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polohy sme �tovali spo�c��tan�ymi krivkami. Zistili sme, �ze 70 resp. 80 % chr�omu

(v Fe3Al a FeAl) sa nach�adza na hlin��kov�ych poz��ci�ach.
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Abstract:

As a preparation for the study of dispersed particles in the aluminium alloys

the ALCHEMI method was tested on a simple model material. This method

combines the X-ray spectrum analysis and the dynamic di�raction to provide the

information on site occupancies. The site preference of Cr in the Fe3Al and FeAl

materials was studied. Measured variation of the X-ray yields with the orientation

near the Bragg position was �tted by the calculated curves. We found that 70

resp. 80 % of Cr occupy the Al sublattice.
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� j , Cj; g, 
 j excitation, Fourier coe�cients, and wave vector modi�er

	 out total wave function outside of the crystal

	 out =
P

g xgei (k0 + sgn + g) � r

xg, sg amplitude, deviation from Bragg position

' , Fg crystal potential and its Fourier coe�cients

' cell, ' a single cell potential, single atom potential

V , Vg crystal potential and its Fourier coe�cients V = 2m
~2 e'

P, Pg probability of X-ray generation and its Fourier coe�cients

r position

k , k0, k 0 wave vector� = 2�
k , vacuum wave vector, crystal wave vector

n surface normal

R lattice point

g, q, h , g0, q0 reciprocal lattice point R � g = 2�n

Vcell unit cell volume

T specimen thickness

a additional absorption due to processes other than TDS

xAl , xCr , xFe mole fractionsxFe = 1 � xAl � xCr
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Chapter 1

Introduction

Aluminium|the second most used metal after iron. Its very good properties

include low density, high speci�c strength (comparable to steel), corrosion resist-

ance, excellent electrical and heat conductivity, and ductility.

It is heavily used as a construction material in aircraft and automobile indus-

tries. Its other uses include food packaging, heat exchangers,electrical conduct-

ors, etc.

For most applications mechanical properties of pure aluminium are improved

by alloying. Foreign atoms are expected to form dispersed particles or dense

distribution of precipitates. These act as the obstacles to the motion of the

dislocations and (sub)grain boundaries.

Dispersoids signi�cantly in
uence mechanical properties. Therefore, they are

a subject of intensive research. Their morphology (size, shape, and distribution),

process of formation/dissolution, and the chemical composition seem to be the

most important characteristics.

The crystallographic structure of dispersoids is often not crucial for the explan-

ation of precipitation hardening, nor the stability of microstructure.

However, it is one of the most fundamental information, that isimportant for

the deeper understanding of other properties and processes. It is also essential for

the accurate physical modelling. For example thermodynamicmodelling method
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CALPHAD (CALulation of PHAse Diagrams) is based on the sublattice model.

This sublattice model is put on the solid ground only if it is based on the real

crystallography.

Traditional crystallographic methods such as the X-ray and neutron di�ract-

ion are often useless for the study of dispersed particles as these occupy only the

insigni�cant volume fraction of the specimen. With commonly used SAED (Se-

lected Area Electron Di�raction) in TEM (Transmission Electron Microscope) it

is di�cult to quantify the intensities in the di�raction patt ern. Therefore, only

the lattice parameters and point group information can be obtained. It is dif-

�cult to determine positions of individual atoms and to distinguish chemically

close elements. The latter is a problem also in case of X-ray di�raction.

EDX (Energy dispersive X-ray) analysis is frequently used for theanalysis of

composition of particles. Often particles with similar composition are considered

to be a single phase of guessed stoichiometry with only little or noknowledge of

their crystallography.

This work addresses a rather unknown technique of ALCHEMI (Atom Locat-

ion by CHanneling Enhanced MIcroanalysis), which combines theEDX analysis

and dynamic di�raction. It can provide invaluable information on chemically

distinctive site occupancies and crystallographic structure of dispersoids.

The work was done as a part of a study of aluminium alloys for heat exchangers

in automobile industry. Iron is the main impurity and alloying element in these

alloys. ALCHEMI calculation was implemented from scratch and therefore had to

be �rst veri�ed on a model material. Fe{Al intermetalics were chosen since they

are stable, have simple and well-known structures, and are easy toprepare. For

simplicity, single phase specimens were examined, although themain advantage

of this method is its ability to study small particles.

ALCHEMI is an analytical electron microscopy method. It is basedon so

called
"
channeling" e�ect. Near exact Bragg orientation few Bloch waves are ex-

cited and the crystal cell is illuminated rather inhomogeneously. On the other
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hand, in random orientations many Bloch waves combine. Incident electron den-

sity in the cell is therefore more homogeneous. X-ray yield fromparticular atom

depends on its illumination by incident beam. Variation of illumination with ori-

entation causes variation of X-ray yield that can be exploitedto �gure out the

site occupancies.

If the crystal is oriented along zone axis, we talk about axial or columnar

channeling since incident electron density is concentrated on columns in the crys-

tal structure. When only a systematic row of re
ections is excited, electron

density is concentrated on planes|we talk about planar channeling.

Taft� and Spence [1] �rstly used the channeling e�ect in the 1980s. At that

times site occupancies were determined from ratios of X-ray yields in channeling

and nonchanneling orientation.

