailed observa-

tion by means of dark field techniques.

’
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CEAPTER 4

EXPERIMENTAL RESULTS

~,
N

\

‘\;The present investigation attempts a descripticn, as fally
agxﬁossible, of the processes involved in the discontinuocus
precipitation phenomena occurring in aluminium rich Al-Zn al--
loys; the objectiver being the evaluation of the thermokinetic
parameters governing the reaction and the microstructure assoc;p—ﬁ
ted with it. The observation of decomposition by mechanisms
other than thq:discontinuous mode are included so that the
latter can be properly placed in relation to the thermodynami-

cal considerations. In this perspective, the experimental pro-

' cedure was conducted with emphasis on the following aspects:

1) Detailed CTEM and STEM studies, enabling the characteri-
-(L zation of the pertinent morphological features;
e ii) Analytical electron microscopy involving STEM x-ray

1
microanalysis and microdiffraction studies of individual

.

lamellae; n

- iii) Description of the alterna£ive reactions in reiation to
the discontinuous pre?ipitat{on;
ivf Accounting for the dissolution of B lamellae, when the as-
aged microstructure is annealed slightly above the solvus

temperature.

82
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The above points have sufficient autoncmy to be des-
cribed in separate secticns. This procedure is adcpted here;
it will, perhaps, help to simplify the problem. Results will
be pre;énted in terms of representative electron micrographs.
Only the mainlfeature of the observed microstructure will be
pointed out in the text, while details of each micrograph will

be given in the figure captions.

4.1 Morphological Features of the Discontinuous Precipitation
Product

4.1.1 Extent of the reaction

+

Evidence for discontinuocus precipitation was found under
all the conditions investigated, table III, in both Al-22 and

28% at.% Zn (previously homogenized as indicated in section 3.4).

Table III. Ageing treatment

Alloy | Tm/2 Aging Temperatures . Time
Al~-22 at.% Zn 435K 383K to 483K 120 to 600 s
Al-28 at.% Zn 425K 393K to 483K 120 to 600 s

I S
C:Iﬁfihis fange of temperature discontinuous precipitation in these

alloys occurs comparatively rapidly. Not all the grain bounda-
ries, however, act as reaction fronts. Typical low magnification
features are given in fig. 28. An idea of the extent of the re-

action could be given by the average cell growth rate at the dif-
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b) Al-28 at.% 2Zn, 473K, 300 _
Note high density of discontinuous precipitation

product and some precipitate-ffree grain boundaries.

SEM micrographs. 170x, . \
=
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Fig. 30 Al-22 at.% Zn, 423K, 300 s
SEM micrograph 4200x.

}
22 At.% Zn
250
! 200l
"é:‘ . _
> . 150k 28 At. % Zn
00

‘T 1 | | . ]
0 fr 373 423 473
‘ T(K) ~——

Fig. 31 Average cell spacing versus
ageing temperature,.
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ferent temperatures. This relation was estimated as described
in section 3.6 and is plotted in fig. 29. 1In order to reduce
sectioning effects, cells in which the precipitate lamella lay
(fairly) parallel to the sample surface were chosen; an example
is given in fig. 30. The average interlamellar spacing as a
function of the ageing temperature is given in fig. 31. It
should be stressed, however, that such average-overall values
are to be regarded cautiously; they merely profide us with a
rough idea. As it will become clear from secticn 4.2, kinetic

considerations require local values of these variables.

4.1.2 Modes of grain boundary migratiOn'

The essential characteristic of discontjﬁgguﬁigzecipi—
tation is the concurrent migration of the grain boundary reac;
tion front. As discussed in section 2.4, mechanisms(have been
proposed to explain the s-shape of the reaction frOnt63’64.

Their connection with the double seaﬁ_morphology and a relation

with the ageing temperaturels. The present study shows that

a variety of configurations can result:

i) Development of an s-shape grain boundary migration in the
absence of discontinuous precipitation, fig. 32. The
process takes place in the bulk.

ii} The grain boundary initially migfateé as in- the previous
case but in the thin foil, maintained for about 2 h at .
a lower temperature, develdps discontinuous precipitation
at both-sides of the boundary in an s-shape fashion; fig.

33. : -
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Fig. 32

Al-22 at.% 2n, 478K, 300 s. o
The migration of the boundary took Y
place in the bulk. The thin foil was
maintained in the TEM stage for about
2 h. The boundary did not continue
moving at a measurable speed. The ef-
fect of surface diffusion is probably
responsible, STEM, bright field, BF,
micrograph, 20Kx. Inset the selected
area microcdiffraction. patterns from

the two &ains showing they are slightly
misoriented. |

T
e



Fig. 33
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—

g
Same samplé as in fig. 31l.-Rifferent
grain boundary. A second stage of
boundary migration proceeds in the
thin foil but this time, producing
discontinuous precipitates. Annular
dark field, ADF, STEM micrograph 1l0kx.
The SADP insert shows that the two

. parent grains are more miscriented - .

with each other than those in the previous
figure.: :
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iv)

v)
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The precipitation takes place initially at both sides of

the original gfain boundary, the resulting cell configura-

tion beihg in s-shape, fig. 34. Thé transformation took

place isothermally in the bulk. >

‘
In the three cases above, the alloy is the same and the

-

samples have been identically annealed, 478K, 300 s. 1In

the third case, in contrast with the second, the regular
interlamellar spacing at the reaction front suggests that
the growth procesg has attained the steady state.

The grain boundary has migrated in one diréction only
gene;ating a single seam steady state morphology, fig. 35.
The ;igration of the boundary in two directions has quickly
resulted in a double seam morphology growing in steady

state, fig. 36. A variety of intermediate configurations

_has been often observed. In fig. 37, for instance, is )

shown the growth in opposite directions of two, partially /// /
/

connected single seams. An intriguing topologizgi-double J

e

seam configuration is shéwn ip fig. 38: while at one side/

of the boundary it moved regularly, at the other it Seems

to have occurred in a "discontiﬁﬁbuﬁgbfashion. It is k;”/
interesting to not( thatr neither the-Tesulting single (:T\ J
or double seam morphologzii\iiifgﬁEkadlyrdépend?nt on O~
Tm/2. At 478K double sedms. are formed (figs.\§4,36) while
at 428K single seam morphologies are frequently found

(fygs. 30,55}. Exactly the contrary is to be expected if

—
-
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S Fig. 34 Development of discontinuocus precipitation
colonies at both sides of the original grain
boundary position. This is an as aged and
quenched microstructure, the precipitation;
took place isothermally, 478K, 30 s, in the
bulk. Al-22 at.% Zn, STEM, ADF micrograph
S5kx.
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Fig. 35 Al-22 at.% 2Zn, 428K, 300 s. ADF STEM micro-.
graph showing a regularly formed single seam
colony. )

Vi

Fig. 36 Al-22 at% Zn. 478K, 300 s . ADF STEM micrographs ‘
showing a large extent of discontinuous precipi-~
tation reaction in a partial double seam morphology.
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Fig. 37 Al-22 at.% Zn, 428K, 300 s
ADF STEM micrograph, 2K x.

Fig. 38 .Al-22 at.% 2Zn. 428K, 300 s
ADF STEM micrograph 5K x.

-
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Fig.

39

Al-22 at.% Zn, 478K, 180 s.
Single, double seam and intermediate
morphologies are evident. Annular

dark field under low mag image setting
STEM micrograph. . :
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the proposition of Bauman et al.16 is correct. Indeed,
in all the samples observed, annealed at either low or
high temperatures, both single and double seam morpholo-
gies coexist. However, the double seam was more common

than the single seam at low temperature while the inverse

is true at higher temperatures, fig. 39.

