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ABSTRACT

A high spatial resolution study of the behavior of Zn solute in A/ bicrystals has been

conducted using x-ray energy-dispersive spectroscopy (EDS) in a TEM/STEM instrument.

The effects of relative crystal orientation were studied in order to establish the rela-
~ tionship between the crystallography and structure of high angle grain boundaries and grain
boundary segregation phenomena. It was observed that both structure and heat treatment

affect the distribution of solute at the grain boundary.

Specimens subjected to short annealing cycles wére found to exhibit a periodic distri-
bution of Zn along the grai;'i boundary plane prior to the appearance of any evidence sug-
gesting precipitation had occurred. The periodicity of the:segregation event was found in
severai_cases to agree with the expected intervals of atomic relaxations in the O-lattice.
Also, the spatial distribution of certain extrinsic defects at the grain boundary was found to
bear a direct relationship with higher accumulations of Zn solute along the boundary plane.
It was found that the segregation phenomenon bears a similar felationship as the grain

boundary energy to the angle of misorientation for {110] tilt boundaries.



iv

An exponential temperatﬁre dependence of the segregation event was also observed,
allowing a determination of the activation energy to be rhade from this relationship.
Anomalous behavior at high temperatures was explained on the basis of a deviation from
equilibrium coupled with the formation of impurity-vacancy pairs and higher-order com-
plexes. The low temperature data suggests that the activation energy of grain boundary

segregation is not solely due to the equivalent strain release in the classical McLean theory.

€,



1. INTRODUCTION

Local fluctuations in solute composition at external surfaces and solid-solid interfaces
(grain boundaries, stacking faults, antiphase boundaries) are generally referred as to interfa-

[l who showed

cial segregation. This phenonieno'n-was treated formally by J. Willard Gibbs
_that, as a rule, solute elements which decrease the surface tension should concentrate at the
surface, and those which increase the surface tension should-avoid the shrfa_ce. However,
at least two recent developments have proVided the. principal impefus for renewed interest
in this phenomenon. First, the capability for chemical characterization of interfaces has
improved dramatically over the last decade as a result of the development of sensitive spec-
vtroscopical teéhniques of high resolution. Second, a .growing technological need has
emerged to develop improved or alternative matérials after recognizing the significant
influence that the chemistry of interfaces, and grain boundaries (GB) in particular, exerts
upon ’a variety of properties, both physical ‘and mechanical, in 'a wide spectrum of

materials. (2-7]

Although the segregation phenomenon has been studied mostly in connection with

81 3¢ is clear that a wide range of

: the effect it may have on GB cohesion in certain alloys,
‘ metallurgical and physical properties and processes can be affected; in some cases segrega-
tion is»a governing factor, while in others it is an important contributory factor. Fig. 1 illus-
t_rates many of these material phenomena involving segregation. Th¢ phenomena cofnprise
two broad éategories: one in which some aspects of bonding or cohesidn are involved and
which relates to the mechanical strength of thé material, the other in which the segregant
species may affect some Kinetic-based ph.e'momena such as precipitation of second phase

particles at the GB, surface oxidation, migration of GB’s, and diffusion along GB’s.[9'15]

A distinction must be made between equilibrium segregation described by equilibrium
thermodynamics- and non;equilibrium segregation which is a consequen'ce of Kkinetic

processes, where solute interactions wit'h.paint defects play an important role prior. to



achieving thermal equilibrium. 216,17 The segregation of solute atoms to GB’s is often of
the equilibrium type. This type 6f segregation occurs because there exist certain locations
for solute atoms at GB’s which are energeticallyimore favorable than the normal sites for
solute atoms in _the solvent lattice. '8! At GB’s some atoms have moré room around them
and others have less room around them than would be provided by the undisforted lattice.

" Large squte atoms will tend to replace the former and small ones the latter.

Irrespective of the models which describe GB segregation on an atomic scale, it is

generally agreed that the segregation is localized to within 10 nm of the boundary.[m

Also, such segregation does not result in any detectable change in microstructure. [20-23]
Therefore a direct measurement of GB segregation tends to be difficult. However, such
- difficultties have been overcome in part with the advent of a range of microanalitical tech-

niques. f24] } .

The most widely used technique in the study of equilibrium segregation to GB’s is
Auger Electron Spectroscopy (AES). This technique, however, together with the other sur-
face specific t_echniques, suffers from the disadvantage that GB microanalysis can be carried
out only on a grain surface. Consequently, the specimen has to be fractured in an'intef-
granular mode under a very high vacuum (<10~¢ Torr). Not only are such procedures both
elaborate and difficult, but the spatial resolutionvis in the um range and does not permit
any direct correlation with detailed microstructure. Furthermore, segrégation profiles up to
the surface may only be obtained by sequential ion-sputtering. Such sputtering can introduce

error due to preferential removal or redeposition of -particular species. [25.28)

Another generally useful technique for chemical analysis and simultaneous micros-
tructural examination is electron probe microanalysis using characteristic X-ray emissions.
But its spatial resolution (1000 nm in bulk specimens and 100 »m in thin foils) is inade-
quate when one requires the quantitative measurement of localized GB compositions, i.e.,

concentration gradients in the GB itself, in an attempt to localize the sites where the solute



atoms prefer to go. This type of analysis requires a high level of spatial resolution coupled

with high sensitivity devices.

The introduction of the scanning transmission electron microscope (STEM) has elim-
inated the resolution problems inherent in the techniques described above. High intensity
electron probes coupled with an energy dispersive spectrometer (EDS) have allowed X-ray
microanalysis from areas as smallv as 3—20 nm in diameter' on thin transmission electron
microscope foils. Analysis can be carried oﬁt for eleménts with atomic number >11
without the need, in most cases, to correct for either absorption or ﬂuorescehce.m] Ulti-
mately, the resolution of this technique depends much on the brightness of the electron
source, as well as th'e. size of the electron beam. When STEM analysis is complemented
with conventional transmission electron microscopy (CTEM), weak beam (WB) imaging

and convergent beam diﬁ'raciion (CBD), GB segregation can be thoroughly studied.

]

Somewhat more sophistication can be introdhced in a study of this nature by employ-
ing techniques of direct lattice resolution, electron energy loss spectroscopy or critical vol-

[30] and require sub-

tage effects. These methods are summarized by Thomas and Goringe
stantial care in both execution and interpretation. As such they have not been generally
used in studies which require larger statistical samplings. The present study seeks to classify

a microstructural event on a statistical basis ‘by employing TEM imaging and STEM

microanalysis.

The objective of the present reSearch is to understand the rélétionship between GB
segregation and GB structure for tﬁe particular case of the A/-Zn system. The AI-Zn system
was chosen here for its excellent transpafency to electrons and the wide variety of thermo- .
dy-namic parameters (including impurity and self-diffusivities, impurity-vacancy binding
energies) previously characterized‘ in a large numbér of ei;perimenté which are available in
the cﬁ-rrent {iterature. ’Also the relative position of the Zﬁ aﬁd Al peaks in the X-ray energy

spectrum-makes their.detection straightforward. The study focusses here on the behavior of

[}



Zn-solute atoms along the A~GB'’s after short annealing cycles and prior to the appearancé
of any evidence suggesting precipitation (see phase diagram in Fig. 41). The results of these _

studies are interpreted in terms of current models of GB structure.



2. THEORY

2.1. Grain Boundary Segregation

- The theory of solute adsorption, or segregation, to interfaces was first treated by
Gibbs. ( In his model, he assumes the interface, in this éase a grain boundary,' to be
represented by a second phase having only afea and no thickness. The phase on either side
of the interface is assumed to be of constant composition and the interface is assumed to
contain all of the adsorbed solute. The mddel used in developing the Gibbs adsorption
.equation is depicted schematically in Fig. 2(a) along with a schematic depiction of true
segregation and pfecipitation of a second phase. Using the assumptions briefly outlined

above, Gibbs determined the following relationship:

dy =-3T du, - | 1)

h component of a system, I, is the excess of

where p; is the chemical potentials of the it
thé it coxhponent at the interface in that system and v is the surface tension of the inter-
face. The principal difficulty encountered in using the Gibbs equation, or any other relation
arrived at via classical thermodynamics, is that the equilibrium surface tension, y, must be

known as a function of bulk composition in order to determine T'; of the i* component.

This information is rarely available for metallic systems.

An alternative treatment of GB segregation has been de‘velbped by McLean, (1) based
on the original work of Gibbs,{” Mehlm] and Gorsky. 331 McLean estimated the equili-
brium concehtratioh of solute atoms at a GB in the following manner. Assuming that there
are N undistorted lattice sites with P solute atoms distributed .among them,.and » .diétorted
interface sites with p solute atoms distributed among them, the free energy due to the
‘solute atoms can be described-by: |

G=pe+PE~RTInW : ' 2

where RTln W is-the configurational entropy caused by the solute atoms, andis expressed



as:
In W =1nn!N! — In (n—p)! p! (N—P)! P!, ’ 3)

E is the energy of a solute atom in one.of the N initially undistorted sites and e is the

energy of a solute atom in one of the initially distorted sites.

'By minimization of the free energy

p___P E—e
n—p = N—P P RT) @
or, expressed again in a more useful form:
Xp Xe E 1 .
Xo—%s | 1%, exp( ) ®)

where x, is the solute molar concentration at the grain boundary and xp, is the saturation

value of x; ( which generally seems to be about one monolayer). E, is the free energy of

adsorption at the GB. This relationship has the same behavior as that described in the

[34] {35]

Langmuir theory of gas adsorption™”"' and the Susuki'”~" theory for adsorption to stacking

faults. Examples of measurements obeying this theory occur in the literature for segregation

to GB’sBG] and to free surfaces. [37]

One of the main difficulties that arises from the Mclean theory is the need to calculate
the value of E;. McLean derived some values of E; using elasticity theory to caiculate the
release of strain energy in the matrix due to the difference in atomic volume between the

[38]_ made a derivation of that strain energy in a way which

solute and the solvent. Friedler
makes the calculations easier than the way presented by McLean. bBy combining both
McLean and Friedler’s ideas about energy of adsorption to GB’s the result is:
~24wKGrory(ry-,)?