A simple example from [2] would illustrate the idea. There are two sites occu-

pied by two elementsA and B. The third element X has unknown distribution

f on these sites. We take two X-ray spectra: one in channeling orientation where

the incident electron density is di�erent for each site (� A resp. � B ) and one in

random orientation when both sites are illuminated by the sameintensity � . If

the X-ray intensities I are proportional to the electron density on a given site we

get:

I r
A = pA � I r

B = pB � I r
X = pX �

I ch
A = pA � A I ch

B = pB � B I ch
X = pX [f � A + (1 � f )� B ]

(1.1)

That is six equations for seven unknowns (p's, � 's and f ). Still � can be chosen

arbitrarily to �x the scale of whole system. That leaves us with enough equations

to solve for f .

f =
I ch

X =I r
X � I ch

B =I r
B

I ch
A =I r

A � I ch
B =I r

B

(1.2)

However, this approach does not take into account the delocalization of X-ray

generation and thickness dependence of Bloch wave intensities [3]. Therefore, it

sometimes yields unphysical results:f =2 h0; 1i [4]. Several formulations tried to

solve this problem by including di�erent correction factors[5]. Nonetheless, now
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the ALCHEMI in this form is abandoned.

Later, statistical methods appeared. The idea was that variation of X-ray

yields from elements occupying same site would be similar. Siteoccupancies were

then calculated from correlation coe�cients, as for examplein [6].

The next step in the ALCHEMI development is complete quantum mechanical

calculation of incident electron wave function. Model of interaction between inci-

dent and core electrons is then used to calculate �nal X-ray intensities. Occupat-

ions are determined by �tting experimental data. This approach was �rst taken

by N•uchter and Sigle [3].

Delocalization of X-ray generation was �rstly estimated [5] orapproximated

using hydrogenic model [7]. Only recently Oxley and Allen [8] have tabulated form

factors for K and L-shell ionization that describe interaction between incident and

core electrons.

Such modern style ALCHEMI calculation was implemented in this work.

Channeling experiments were made on FeAl and Fe3Al materials with Cr addit-

ions. Data from these experiments were �tted by calculated curves in order to

�nd out distribution of Cr between Fe and Al sites.
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Chapter 2

Calculation

2.1 Relativistic corrections

In TEM electron is accelerated by few hundred kV. Therefore its kinetic energy

can not be neglected against its rest massm0 = 511 keV=c2.

There is no need to solve Dirac equation since e�ects of electron spin are

negligible [9]. Schr•odinger equation with corrected mass and energy is commonly

used.

Before we derive these corrections, we show that Klein-Gordon equation [10]

can be derived just by using relativistic expression for kinetic energy of free part-

icle.

Ĥ =
q

p̂2c2 + m2
0c4: (2.1)

We substitute Ĥ = i~ @
@t and p̂ = � i~r and square both sides:

� ~2 @2

@t2
= � ~2c2� + m2

0c4 (2.2)

And after rearranging we get Klein-Gordon equation:

�
� �

1
c2

@2

@t2
�

m2
0c2

~2

�
 =

�
� �

m2
0c2

~2

�
 = 0 (2.3)

Both d'Alembert operator � and constantm2
0c2=~2 are invariant to Lorentz trans-

forms.
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Now we use the same approach|substitution of relativistic kineticenergy|to

derive relativistic corrections to Schr•odinger equation [9]

Ĥ = E (2.4)
q

p̂2c2 + m2
0c4 � e' = eU0 + m0c2 (2.5)

p̂2c2 + m2
0c4 =

�
eU0 + m0c2 + e'

� 2
(2.6)

p̂2c2 � 2m0c2e' � 2eU0e' = e2U2
0 + 2m0c2eU0 + e2' 2 (2.7)

p̂2c2 � 2mc2e' = 2m0c2eU0

�
1 +

eU0

2m0c2

�
(2.8)

� +
2m
~2

e' = �
2m0

~2
eU; (2.9)

where E = mc2 = eU0 + m0c2, U = U0

�
1 + eU0

2m0c2

�
is the relativistic correction

of the acceleration voltageU0 and e2' 2 term in (2.7) has been neglected (it is

justi�ed since crystal potential ' is much smaller thanU0). Note that in the case

of m = m0 and U = U0 equation (2.9) reduces into normal Schr•odinger equation.

Also note that there ism on left side andm0 on right side of the equation (2.9)!

Few more substitutions show proper shape of equation (2.9):

�
k2

0 + � + V
�

 = 0 (2.10)

V = 2m
~2 e' , k0 represents incident vacuum wave vectork2

0 = 2m0
~2 eU.

2.2 Bloch wave method

There are two basic approaches to solving eq. (2.10): Bloch wave and multislice

method [11]. Multislice method originates from optics. Crystal is divided in thin

slices and incident wave function is evolved from slice to slice. It is suitable for

calculations on crystals containing defects.

In this work Bloch wave method, which relies on Bloch theorem[12], was used.

Bloch theorem says that eigen-wave-function of a particle inperiodic potential is

a plane waveeik � r modulated by function u(r ), which has the same periodicity
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as the potential. Sinceu(r ) is periodic, it can be expressed as a Fourier series.

 (r ) = eik � r u(r ) =
X

g

Cgei (k + g) � r ; (2.11)

wherek is the wave vector and the sum is over all reciprocal vectorsg.

Now let us search for solution of equation (2.10) in the form of Bloch wave.