4.1.3 The reaction front.morphology

-

In what follows all the micrographs are related to the

Al-22 at.% 2Zn alloy. The reaction front morphology could be re-

garded under two headings: .

a)l

b)

Macroscopic appearance

A wide s?éétrum was observed, from very irregular, as in'A
fig. 40, to remarkably regular, as in fig. 41, the ﬁost
typical being an intermediate case of these two extremes,

figs 42. It is readily noted that steady state growth is

~accompanied by nearly equallyﬂspaced lamellae.

Microscopic appearance

Of particular interest are obSérvatiops 0f the guenched
ao/a' interface shape, siﬁce it is a key to the analysis
of the local_forces at the reaction front. In the present
study on microstructures characterizing the steady state
growth the convex—forwaf& or nearly'flat (but never con-
cave) aO/a' interface has become clear. An easy way to

image them in the bright field mode is by controlled tilting

of the sample, fig. 43. The image may be, however, diffuse.
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A more powerful technigue is the centered dark field and
here the STEM gave better resolution. An example is provi-

ded in fig. 44.

4. . . ]
4.1.4 Microstructural characteristics of the discontinuous
product

a) The early stages

- Ny

Since discontinuous preciéifatiOn in Al-22 at.% Zn takes
place with an average high speed, the.initial stgges are

not easily detécted. The pucker mechanism was never ob-
seryed. Some grain boundaries exhibit a bowing character

in similar fashion as in DIGM systems, fig. 45. The spa-
cing between the pinning Zn rich pockets is about 5 to 10
times larger than that adopted by the interlamellar‘spacing
of the discontinuous precipitation cell growing in steady
state at the same temperature. THat the grain boundary has
actually migrated maintaining the same orientation i ap-
parent from the dark field image, fig. 46. The migration

is evidently not capillarity assisted nor thermally induced,
at 423K. The DIGM event is strongly suggested and'pore sup-—-
port for it will come from the microanalysis results in
section 4.2. It was a common feature for most of the cells
to exhibit a discorganized, widely spaced, microstrﬁcture
before the onset of the stecady state lamellar structure in
either single, fig. 47a, or double-seam morphology, fig. 47b.

The migration of the boundary preceding the onset of discon-

tinous precipitation is seen in fig. 48.
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Fig. 40

An irregular cell front, 428K, 300 s.
STEM ADF micrograph.

Fig.

41

A regqular reacﬁiOn front, 478K, 300 s.
STEM ADF micrograph



Fig.

42

a8

- \

Two typical cell matrix interfaces characteris-
tic of steady state growth. 428K, 300 s

a) TEM.micrograph, 25K x, b) STEM micrograph,
50K x, Interfacial precipitates ocgurred

after the thinning of the foil, are decorating
the reaction front.
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The imaging of the ao/a' interface

a) No shape is apparent, b) Dynamical
fringes aid its visualdization. B.F.
TEM micrographs. 44K x

39
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Fig. 44 Iﬁaging of the ap/a' interface in the STEM

a) BF, b) CDF with a parent grain reflection.
428K, 300 s. '
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i Fig. 45. sSample annealed at 428X, 300 s.
a) in ADF low magn;Flcatlon, where a dls—
continuous preciipitation cell and some
, .' bumps are visible.
b) Magnification of
Dark zones are ZIn

e DIGM-region.
igh pockets.




Fig.
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a
b
B
& ' . N
.z ‘ - . A
£
Bowing grain boundary. ' A“\
a) bright field, b) Centered . | \
dark field with a growing grain
reflection. 428K, 300 s. - A
TEM micrograph. 30K x. .



Fig. 47 Disorganized microstructure precedes the
steady state lamellar growh in a) single,
and b).double seam morphologies.

""TMEM migrographs, 10K x.

103
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Fig. 48 Grain boundary migration preceding the
onset of discontinuous precipitation. '
478K, 300 s. STEM micrograph 20K x,.
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b) Discontinuous cell/parent matrix relationship after exten-—
sive growth. =

The more complex case corresponds to the double seam
morphology. Fig. 49a illustrates an example obtained from_the
STEM. Fig. 49b is a matrix centered dark fiéld:, The seam at
the.left is clearly related to the parent grain at the right from
which it was growing. A second example is given in fig. 50.

Figs. 50b and 50c are matrix CDF iméges of each gréin. it is

clear the discontinucous matrix/untransformed matrix orientation
relationship has persistéd.during growth. The two ex mézes

above are from samples isothermally treated in the bulk. The
continuity of the orientation is maintained if a preexistent
discontinuous cell is allowed to grow in the thin foil, fig. 51.
On the other hand, CDF image of the transformed cell has reveaied/

non-uniform diffraction contrast, suggesting that a significant

amount of elastic energy is stored, fig. 52.

4.1.5 Mechanisms of lamellae multiplication

In section 2.4 two mechanisms were mentioned andlare recal-
led here.: 1In quénched'microstruct;res characteristic of isother-
mal steady state growth, the branching mechanism has been observed,
e.g. fig. 52a. In cells growing in foils, i.e under non-iso-
thermal conditions and at lower temperature, the branching is

i‘dominant, e.g. f£ig. 51. Paradoxically, in the same figure there

is -evidence for renuclation and growth of fresh precipitates.
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13

Fig. 49 a) 3(3?1 annular dark field image of a double
seam rphology. b) Centered dark field image

with a’right hand parent grain reflection.
478K, 300 s, 5K x,
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Fig. 50 a). BF image of

a double ,seam morphology
b} and ¢) Matrix CDF
from each grain of

a) showing crystallo-
graphic orientation
relationship, bhetween
parent grain and dis-
continuous cell.
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A preexistant
colony has grown
in situ a se-
cond stage

20 X x
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Third stage : Second stage
Original cell Parent matrix - '
rpe Fig. 51 b) A third stage. The selected area diffraction

patterns show that the cell/matrix orientation
has been maintained.
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1
1pm

'Fig. 52 'a) Bright field; b) Transformed cell centeted ,-
dark field image showing strain fields.
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The renucleation event could also be-assigned to microstructures

from specimens annealed in the bulk; in this case, however,

there is the uncertainty due to sectioning effect.

4.1.6 Stability of the discontinuous product

Two main effects were noted when an annealed and gquenched
microstructure is reheated (to about 50°C) during the ion thin-

ning process: S~

a) Spherodisation of the discontinuous precipitate. -
b) Decomposition of the depleted a' phase. Both these effects

are shown in figures 53 and 54.

4.2 Microanalysis and Microdiffraction Results

4.2.1 The steady state lamellar reaction front

Since several lamellae were analyzed, following the
procedure outlined in section 3.7.3, the'description of indi-
vidual details is omitted here. Rather, the generai conditions
are given: Two fixed annealing treatments were chosen, 428K,
300 s, and 478K, 300 s. The analyzed lamellae corresponded to
typical cell configurations. In some cases neighbouring la-
mellae, i.e. belonging to the same colony, were independently
analyzed. These cases will be pointed out in.the corresponding
figure caption. The position of microahalysis (unless other-

wise stated in the remainder of the text) accompanied the reac-

L

&2
tion front at ~ 50 nm from this in tpe q' lamella.