3Kr 1+4G" 0

AH, = ~E, = ©)

~where K is the solute bulk modulus, G is the solvent shear modulus, ro and r; are the



appropiate radii for solvent and solute atoms in their pure states, respectively.

The above approach for calculati_ﬁg E, is unlikely to give even an approximate esti-
mate, unless the mismatch between the solute and the solvent atoms is very large, since it
| is equivalent to omitting electronic and valency effects in normal alloy formation. An alter-
native formulation of the Langmuir-type adsorption presented by Brunaver et.al.[3,9] over-

comes the above mentioned difficuity.
\ N

This new adsorption theory known better as truncated BET! adsorption theory served

as a basis for Seah and Hondroan to derive a similar relationship to that of equation 5.
Thus,
Xp Xe v ' .
pag=— - . exp(E/RT) M

where E is an enefgy term of segregation and X, is the solute solubility limit. The impor-
tant contribution here is the introduction of the term X¢, which for slightly soluble sub-

stances is given by

x., = exp(—EL/RT) €))
Now E(=E—E}) is the difference between the free energy of adsorption of the first
layer and the free energy of condensation of succesive layers. With this new model a better

appreciation can be obtained of the magnitude of E; and the role of X In the case of

dilute systems, since E<<E; or E; in systems of low solubility and is less than 20

KJ/mol, then

Xp 1 C

) (— == )

b, X ¢,

(

where C typically has a value of 1-20. The term of the left -hand side is known as GB .
enrichment factor B,. The level of complexity“in the theory of GB segregation increases as

more variables are taken into account. Thus the consideration .of the mutual interaction. of



the adsorbate with 1tself leads to a new expression for E;: 1401

Ei= E\-Zo— | (10)

X b,

-where Z is the coordination number for the adsorbed or segregated species to the GB and

w is the interaction energy between pairs of nelghbors

* So far, the above theories of GB segregation are specific to dilute systems. In the
case of non-dilute systems, William and Mason[“] derived a relation similar to equation 5

where E, is given by:

E,

(11)

where Z, is the loss of coordination number Z at the surface and H{, and HE, are the
enthalpies of sublimation of bulk 4 and bulk B, respectively, of a binary 4B. William and
Mason’s theory was further developed to include the regular solution parameter ) which

- describes the chemical interaction between the two constituents of the binary system, i.e.
Sub ( ub+H.S€4b)+.Z Q (12)

and

E,=-(i)( Hiu—HEy) +20,[(Z-2Z,) (x—x) = Z,(x.~1/2)] a3 -

A better insight into GB segregation theory can be gained by considering the two -

421 These investigators

modifications to the latter model proposed by Winblatt and Ku,
argued fhat the surface energies of the pure elements in the alloy give a better representa-
tion of the unsatisfied bonds than the Z,Hs,/Z terms, and a strain energy associated with
the different sizes of the solute and solvent atoms should be added to the free energy of

segregation. It was expected that the strain term would be meaningful in the case of large

atomic differences between the solute and solvent. This was discussed by Tsai et.al. [43] The

IBET stands for-an-abbreviation -of Brunaver,Emmett and Teller. (39)



last ideas reported here about the free energy of segregation found support and experimen-

143

tal evidence after a recent review study done by Sea on thirty-two published results for

“different systems.

Regression analysis has shown that the strain term modifies the coefficients of the

terms in equation 13 to give the following relationship:
E =—0.64(yAyD+1.860+4.64x10'Da(aa)? Ki/mol (14

The last term represents the strain release term with D unity if Aa is positive, i.e. if the
solute atom is. larger than the solvent atom, and D zero, otherwise. The size of the solvent

atom, a, and Aa are both given in nm.

2.2. Grain Boundary Structure

The strgctufe of GB’s in metallic materials has been the object .of research ever since
it became known that they had importance in controlling phenomena such as low and high
‘temperature fracture, creep and corrosion. Since then, many models have been proposed to
explain the relationship between GB structure and ihese phenomena. |

The modern ideas of GB étructure, unlike earlier_models,m'SZ]

tend to begin by con-
sidering the crystallographic relationship of the crystals delimiting the béundary and putting
emphasis on the importance of periodié structure along the boundary.[53'58] Various ways
of defining this crystallography exist, but the mosi popular version consists of its descrip-
tion in terms of the so called axis/angle pair (<h ki1>/ é) and the boundary normal. In _thié
description, the axis of misorientation < h k I> is a direction in the two cdstals which has
the same crystallographic indices and about which a rotation of ® degrees of oné crystai
with respect to the other describes the relative orientation of the two crystals. (Fig. 3 and- 4
gis)e a-definition of vthese parameters for the particular case -of a-symmetrical tilt boundary).

At specific values of <h k 1>/@® certain lattice points of each crystal coincide. The

space lattice :made :U,p--éf -the -coincidence sites-has a :peniodi¢ivty»of —é— This- concept of the
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(591

coincidence site lattice, CSL, (originally developed by Kronberg and Wilson, and

{61]

Frank'®®! and elaborated upon by Brandon _et.al.,[54] Brandon™"' and ,Ranganathanm]) has

become very popular when studying the structure of GB’s.[5 2

For the case of cubic crystal, Ranganathan[_&] has shown than a CSL can be generated

if
© = 2tan~! ({-)m : (15)

where x and y are integer coordinzites and N is given by
N = h+k+10 (16)
The above operation leads to the definition of the generating function:
L = x™4+Ny? an

The multiplicity, X, is defined as the ratio of the area of the coincidence lattice cell to that
of the original cell, and must have only odd values in the cubic system. Therefore, even

values of T are divided by the correct multiple of 2 to yield an odd value.

Much work has been done on geometrical constructions of GB’s following the CSL
-model. This has led to tables which ha\)e been published containing the axis/angle pairs for
multiplicities up to Z=19 for cubic systems. 631 More complete tables, with values of T

up to 57 are reported elsewhere. [57.64-66]

The concept of coincidence was generalized by Boliman'®** to include not only lattice
points but their interstices, as well. These new locations lie on a sub-lattice of the CSL
which is called the O-Lattice. In this new lattiqe, each one of its points (O-lattice poirits)
may be used as an origin for the transformation linking the two lattices; therefore the O-
Lattice is considered as a lattice of origins. This model has been succesfully applied in the

“description of the dislocation structure of certain high angle GB’s by extrapolating the con-

cept developed by Frank!®® in the case of Jow angle grain boundaries: As will be described
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later, a powerful application of this model occurs of the analysis of high angle grain boun-
dary structure with further derivation of Burgers vectors for perfect grain boundary disloca-
tions using the concept of the DSC-Lattice, i.e., a displacement of lattice-1 with respect to

lattice-2 by a patiegn shift which is complete, or the Displacement Shift Complete Lattice.

The mathematical procedure for calculating the O-Lattice first involves a point to

point correjation. betv_v‘een‘the two lattices comprising the boundary:
T m g ¥ [4]1%0 - (18)

where 1L and 2L refer to lattice points in grains 1 and 2 respectively, and 4 refers to a

homogeneous linear transformation.?

Once A is known, the whole O-Lattice is determined by’the solution of

(I-4") 3@ = 50 | (19

=(0) =(1)s

“where X 's are the base vectors of the O-Lattice, X s are the base vectors df the lattice-1

and / is the identity matrix.

As can be seen from the above definitions and formulations, the O-Lattice, unlike the
CSL, defines a continuous function of the transformation, and the spacing, therefore
changes continuously with crystal misorientation. This lattice permits a reasonable descrip-
tion of tiie GB structure involving diSlocations, and affords a means of computing struc-
tures which might be observed particularly in the transmission electron microscope

(TEM).'63!

One more important aspect regarding the crystallography of the s’tructuré of grain
boundaries is contained in the so-called DSC-Lattice. This lattice when stated for ai particu-
lar GB defines all the vector displacements of lattice-.l and lattice-2 with respect to each -
other which are possible with the condition that the over-all pattern of atoms produced by

the two mterpenetraung lattxces remains unchanged ‘One advantage of using the concepts

" 2Als sald t0 be a.linear transformation if: A X+y) = A(X)+A() and 4 (af) =a A (X), where
X-and’y are vectors and a is a:scalar.
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developﬁd from this lattice is the fact that it is possible to find the Burgers vectors of all
perfect GB dislocations which may exist in the boundary. A geometrical way of finding the
DSCaLattibe vectors is represented in Fig. 5 For this, it is sufficient to find a set of vectors
connecting atoms of lattice-1 and atoms of lattice-2. Fig. 5 shows that for the particular case
of the structure defined by the parameters =35, <001>>/36.‘9°, the lattice spacing of the
DSC-Lattice varies reciprocally with the spacing of the CSL. Thus, as the degree of coin-
cidence matching decreases, the CSL tends to become larger while the DSC-Lattice tends .
to become smaller. A general description of a graphical way of finding the DSC-Lattice is
reported by Balluﬁiml while analytical methods have been repported in the literature by

Bollmanm] and Smith and Pond. (i
2,2.1. Defects In Grain Boundaries

Grain boundaries may contain linear and planar defects even in equilibrium condi-
tions. There are certain ambiguities of terminology concerning line defects in GB’s which,
in the literature, have been referred to as lines, steps; ledgeés, and dislocations. (72-74]
‘Throughout the context of the present work, the definitions and concepts about GB defects

will be those described by Varin et.al.,!%

and which have been summarized in Fig. 6.
" According to this, the first clasification of GB defects is based on the character of the elastic
displacement field of the defeéts. Thus differentiation will be made between GB steps and

GB dislocations. A thorough description of GB steps has been reported elsewhere. (73]

Depending on the origin of the defect, grain boundary dislocations (GBD) can be
classified as either extrinsic GBD or intrinsic GBD. Extrinsic GB dislocations are disloca-.
tions produced by external influence (plastic deformation, quenching and so on). Intrinsic
GB dislocations form part of the internal structure of the GB. This scheme is similar to |
that reported by Balluffi et.a'l.m] The magnitude of the Burgers vectors forms another cri-
terion of clasification of the GBD’s. Thus, intrinsic GBD’s with lattice Burgers vectors are:

known as primary dislocations, while those with Burgers vectors characteristic of the DSC-
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Lattice are known as secondary dislocatioﬁs. The primary dislocations are found not only in
low angle GB’s as was thought earlier, but their presence has been suggested to be
preserved even in boundaries with misorientations higher than 15 degrees. [76-78] The secon-
dary. dislocations exist in high angle boundaries and are thought to have Burgers vectors

[ss] or are supposed to accommodate slight

(54,79,80}

characteristic of the CSL which they conserve,

mismatch of .certain low index lattice plane across the boundary.