X

g

�
k2

0 � (k + g)2
�

Cgei (k + g) � r +
X

q0

Vq0eiq0� r X

g0

Cg0ei (k + g0) � r = 0

(2.12)

In the second term we substituteg0+ q0 = g and renameg0 = q, so we can bring

out exponential from both parts.

X

g

(
�
k2

0 � (k + g)2
�

Cg +
X

q

Vg� qCq

)

ei (k + g) � r = 0 (2.13)

Because Fourier series is identically zero only if all coe�cients are zero we have:

�
k2

0 � (k + g)2
�

Cg +
X

q

Vg� qCq = 0; 8g (2.14)

Up to now all summations were through all reciprocal vectorsg. However, here

we have to limit the calculation to set ofN most important re
ections. Additional

weak re
ections could be later included using perturbation theory.

In the case of planar channeling we consider only the systematic row of reci-

procal vectors. For axial channeling or calculation of CBED patterns more re
ect-

ions (possibly also from HOLZ) are required. Selection criteriamay vary, although

they usually include jVgj2 (kinematic structure factor) and the excitation error

(related to shape factor).

For a given k equation (2.14) represents a system of linear equations for co-

e�cients Cq. Note that we could �nd all possible wave vectors by checking for

existence of solution to the system of equations by equating determinant to zero.

However, if we consider boundary conditions|the continuity of wave functions

and their derivatives over the interface|we get further lim its on possible wave

vectors. Note that any boundary is in fact a violation of a periodic potential
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assumption of Bloch theorem. However, we assume that crystal slice is thick

enough and this can be neglected.

The total in-crystal wave function is a linear combination ofBloch waves (with

coe�cients � j ). The continuity at boundary can be written as:

X

j

� j  j (r ) =
X

j; g

� j Cj; gei (k j + g) � r = eik0 � r ; 8r : r � n = 0 (2.15)

From that follows:

X

j

� j Cj; g =

8
<

:

1 g = 0

0 otherwise
(2.16)

k j = k 0+ 
 j n (2.17)

Valid wave vectors can di�er from incident vacuum wave vector k0 only in direct-

ion normal to the surfacen . This means that electrons refract when they come

from vacuum to crystal. Crystal wave vectork 0 is just k0 elongated in the normal

direction to account for mean crystal potentialV0.

k 02 = k 2
0 + Re(V0); k 0 � k0 k n (2.18)

This elongation could be achieved by bigger
 j . However, 
 2 will be neglected

later and thus we want
 to be as small as possible.

Now we can insert this information into equation (2.14).

�
k2

0 � (k 0+ g)2 � 2
 n � (k 0+ g) � 
 2
�

Cg +
X

q

Vg� qCq = 0; 8g (2.19)

In the case of transmission electron di�raction of fast electrons,
 2 term can be

neglected to linearize the problem. This way backscattered electrons are ignored

[9]. Note that V0 from square of crystal wave vector eliminatesV0 on diagonal of

potential matrix Vg� q and this keeps eigenvalues
 j small.

[k2
0 � (k 0+ g)2] Cg +

P
q Vg� qCq

2n � (k 0+ g)
= 
C g; 8g (2.20)

In this work we have chosen to solve directly general eigenproblem (2.20). As

a solution we obtain eigenvalues
 j and corresponding eigenvectorsCj; g. From
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continuity on boundary (2.16) we obtain excitations of individual Bloch waves

� j . Final wave function is then:

	( r ) =
X

j

� j  j (r ) =
X

j; g

� j Cj; gei (k 0+ 
 j n + g) � r (2.21)

There is also a possibility to deal with
"
quadratic"eigenproblem (2.19) without

neglecting
 2. Equation of the shape:

Ax = 
Bx + 
 2x; (2.22)

could be transformed to eigenproblem of double size:
0

@
0 1

A � B

1

A

0

@
x

y

1

A = 


0

@
x

y

1

A ; y = 
x (2.23)

Which would yield 2N Bloch waves (N is the number of re
ectionsg included in

calculation). Double amount of Bloch waves could be used to meet continuity of

both wave functions and their derivatives at the interface.By neglecting
 2 term

we lose this additionalN Bloch waves and only the continuity of wave functions

(2.15) can be met.

Symmetric eigenproblems are much easier to deal with. In the case of no ab-

sorption, A is symmetric (or hermitian in noncentrosymetric crystals) and follow-

ing method could be used to convert (already linearized) generalized eigenproblem

to symmetric (hermitian) eigenproblem (B needs to be positive de�nite).

Ax = 
Bx (2.24)

AB � 1
2 B

1
2 x = 
B

1
2 B

1
2 x (2.25)

B � 1
2 AB � 1

2 y = 
y; y = B
1
2 x (2.26)

2.3 Dynamic intensities and CBED

Outside of the crystal the wave function is a linear combination of plane waves:

	 out (r ) =
X

g

xgei (k0 + sgn + g) � r ; jk0 + sgn + gj = k0; (2.27)
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wheresg is the magnitude of deviation from exact Bragg position (ensuring that

wave vector has a proper length) andxg is the amplitude of each plane wave (the

intensity is given by jxgj2).

On the interface these have to match the in-crystal combination of Bloch

waves (2.21):

X

g

xgei (k0 + sgn + g) � r =
X

j; g

� j Cj; gei (k 0+ 
 j n + g) � r ; (2.28)

8r : r � n = T

xg = ei jk 0 � k0jT � isgT X

j

� j Cj; gei
 j T (2.29)

jxgj2 =

�
�
�
�
�

X

j

� j Cj; gei
 j T
�
�
�
�
�

2

(2.30)

where T is crystal thickness. The common exponential in eq. (2.29) is just a

complex unity that determines the phase and does not in
uencethe intensity

jxgj2.