-

For the subsequent computation, the parent grain composition
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Al~28 at.% 2Zn, 473K, 150 s. Ion thinned during

10 h. SpheroidiggtiOn
curves produced by the
the line drawn through

A. Zh x-ray intensity.

B. Electron intensity

is evident. Intensity’
electron beam traversing '
the square indicator mark.

that produced the picture.
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Al-22 at.% Zn. a) treated and thinned identical-
ly as in fig. 53. b) 428K, 240 s and ion thinned.
The decomposition of the depleted o' is clear.
200K x. ‘ . -

T e —————

st it o e P
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during the steady state growth, X s Was assumed equal to co-
‘herent spinocidal equilibria at 428K, and to the chemical spinoi-

dal at 478K. This choice is justified in the next section. The

value for the former was taken ﬁrom Rundman and Hilliard189 and

for the latter from Ungar et al.163. The parameters a and xj

~ t

were calculated through non linear regression analysis of
Cahn's eguation (4) using ghé measur;d local values of v, s
and x(z) as input _data.

The results are summarized iq tables IV and V. HNext,
some typical analyses are illustrated with their corresponding

electron micrographs, composition profiles and microdiffraction

patterns, each accompanied by a concise explanation.

a) Annealing temperature 428K, xo = 0.143 (Table IV)

= Lamella No. 7

Its characteristic and composition profile are shown in

fig. 55. The CBMD patterns in the same lamella do not
change despite the 31% composition difference. There is

‘“however, .a slight but discontinuous change with respect to

&
the orientation of the two neighbouring lamellae. Fig. 35

gives a low magnification view of the cell cohtaining these
lamellae. The regular, steady state charactér is noted.

* Lamella No. B
An ADF STEM micrograph of its containing cell and a high

magnification image of this lamella along with its composi-

~ -

tion profile is given in fié. 56. '
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-
Table IV. Details of cells studied-
428K ageing temperature:
pmens s, v 2 % W F
nm  nms at.% Zn 35—1x10-4
1 160  20.1 6.3:0.3 7.4:0.8 8.07 0.874
2 280  14.0  3.7:0.6 6.9:1.5  29.6 ©0.938
{ 3 - 310~ 14.0 3.9$0.8  6.9:1.5 - 34.5 0.935
a4 . 320 23.4 2.4:0.7  6.6%1.5 '99.8 0.969
5 165 43.3 3.7%¢0.5 7.0%l.2 31.8 0.939
6 200 43.3 3.8£0.2  7.8:0.6 43.3 0.936
{ 7 210 43.3  5.0%0.2 7.6£0.7  38.2 0.908
8 140 16.6 7.2+0.3  6.2%1.0 4.54 '0.856
9 175 27.0 7.8%0.6 . 10.6

0.838

Lamellae in the same colony are indicated by the brackets.

e e meriin bt o b

AR



e

116

Table V. Detalls of cells studied
478K ageing temperature

Lamella s v a - b ! KD ¢ P
Studied n; nms_l | at.g Zn | 3 -?, -4
nm's “x10
1 1065 18.6 - 0.65:1.45
2 710 24.0 4,1420.3  6.720.3 29.2 0.929
| 3 410 24.0  1.3+:0.3 7.0:20.6 31.0 0.989
4 430 29.3  2.18:0.3  8.2:0.6 24.8 0.974
5 580 - 16.0 2.7 £0.05 7.5:0.3  19.9 , 0.961
6 500 5.8  0.75:0.3 8.120.5 1gﬂ3 0.995"
{7 245  43.3 2.4 $0.11 7.6%0.4 10.6 1 0.968
t'9' 200 . 43.3 2.3 20.2  7.4:0.7 7.5 §.97o
10° 480 44.0 4.0 0.3  6.7:0.2 25.3\ ~ T0.931
| { 11 310  44.0 3.8 £0.1  7.320.5 29.8 0.936
S BB 510 44.¢ 3.3 :0.1  7.3:0.4 34.2 0.948
- 13 400 40.6 7.6 0.8 7.6:1.1 8.5 0.844
{ 14 SAe 40.6 8.6 <078 7.2:1.7 12.7 0.822
17 280 gi@i?a 4.44+0.3  6.3:0.8 7.35 0.921
— -~ \ . e ‘j
Y . . - '
- \
>y
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z==-100 nm z=0 z=100 nm

z=0 2z=80 nm

55 a) Detaills of neighbouring lamellae #6
and #7. CBMD patterns of the microanalysis
position- are shown. o
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Fig. 55 b) Composition profile of lamellae #7.
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1:

Fig. 56 a) ADF image of cell containing lamella #8,
imaged at 500K x in b). Slight contamination
of the position of analysis can be observed.
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Fig. 57 a) BF i%hge of reaction front containing
lamella #9. CBMD pattern from this and
from its lower neighbour Are included.

Note the parent grain spinoidal micro-
structure. N

b) CDF image with a product matrix .reflection
emphasizing the sharp change in diffraction
contrast.
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. Fig. 57 ¢) The same reaction front imaged in "low mag

] mode" (objective lens off) with "parallel
beam"” microdiffraction patterns from the
marked individual lamellae and from the
parent grain. '
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Fig. 57 d) Composition profile of lamella %9.
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Fig. 57 e) Individual x-ray spectra obtained at center (z =0)
and close toh_Ehhe edge (z~=80 nm) of lamella #9
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. Lamella $#9
. NN
Detailed microanalytical,_Fig. 57d,e, and microdiffractiohu//"
results, Fig. 57 a-g, are g%ven. Grigdscen CDF imaging is
used ﬁo show evidence for the misorientation between neigh-
bouring lamellae of the reaction front. It is also noted
fhat CEM pattégﬂé from these lamellae show loss of detail com-
pared with the "parallel beam" microdiffraction patterns.
b) Annealing at 478K, Xy = O.lBB‘KTable V)
A well formed colony is shown in fig. 58a. 1In fig.
Séb, a variety of events are better observed: a steady state "
spacing is approaéhed‘ by the transforming system with ihe
interface bowing towards the parent grain. Individually marked
lamellae were analysed and are shéwn next. Rz_ﬁ
. Lamella #1
Its spécing at the.reacpioﬁ/%rOnt is very large, its « /u'
curvature is bent backwards,\&ts composition profile far
from a characterlstlc steady stlte, fig. 59.
. Lamella #2
Its interfacedseems to have adopted a séeady state growth
shape. This is supported by its compésiéion profile, figqg,
60. |
. Lamella #4
Was grde at a higher rate than the previous. Its spacing

is smaller. Both ab/ﬁ' curvature and composition profiles

suggest a‘ﬁteady state growth, fig. 61.



Fig.

58 a)

b)

A well formed colony. Inset SADP are from
parent and product grains.

The same cell. The marked lamellae are shown
individually with their composition profiles
in Figures 59-61.
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Fig. 59 Lamella #1 and its composition profile. Grain
boundary diffusion controlled steady state
growth are not applicable to this case.
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Fig. 60 Lamella #2 and its composition profile. The steady
state growth process is well characterized.
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Fig. 61 Lamella #4 and composition profile. Note .the coar-
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Lamella 45

Belongs to fhe cell shown in figure 34 growing in s-shape.
Its composition profile is well chara;térized by the steady
state growth, as éhOWn in fig. 62.

Lamella #12

From .a typical reaction front with steady state spacing,

fig. 63a, the domposition profile. of lamella #10 is shown

\\in fig. 63b. .

'Lameila #17

The last example for microanalysis and microdiffréction is
given with_lamella #17, fig\ 64a.n The CBMD* patterns are
~not changed although coming from positions of differenf

Zn concentration as indicated in the compogition profile,
fig. 64b. The reactioﬁ front i% shown in BF mode, fig.
64c, and in the CDF mode, with a product matrix, é&g. 64d,
and pérent grain reflection, fig. 64e. The same react%on (

A

«fgont is imaged in "low mag" mode (objective lens off) as

. Lo
shown in fig. 64f, along with the "parallel beam" micro-
diffraction pattéfns. The misorientation between neighbour-

iné lamellae can be appreciaﬁed.