2.3. X-Ray Generation In The Electron Micfoscope

X-Ray miéroaﬁalysis using ‘moder,n STEM s an'extremely_powerful analytical tobl.
The ability to observe and characterize the morphology, crystallography and elemental com-
position at regions as small as 4 nm is a major breakthrough for material characterization.
In this section, the basic theory of X-ray production and some practical aspects of the use
of STEM in connection with qﬁanfitative analyses from thin foils in the electron microscope

are considered.

When an electron beam strikes a solid specimen a number of interactions occur, the
most important of these are illustrated in Fig. 7. Each of these events can provide informa-
tion abdut the nature of the specimen. However, the interaction which is relevant to the
subject of the present work is the generation of X-rays by high energy electrons passing
thfough a thin specimen (< lopm) in the electron microscope. These X-rays carry infor-
mation about the atoms within the specimén in the region being irradiated, providing a
means of correlating the ultrésfructural information in the électrbn microscope image with
chemical analyses of very smalil regions of the specimen. 811 The emission of characteristic
X-rays ﬁermits the identiﬁcation and quantification of the elements present in the specimen.
A suitable solid state detector collects the X-rays and the information is analyzed and

displayed for its interpretation.

In order to produce .an XFray photon, the incident electron must have sufficient

energy to ionize the atom concerned. This energy is-called the critical excitation potential
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E., or the absorption edge energy. 8283

The. average number of ionizations, n, per primary beam of electrons with energy

E, (>E,) incident on a specimen containing an element 4 is:[84’85]

NCup & Qu ' '
"= S T 20)

where:

= mean energy change of an electron traveling a distance x

S

p = density of the material
A4 = atomic weight of 4
C, = concentration of 4

Q4 = ionization cross section,i.e., the probaﬁility per unit path length that an electron
with a given energy will cause ionization of a particular shell (K,L,M) in an atom 4
of the specimen. |
Taking into considefation the fact that a fraction of the incident beam; 1-R, is back-

scattered from the targét, the characterisitic X-ray intensity in photons per incident elec-

tron generated in the specimen is given by:

const E, Q4 '
IA = AA CARwAaAfsc de (21)

where:

o 4 . = fluorescent yield for element A

a, = fraction of total K (or L) line intensity that is measured as K «lorL,)
R = backscatter factor

For the case of electron microscope thin films, few electrons are backscattered and the

electrons lose a very small fraction of their energy in traversing the film. Therefore Q, is
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' assumed constant and the trajectory of the electron in the specimen can be made equal to

the thickness (¢). Consequently, equation (21) becomes:

const. C 4w a,t ' '
I, = ':1 A‘Q‘ 2 : (22)

. The generated X-ray intensity and the X-ray intensity leaving the specimen can be con-
sidered identical if the thin film criterion is satisified,i.e., the effects of X-ray absorption
and fluorescence can be neglected if the analyzed film is sufficiently thin. This thin film cri-

{861

terion as detailed by Tixier and Philibert states that for each element measured in the

thin foil, it must be true that:

('l;—) iec.cscapt <0.1 v I 23)

or the absorption correction is necessary. The term (%)s’;m_ is the mass absorption

coefficent for the i element in the foil, p is the density of the specimen, ¢ is the thickness

of the foil and « is the angle between the specimen and the detector.

Cliff and Lorimerm,] have proposed  analysis techniques in which the intensities,

14 and I, of two elements, 4 and B, in a foil are measured simultaneously. The intensity

1,
ratio, can be related dlrectly to the mass concentration ratio —— by using the follow-

1 ’ CB
'ing expression:

Cy Ay (Quwa) g,

FB. - AB (Qwa)A IB (24-&)
or
Ca I
CB =K 4= 18 (24-b)

AA (Qwa)BIIA : . ..
The expression K 5= depends on the operating voltage but is independent
AB Qwa ) A IB

of ‘sample thickness and composition ‘as long as ‘both -inténsities are ‘measured -simultane-
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ously and the thin film criterion satisified. This technique of measuring concentrations is

known as the Cliff-Lorimer method.

Equations such as (24-b) are used together with the expression:
IC =1 | 25).

to make quantitative analyses. C; is the concentration of the /* element in an alloy of n

elements, and K 3 is determined in the way suggested by Cliff-Lorimer. [87,88]
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3. GB STRUCTURE AND SEGREGATION: BACKGROUND OF THE PROBLEM

Really adequate and ‘quantitative studies of the relationship between GB structure and
GB segregation have not been reported in the literature. Neither has a detailed determina-
tion of the structure of GB segregates beéen made. These are the goals of the present

study. techniques of very high resolution.

Most of the work done in connection with the relationship between GB segregation
and GB structure frequently invoives determining the effect of solute atoms on GB surface

tension and then employing the classical Gibbs expression given in equation 1.

Using the above cohcept, it has been _determined that the extent of GB segregation
‘depends én the degree of coincidence at the GB. [89] Thﬁs, in the case of dilute élloys'of Cu
inPb, Tis smaliér for a <110>/70.5° tilt boundary than for a'< 110>/54.8° tilt boundary.
In this example, the special boundary <110>/70.5° shows a smaller degree of segregation
as compared to the general one < 110>/ 54;8°. In a similar way, it has been shown for the
case of the .Pb'-Ag system that segregation occﬁrs more prominently in general boundariés |
than in spécial ones such as the coherent twin {111} (Z=3) (see reference 90). Similar stu-
dies have showh similar results for the W-Cr system by usingb Field Ion Microscopy,

(FIm). 192

It has also been shown that segregation can induce the formatiqn of new GB
configurations suéh as faceting under certain special conditions, and undér other conditions
it has been shown that segregation. stabilizes existing boundary structures against
faceﬁng. 193.95] Unfortunately, there exists no systematic infqrmation about the crystallo-
graphic nature of thé boundaries in which enhancerﬁent or suppresion of faceting has been

observed.
There is also a large number of experiments which have given evidence, in an indirect
way, supporting the idea that there exists .a relationship. between GB segregation and GB

‘structure.  These experiments have been concerned with - phenomena  such as grain
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boundary corrosion, grain boundary diffusion and grain boundary precipitation of second
phases. In the last-named case, Gronsky and Furrer[%] have recently shown direct evi-
dence of the effects of localized grain boundary structure on precipitation reactions by high
resolution techniques of TEM and electron diffraction. In this particular example, indirect
evidence of the relationship between GB structure and GB segregation can be seen. The
evidence in this case suggests that dislocations present previous to the formation of precipi-
tates seﬁed as preferential nucleation sites, and nucleation phenomena can be seen as a

direct consequence of segregation.

Seah and Hondrosm] have done extensive work to show the various degrees of segre-
gation for diﬁ'ereht boundaries in polycrystalline specimens of Fe-Sn and Fe-Sb by using
AES. A similar study has been carried oﬁt'by Powell and Woodruff in Cu-Bi alloys,m]
finding muéﬁ greater apparent differences in the segregatidn at various boundaries. Fig. 7
and 8 show a summary of the works of Seah aﬁd Hondros, aﬁd Powéll and Woodruff.
Unfortunately, these data lack crystailographic information -about the study of GB éegrega-
tidn, but show how the degree of segregation varies from boundary to boundary for‘ the
same type of material. Consequently, a systematic and unambiguous study regarding the
magnitude of such effects as well as a detailed knowledge of the structure of the boundary
is required. |

From theé theoretical point of view, there have been several attempts to study the rela-

(98] and Bourquin [99]

tionship between GB segregation and GB structure. Weins and Weins'
have done the first computer calculations in an attempt to elucidate this relationship in a
systematic way, taking into account the crystallographic aspects of the boundaries. Even
though their results do not give a full understanding of the phenomenon, they are interest-

ing .in the sense that they indicate the existence of different behavior for the same solute

atoms in different boundaries.



19

The work done on this particularAsubject had its origins in similar work done on free

surfaces where the adsorption of impurities or solute atoms is known to be anisotropic. In
this sense, it is expected that the amount of segregation to GB’s depends on the nature and
crystallography of the boundary. Even more, for GB modvels having periodic structures,
corresponding periodicities in the distribution of segregants within the same boundary plane
are expected,i.e., there should be correlation between the lateral distribution of solute
atoms ahd the structure of the grain'boundary. As was méntiohed in the introduction, not
many investigations of this type have been carried out, and the most recent works include

those vby Smith and Smith,“om Howell et.al. [51] and Howell. [92]
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4. EXPERIMENTAL PROCEDURE

4.1. Material Fabrication and Treatment
- 4.1.1. Bicrystal Preparation

During the course of the present investigation, two types of GB’s were studied; those -
formed during the growth of bicrystals and those analyzed from random grain boundaries in

polycrystalline specimens. In both cases, the specimens were made from 99.999% purity Al

(101) was used to

A modification of the expefimental setup of the Chalmers method
'grow the aluminum bicrystals._ The seeds used for the growth of bicrystals consisted of
oriented pairs of single crystals. Fig. 8 shows a schematic cross section of the apparatus
used for such growing. It comprises an induction furnace, a graphite mold and a glass tube.
The glass tube extends 'through the furnace and is fixed on both ends so that it does not
move when the furnace or the graphite mold is translated. The glass tube contains the gra-
phite mold. The mold containing the seeds and the aluminunm powder are placed in the
furnace tube, which is evacuated and backfilled with high purity argon to a partial pressure
of approximately 2x10~* Torr before the furnace is turned on. The mold is then slowly

heated until the upper region reaches a temperature of 730 °C as observed by a previously

calibrated pyrometer.