For the CBED, calculation of dynamic intensities has to be repeated with

slightly di�erent incident wave vector for every pixel of the image.

2.4 Crystal potential and atomic form factors

In the previous sections crystal potential' or V = 2me
~2 ' was used to describe

interaction of incident electron with crystal. More speci�cally ' is a periodic

function with the periodicity of crystal lattice. Therefore, it was expressed in

a form of Fourier series.

' (r ) =
X

g

Fgeig � r (2.31)

Fg =
1

Vcell

Z

cell
V(r )e� ig � r dr ; (2.32)

whereVcell is the volume of the unit cell.
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On the other hand, crystal potential can be viewed as a superposition of cell

potentials ' cell shifted to all lattice points R . The integral of crystal potential

over the unit cell can thus be replaced by integral of single cell potential over the

whole space.

' (r ) =
X

R

' cell(r � R ) (2.33)

Fg =
1

Vcell

Z

R3
' cell(r )e� ig � r dr (2.34)

If we neglect interactions of atoms|for example directional bonding|single cell

potential can be constructed as a superposition of spherically symmetric potent-

ials of individual atoms ' a in unit cell.

' cell(r ) =
X

a2 cell

' a(jr � r aj) (2.35)

Fg =
1

Vcell

X

a

f a(g)e� ig � r a (2.36)

f a(g) =
Z

R3
' a(jr � r aj)e� ig � (r � r a) dr = 4�

Z 1

0
' a(r )

sin(gr)
gr

r 2 dr (2.37)

Atomic form factors f a(g) are obtained from quantum mechanical calculations

of electronic structure of atoms (for example Hartree-Fock method). They are

usually �tted by formula:

f (g) =
X

j

aj e� bj g2

with coe�cients aj and bj tabulated for example by Smith and Burge [13] or

Doyle and Turner [14].

To account for the thermal vibrations of atoms around their equilibrium posit-

ion Debye-Waller
"
smearing" factor is introduced [15]. In the simplest case of

isotropic harmonic approximation it is:

f vib (g) = f (g)e
�

g2u2
rms

2 (2.38)
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Factor B = 8� 2hu2i is usually used instead of the root mean square displacement

urms =
p

hu2i .

Early atomic form factors described only elastic scattering. Absorptive form

factors were often obtained by taking imaginary part equal to fraction of real part:

f abs(g) = (1+0 :1i )f (g) [16]. Later, thermal di�use scattering (TDS) contribution

to absorption was calculated from Einstein model by Weickenmeier and Kohl [17]

or Bird and King [16].

TDS is a main contribution to scattering processes forg 6= 0. However, there

are other processes a�ecting mainlyf g=0 . These can be neglected for calculation

of CBED or dynamic intensities as they would attenuate all beams equally and

would not a�ect contrast of resulting image [16].

On the other hand, for ALCHEMI calculations it seems necessary to include

additional absorption to provide good agreement with experimental data. In

this work imaginary part of eigenvalues
 j was modi�ed to account for processes

a�ecting f g=0 :


 0
j = 
 j + ia: (2.39)

2.5 ALCHEMI

It is assumed that the amount of generated characteristic X raysis proportional

to the electron densityj	( r )j2 and probability of X-ray generationP(r ).

P(r ) is periodic function with Fourier coe�cients Pg calculated|much like

crystal potential V(r )|from atomic form factors for X-ray generation calculated

by Oxley and Allen [8].

"
Absorbed" electrons do not disappear. They are scattered out of their Bloch

waves but they still exist in the crystal. Their density is assumed to be uniform

in the unit cell [3].

When both contribution of Bloch and scattered electrons are taken into ac-
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count we �nd that amount of generated X rays is proportional to:

1
P0

Z
j	( r )j2P(r ) dr +

�
1 �

Z
j	( r )j2 dr

�
(2.40)

Expression is normalized by the mean probability of X-ray generation P0, so that

value of one represents no channeling.

Integrals are evaluated over an in�nite crystal slice of thicknessT. They are

normalized by thickness and to� function in in�nite dimensions. We substitute

expressions for total wave function (2.21) and Fourier series of P(r ) and split

integration: over thickness and over in�nite dimensions.

Z
j	( r )j2P(r ) dr =

1
T

Z T

0

Z

R2
j	( r )j2

X

h

Ph eih � r dz dr = (2.41)

=
X

i;j

� i � �
j

X

g;q;h

Ci; gC �
j; qPh

1
T

Z T

0
ei (
 0

i � 
 0
j
� + gn � qn + hn )z dz

Z

R2
ei (gT � qT + hT )r dr ; (2.42)

wheregT and gn represent tangent and normal components ofg (similarly for q

and h):

g = gT + gnn ; gT � n = 0: (2.43)

Integral over in�nite dimensions gives us� function in tangent components:

Z

R2
ei (gT � qT + hT )r dr = � 2(gT � qT + hT ) (2.44)

As long as all re
ections included in calculation have uniquetangent component

(trivial if they are all from ZOLZ) we get h = q� g. This also removesgn � qn + hn

term form thickness integral which then can be evaluated.