4.2.2 The initial bowing of the grain boundary:

In section 4.1 DIGM precursor for discontinuous precipita-
tion was nQted. This suggestion is supported here: micro-

analysis in the depleted regioﬁ, fig. 65, shows it is

) depleted in solute, although not to the equilibrium composi-

tion. , The average concentration drop across the parent

grain/depleted regid% is about 70%.=
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Fig. 62 Lamella #5 and composition profile. The colony
containing the lamella is shown in fig. 34.
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Fig. 64 a) STEM BF image of lamella #17.

b) Its concentration profile.
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Fig. 64 c) BF image of colony containing lamella #17.
CDF images with a product matrix reflection,

fig. d), and with parent grain reflection,
fig. e).

v
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Fig. 64 f "Parallel beam" image and microdiffraction pat-
"tern from each marked and neighbouring lamellae -
or from the parent grain.

¢
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Fig. 65 a) DIGM structure in Al>@2*at.% Zn, 428K, 300
b} (‘ompos:.t:.onal STEM scan across the region

shown in a).
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DIGM during alloying in Al 22 at.% Zn is not frequently
observed because the discontinuous precipitation takes place
rapidly and the grain boundary then accelerates up to the steady
state'growth rate. With this factor in mind, well homogenized
samples of the Al-12 at.% Zn ;lloy were examined after isother-
mal treatment at 428K. Although discontinuous precipitation was

not present, boundary bowing was observed (see figures 66,67).

4.3 Other Modes of Decomposition

This section will be brief. First, in -order of iﬁpor—
tance, is the fast, competing spinodal-reaction in the parent
4 which must reduce free énergy to drive the discontinuous
reaction. In fig. 68 a typical;;pinodal-mi@rostructure re--
éulting from the lower standard annealing treatment, 428K, 300 s
" is shown. No microanalysis of the depleted @y is possible. It
is reasonable, however, to assume that it gets depleted to, at
least, the solubility given by the coherent spinodal. In‘f;g.
69 it is shown that at the higher standard temperature, 478K, a
coarsened spinodal microstructure has replaced the homogeneous
ay- Microanalysis in the depleted region has béen done and
gives x =12 at.% Zn which is lower than the spinodal value.
given by the curve proposed by Ungar et al., AE this tempera-
ture, but close to the value in the coherent solubiiityicurve
" proposed by Ardell et al.lgo;

‘ The second mechanismWJEéecpmposition reféfs to the
granulér preciéitation initiated at static grain boundaries.
This is illustrated with two examples.

i) Granular precipitation initiated at a static grain boundary.

This is ‘the case of low misorientation grain boundary,
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. 66 a) BF STEM image of dealloyed zone resulting
from DIGM in Al-12 at.% Zn, 428K, 300 s.
b,c) CDF images showing the migration of the
boundary.
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Fig. 67, Compositional STEM scan across alloyed

zone. Note that Zn concentration in this
case is closer to the egquilibrium walue,
0.035, than in the example in fig. 65.



Fig.
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Spinodal microstructure in Al-22 at.% Zn annealed
3905 and maintained at room temperature for S h.
a)/ bright field, b) centered dark field images.

428K,
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” .
Fig. 69 a) Coarsened spinodal ‘microstricture in
Al-22 at.% 2n -after 478K, 300 s. ADF image.
b) Area of microanalysis.-lo6 X. B.F. image.
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Fig. 7¢ a) Granular precipitation a{:"/a static grain boun-
diry Al-22 at.% 2Zn. RT, 100 h.
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t

SADP from left grain

. ' ; LN
Diffraction pattern from both 7 ~ SADP from’right grain
grains together ' - E . '

+

_ S R
FP@. 70 b) SADP seqﬁgﬁbe showing the low misorientation of the
e grain Boundary. . ) -
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Fig. 71 Granular precipitation pofjterior to discontinuous

precipitation when the las has lost mobility. o
Al-22 at.% Zn. 423K, 300 5%4:125 h. S \

1
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"which, although unable to migrate at room temperature
still provides an active solute diffusign path. In a
supersaturated matrix precipitation initiated at the
*  grain boundary and then proceeds by the cooperative.growth
of the two phases without the migration of the grain boun-
dary.‘ Such appears to be thE‘dasézgg; the example shown
i fig. 70. ' '
ii) ranular precipitation at a grain boundary that has . '
stopped migrat%ng

~ !

., - Some ‘as-annealed and quenched discontinuous precipitation
J
cell boundaries appear to lose their mobility at room

temperature. Grénfiifﬂgif9ipitation, however, may replace

the disconmtinuous mode in the same manner as in the pre-

‘ceding case. This event is illustrated in fig. 71. ///

4.4 Dissolution of the Discontinuous Product
_ \ - Ty
The purpose pf, this study was to see if the dissolution
4 - ] ‘
prdcess\i§ disconE}nuousf i.e. the grain boundary retreating

~and thereby dissolving the precipitated phase (as shown by

Sulonen and by Tu and Turnbull). The present work has not,

n

o
found evidence for discontinuous -dissolution. After annealing

-
’

both alloys, 28 and 22 at.% Zn, at temperatures slightly above
~£heir solvus nomeasurable extent of grain boundary migration
was detected; the process of dissolution takes place rapidly

by volume diffusion control. Figure 72 shows typicall%gﬁ

_ .
magnification SEM micrographs of both alloys, in which the)

' DY

static character of the grain boundary can be inferred. These
. ' - L

L
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micrographs are to be compared with those shown in fig. 28.
Detailed CEM and STEM examination of the resultihg
microstructure in the alloy 22% Zn have shown that a dynamic
recovery process takes place after only a few seconds of
dissolution treatment. Some selient micrographs of this pro-
cess are shown here.. An explanation of the obser#ed features,
in oonjunctiOn with the discussion of the disqontingous pre-
cipifation prPcess, will be attempted in the next chapter: It
ig hoted that the grain boundary has not migrated 'backwards'
even considering the favourable capillariﬁy component, figs.
73 and 74 .- Closeiy spacedfhexagonal arrays of screw dislo—
cation can be oQg?rved at oriﬁinal a'/R interfaoe, figs.74-76 .
Eventually edge dlslocétioﬁ\walls perpendlcular to the screw

dlslocatlon walls can occur in the o', figs. 77, 78 The

dynamics of the recovery process (accompanying the dissolution)

can rapidly organize the dislocations into 5 cells, flgs 79,80-

c

One may then speculate that after longer dlSlO ation treatment

a finer“grained defect-free homogeneous structure is to be

expected.
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-
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Fig. 72 Low magnification SEM of microstructures resulting

from ageing followed by dissclution treatment.
a) Al-28 at.% 2n, 472K, 300 s + 615K, 10 s.
b) Al-22 at.% Zn, 428K, 300 s + 595K, 10 s.
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Fig¢'73 a)
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Illustrating that neither the favourable curvature
of the grain boundary nor the dislocation content
in the product cell has insentivated at this stage,
the migration of the boundary. Bright field TEM
micrograph, 10K x. The SADP is from the product
cell. .

L

o



Fig. 73 b)
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‘A]}:righf field (top) centered dark field (bottom)
detail of the former reaction front.