A relative translational speed (between the furnace and the mold) of 2 cm/hr permit-
ted a motion of the solid-liquid interface (seeds and moiten zone) along the profile of tem-

perature shown in Fig. 8-a to assure the growth of the bicrystal into the melt.

To determine if the growth of the'bicrystal was successful with respect to orientation,
the bicrystal was chemically etched in -an acid mixture containing equal parts of HCL,
HNO3 and HF. The etchant exposes the {100} planes by preferential attack, so that indivi-
dual grains could be seen by eye, due to their different reflectivities. | The dimensions of

the grown bicrystal are indicated in Fig. 8-b: 20 mils thick, 2 cm wide and 9 cm long. In the
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case of wider or thicker sampies, it was neccesary to section them using either a diamond
saw or a spark-cutter. In some cases polycrystalline specimens of A4/ were prepared from
sheet material (40 mil thick) and the grains were made to grow by subsequent heat treating

until grain boundaries were developed.

Three mm discs were spark-cut from the A/ bicrystal, using care to center the grain
boundary. A layer of Zn was then vacuum evaporated onto the A/ discs followed by a a
diffusion-annealing process. The coated discs were encapsulated in quartz or vycor tubing
and backfilled with high purity argon to a partial pressure sufficient to yield one atmosphere
~ pressure inside the capsule at the heat treating temperature. The neccesary partial pressure
of Argon was determined using the ideal gas law. Residual surface films were removed after
the heat treetment. Fig. 10 shows a scheme of the proeess followed. The specimens were
examined prior to Zn deposition by AES in order to rule out the presence of extraneous -

impurities. Fig. 11 shows the results of this analysis.
4.1.2. Heat Treatment

Following encapSulation, the 3 mm discs were aged at 350 °C to ensure Zn saturation.
The samples were then furnace cooled down to room temperature. Following this, the sam-
ples were upquenched to the desired treatment temperature. The quenching was done in
iced 'water, breaking the capsule as soon as it entered the water. The samples were either
cleaned and encapsulated again just as described above and stored at 0°C, or they were
immediately prepared as TEM foils. Specific ageing temperatures and other heat treatments

are shown in Fig. 12.
4.1.3. Preparation of Specimens for The Electron Microscope

Heat treated samples were ultrasonically cleaned in acetone, methanol and distilled
water. TEM specimens were then prepared by jet electropolishing in a solution of 1 part
nitric acid and 3 parts methanol. The potential applied to obtain an even polistiing varied

from day to day and in some cases from specimen to specimen. Small deviations from the
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applied potential coﬁld causé pitting or etching instead of polishing. In order to determiné
the origin of this sporadic behaviour it was neccesary to determine the best electropolishing
conditions by obtainig a current vs. potential curve such as thg one shown in Fig. 12. No
major difference was noticed between the polishing conditions at -25. °C or -30 °C The

(102,103]

best conditions for electropolishing are indicated by the plateau which developed

between 15 and 30 volts at -25 @dC and shown in Fig. 12. These conditions were used in
the preparation of the TEM foils. Thé polished foils were washed repeatedly in distilled
water, methanol and ethanol (in that order) and finally stored in ethanol at 0 °C until they
were ready for examination in the microscope. This sequence of washing resulted in a

minimization of contamination build-up in the microscope environment.

4.2. Microscope Preparation
4.2.1. Scanning Transmission Electron Microscope

The experimental work of the present study was mostly done in a Philips EM400
TEM/STEM equipped with a Kévex System 7000 EDS detector. A simple arrangement of
this equipment is shown in Fig. 13. The microscope was operated at an accelerating poten-
tial of 100 kV. A pointed LaB6 filament and a beam current of approximately 10 wamp

were used to guarantee high brighiness and beam coherence. d_uring X-ray microanalysis.

The sensitivity limifs for STEM X-ray microanalysis, defined as eithér the minimum
detectable méss (MDM) or the minimum mass fraction (MMF), are determined by several
factors such as the X-ray count rate, the efficiency an& collection geometry of the EDS
detector and the excited volume of the specimen responsible for the production of X-rays.
The optimization of the sensitivity has been discussed thoroughly by Joy and Mabher. (104 1)
order to improve MMD and MMF the electron current density (7) impinging on the sam-
ple and the counting time (r) should be maximized and the X-ray detector configuration

must also -be :optimized.llos'] A ,-ba-lance'was always kept between J and T in order to get

good counting ‘statistics .and low specimen -contamination rates. Typical counting times.and



23

count rates were 200 seconds and 110 counts/sec respectively. Specimen and electronic

drift were aiso considered when selecting the counting time. _The peak/background ratio

’ (—g) is an important factor which has to be maximized whenever possible in order to

improve MMF. As can be seen from Fig. 14 (%) is relatively high for the system under
consideration, thus improving the MMF.

A solid state detector (SSD) such as the one éhown schematically in Fig. 15-a was
used to collect the X-ray signals. The detector was placed as close to the specimen as possi-
- ble. The specimen was tilted 30 degrees towards the detector as is shown in Fig. 15-b._ Tﬁe
output of the detector was used to feed a small computer which aided in ihe final analysis

of the results.

In order to minimize spurious radiation, a low background Be specimen holder was

used and the use of a Cu specimen retainer grid was avoided whenever possible.

As will be shown later, the STEM image was essential in the locatioﬁ of the regions

“to be microanalyzed. In order to get a STEM image, another SSD is 'placed between. the
screen and the loWer lenses of the electron microscope. This detector incorporated a disc to

collect the transmitted electrons when the microscope is operated in the diffraction mode.

The output of this detector is connected to an electronic device capable of amplifying the

signals to give a br.ight ﬁeld'image. Nominal working magnification of the STEM images

was 100,000X.
4.2.2. Transmission Electron Microscopy

-One of the advantages that a TEM/STEM possesses is that it can be used in both
fnodés of operation, i.e., as a conventional transmission electron microscope and as a scan-
ning transmission microscope; In order to do structural analysis of the specimens under
-consideration, it was imperative that the microscope be operated ir_)_ conventional mode. In

some .cases it was neccesary to change the specimen.from a low background holder to a
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double tilt holder because the relative positions of the features to be analyzed required the

use of both-devices. For this a JEOL 100C microscope was used.

4.3. Making The Analysi§
4.3.1. Choice of the Specimen

Specimens showing even thickness were chosen for the analysis. Those foils which
showed the presence of precipitation and those which had been preferentially attacked at

the grain boundary during their preparation were avoided throughout the study.
4.3.2. Focusing The Electron Beam

After obtaining a reasonable TEM image of the region under study, a STEM image
-was obtained as descrfbed earlier. Making the proper choice of C2 aperture and proper
focusing of the Cl lens, the electron beam was condensed to a 40 A probe. The STEM
image served as a monitor to select the position of the probe along the region of interest
when microchemical analysis was performed. Chemical profiles were obtained by placing

the probe at succesive intervals of a few hundred angstroms.
4.3.3. Obtaining X-Ray Signals

Focusing the probe into a specific region of the specimen gives information on the
chemical composition via the generation of X-rays. The generation and detection of these

X-rays require some previous adjustment of the equipment as mentioned before.

The anélysis was performed very carefully while striving for a dead time of less than
25%. The X-ray signal \Qent through a multi-channel analyzer (MCA) which had been pre-
viously set to an X-ray energy range of 0-10 keV. These X-rays were displayed on a
cathode ray tube as an accumulating signal during the time set for the analyswas. The final
spectrum is examined by identifying easch peak and acertaining its position in the energy
range. A typical spectrum recorded from a plotter coupled to the CRT is shown in Fig. 16.

An integration of the number of counts under each peak of interest was done by first
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selecting an energy band on the MCA. Typical band widths in this work were of the order
of 150 eV. The attachment of a computer to the analyzer permitted simultaneous peak
| integration and background subtraction. The final result was printed out on a teletype. A
typical example of such an output is shown in table-1 in which the elements ‘are liSted
with their respective X-ray line energies, corrected inteérated peak values, count ratios

with respect to the A/ peaks, and their respective standard deviations.

The background from the obtained spectra was subtracted after some modeling was
done with the computer. For this procedure, a number of background values at different
poeitions in the spectrum at both sides of each peak of interest were sampled. After back-
" ground subtraction; a set of data like the one shown in Table 2 was obtained for each posi-
tion of the probe aleng and across the grain boundary. These data was the ineut for the

results reported in Figs. 23, 26, 29, and 35.
4.3.4. Foil Thickness Measurements

An accurate determination of the foil thickness of the region where the
micrpanalyswas was performed was imperative. The observation of the same number of
- parallel Pendellosung fringes along a tilted GB wifh respect to the electron beam was an
indication of uniform thickness; 130] however local fluctuations in thickness could be meas-
ured using convergent beam diﬁ'rection.“%'mg] Using thwas technique, the thickness of
the specimen was determined at different intervals along and across the boundary where
the chemical anaiyswas was done. A Joyce-Loebl MK III mierodensitometer was used in the

determination of the fringe. spacings resultin'gefron'i this technique. Fig.-18 shows a sample

N v
of such fringes at different diffraction conditions. Fig. 19 shows a plot of (—-n' )2 as a func-
, _ ]

tion of -(-'-;'1—)2, where s5; was the deviation from the exact Bragg reflection corresponding to

{

each minimum in the fringes of Fig. 18 and n; was the order of each one of those minima.
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4.3.5. Grain Boundary Characterization

Foilowing Pumphrey and Bowkett, 64) two spot-Kikuchi- diffraction patterns, S4D;
and SAD;,;, one from each side of the boundary are obtained at specific orientation. The
specimen is then tilted « degrees anci two new diffraction patterns, SAD; and SAD,,, are
obtained from the same regions. The sense of tilting as well as the amount of tilting is
recorded in order to facilitate the interpretation of the diffraction patterns. Each diffraction-

pattern permited the definition of a unit vector (7,7,-) parallel to the beam direction.
A 3x3 rotation matrix, M, is obtained with the aid of Figure 20, the above defined
unit vectors 7,;, and the mathematical relationship:

=Mt (=123 | (26)

Once M is known, the rotation axis is given by the expresion:

U = [(m3r-m23),(myz—m3p),(my—myp) ] (27
and the angle of misorientation is obtained from the expresion:

, 2c00+1=T (28)
where T is the trace of M.