Z
j	( r )j2P(r ) dr =

X

i;j

� i � �
j
ei (
 0

i � 
 0
j
� )T � 1

i (
 0
i � 
 0

j
� )T

X

g;q

Ci; gC �
j; qPq� g (2.45)

Z
j	( r )j2 dr =

X

i;j

� i � �
j
ei (
 0

i � 
 0
j
� )T � 1

i (
 0
i � 
 0

j
� )T

X

g

Ci; gC �
j; g (2.46)
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Chapter 3

Simulations

3.1 Implementation

As a part of this work calculations described in previous chapter were implemented.

Modern programming language Python [18] and its scienti�c libraries scipy and

numpy [19] were used. Python language allowed rapid development and platform

independence, while scipy and numpy provided optimized matrix operations and

easy integration of old fortran codes for atomic form factors.

The result is rather general object oriented library featuring: CIF struc-

ture import, 3D structure display, di�erent atomic form factors, Bloch wave,

CBED and ALCHEMI calculations. Using this library it is nearly tri vial to

perform standard calculations (kinematic and dynamic di�raction, CBED and

ALCHEMI), while it provides means to implement any new ideas.

3.2 FeAl and Fe 3Al structure

Two intermetallic and one disordered phase exist on the Fe rich side of Al{Fe

phase diagram (Fig. 3.1). A2 (bcc)� iron, B2 ordered FeAl, and D03 ordered

Fe3Al. These structures are illustrated in Fig. 3.2.

Due to the additional order Fe3Al has double lattice parametera = 0:579 nm.
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Figure 3.1: Fe rich side of Al{Fe

phase diagram adapted from [20].

Vertical lines show nominal compos-

ition of samples, circles mark anneal-

ing temperatures, see also Table 4.1

To unify the calculations with all three phases, all of them were described by

double cell with Fm3m (#225) spacegroup. Therefore, also all indices in this

work correspond to double lattice with [100] being forbiddenre
ection.

(a) Fe3Al | D0 3 (b) FeAl | B2 (c) � | A2

Figure 3.2: Structures of Fe{Al intermetallic phases

Planar channeling can only distinguish sites if the experimentis done in the

orientation where they lie on di�erent planes. In the structures of interestf 110g

planes are equally occupied as can be seen in Fig. 3.3. On the other hand, f 100g

planes can distinguish B2 order. In order to examine D03 order, experiments

would have to be done on the planes off 111g type. (Morimura and Hasaka [21]

used ALCHEMI on f 111g planes to distinguish C1b and L21 Heusler structures.)

In this work B2 order is examined by experiments onf 100g planes. A few

experiments were made also onf 110g planes to con�rm that the sites can not be
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Figure 3.3: [001] projection of B2

structure. Interleaving f 110g planes

are equally occupied, while there are

two di�erent types of f 100g planes.

distinguished.

D03 order in Fe3Al is violated by D03 antiphase boundaries. If the experiment

is done over multiple antiphase domains, D03 order e�ectively averages to B2. For

simplicity experiments onf 111g planes distinguishing D03 order are not a part

of this work.

Two parameters pAl and pCr were chosen to quantify degree of B2 order.

They describe the distribution of Al and Cr between the two sites. Equations

(3.1) relate the overall compositionxAl and xCr and probabilities pAl and pCr to

composition of two sites in B2 structure.

x I
Al = xAl 2 pAl x II

Al = xAl 2 (1 � pAl )

x I
Cr = xCr 2 pCr x II

Cr = xCr 2 (1 � pCr )

x I
Fe = 1 � x I

Al � x I
Cr x II

Fe = 1 � x II
Al � x II

Cr

(3.1)

3.3 Results

Several simulations were carried out to �nd out variation of shape of the curves

with thickness and absorption, to verify the sensitivity of the measurement topCr ,

and to check convergence of calculation. Moreover, CBED patterns at various

thicknesses were simulated. They were matched against experimental patterns to

determine the thickness.

In all calculations Bird-King [16] absorptive form factors and Oxley-Allen [8]

ALCHEMI form factors were used. Debye-Waller factor values forpure elements

in their native state at 293 K were used:BAl = 0:81 �A
2
, BCr = 0:26 �A

2
, andBFe =

0:34 �A
2

[15]. Acceleration voltage of 200 kV was used to match the experiments.

24



Convergence of calculation with number of included re
ections is shown in

Fig. 3.4(a). Hints of the �nal shape appear after including only 2 other re
ect-

ions along with transmitted beam. Eight re
ections from systematic row placed

symmetrically on each side of transmitted beam (together 17 re
ections) were

used in further calculations.

Results in the Figs. 3.4(b) and 3.4(c) indicate that both thickness and absorp-

tion a�ect only the overall scale of the channelling e�ect. The high sensitivity of

the experiment to variations ofpCr is illustrated in Fig. 3.4(d). Dependently on

the value ofpCr the curve for Cr continuously varies between the shape of the Al

and Fe curve.