Fig. 74
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i

Bright field TEM image of the microstructure resulting

. from ageing and dissolution treatment: 478K, 300 s;

595K, 10 s. Despite the pronounced curvature of the
grain boundaries particularly ‘at left), no retreating
migration of these can be inferred. At this stage a
high density of dislocations has resulted, although
ineffective to induce the boundary to migrate.
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Fig. 75 a)
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STEM bright field microgréph of partially dissolved
lamellar precipitates within two cells. 475K, 300 s;
593K;~10 s. - <

L 8
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Fig. 75 b) Detailed view of the interfacial dislocation
arrangement.
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Fig. 76 Illustrating an
isolated partially dis-
solved lamella in bright
field a)’in CDF with a
ZN reflection, b) and in
the wedk, beam dark field
mode , :; in order to
narrow the width and en-
hance the contrast of
the strain fields.

1




Brigt:t/field STEM micrographs illustrating the fact .

that the recovery process eventually can produce a .
_tilt boundary in the depleted lamella. This is shown ’
aswa wall of edge dislocation in a) the same area

is shown under different diffraction con&itions’, in
b). ‘ . . ] y )
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Sy

Fig. 78 A second example of the edge dislocation wall perpen-
dicular to the screw dislocation walls. . a) in bright
field, b} in dark field mode. 47§ s, 595K, 10 s.

L2

LY
' -
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. i A -
‘4

Fig. 79 ¢ Illustrating that the generated dislocations organize
‘ themselves into subcells. a) Bright field, b) cen-
tered_ dark field. 478K, 300 s; 595K, 10 s.
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CHAPTER 5

DISCUSSION - '

L

In the description of the experlmental results presen-

ted in the last chaptexh__“gamplete account of the dlscontlnuous

precipitation phenomena in this system was attempted.

In the

present chapter these results are examined under tRe light of

%

relative merits will then be discussed.

the appropriate theoretical models, summarized in Chapteg,z,whose.

The major emphasis

will be placed in the steady state growh process and related

aspects. The interlamellar spacing problem is analyzed in

some detail and a new set of calculations is presented in

order tc campare aer;cted vs. experimental results.

Finally,

since our/éxperimental results and subsequent calculations are,

to a great extent, based on analytical electron microséopy

data, the reliabi%}ty of these are discussed. rHence, for clarity,

the discussion of the present work is diyided into

dealing with:

i),
N
ii)

f{ii)

The prgfursor of discontinuous precipitation.
The steady state lamellar growth process. -
The'post-dissolution microstructure.

-

The analytlcal*results..

ections

Suggestlons for further ‘work. - b
| S |
159 ~_ 5
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5.} 'The Precursor of Discontinuous Precipitation

.. Since the first ‘recognition of DiGM, its similanties
- \ N " -
; .
with the’ grain boundary migration during discontinuous i;?gz;bgh
tation, in particutar at early states where Qe precipitating

phase has not yet aligned itself, were ‘:—1c]-:nowledgec‘ig'-2 It

U/ -
was suggested that both\iiifomena respond to a driving force of
) ~ \_/ (]
o
. : .

The present work has shown for the first time that a

a similar nature?.

well-defined DIGM even can occur in systems undergoing discon-

tihuous precipitation and, indeed, precede these. As pointed_

o;:\in the last chapter, thgfhtgh reaction velocity in Al-22 at.$
. o

Zn makes the detection of the precursor stage difficult® With

this in mind,.homogenizedfsamp;és of Al-12 at.% Zn were treated

fog 300 sec at 42BK. Tpe_boundaries were then found to possess

configurations that must have developed'through DIGM;'e.g.

the formation of\prgﬂéﬁitates on s-shaped boundaries, as showﬂ : {

in fig. 66. The fact that the boundary has‘migrated against

its curvaﬁﬁrg/fs_demonstrated‘by dark field'iﬁéging (fig. 66
= / ' -

b,c). The ‘composi STEM .scan shows that the swept regions

v l * '
are depleted in Zn\(fig. BJ). The thermally induced mig ion <

and the pucker mechahism (pre for initiation
are clearly ruled out

. ) 21
the coherence strain, o and

~developed by Hillert??’26
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driving forcé since the misfit parameter characteristic of
Al-Zn is very small, n = ,009. Hence it is difficult, in

this case, to avoid the conclusion that the grain boundary has
migrated in response, at least in large part, to a chemical
driving force. Aalthough the formulation of the chemical
,dfiving force is now the subject 6f some controversyzs, it:is-
nevertheless of importance to recognize the existence of

bIGM aé a precursor of discq?tinuous precipitation and to —
regard it as independent of £he previously postulated Fournelle-
Clark and Tu-Turpbull mechaniéms for reaction initiation.
Thevnatural guestion arising is why the effect is observed

only with-certain grain boundaries. This questioﬁ aits

a better understanding of the effects of-structure-seﬂsitive

grain boundary properties on discontinuous precipitation. No

. . ——
such study was attempted in the present work. However some
. _ i \; hd
suggestions are given at the end of this‘fhapter.
, N
& iif/
™ ) ¢
BEERY &2
7 .
.
B =
hl /"'--_-_"_
. < /‘“\
-~
™

Y- | ll‘ l ' .‘ - / - -



162

5.2 The Steadywsfﬁte Growth

5.2.1 The resulting microstrucdture and thermokinetic results

_An examination of the mo;phologies regulting from discon-
tinuous precipitation in the aluminium-z€Rc alloy studied here
lends no support to'the_criiéria ﬁroposed by Bauman et al.

It is not possible to fmaracterize a single seam with high

agging temperatures (T > Tm/z) nor the double seam with the

low ageing temperature (T < T_/2). Furthermore, as discussed

in the previous secﬁionf_their proposed link with the conven-

tional énd pucker mechanisms, respectively, is non-existent

in these alloys. -

Regarding the micréétrﬁctural téristicé of the

« steady state product, perhaps the more critical for Fhe'thermo;
“kinetic descriptioh are the interlaﬁéiiar spacing and the .-
ao‘/a' interface curvature. The last is.discussed here, in
conjunction with the calculated parameters;—ard the next sec-

tion is reserved for the former.

2

The series of examples of quenched interface shapes,
. ra .

given in chapter 4, support the general impression that thel//

' . ‘graiﬁ bo&;;;;}\tends to bow towards the parent grain for s;fﬁ\—
- - T

. . . . . .
tions where the spacing is relatively stable. The disc n

of the force balance acting gt reaction fronts in such convex-
forward configurations’.thus sugge ts\§hqt the chemical dri-
ving force plays a major role. .Here reference is made to

Hillert'slo”and‘Perovic and Purdy‘s46 analysis discussed in

. % .
section 2.3.37 and illustrated in(figures 9Napd 10. _In e
A . '

LN
e .. ) ' \\_}\. . P -
L I -
. N
- . N .
“ { R .
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o
lamellae labelled as "characteristic of steady state growth”,
e.g. figures 60 and 62, the experimental composition profile
compared with the parameter' a (equation (5)),@ calculated_
sthrough pén—linear regression, gives ihdeed only a minor range
of ﬁncartainty (Tables Iﬁ and V). The inverse is true with
lamellae assigned-('a priori' and based on inferfaciai shape) -
a non-steady state designation. An example of this case was
given in fig. 59; the local composi£ion step across ao/a',
given by the composition profile (albeit apparéntly exhibitihg 
two maxima), seems not to balance the lo;al;capillary compo~

nent at the interface. b

The concentration of zinc in the a'phase at the a'/B

I, | . : .
boundary, xa'/B' given both by the measured x-ray\mlcroanaly51s

and by the non linear regression, indexed by x, in Tables

3
Iv and V, - indicates that the ?ggglipxium'compos;tiOn Xq

has not been attained. This point was previously theoretically

postulated by Hlllerﬁro 22 and the present work brings the first

experimental proof for it. Porter and Edington4l, in contrast, *
reported thatﬂin MgAl'the composition of growing o' lamella

at line in contact with the precipitatihg B particle was equal

. to the equlllbglum value. Even con51der1ng the uncertainty in

the Rar, values listed £& tables IV and V, there is a gap with
respect to the equilibrium wvalues: from the Al-Zn phase diagram
Prééente@ in referenge 166 one can read a%;428§, X, = 0.035; r///“ﬁ\
at 478K, X, = 0.06. ﬁfﬁfé composition gap ‘is even largéglghan' ‘

. s , ‘ - k
the difference with the equilibrium solubility ié a affected

L4
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‘““ments contained in the same colony. When this is reguquixfr_,rﬁ\

N

)

by the curving edge of the B lamella, in accordance with the

Gibbs-Thompson theorem. Assuming uniform hemicylindrical

" curvature at the tip of the B precipitate, the calculations

=:0.045 at 478K, S, = 60 nm,

yvield: at 428K, S, = 25 nm, X 8

B8 a/B

xa)B = 0.066.