. Previous to this analytical method of finding the axix/angle pair, an approximation of
the same can be obtained using the graphical method of Goux[110] and which is summar-
ized in Figure 22. The details of the analytical method are shown in appendix A for the

particular case of the grain boundary with a rotation axis close to <011>.

This method permited the calculation of the axis of rotation with a precision of +0.1°
and the misorientation angle with a precision of +£0.2°. Knowing the axis angle pair, the
parameter defining the closest CSL is determined by comparison with the published tables
of axis/angle pairs. Also the possible Burgers vectofs of GBD’s were determined using the

basic concepts of the DSC-lattice.

Whenever necessary, the normal to the boundary plane is determined .according to

- Young et:al, [111] Tilting the-specimen -inside .the microscope permits the formulation of a
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rotation matrix for one of the crystals. With this rotation matrix and the change of pro-
jected boundary images before and after the tilt, the boundary normal is calculated with an

accuracy of 2 degrees.
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5. EXPERIMENTAL RESULTS

5.1. Tabulation of Boundaries Studied

Attention was given in this study to those grain boundariés which were near fo a coin-
cidence position, including a tabulation of the frequency with which they were encountered.
The results are presented in Table 1, where the parameters £ < hk/> and © correspond to
the'nearest coincidence boundary. As can be seen, most of the grain boundaries were of the

type <110> and <100>.

Table 1._ Ocurrence of Near Coincidence Boundaries in 4/-Zn Alloys Studied

Multiplicity Axis Angie Ocurrence
z <hkl> O (degrees) f.
17 100 62.04 S
b} ) 100 53.13 1
7 111 38.21 2
3 111 60.00 3
9 110 i - 3894 2
17b 110 86.63 1
11 110 129.52 1
19 110 153.47 1
3 110 70.53 1
3 ) 311 33.56 2
7 311 } 64.62 2
7 . 311 81.79 1
15 111 42.83 2
11 : 431 50.48 1
15 110 48.19 S
7 210 73.40 1
9 2210 } 38.94 3
17 110 93.37 1
3 110 ] - 70.53 1
11 110 . 129.52 1

Examination of these boundaries was carried out using the TEM/STEM to monitor
the distribution of solute in the vicinity of the boundary plane. A typical profile across the
grain boundary is shown in Fig. 23. The extent of solute enrichment is displayed as the
Zn/Al X-ray photon count rate ratio. Note that there is no difficulty detecting a marked
concentration gradient which extends over approximately 50 A on either side of the boun-

dary, and which indicates the level of spatial resolution achieved throughout this study.
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5.2. Effect of Annealing Temperature

If was observed in this analysis that for a given specimen, the amount of segregation
could be directly correlated with the heat treatment ihe specimen héd received. In particu-
lar; there was a distinct relationship between Zn co_hcentration at the grain boundary and
the equilibrium temperature used for annealing. Roughiy, two regimes were indicated by
the two straight lines in Fig. 24. The slopes of these lines give an indication of the magni-
tud of the activatioﬁ energies for each regime, and their intersection yiel’ds the transition
temperature between them. In one case (low temperatures) the slope was determined to be
3.2 kcal/rhole, Wﬁile in the other (high temperatures), a slope of 0.63 kcal/mole was deter-
mined. The intersection of the two lines occured at T= 560 °C. These analyses were made
for specimens with. heat _treatments as shown in Fig. 12. ‘It was very common to observe
very few boundaries with detectable levels of segregation when the specimens were
quenéhed from temperatures relatively high for the A/-Zn system, i.e., (>560 °C). Below
560 °C the number of boundaries showing segregation increaséd, as did the level of segre-
gation exhibited by each one.

5.3. Solute Distribution along the Grain Boundary

A ‘particularly interesting aspect of this study was the observatibn that at very fine
probe sizes, a pattern of solute distribution could be detected along the grain boundary
plane. .This behavior is shown in Fig. 25 displayed as plots of the (Zn/4)) count rate ratio as
a function of distance along the boundary plane for boundaries of different I values (near-

coincidence boundaries).

In general it was observed that the mean amplitude of the fluctuations decfeased as
the density of coincidence sites in the transition lattice increased. Note, for exarhplé, that
“for £ = 17 (<110>/38.6°) boundary shown here, ‘the concentration pioﬁle along the
bouﬁdary plane appears absolutely flat, and that fluctuations , if present, are within the sta-

tistical error. Also, note the fluctuations of up to 20% in the (Zn/4) count rate ratio in the
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boundary £=7 (<111>38.21°) with a periodicity of approximately 2750 A. Fluctuations
of up to 18.8% in the (Zn/AD count rate ratio were found in the boundary =7
(<311>/64.62°). The periodicity in the solute distribution for this case was approximately

1750 A.

Composition peaks indicating high Zn regions were detected along those boundaries
where high resolution imaging failed to indicate any second phase particle. All peaks were
clearly defined, witii error bars as in Fig. 25 indicating the experimental uncertainties. Typi-
cally the AL K, X-ray signal contained about 2500 counts when using a 230 eV energy win-
dow and 150 second minimum count time. During the present investigation, it was possible
to ﬁ_nd in certain grain boundaries a direct correspondence between the occurence of
deffects along the boundary and the periodicity in the solute distribution along the same
boundary Fig. 26(a) shows a BF image of a grain boundary with dislocations spatially distri-
buted every 3650 A. In Fig. 26(b) a_concentration profile along the same boundary is indi-
cated, with fluctuations up to 18% and with a periodicity aproximately the same as that in
- Fig. 26(a). Similarly, Figs. 27(a) and (b) show a BF and weak beam images respectively of
a grain boundary with extrinsic dislocations in its neighborhood. The spatial distribution of
these dislocations is in close accord with the periodicity of the solute distribution along the

boundary plane as shown in Fig. 28.

Some boundaries, such as the one shown in Fig. 29 did not show marked periodic
fluctuations in solute composition along the boundary plane. However, chemical analysis
showed an ébrupt change when the region marked with the arrow was reached. This
correspondéd to a 15% change in the (Zn/4) count rate ratio with respéct to the rest of the
" boundary.

. Along severely distorted grain boundaries, such as the one shown in Fig. 30 there was
no evidence of fluctuations along the grain boundary; at least at the level of the spatial

. resolution of the electron probe (40 A).
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5.4. Effect of Grain Boundary Structure

Further attempted correlations between the structural aspects of the grain boundary
plane and the segregatio.n events did yield results relating to ledge behavior as shown below.
Fig. 31(a) shows a bright field image of a pure-A/ grain boundary without any Zr diffused
into it. After Zn-ddping- a specimen from the same bicrystal, the boundary showed a ledge
'structure. as seen in Fig. 31(b). This boundary did not show a periodicity in solite distribu-
tion With a marked wavelength as the pr‘evio‘us' examplés. However, it was noted that the
regions of higher Zn concentration were alsq the regions with ledge struéture. Fig. 32 is a
bright field image of a rather large ledge inalow X boundary. The results of an EDS probe
of areas 1, 2 and 3 yielded the peaks shown in Fig. 33, for a hlarger probe (40mﬁ in diame-
ter)..After background stripping, the integrated beaks» showed a higher Zn concentration on
the large grain boundary step with somewhat less Yvain the flat, planar portions of the
boundary. The.iowest peak in Fig. 33 comes from the region 3 of the adfacent matrix. The
overlapping Cu signal for the three spectra attests to the accuracy of the relative Zn peak
heights. Using ther' saﬁe probe on smaller ledges was attempted but the signal-to-noise
ratio fell into the uncertainty range. Table 2 shows ihe_ respective measurements after back--

- ground stripping for regions 1, 2 and 3 of Fig. 32.

‘Table 2._ Computer Analysis for the Regions 1, 2 and 3 In Fig. 32 :
Region Integral ] Count agr

Spectrum . Element (keV) (counts) T Ratio

Al 7 1.12 - 1.88 .2.8161E 04 , . 0.0060 1.0000 - 0.0085

1 Cu - 7.78 - 8.32 1.6770E 03 0.0244 0.0771 0.0251

Zn 8.44 - 894 2.7010E 03 0.0192 0.1242 0.0330

Al 1.12-1.88 2.1740E 04 : 0.0068 1.0000 . 0.0086

2 Cu . 178 -8.32 1.6770E 03 0.0244 0.0771 0.0253

Zn 8.44 -8.94 2.7010E 03 0.0192 0.1242 0.0204

_ Al 1.12 - 1.88 2.6982E 04 0.0061 1.0000 0.0086

3 Cu 7.78 - 8.32 1.6750E.03 - 0.0244 .0.0621 0.0252

Zn : 8.44 - 8.94 3.2090E 03 , :0:'0:177 0.1189 0.0187
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A summary plot of grain boundary solute ehrichmént as a fﬁnctio_n of misorientation
angle for the particular case of boundaries with misorientation axes of the type <110> is
presnted in Fig. 35. The dashed line has been inserted in order to pérmit comparison
between these results and the theoretical dependence of the grain boundary energy on the
angle of misorientation such as indicated in Fig. 35(a). |

5.5. Effect of Electron Probe Size

The detectabilivty limits of Zn-segregattion in the specimenn analyzed was observedd
‘to depend upon the working microscope conditions, including in particular the size of the
electron probe. For a very small probé size (40 A), fluctuations of up to 20% in solute con-
centration could be detetcted in areas of approximately 4000 A in diameter. The detectable
degree of ‘spatial resolution was decreased as the size of .the probe was increased. Table 3 -

shows some of the results for this type of analysis.