Figure 3.5 shows examples of simulated CBED patterns. Pattern of [400] spot

in Bragg position is shown. As only the systematic row of re
ections was included

in the calculation the pattern shows only fringes. However, their periodicity can

be used to determine the sample thickness.
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(a) Number of re
ections, multiplies of [200] symmetric around [000]

(b) Thickness T[nm]

(c) Reciprocal absorption 1
a [nm]

Figure 3.4: Simulated curves illustrating in
uence of various parameters. Non-

varied parameters were �xed toT = 100 nm, 1
a = 100 nm, pAl = 1, pCr = 0:7,

xAl = 0:4, and xCr = 0:05
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(d) Probability of Cr on Al site pCr

(e) Probability of Al on Al site pAl

Figure 3.4: Continued

(a)

200 nm

� 6 � 4 � 2 0 2 4 6
tilt angle [mrad]

(b)

300 nm

� 6 � 4 � 2 0 2 4 6
tilt angle [mrad]

(c)

400 nm

� 6 � 4 � 2 0 2 4 6
tilt angle [mrad]

Figure 3.5: Simulated [400] CBED patterns for Fe3Al, pAl was set to 1 andpCr

was assumed 0:7
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Chapter 4

Experimental work

4.1 Experiment setup

All experiments were conducted on the JEOL 2000 FX transmission electron

microscope in the Department of Physics of Materials. This microscope uses

tungsten �lament as a source of electrons and operates at 200 kV. It is equipped

with an AN10000 energy dispersive X-ray analyzer with Be window Sidetector.

Simple computer control of the goniometer motor was devised for these experi-

ments. Double tilt analytical specimen holder was used. The experiment setup

is illustrated in Fig. 4.1.

Several Fe{Al materials close to stoichiometric composition alloyed with Cr

gun

JEOL 2000 FX

detector

AN 10000

tilt control

specimen spectra

LN2

Figure 4.1: Experimental setup
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Specimens Group
Composition

Annealing conditions
at.% Al at.% Cr at.% Fe

E8 Fe3Al+Cr HT

28.5 2.6 68.4

2 h 1050 � C

E10 Fe3Al+Cr LT 2 h 1060 � C + 2 h 500 � C

A6 Fe3Al+Cr LT 2 h 1050 � C + 5 h 510 � C

C8, C9 FeAl+Cr HT
38 5 57

4 h 1030 � C

A9, A10 FeAl+Cr LT 4 h 1030 � C + 4 h 750 � C + 4 h 620 � C

Table 4.1: Nominal composition of principal components and annealing conditions

were acquired. Blobs of FeAl+Cr were prepared from pure metalpowders by

arc melting in argon atmosphere. Moreover, we were supplied with a rod of

Fe3Al+Cr. Nominal composition of these materials is speci�ed in Table 4.1.

All samples were annealed at the high temperature to remove possible inhomo-

geneities and structural defects. Low temperature samples were then annealed

at the lower temperatures. Samples were quenched into the oilof room temper-

ature. Precise conditions are summarized in Table 4.1. Annealing temperatures

and nominal Al content is shown also in the phase diagram in Fig. 3.1.

Slices about 1 mm thick were cut from bulk material using spark machine.

These were further grinded to the thickness of about 0:1 mm and electropolished

under 12 V at � 30 � C in 20 % solution of nitric acid (HNO3) in methyl alcohol

(CH3OH) to prepare TEM specimens.

4.2 Microscopy work

All observed grains were huge (hundreds of micrometers) and almost dislocation

free. This microstructure is typical of well annealed material. Specimens were

formed entirely from Fe3Al, or FeAl phase. Fe3Al specimens were magnetic. It

made the work more di�cult. D0 3 and B2 antiphase boundaries were observed

(Fig. 4.2), in both high and low temperature Fe3Al specimens.

For ALCHEMI experiment [200] Kikuchi line was located (usuallynear [001]

or [011] zone axis). As we were interested in planar channelling, experiments
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0.5µm

Figure 4.2: Antiphase boundaries in

high temperature Fe3Al+Cr

[110] Figure 4.3: Measurement position

with respect to [110] zone axis. The

double arrow marks [800] to [800]

range

were performed few degrees o� the zone axis, as can be seen in Fig. 4.3. When

possible, Kikuchi lines parallel to holder tilt axis were used.X-ray spectra were

then taken while tilting from [800] to [800] Bragg position. Computer was used to

switch goniometer motor on only for speci�ed short amount of time, to guarantee

equal steps in tilt axis. Successive Bragg positions were then usedto calibrate

the steps in the tilt axis (Fig. 4.4).

Various combinations of spot size, condenser aperture size, recording time,

sample thickness, and the number of recorded spectra were tried.The aim was

to achieve small electron probe size with the beam as parallel as possible, while

Figure 4.4: Successive Bragg posit-

ions used to calibrate tilt axes.

Positions [800], [400], . . . , [800] cor-

respond tokx=jg200j = � 2; � 1; : : : ; 2
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0.5µm

Figure 4.5: Spacial resolution can

be estimated form the size of carbon

contamination spots

maintaining reasonable intensity for X-ray spectra recording.

Beam divergence needed to be small in comparison with the Braggangle as

can be seen in the Fig. 4.4. By using the smallest available 20� m condenser

aperture, divergence of about 2:5 mrad was achieved while the beam was fully

focused. Bragg angle 2� B for [200] re
ection is about 8:7 mrad. Electron probe

size less than 1� m was estimated from size of carbon contamination spot after

the spectra were recorded (Fig. 4.5). The biggest spot size had tobe used, as the

intensity was already substantially limited by the small condenser aperture.

Recording times between 60 to 150 s were used. With 20{30 recordings at

di�erent tilts between [800] and [800] Bragg position this gives about an hour per

experiment. This is about the time the beam position on sample can be kept

steady. Thermal drift and other disturbances make longer experiments rather

di�cult.