The aim of the theories of discontinucus precipitation (-\
is to predict the varicus growth parameters at a givenitemperature.
I£ igs of interest to compare the behaviour of each cell boundary
anélyzgd in terms of v, Sa and the measured concentration profile
which are imp%icit in the valueSjaf a. By substituting these
te:ﬁs into eqﬁation (5) it is possible to obtain values for
the grain boﬁndary diffusion group KDbé This was done for Eéch

region.analyzed and the values are llsted in tables IV and V.

the dlscu551on is now focussed on the analy51s at different seg-
9

'fféiméajae\g. figures 35, 55, the local value of v is Q;; same and

A

the difference in SOl is small; the local KDbd value CorrespoR-

ding to each lameli%e takes approximately the same value. The

same kind of behaviour was also observed in colonies where local

-

s, and v are significantly different. In suth a case the degree

of solute paftitioning; reflected in the composition profile, -

‘ ] a | 5 : . ’
enters to modérate the wvariation of the vsa product. A 1

S - , _
colony for which this characteristic.might be inferred is iﬂn .

—

\/'\
lustrated in flgure 58 Jﬁth individual lamellae os?Lﬁ\)3 and 4

, N
(table V), fiégfig/so.and 61. On the other hand, if. the KD, 6
- A P . - r
L '- 2.

DA

_

#
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values obtained at the different cell reaction fronts are com-
pared, a larger scatter is noted. The same kind of dbhservation
. . .
was made by Porter and Edington. This variation can ;:\bagééd
A -

by changes in K, D, or &, all of which could be sensitive to

b

such variables as boundary structure. Also variations-in K
could arise from changes in the interaction energ%/between zinc
and the grain boundary. Such structure effects will not only
ariseg between boundaries with different misorientation, but

also as the pligpféf the boundary changes along the reaction
lQi\ o
-
Zp tracer'aif ion data in random
p -
¢. - .
grain boundaries in Al-Zn alloys reports values of activatdon
i . T ¢ r
energy, Q, ranging from 22 to 30K J mol 1 and values of Db0§
" " from ZXIOlZ to TXlolo nm3 s—l for the composition range from

front. Indeed Hassner's

<

2 to 37 at.% Zn. ~Fhe values of KDbd reported here correspond
' 194

to the lower values measured by Hassner
The convergent beam microdiffraction technique was
used with two objectives in view. The first, to check the

sensitivity of this in detecting composition changes in the same

/// o crystal, i.e. the same lamella. Such sensitivity is linked to
A ¥ that of high order Lawe - zone (HOLZ) patterns to changes 'in
lattice parameterlgl. The virtual constancy of the CBMD pat-

terns aleﬁg a compositional scan in o' serves rather to confirm
the low atomic misfit in this system. The secon&®; was to explore
its response to changes in crystal symmetry. lLJAn this regard (T

the technique was very useful’ in detecting the misorientation

.
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between neighbour a' lameliae through the shift of the HOLZ
lines. The parallel beam microdiffraction is-a lower resolution )
technique (if‘compared with the convergent beam mbde in the STEM)
but able to resolve .individual lamellae. It gives spot and
Kikuchi line patterns .and thereby allows a more accurate ihdi-
cation than its equivalent CBMD pattern which gives (sometimes

diffuse) disc and HOLZ lines. This was the reason for including

both in some figures. —
~

5.2.2 The interlamellar spacing problemsa
The ability of discontinuous precipitation systems to
change’ their spacing in response to.chande in ;emperatufe has

been theoretiéally demonstratéd34'40

and experimentally observed.
Since most researchers display their results as average values ‘
of v and S, the range of spacings within a given sample

has not received ' te attention. ~&he work of Gust and

coworkersﬁo, however, shows that a range exists and that its
distribution can be repfesented_by a Gaussian ™ - :

While the minimum spac:.ng S is readily &:ulated a”\
the thermodynamlc limit of the available chemical free energy g
in the creation of interfacial free energy, as oriéinally noted
by‘Zener and expressed in equation (10), the makimum spacing

is not thermodynamically determined. 1In pr1nc15f§ any s >S

is p0551ble but in accordance w.ix the steady state veloc:.ty

L
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Here Sundquist's analysis45, discussed in section 2.3.3, is
of interest. He considers the development of recess at‘the
ao/a' interface as a regulatoryfmechanism to maintain the steady

state spacing. The perception arising from the present work
BN

is tHat this limiting state, at the stability margin, is not
! - .
the proper choice for the spdging realized in practice, but

instead represents an upper limit on a range of possible spa-
cings. Figure 59 illustrates this situation; %t has the

larger spacing in a well developed discontinuous precipitation’

colony, fig. 58. Other .re-entrant interfaces have occasionally
been seen but they are almost certainly transient as opposed

to steady shapes. ‘ \

v The discussion of the optimal spacing requires the

simultan@ous consideration of twWo other properties-of the reac-

tion product: steady velocity v and fesidual‘supersaturation

i:\a¥74l=BL;\‘EPe more usual hypothesis for other lamellar

products of eutecticyvand eutectoid rans¥ormations (that the

velocity of‘Fhe transformation fron

‘ .
attractive for the case of discontiruous precipitation. This

is optimized) is not so

is because the incomplete solute partitioning, which is in-

hHerent in the grain boundary diffusion control reactions, plays
* - '

a major role in the free energy balance. High velocities are
o : T '

_therefore in principle po#sible, and would be accompanied by

- \_,_/ ' -

large spaé{pg, and by minimal net free energy changeg attending

minimal solute redistribution.
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As discussed in section 2.3.3, there are two theoreti-

cal approaches to the problem. Hillerxfs detailed treatment
: h : .
: “ -
is potentially Vvery attractive. However,jit confronts two dif-

ficulties: one theoretical, as the model lies on the for-

mulation of the local chemical.force whos 'alidity‘i now under

-

guestion, és noted before; tﬁe other is related to the re-
éuirement to know the interface shape in<detail, a cdﬁéigion
difficult to meet in practice. The second approach’is that
‘kthe optimum state is one of maximum dissipation. While thn‘s
analysis is in terms of maxig&m dissipation of free eneréy,

E) Puls.and-KirkaldYST favour the maximum entropy production.
. . - . ~

Since the system is isothermai, both approaches are equivalent.

e The thermokinetic optimum, maximum rate of dissipa-

B t]“og, is readily applied to experiment via the global theory
|

'fb@ diSContinuods\precipitatioﬁ. The global nature of this ///
0 r v

| .
approach is evident when we consider that it is possible to

evaluate tLe-free eﬁérgy’chan e of parent and p;oduct phases,
at points'sufﬁicieptly remoté ffom the traﬁsforﬁation inter-
face, and so evaluate the free energy ¢onsumed’ in accompli-