Table 3._ Influence of Electron Probe Size in the Spatial Resolution of the STEM

Lowest Highest
Probe Size (Zn/AD . (ZniAD .
(A3 - Count Rate Count Rate Dnﬂ'erence %
Ratio Ratio
40 0.481 o 0.575 : 0.094 20
100 0.497 0.578 0.081 16
200 0.542 0.580 0.038 - 7
400 0.565 0.590 0.025 4

1000 0.600 0.596 0.004 1
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6. ANALYSIS OF THE RESULTS AND DISCUSSION

6.1. Effect of Orientation Relationship on GB Segregatibn

The segregation of Zn to Al grain boundaries showed a wide range of values depend-
ing on the type of boundary as well as the heat teatment of the specimen. The relative
misorientation of the grains and the plane of the grain boundary were both very important

in determining the extent of segregation. .

" The results in Figs. 25, 31-33 clearly leave no doubt about the dependence of gfain
boundary segregation on grain 'bodndary' structure. The micrographs of Fig. 27 and 35
demontrate that the boundary plane runs parailel to the {200} planes of the matrix. These
boundaries were the ones that showed evidence of higher solute concentration. From the
struciural point of view, these planes present more open volumevwhere s'ohite atoms can
reside ‘as compared to close packed planes such as the {111} planes. However, the {111}
planes are more prone to assist the kinetics of atomic migration which explains the associa-

tion of ledges in Figs. 31(b) and 32 with regions of high solute concentration.

The results depicted in Fig. 34 exhibit certain minima with misorientation near the
Z=3 and =11 CSL misorientations; however, these results: are difficult to rationalize
completely. Note that the cusbs shown with the vdashed line follow a similar behavior as that
of Fig. 35 where the energy of grain boundaries is plotted as a function of the misorienta-
tion angle. The exact position of these cuéps is difficult to determine because of the limited
data. However, the solute segregation tends to follow the energeticc aspects of the grain
boun’daries,'i.é., those boundaries away from a coincide_nce boundary have a tendency to
give rise to more segregation than those near a coincidence position. This type of result is
comparable, in part, with the results that Herbeuval et. al.l!12} g the. penetration of Zn
along the [110] tilt boundaries in aluminum as a function of the misorientation angle (see
Fig. 35). The variations in the penetration of Zn along and across the grain boundary are

intimately connected with the variations in grain boundary energy due to changes in
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misorientation angle. The results of this woi'k can be aﬁalyzed in ihe same way. Note that
for boundaries close to the coincidence position £=5, Z=7 and Z=11 a minimum of Zn
penetration has been me mecalculated,[m] and a minimum of Zn penetration has been
measure. [112} In this study as well, a minimum in segregation has been detected. Exactly
the oppoéite tékes place for those boundaries away from an_exact coincidence position and
where the grain boundary energy is higher. In this case larger degree of solute concentra-
tion at the' boundaries has been detected. This appears to be an obvious result, since the
good atomic fit anticipated at exact coincidence does not offer much room for the solute
atoms to reside. Conversely, for those boundaries away from coincidence, the presence of
defects compensating the atomic misfit at the boundary mgkgs the grain boundary an ener-
getically attractive place for the sqlute atoms to reside. This analysis indicates that grain
boundary energy may indeed play a role in degermining the activation energy of the segre-
gation phenomenon.

6.2. Effect Of Grain Boundary Structure

It is_ evident from Figs. 26-32 that extrinsic structures do influence the pattern of grain
boundary segregation. The tendency for large ledges, in particular, to accumulate more
solute is not surprising given the dual nature of that particular heterogeneity with respect to
surface and strain energy reduction. Note that in Fig.. 32, the ledge configuration lies in a
plane of the type {200{} which is a plane energetically favorable for the segregation

phenomenon.

The enhancement effect of ledges (see Figs. 31-32) may be explaine by a model in
which strong segregation occurs to boundaries of large energy. A reduction of thos energy
- is therefore promoted by the segregation phenomenon to the extent that it will at least
attain energy of boundéries of inheréntly low energy. Due to the structure itselt of the
boundary, this minimization or reduction of the energy occurs to a more pronounced extent

'~ in certain regions of the boundary. Consequently, there will be atomic rearangements on a
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local scale, resulting in the formation of ledges or facets. ‘Since the reduction of the grain
boundary energy is in direct relatioh to the amount of segregation, then those regions that
lowered their energy to a'larger extent would also be the regiohs of larger solute concentra-
tion. Consequently, this would explain the presence of largér solute aggregates at the ledge
structure of Fig. 32. It is important to note that once the ledge configuration has ‘been

formed, then the solute aggregates contribute further to theor energetic stabilization.

Evén though the presence of extrinsic dislocations was evidently an influence on the
degree of segregation, it was not possible to establish a more explicit correspondence
between the nature of the dislocations and the segregation phenomenon. More experimen-
tal data about the structure of the boundary is neccesary to give more precise correlation
with the exact displacement fields of the defects.

Taking into consideration the small binding energy between the Zn atoms and the

{115]

matrix, as well as the open structure in a high diffusivity path (analogous to a

dislocation),[”‘"‘lm], then it is expected that accumulations of solute should be present in

and at the vicinity of such defects.

It should not be overlooked that the levels of solute dopiﬁg win this study were inten-
tionally high, chiefly to avoid the limitations imposed by the experimental technique. In this
way, the solute was "forced” to diﬁ'use'along the boundary. The mechanisms here started
with a diffusion process and consequently, the jump frequencies of both solute and solvent

atoms played an important role. Amthony!!!! has already reported that for the case of Al-
| o W, .
Zn system, and at heat treatments similar to those reported here (—W-)<0.26. This sug-
i W, .

gests that the impurity does not strongly attract a vacancy which would cause a large
decrease of W, Instead, impurities experience only a small interaction with their nearest
neighbors, -being either a vacancy or a soivent atom. Also, this result suggests a relatively

low correlation factor for diffusion in the system, :as observed -also in. -somerecent

3W -and W 3stand for jump frequencies -of vacancies away from and-around impurity atoms respectively.
1 3
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experiments.[“‘” This aspect could, in principle, explain why Zn-enriched zones were

found in the vicinity of and at extrinsic dislocations in the grain boundaries.

In caseé such as that in Fig. 37  where the boundary revealed the presence of intrinsic
dislocations, there was no indication of variations in solute concentration along the boun-
~ dary plane. This lack of any one-to-one correspondence between the coincidence site lattice
and preferential sites for segregation to occur can be attributed to the need for an even
higher spatial resolution technique. The spatial resolution of the equipment )here, although
relatively high (40 .&),' still is not enough to establish such a relationship in a direct way.
Note that for T=35 boundaries, the spatial distribution of secondary dislocations can be as
small as 50 A, and the probe used to detect microchemical changes would not resolve such

differences, [122-125]

One of the most interesting aspects of the present study is the observed periodic
nature of Zn segregation in A/ bicrystals. These observations fndicate the existence of a
strong tendency for preferential solute clustering along the boundary plane. Unfortunately
the precise identification of such sites still is not totally clear. Depending uporr the degree
of deviation of a boundary from its nearest exact coincidence, some agreement is found
between the periodicity of solute distribution (= 100 nm) and the large scale relaxations
in the boundaries which have slight deviations from an exact T boundary. It has been sug-
83816(1[69] that the relaxations which are associated with the O-points at the high angle
boundaries are somewhat similar to those which occur at the low angle boundaries, but on a
much coarse scale. Therefore, it is not surprising to find periodicitiés of the order of 100
nm in the distribution of solute atoms along the boundary blane such as indicated in Fig.
25. Firthermore, there is an indirect way of relating this type of observation with the
intrinsic structure of the boundary as follows. The spacing of the intrinsic structura! dislo-
cations in grain boundaries bears an exact relationship to the magnitude of their Burgers

vectors. Also there.is -a very large sensitivity of dislocation spacing to the angle of devia-
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tion from exact coincidence; the larger the deviation, the snaller the spacing. In reference
to Figs. 25(b) and 25(c), the ratio of the average wavelengths for‘ the boundaries £=7
(<311>/64.62 °) and =7 (<111>/38.21°) is roughly 0.612. This number is relatively
clcse to 0.664 which corrcsponds,to the ratio of the estimated distances between the secon-
dar& dislocations for the same boundaries. This agreement indicates taht the peaks of Figs.
25(b) and 25(c) correspond to distance equivalent to a multiple of the dislocation separa-
tion and which may be interpreted as the places where the relaxations associated with O-
points occur. Nevertheless, there are difficulties in detecting these defect structures in a
direct way, both due to their small strain fields and to the practical c omplications causcd
mainly by specimen contamination. These defects may act as sinks for solute atoms which
may interact_, as willbe shown later, giving rise to the formation of even larger clusters. One
mechanism by which the above described defects can beccme enriched in solute could be

the same one already described for the case of extrinsic grain boundary dislocations.

In light of the above ideés, it is expected that all fhe heterogen»eities‘ at the grain
boundary that have been mentioned could serve, in principle, as preferential sites for the
solute atoms to reside, each site with its. own characteristic interaction energy. An homolo-
gous example would be the case of the interaction of an ad-atom to a surface, where the
intéraction energy between the atom and the surface depends on the particular site or
defect in the surface (see Fig. 38). The position of the solute atoms at the grain boundary
defects can be considered as a metastable configuration. They> will depend on the balance of
all possible forces that an aggregate of atoms experiences; forces resuiting from »diﬁ'erences
in atomic‘:volume, forces resulting from coherency strain (strain at the boundary associated
with the misfit not accomodated by misfit dislocations), different interaction forces, such as
solute-dislocation interactions, dislocation-dislocation interactions, interatomic forces and so
on. Thus, by direct andlogy with the ’fx;ce surface case, each original aggregate of solute
-atoms at the “boundary will experience .a net force with two c‘dmponents parallel to the

‘boundary plane ‘but perpendicular to each other, and-a third component perpéndicular to
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the boundary plane (see Fig. 39 for a schematic repfesentation of these forces). The third
component is responsible for the binding of the solute aggregates to the boundary, while

the parallel components determine the final equilibrium position of the solute aggregates.