For several measurements thickness was determined from CBED patterns.

These were recorded in [400] Bragg position with biggest aperture, spot size 4

and fully focused beam. This resulted in divergence diameter of about 12:7 mrad.

Thickness was determined by comparing periodicity of the pattern of [400] spot

with simulation. The results can be seen in Fig. 4.6. HOLZ lines are present on

the experimental pattern but they were not simulated. Therefore, they sometimes

distort accumulated pro�les.
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(a)

217 nm

� 6 � 4 � 2 0 2 4 6
tilt angle [mrad]

(b)

515 nm

� 6 � 4 � 2 0 2 4 6
tilt angle [mrad]

(c)

237 nm

� 8 � 6 � 4 � 2 0 2 4 6
tilt angle [mrad]

(d)

315 nm

� 6 � 4 � 2 0 2 4 6
tilt angle [mrad]

(e)

459 nm

� 6 � 4 � 2 0 2 4 6
tilt angle [mrad]

(f)

193 nm

� 8 � 6 � 4 � 2 0 2 4 6
tilt angle [mrad]

(g)

297 nm

	 6 	 4 	 2 0 2 4 6
tilt angle [mrad]

Figure 4.6: Thickness determination by CBED. See Table 4.3 for details on each

measurement. Simulated pro�les are blue, experimental pro�les are green. Images

were digitally enhanced
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4.3 Spectra processing and �tting

From recorded spectra intensities of Al, Cr K� , and Fe K� peaks were determined.

Flat background around each peak was measured and subtracted form peak itself.

I peak = ( I mid � sI back) �
p

I mid + s2I back (4.1)

I mid =
c� 1X

i = b

I i ; I back =
b� 1X

i = a

I i +
d� 1X

i = c

I i ; s =
c � b

b� a + d � c
(4.2)

I i is the count in i -th channel. Table 4.2 lists channel numbersa, b, c, and

d for all peaks. Figure 4.7 illustrates background and peak areas on summed

spectrum for the best view of the peak shapes.

Element a b c d

Al 65 76 93 103

Cr 252 269 292 300

Fe 313 318 344 350

Table 4.2: Backgrounda{ b, c{ d and peakb{ c channels

Figure 4.7: Background (blue) and peak (green) areas, shown onthe sum of 53

spectra from one measurement
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Variations of peak intensitiesI X
i � I X

i err with tilt x i were �tted by calculated

curvesI X
calc(x). The minuit [22] minimization package was used to minimize the

expression:

S = SAl + SCr + SFe (4.3)

where

SX =
X

i

�
I X

calc(x i ) � r X I X
i

r X I X
i err

� 2

; r X =
P

i I X
calc(x i )P
i I X

i
; X 2 f Al ; Cr; Feg

(4.4)

Normalisation factor r X properly scales measured data. It represents all in-


uences like beam intensity, recording time, X-ray 
uorescence yield, detector

e�ciency, geometry, . . . that a�ect only absolute scale of recorded spectra.

For some measurements thicknessT was determined from CBED. For these

absorption a was varied along withpAl and pCr . Average of resulting absorption

values was used for measurements with unknown thickness. Probabilities pAl

and pCr were constrained in the intervalh0; 1i . Rather good agreement between

experimental data and �tted curves can be seen in the Figs. 4.8 and 4.9.

Fitted parameters for all measurements are listed in Table 4.3. Table 4.4

summarizes average values of absorption,pAl , and pCr for di�erent materials and

annealing conditions.

In all cases almost all Al is located on proper site, while the probability of

�nding Cr on Al site is about 70 or 80 % for FeAl+Cr and Fe3Al+Cr respectively.

The in
uence of annealing temperature seems to be negligible.
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Group Spec. TCBED [nm] 1
a fit

[nm] T�t [nm] 1
a [nm] pCr [%] pAl [%] Figure

110

A10 - - 208 � 1 445 - - 4.8a

A10 - - 207 � 2 445 - - 4.8b

A10 - - 259 � 2 445 - - 4.8c

FeAl+Cr HT

C9 217 484 � 6 - - 94 � 2 100 � 1 4.9a, 4.6a

C9 - - 259 � 1 445 88 � 2 96 � 1 4.9b

C9 - - 210 � 1 445 75 � 1 90 � 1 4.9c

C9 - - 168 � 1 445 86 � 1 91 � 1 4.9d

C8 - - 505 � 5 445 80 � 3 94 � 1 4.9e

C8 515 436 � 8 - - 73 � 4 98 � 1 4.9f, 4.6b

C8 - - 637 � 6 445 70 � 4 100 � 2 4.9g

FeAl+Cr LT

A10 - - 344 � 2 445 77 � 3 94 � 1 4.9h

A10 - - 379 � 2 445 79 � 2 100 � 1 4.9i

A9 237 394 � 5 - - 79 � 2 95 � 1 4.9j, 4.6c

A9 315 447 � 6 - - 78 � 2 92 � 1 4.9k, 4.6d

A9 459 466 � 6 - - 82 � 3 100 � 1 4.9l, 4.6e

Fe3Al+Cr HT

E8 193 287 � 3 - - 72 � 2 100 � 1 4.9m, 4.6f

E8 297 315 � 4 - - 69 � 3 92 � 1 4.9n, 4.6g

E8 - - 352 � 3 301 70 � 3 93 � 1 4.9o

Fe3Al+Cr LT

E10 - - 434 � 4 301 66 � 4 99 � 1 4.9p

E10 - - 458 � 3 301 67 � 3 100 � 1 4.9q

A6 - - 173 � 1 301 57 � 2 96 � 1 4.9r

A6 - - 230 � 1 301 83 � 2 100 � 1 4.9s

Table 4.3: Fitted parameter for all measurements. Figure column references plot

of particular �t and CBED image used to determine thickness

Group 1
a [nm] pCr [%] pAl [%]