! éhing the transformation, without inguiring into details of
tle actual transg;:mation_progess. The only reqdigemenk is

that thelfront remain approximately planar. ' For "the purpose

of se@;ppipg_for an optimum the globai.approach is particularly

r

usegﬁl. Iﬂdeed, in the applica ion of a thermokinetical opti-

b ! -
mal‘grinciple,\i&his advantagegus td’ask as little as possible
", . \‘ , -‘ . .
\\&&/ about ?Fq details of-FQe process, but to enguire into initial
~
5 and finailﬁtates only. &
L o\ ~ -
' . — . 7 om

I A : Uib\ '7<§$3;= v _'/K‘\_,f—“ .(’3~ R

im0
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For the eiperimeptal test, we require thermoaﬁnamic
~data for\EPelalloy syseem under study, grain boundary diffu-
sion data, andtan estimate of the residual supersaturatioﬁ in
%J. All these reguirements are now available for the Al-2n
;yétem}' The last two-haﬁe heen met,.simﬁltaneoﬁsly and for the
specific grain’boundary-qnder scrgtiny (éhus remoying an element
of encertainty assoeiated with variation of KDb6 within _a g_i\‘!en
polycrystalline specimen), through highh;esolution microanaly-
sis inrinaividual lamellae, as deecrlbed previouslyﬁ Before
preceding it is worthwhile to note e difficulty in apglyihg
the optimai hypothesis in this system as related to ihe (fast)
competing spinodal reaction in  the paren:£ a, which must re- #
duce . the available free‘energy in - Against these,.however, are
the remarkablyvconstant,steedy-stéee spacinge‘and velocities
apéeined by the discontinuous front, suggesting strgngly that
the system is transforming under constant driving fo;ée, A
schematic represenEation of the free energy sinks is given in
in figure 81, Qhere AGl'is the free energy difference with the
is

alloy under hypothetical dilute solution behaviour, AGd

the free energy consumed by the spinodal reaction, AG is the

aétuaf free energy refleased by the discontinuous preéipitation
reaction and AGr is the free energy retained with the_residuel
supersaturation in a'.

: The systematics of the calculations is as follows. The-

\

factual compeFition frofile represented by its parameter a, in

+

. . . . . J . .
conjunction with thermo amic data for e a solid solution,

_ is used to evaluate the actual - gy released PAG . om* e
) »

~ ¢ . -
, R .

L | ' /- ;

.
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‘Now, thanks to the spinoidal reactions, the assign@ent of di-
lute solﬂ;ionygehaviour to the parent o is reasonable. Re-

,Callingfggre ‘fhat the. analytical form of P is then given by

_ -
. P(a) = —> tanh i%'L % sech? 4%
. - ) V v fa_ ' - ) )
with ’ o L Tﬁ
- . : k 2 _ '
a = vs /kD, 8 .
- - T
,(‘apd for AG . .nm by( ‘
O , C | _
Y ‘ ?. - (xo-xe)2 o | (
, - 4G =R ——— . .

chem 2x% - . N

ddta from the same‘lamella.' The local value of KDbd is then

to calculate the net free energy chaﬁge as a‘functmon of

. - ’

v and S using . L

. i .- o LY

. - L 2Y gV, .
] . AG_.. = PAG - 4.2 BT ‘
R net chem . s

The value of Y 'B ﬁas taken from ieference 66. Seme sample
results for the experlmental conditions &Eed h are own

next Starting with the.computed plots of, PAGchem vs v, £ig.82,

v

and PAG Vs 5, flg. 83, thesenmrely conflnn1nternaLan§%stency.

hem
The increase of elther both v or S reduces the, utlllzatlon of

the chemical driving force.“ The plots AG vs. v,,f;gt- 84,

net

and AG vs. S,'fig. 85 show that as 5 - Sgr the net free'

net .
energy change + 0. The redUCtlon 1n_AG g
—— ne ‘
city of fixed spacing ?'Sc.is simply a result of dlmlnlshlng .
T . w 9 * . ' i
‘ ) _

‘with 1ncreasea VS o

. .. . .
. . .-
soda - . . ¥
. - ) .. . R .
T . ' ¢
t - - [ ’ . ' -
: | - A . ~ . . o '
. . LY
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time for solute diffusion in the grain boundary. There is no
well defined optimum in these curves.

b

_When dissipgtion, indexed as LGnet.v is examined as a
function of S and v for these same data, we find the well-
formed optimum of figure 56. Thus one can see immediately that
a maximum in dissipation exists, that is a'single value,  and
that it repéesents a possisle unique state with which to compare
eXperiments. These résult?, and their comparison with experi-
mental velocity and spacing data are summarized in Table VI.
Iﬁcluded in the same table VI are the results of the same sort
of calculations given for the alioy Mg-9 at.% Al studied by
Porter and Edington. Although they did not concern thémselves
with quantification of free e;ergy storéd in a' nor about the
variation in S, tﬁeir'informatioh of v, s and a allows the
calculation of the optimum cgnditions through the dissipation
fuﬁ&tion._ The level of agre ént seems to be good, particularly
with the Mg-Al alloy, where thé absence of general precipitation
in the parent grain and the dilute solution behaviour cé¥tainly
-contribute. In the Al-2Zn allby it is possible that the value of
the chemical driving.force was overestimated since rat%er high
solubility limits in the parent o were asguméd. A decrease
.

of, say, 5 J on the value of AGchem significantly improves

the agreement experimental value vs calculated optimum,

EA

%
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Al XZ

n -~
T —~
/// \\
/ \
/ A
{ -\\
Ta =% 7
1/
A ,/./
P / AG,
/
4,,/4 AGd
G z AG
-L__| a6,
iy I ]
Xd Xs Xg
Xa/3 '

Fig. 81 Schematic free energy-composition diagram demonstrating

that the driving force for discontinuous precipitation
is reduced by spinoidal decomposition in' the parent

grain at the ageing temperature TA'

o L
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Table VI. Comparison of measured with optimal values of cell
' velocity and interlamellar spacing

Parameters Al-22 at.% Zn , Mg-9 at.% Al
T (K) 428 . 478 . 485 550
- o ,
TS R 145.1 87.0 83.4 42.7
1.06x10° 7.35x10° 3.6x10° 6.5x10°
5.1 x1071%  5.1x10717 4x1071? 4x 10712
69.5 115.5 130 - 255
140 235 ’h\ﬁh\\gs? . si5°
175 - 280 288 420
27 41.6 27 59

70 -188 20 330
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5.3 The Post Dissolution Microstructure

This section will be brief, since it was not considered
in the initial objectives of th? present work. However, the

consistency of the dislocation patterns responding to thermal
- . ( .

treatment alOné with the information, also consistent, obtained
from the discontinuous prea}pitation product, i.e. before
dissolution, allow us toygttempt an interpretation of the
'microéraphs. The first element of analysis is the oﬁserved,
measurable, misorientation bétweeg neighbouring o' lamellae.
The second element. is, the observed hexagonal dislocations

- . i
network at.a certain stage of the annealing process. This ob-‘
servation is (with difficulty) reproducible. It seé%s Ehat
during tﬂe steady state growth the g precipitatiné lamellae
adopts a cusp orientation with a' while the grain boundary

I

reaction front, in search of its own thermodynamic equilibriumg
orientation, exerts i?qal torgque components atlths)meactioq '
front. The resulting strain is elastically stored in the dis-
continuous product.s The o' lamella appears as gubfected to a
twist distortion. ﬁeheating the lamella structure above the
solvus temperature - which is comparatively high for the al-
loy —hthe stored?encrgy is released and screw dislocations

‘are readily fo;med at the origigal «'/8 interfaces in array

as a twist boundary. A secondary \effect of the twist could

be, as noted in figs. 75, 76, edge“dislocation walls dividing

slightly misoriented segments of the same lamella. This

\
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misorientation can be observed by the contrast difference \

across the wall (fig. 76) and measured by CBMD or PBMD pét-

-

\
terns in the STEM. e

i .
The above discussion refers to highly transient micro-

structures, which are, however, amenable to mathematical modeling.
- Vi .