One cannot overlook the fact that the grain boundaries possess a periodic and "open"
structure, and in many cases those structures can be seen to be or interbreted as
microledges. These defects are very prone to the fdrmation of the initial aggregates of
solute atoms which subsequently interact in the manner described above.

6.3. Effect Of Temperature On Grain Boundary Segregation

One final aspect to be discussed here is the influence of temperature on the segrega-
tion phenomenon. Equilibrium solute segregation that had 6ccured at the solution heat
treatment temperatures shown in Fig. 12 is assumed to be retained at room temperature
after quenching since insufficient time would be allowed for solute atoms to go back to their
' original sites during their treatment. Thus, the results reported in Fig. 24 may be con-
sidered representative of each heat treatment temperature. In general these results obey
equation 5 for the equilibrium segregation of solute to grain boundaries Zin single phase
materials. Thus, higher equilibrium segregation was obtained from specirﬁens Quenched
from lower temperatures and vice versa. From Fig. 24, an activation energy of 3.8
kcal/mole can be aésociated with the present segregation study. This seems to be valid up
to a temperature close to 560 °C where a drastic change of slope is observed. This change
in the slope can be due to phenomena others than segregation which occurs in that range
of temperature. For example, a problem with the evaporation of Zn may be encountered.
Also, a supersaturation of vacancies at high temepratures cannot be overlooked because
solute-vacancy pairs and even more complex pairs may be formed, affecting the activation
energy of the entire process. The value of the activation energy determined for low tem-
peratures corresponds to the same order of magnitude as that estimated by taking into

account different contributions. This is discussed further-in appendix B.
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Based on thé classical description of equilibrium grain boundary segregation, the elas- -
tic misfit energy of the solute in the lattice is expected to decrease with increasing tempera-
_ture .due to a decrease in the elastic constants of equation 6. However, in making a detailed
analysis of Fig. 24, one can observe that there is a general tendency for the activation
energy to increase as the temperature increases when going from experimental point to
experimemal point. Thié leads to the conclusion that there are other facto-rs, besides the
elastic misfit energy, which contribute to the process.of segregation. These other contribu-
tions which were detailed in the section 2.1. include the grain boundary energy and the
interaction energy among the different types of contituents in the specimen, i.e., solute-

solute interactions, solute-solvent interactions and solvent-solvent interactions.

Examining the boundary from a statistical thermodynamics point of view one can
refer to Fig. 40, where the sketches have been labelled according to the parameters defined
in section 2.1. According to this figuré one can see that with the increaSe of temperature,
certain solute atoms will be activated out “of their energetically favorable sites at the grain
boundary and into bulk lattice sites. The elevation of energy will not occur uniformly, how-
ever, and grain boundary sites with their energies nearest to E Will be preferentially
vacated.. By this model the activation energy of segregation is expected fo inc;rease as the
temperature increases. |

6.4. Comments On Technique

The operational principle of the experimental setup appears straightforward; however,
the ability to detect changes in concentrations in .areas .as small:.as 1500 A depend in great
part on the ability 'a_nd skill of the operator. Problems ‘peréit from. the specimen preparation
up to the setting of the optimum working conditions of the microscope including specimem
contamination and alighment of the microscope. The elongated error bars of Fig. 26(b) are
a direct consequence of the specimen contamination in the microscope. The counting time

* had ‘to be reduced -in many -cases in -order to minimize ‘the contamination -buildup. This

3
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resulted in a poor counting statistics as can be appreciated as one proceeds from left to

right in Fig. 26(b).

The ability to obtain chemical analysis in addition to electron images and electron
fiffraction patterns of very small areas using a scannirig transmissior_l electron microscope
was improved when the microscope was equipped with a LaB, filament. This suggests thatr
using a much brighter source capable of giving higher beam currents and smaller beam
dihmeters than the LaB filament would result in great advantages for thé analysis. In terms
of the x-ray signal, higher spatial resolution, together with higher count rates;, would
increase the accuracy of the analysis. Obviously the use of a Field Emission Gun would

fulfill these needs. [121,122,125]

An accurate knowledge of the specimen thickness was critical in the present work.
Thg results reported in Figs. 18 and 19 are a sample of the technique of determining the
thickness of the specimens in the vicinity of the area where the analysis was performed.
The accuracy of the thickness is observed in two ways: First, the values of thickness -
resulted to be within high agreement when using different reflections. . Note, fhat the
thicknesses were 1015 A and 1023 & for the operating reflections g113 and gaqo respectively.
Second, the extinction distances £, as determined by the slope of tﬁe plots in Fig. 19 are
in good agreement with the values tabulated in the current literature. [122] Thus, jt was
determinéd that £113=1096 A and £;00=680 A which are very close values to those tabu- '
lated for AL i.e., £113=1300 A and £,00=673 A.

Finally it should be noted that a technique of even potential resolution for local chem-
ical analysis of the type reported here is lattice fringe imaging.mﬂ Recent assesments!27)
have revealed the source of potential problems with this method and pointed out the need
for even more extreme care than the level actually needed in this study. Nevertheless the

application of lattice imaging would be extremely beneficial in the search for even higher

resolution information about the atomistics of grain boundary segregation.
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7. CONCLUSIONS

The need for an adequate, systematic and quantitative study of the relationship

. between grain boundary structure and segregation had been indicated after reviewing previ-

ous experimental and theoretical investigations in this field. Such a study was undertaken

on an AI-Zn alloy system using a scanning transmission electron microscope to provide

microstructural and microchemical analyses at relatively high spatial resolution.

)

)

3)

4)

Q)

The following conclusions have been drawn:

The present study allows segregation profiles down to 10 nm in extent to be measured
and described to an accuracy which is limited primarily by the x-ray counting statistics
and the practical consideration of orienting the boundary parallel to the incident elec-

tron beam.

A number of different observations indicate the presence of an anisotropy in the

.overall distribution of Znr-solute in the A/ grain boundaries. This implies that the

activation energy of the Segregation phenomenon is not constant for a given boun-
dary. |

The presence. of spéciﬁc perturbations at the grain boundaries such as ledges and
extrinsic dislocations are associated with higher accumulations of solute at the grain

boundary as compared to the average grain boundary solute concentration.

The idemiﬁcatio.n of structures on the scale of the O-lattice as consequences of the
atomic relaxations in the grain boundaries was indirectly associated with ‘segregation
behavior. |

A mec.hanism has been suggested whereby different s;ructural and chemical defects at
the grain boundaries interact .in.order to produce a more stable configuration of solute

atoms along the boundary plane.
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(6) The observed segregation behavior had no direct association with the CSL model

)

through I values above; rather the ﬁetailed structure of the boundary was found to be

the most significant influence on segregate distribution at grain boundaries.

X-ray microanalysis in the electron microscope has proven to be a powerful tool to
study segregation effects in grain boundaries. This technique along with the micro--
micro-diffraction technique opens the doors for new investigations in the field of grain

boundary segregation, with even greater spatial resolution promised in the future.

‘
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APPENDIX A

Determination of the Axis/Angle Pair of a Grain Boundary
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As was indicated in section 4.3.4, Figure 21 shows four diffraction patterns. These

permit the definition of four beam directions as shown in Table 4-a.

Table 4-a._ Beam Directions of the Diffraction Patterns in Fig. 21

Grain 1 - Grain 2
uy o wi uy vy Wy
SAD ;= _ -1 1 1 SAD 4 = 2 1.5 2.438
SADy; = 0 1 1.1459 SAD4; = 0 1 1.2825

Each one of the above beam directions defines a unit vector as shown in Table 4-b.

Table 4-b._ Unit Vectors along Each Beam Direction. -

Grain 1 Grain 2
h 4V 113 5] . 55} 123
/Z 1= -0.5728 -0.5728 -0.5728 iy )= 0.5727 0.4269 0.6982
B, = 0 0.6585 0.7526 B,= 0 0.6149 0.7886

A third unit vector can be obtained from each set above,i.e., C = i:;—aB. Therefore:

Table 4-c._ Unit Vectors Perpendicular to Each Set Defined in Table 4-b.

Grain 1 Grain 2
o 7] N3 : 1 1y 123
C.= 0.0937 0.7486 -0.6556 Cy= -0.1562 -0.7789 0.6074

Using equation 26, the matrix M is defined as:

M-=1 0.0490 -0.0188 0.9807

—0.9978 —0.0474 0.0416
1 0:0386 0:9816 -0.1890

This matrix satisfies the minimum conditions of a rotation matrix.i.e.:
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i) The sums of the squares of each row and of each colum are unity.
ii) The dot products between column vectors are zero.

The rotation axis, U , can be determined from the above matrix as follows:

U= [maz—'mzs,mlrmsbmzl—mu]
= [0.9816—0.9807, 0.0416+0.0386, 0.049040.0474 ]

= [0.0009, 0.0802, 0.0964 ]

which is close to the low index direction [011]. The trace of the matrix is T= -0.9965.

This value when plugged into equation 28 gives the angle of misorientation

® = cos-lg-z‘—”- = 176.61°.

(110} permits an easier visualization of the determina-

- The graphical method of Goux
tion of the axis/angle pair, althouh it is not as accurate as the just déscribed above. Fig. 22
shows a stereographic proj_ectioh of the four beam direction; ;f Is A4 2 B 1, and §2. The inter-
section of the great circles bisecting the great circles .through A 1 and A 2 and vth»rough
| B 1 and B , defines the axis diréction U 4 1 and A , represents the respective projections of

4, and A, onto a plane perpendicular to U. The angle between A, and A, represents the

angle of misorientation ©.
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APPENDIX B

Activation Energy Related to the Segregation Phenomenon
The steps involved in estimating the activation energy are detailed as follows:

(1) The elastic strain energy contribution can be estimated using equation 6. The values
of the radii for solute and solvent atoms are the Seitz Radius* and taken from a com-
pilation by .King.[13 1 The bulk and shear moduli have been taken from a compilation

by Gschneider.“32]

(2) The grain boundary surface energy contribution can be estimated using the first term

of the right hand side of equation 13 which is equivalent to:

( B)(T 0. 174(AHSub_ —AH ub)
where o refers to area per atom at the GB and A Hy,, refers to sublimation energy.

(3) The alloy interaction contribution can be estimated with the aid of the second term of

equation 13, which is equivalente to:

_—AH.
a3x ,’,’ f3)

where AH,, refers to heat of mixing and whose values have been taken from the data

1.[133]

compiled by Hultgren et.al. and X} and X3 refers to the atomic fraction composi-

tion for elements A and B respectively in the bulk.

In using the last expression, several assumptions have been made. First, the term is
compiled in the limits of infinite dilution, i.e., X2—0 and high temperature, i.e., X$Z—0.

For simplicity in calculations, the number of lateral bonds (Z)) aﬁd the number of
vertical bonds (Z,) are assumed to be equal at the grain boundary, and Z, the coordination

number in fcc metal is 12.

4Seitz radius for an fcc metal is about 11% larger than the radius obtained from half the distance of closest
approach.
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Tables 5 and 6 show the values of different parameters used in the above

estimations,as well as the respective contributions for the activation energy.

Table 5._ Thermodynamic Data of Znand Al

Element Elastic Bulk Shear Poison’s  Seitz AHg,, - AH,
Modulus : Modulus Modulus Ratio Radius
x10"6 (kg/em?) x10"%(kg/emd) x10"5(kg/cm?) i A (kcai/mole)  (kcal/mole)
Al 0.7240 0.7542 0271 034 1.582 77.57
. 1.548
Zn 0.940 ) - 0.7460 0379 0.29 1.538 31.55 - )
Table 6._ Contributions to Activation Energy in the Segregation Phenomenon.
Alloy Surface Alloy Strain Activation
Solvent(solute) Contribution Contribution Contribution Energy
solu (kcal/mole) (kcal/mole) (kcal/mole) (kcal/mole)
Al(Zn) 7.434 . - 2.457 : 0.197 10.09
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APPENDIX C

Error Analysis from X-Ray Data

The arrival of X-ray quanta to a detector is random in time. Therefore, the time "t"

neccesary for the observation of any finite number of counts N is subject to statistical
fluctuations giving rise to an error in the observed counting rate n=—}>—’. The type of

fluctuation hefe obeys a Gaussian distribution..

When working with energy dvispersive peaks, the standard deviation of a peak integral
is taken equal to VN [134] Where N corresponds to the average number of counts in a
time ¢.

Generally, the interest is not in the standard deQiation in the number of counts, but_

rather in the standard deviation of the counting rate, i.e., ——tl, and the fractional standar

deviation o= -———']:,V, which is the one used in the present work. Most of the results are

reported as ratio of measurements, in whose case the precision of the measurement is given

by:
oror=Vohtol

where o z,ando 4, are the fractional standard deviation from the Zn and A/ peaks respec-

tively. (1351

One more important source of error in the present work could be the evaporation of
Zn due to its volatile character. In particular, when high current densities were used in the

microscope. Thus, precautions were taken to minimize this type of problem.
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FIGURE CAPTIONS
Outline of the materials phenomeha involving segregation. (After reference 5).

Schematic diagrams of (a)The Gibbs model for adsorption to an interphase boun-
dary. (b) True adsorption of solute to an interphase boundary. (c) Second phase
at an interphase boundary. (d) True segregatibn to a grain boundary. (After refer-

ence 128).

Definition of a symmetrical tilt boundary in a FCC structure. Note that both
grains have parallel <110> growth directions (GD). The tilt angle © is the
angle between <100> directions which are in the plane that is perpendicular to

the growth direction. (After reference 129).

Schematic representation of a bicrystal <110> tilt boundary. Notice the boun-
dary plane bisects the tilt angle (®=Gl+®2 ). ©, and ©, measure the angles
between the <100> 'directions and the respective surface normais (SN, SN,) to
the grains 1 and 2. |
DSC-Lattice, CSL and O-lattice when a simple cubic crystal bl is rotated 36.9°
around [001], (2=5). The base vectors of the DSC lattice are shown as
Fl and by, -

Outline of grain boundary defects.

The varioﬁs effects of electron-specimen interaction. (After reference 81).

Histograms of segregation to grain boﬁndaries for Sand Snin Fe At 600 °C (after

reference 36), for Biin Cuat 700 °C (after reference 96) and for Pin 33Cr-0.5M

steel at 450 °C. (After reference 44).

{a) Schematic cross ‘sectio'_‘n of the apparatus used to grow bicrystals. (b)

Schematic cross section of the bicrystal showing its dimensions.
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Schematic process followed in the preparation of foils for the electron micro-

scope.
Auger spectrum of A/ bicrystal prior to Zn-deposition.

Typical heat treatments of the specimens previous to their preparation for the.
microscope work. These heat treatments were used to generate the experimental

data in Fig. 24.

Plot of current as a function of the potential used in the selection of optimum

conditions for the electropolishing process of TEM specimens.
Arrangement of the TEM and the solid state detector (SSD) for x-ray collection

Calculated Peék/Background ratio Vs. atomic number Z of the measured x-ray
line. Various operating voltages E,=25,50,100 and 200 kV are considered. (After

reference 105).

(a) The production of x-rays in the TEM showing the position of the solid state
detector and (b) a schematic representation of a solid state detector through-a
thin beryllium window producing electron-hole pairs within the semiconductor
crystal. The ionizations produce pulses which are amplified by a field effect

transistor (FET)_ built into the rear of the crystal. (After reference 81).

Typical display of an energy spectrum showing the characteristic x-ray lines for

the Al-Zn system. The Cu signal comes from spurious radiation of the system.

(a) Two beam: (113) convergent beam diffraction pattern (CBDP) from an AL-Zn

foil -of thickness approximately 1000 A. (b) Two beam: (200) convergent beam

diffraction pattern from the same specimen as-in (a).

Plots of (—S'—)zas a function -of ‘(lf)z corresponding to the CBDP in Fig. 18.

1 nl

‘Schematic representation of the two vectors .associated wv:ith -each igrain in a bicry-

stal before-and after:a {ilting in the microscope.
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(a,b) _Diﬁ'raction patterns, (SAD;) and (SADy,, frorfl grains 1 and 2, respec-
tively, of the bicrystal detaileq in appendix A. (c,d) Diffraction patterns,
(SAD)), and (SADj),, from the same grains after the specimen has been tilted
36°.

{110]

A stereographic projection describing a Goux analysis of the diffraction pat-

terns in Fig. 21.
Typical concentration profile across a grain boundary.

Plot of solute segregation as a function of annealing temperature. Two regimes

are markedly differentiated with different activation energies for each regime.

Plot of the Zn/Al count rate ratio as a function of the distance along the boundary

plane for three bicrystals classified according to their axis angle pair:
a) =17, <100>/61.62°
b) T=7, <311>/64.62°
c) T=17. <111>/38,21°

(a) bright field image of a GB showing extrinsic dislocations with an average spa-
tial distribution of about 2000 A. (b) Plot of the Zn/A! count rate as a function of

the distance along the GB above.

Bright field (a) and weak beam (b) images of a grain boundary showing extrinsic
dislocations in its neighborhood.
Solute concentration profile along the GB in Fig. 27. Note the periodicity in

solute distribution as compared to the dislocation separation in Fig. 27.

Weak beam image of a rather irregular boundary showing the presence of secon-

dary grain boundary dislocations. The arrow shows the only position where a

marked change of solute concentration was .detected as .it is depicted in the

attached EDX-spectrum.
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Weak beam images of distorted grain boundaries.

(a) Bright field image of an A/ grain boundary (undoped), and (b) bright field
A .
image of an Al grain boundary after it has been doped with Zn. The small

arrows show the presence of ledges attributed to the segregation phenomenon.

TEM image of a low I boundary showing a large central ledge structure. The

nhmbe_réd regions correspond to Fig. 33.

EDS output for the regions of Fig. 33.. The high Zn signal is from the ledge
region 1, the intermediate from boundary region 2- and the low from matrix

region 3.

Znl/Al count rate ratio as a function of the misorientation angle for boundaries

with misorientation axis of the type <110>.

(a) Energy of symmetrical tilt boundaries about [011] in aluminum. (b) Penetra-

" tion of Zinc parallell (solid line) and perpendicular (dashedvline) in aluminum

bicrystals. (After references 112 and 113).

Weak beam image of a grain boundary. The arrow shows the position where the

‘electron probe detected a pronounced change in Zn concentration.

TEM image of a low T boundary showing the presence of closely spaced secon-
dary dislocations.

(a) Schematic representation of the interaction of an atom with a surface (S), sin-

gle ledge (L) and double ledge (D). (b) Adsorption energy diagram. (After refer-

-ence 130).

Schematic representation of the resulting forces as a consequence of the different

type of interactions that the microstructures and microaggregates experience along

the boundary plane. Notice the space available at the maximum misfit region.
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Fig. 41

‘tion of grain boundary sites by solute atoms.

60

A schematic diagram showing the effect of increasing temperature on the occupa-

Al-Zn binary phase diagram shoWing limits of solid solubility at temperatures (330

°C - 600 °C ) used in this study.
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MECHANICAL PHENOMENA KINETIC PHENOMENA
Temper Brittlenes {| Controlled Precipitate Growth
Diﬂﬁsion Creep
Intergranular | |
Fatigue Strength
Grain Boundary Diffusivity
Intergranular Stress || Intergranular Corrosion
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