—~

It has been shown that pure dilational misfit n can be ac-

154. It appears

commodated by 3 sets of screw dislocations
that in this case there is a rotation component ¢ in the defor-

mation tensor and arises from the twist distortion, so that

. n ¢ O
- i
(D+ - I)=1|=-p n O
: 0
¢ e on

——

. N
where D+ is the deformation matrix in the {+) crystal,‘ﬂ 1

_denotes the inverse of D and I is the identity matrix.

5.4 The Analytical Results

b ]
The concentration profiles measured with the STEM

are gquantitatively in good agreement with those calculated

‘through nonlinear regression. Therefore the a and P values are

gonsidered reliable. The value of X is mpré sensitive to the
accuracy of the analytical conditions. It is clear thét the

major sources of uncertainty are related to the detérmination
of the K, a1 factor and absorption occurring preferentially

in aluminium. The last has been minimized by the analysis

in thin portions of the crystal. However, some workers, in-

it
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vestigating in higﬁefﬁébsorbing systems such as Ni-a1t%2 41-

loys assign error bars to'be :10% analyzing foils typically
500 nm thick. The KZnAi factor obtained with the "standards”
prepared here has the value of 1.55:.08. The range of values
obtained for the different alloyé is: for 40 w% 2n:.1.20

to 1.34; for 25 w% Zn: 1.10 to 1.41; for .20 wi Zn: 1.17 to

1.27; for 5 wi Zn: 1.10 to 1.29. For comparison, the fol-

= 1l.18,

. . : . 1720 .
lowing reported values e-areQGoldsteln. glves.KZnAl

a3

. 31 o
fr®m the relation KZnSi/KAlSi ; Chapness et al™ "% published

data which reads Konal = 1-38 experimentally and K, = 1.43

nAl

calculated. It is worth noting that theK factor is strongly

a
sensitive to instrumental conditions. Errors are estimated

——

for the present results as +/—10%.\\\#; \\/,_H« )

5.5 Suggestions for Further Work L ‘

a) In order to better characterize: the influence of grain
boundary structure on discontinuous precipitatipn, the
study of the reaction on well-characterized bicrystals
of Al-Zn will be of valye. However, technical difficul-
ties, associated with the preparation of both ﬁhe bicrys- -
tal itself and the foil for electron microscgpy, are' to
be expected.

b) With similar purpose, the reaction front structural charac-
teristics inm golycrystalline samples could be specified

by the axis/angle pair technique in the TEM.



187

[

These procedures will contribute to obtéin meaningful
activation eneréy values, i.e. from Arrhenius plots for
grain boundaries characterized by the same set of structural
parameters.

c) With the Al-22 at.% 2zn alloy, up gquenching experiments of
discontinuous products could be devised with two objectifes
in mind; the-first that enables one to assess if coherency
loss takes place in the absence of dissolution (i.e. at

]
JT <Teutectic),- and the second to determine the mode of
precipitate dissolution at temperatures below the solvus

{i.e. at T>T }.

eutectic

<

d) The study of discontinucus precipitation and dissolution in
an Al-15 at.% Zn will be advantageous in two respects. The
precipitation processAwill take place at lower rate than
with the Al-22 analloy, enabling a more detailed study

&of DIGM event. On the other hand, since in this alloy

o~
<

éi TS==546K“(i.e. slightly lower than T ), it is pos-

eutectic
sible that dissolution proceeds discontinuously.

¢) Concentrated Zn alloys in this system must undergo eutectic
decomposition rather than discontinuous precipitation. A
study of the transition between the two modes would be
of considerable interest.

f) It may be wo;thwhile to promote grain refinement through

precipitation/dissolution thermal cycling experiments, and

to test the mechanical properties response.



CHAPTER 6

CONCLUSIONS ..

The CTEM and microanalytical STEM studies reported 'in

* this thesis indicate -the following important features of the

)
'y

discontinuous precipitation reaction in Al-22 at.s Zn alloy.

,1)

Diffusion induced gréih boundary migration occurs both
as a precursor for and simultaneously with discontinuocus
précigitation. As a reaction precursor, DIGM is to ’
bg_regarded as independent of the previously postulated
Fourelle-Clark mechanism.

The morphologies resulting from discontinuous precipi-
tation, at all the éonditions studied here, eghibit
migration both on one side and both sides of the grain
boundary. Hence,.no clear characterization .of either of
these morphologies with ageing temperaturg (regardless
whether higher or lower than Tm/2) is possible.

A éranular form of boundary precipitation has also been
observed. This is apparently cooperative in nature and
distinct from discontinuous precipitatigh in the sense
that no boundary migration is involved.

The steady state growth reaction front has been studied

in detail. The main characteristics are:

188
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b}

c)

d)
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Quenched ao/a‘ interface shapes exhibit convex-
(%4

forward configurations thus suggesting that the
chemical driving force plays a ﬁajor role in the

migration of the boundary.

There is a well-defined Zn concentration profile
along the depleted lamellae parallel (and close)

to the cell inte£¥ace.

Grain boundary diffusivity was obtaihed from each
analyzed lamellae. Lamellae in the same colony

yield approximately the same value, al£hough theif
interlamellar spacing maf change. However, a com-
parison of data from different reaction fronts, in
the same sample, indicates a variation of one order

of magnitude in diffusivitieé. This effect has been
tentatively explained as being due to the influence

of grain boundary structure on discontinuous precipi-
tation. The values of kaa calculated here‘are in
agrgement with those measured by ﬁassner194 for Zn
trace diffusion along random grain boundaries in Al-2n
alloys. !

The concentration of Zn in a' at the a’}a inter-
phase both measured and calculated through non

linear regression analysis is higher than

the equilibrium composition. This finding is
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consistent in all the lamellae studied and appears
to be in agreement with the predictions of Hillert's
theorylo'zz. . _

The interlamellar spacing has been discussed by reference
to the princigle that discontinuous precipitation systms
search a maximum rate of dissipation aéha?fainally postu-
lated by Cahn40 and Kirkaldysj. A {rece-energy dissipa-
tion.function has been defined énd allows calculations
requiring local thermokinetic data (retained by super-
saturation, grain boundary diffusivity), which can be-
obtained only through high resolution microanalysig. It
skems that discontinpous precipitation systems do find
and hold an optimal state and ﬁhat they represent an
6ptima in the rate of dissipation of free energy. Com-

parison with real systems is promising. In Al-Zn,

where the chemical driving force has to account for the

'competing spinodal reaction, the agreement is not as

good as with the Mg-9 at.% Al considered, where matrix
precipitﬁtion is absent.

The dissolution of the discontinuous precipitation pro-
duct at temperétures slightly above the solvus has been
found to proceed by volume diffusion control. The ob-
served generation of dislocation arrays within the former
cell which accompanies this diséolutiOn has been inter-
preted as due to a recovery mechanism induced by elastic

energy stored in the product phases during the growth

.
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process. Microdiffraction and dark field imaging
technigues have revealed twist distortions in the as-

aged and quenched steady-state lamellar product.
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