FeAl+Cr HT
445 � 30(15)

81 � 8(3) 96 � 4(2)

FeAl+Cr LT 79 � 2(1) 96 � 3(2)

Fe3Al+Cr HT
301 � 14(14)

70 � 1(1) 95 � 6(3)

Fe3Al+Cr LT 68 � 9(5) 99 � 2(1)

Table 4.4: Summary of results from Table 4.3. Second error in brackets represents

error of the arithmetic mean, while the �rst is the error of single measurement
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(a) FeAl+Cr LT specimen A10 (b) FeAl+Cr LT specimen A10

(c) FeAl+Cr LT specimen A10

Figure 4.8: Experimental data onf 110g planes �tted by calculated curves, see table 4.3 for details oneach measurement
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(a) FeAl+Cr HT specimen C9 (b) FeAl+Cr HT specimen C9

(c) FeAl+Cr HT specimen C9 (d) FeAl+Cr HT specimen C9

Figure 4.9: Experimental data onf 100g planes �tted by calculated curves, see table 4.3 for details oneach measurement
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(e) FeAl+Cr HT specimen C8 (f) FeAl+Cr HT specimen C8

(g) FeAl+Cr HT specimen C8 (h) FeAl+Cr LT specimen A10

Figure 4.9: Continued
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(i) FeAl+Cr LT specimen A10 (j) FeAl+Cr LT specimen A9

(k) FeAl+Cr LT specimen A9 (l) FeAl+Cr LT specimen A9

Figure 4.9: Continued
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(m) Fe3Al+Cr HT specimen E8 (n) Fe3Al+Cr HT specimen E8

(o) Fe3Al+Cr HT specimen E8

Figure 4.9: Continued
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(p) Fe3Al+Cr LT specimen E10 (q) Fe3Al+Cr LT specimen E10

(r) Fe3Al+Cr LT specimen A6 (s) Fe3Al+Cr LT specimen A6

Figure 4.9: Continued
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Chapter 5

Discussion and conclusion

5.1 Discussion

The only questionable parameter of the simulations is the additional absorption.

The other parameters are can be either measured (thickness), orfound in literat-

ure (form factors, etc.).

It is evident that some kind of preference of low thickness is necessary. N•uchter

and Sigle [3] achieve this by averaging over wedge shape of specimen. Roussow et

al. [23] assume that X rays generated deeper in specimen are absorbed on their

way to the detector.

In this work we assume, that the absorption of incident electrons due to the

processes other than TDS is responsible for this e�ect [24]. Absorption of X rays

in specimen on their way to detector is negligible for thin TEMspecimens.

Simulations in the Figs. 3.4b and 3.4c suggest that both thickness and ab-

sorption have the same e�ect on the shape of the curves. This is notsurprising

since in the �nal equations (2.45) and (2.46) their product occurs (absorption is

included in 
 0, see eq. (2.39)). However, due to this correlation �tting proced-

ure can not accurately determine both thickness and absorption. Therefore, we

measured thickness for several experiments, determined the absorption, and used

that value for remaining experiments without thickness measurement.
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Not much is known about the additional absorption values. Oxleyand Allen

[24] report values of mean free path (reciprocal absorption)in the order of hundred

nanometers for Mo and GaAs at 400 kV. Our results (di�erent materials and

acceleration voltage) are of the same order. Moreover, lowermean free path

(higher absorption) correspond to the material with higher Fecontent as expected.

Simulations further show|Fig. 3.4(d)|excellent sensitivity of the experiment

to the parameter of interestpCr . Since Al and Fe occupy di�erent sites, they are

represented by di�erent curves. Fe curve has one maximum in themiddle, while

there are two maxima approximately at� [400] Bragg position on Al curve.

For low pCr almost all Cr is located on Fe site and thus Cr curve resembles Fe

curve. On the other hand, for highpCr Cr and Al curves are similar. Furthermore,

the total content of Cr is small and thus Al and Cr curves are almost una�ected

by pCr .

In the Fig. 3.4(e) we see that the di�erently occupied sites aredirectly respons-

ible for di�erent curves of Fe and Al. As we move to the disorderedA2 structure

(pAl = 0:5) the di�erence between Fe and Al curves vanishes.

The fact that the pAl a�ects also the shape of Fe curve was very helpful when

we tried to determinepAl by �tting. As can be seen from the data in Figs. 4.8

and 4.9, the values for Al are a�ected by huge statistical error and would not

provide accurate values ofpAl when �tted. Fortunately very low statistical noise

is present in Fe data. High noise in Al data was caused by low e�ciency of the

EDX detector in low energy range due to its considerable age (it is soon to be

replaced).

The theoretical curves are symmetric around [000] position. However, some

systematic distortion is present in the data. This distortion dueto the thermal

drift and other disturbances during the long experiment time. To minimize this

e�ects the number of the recorded spectra and the recoding time for one spectrum

had to be reduced. This adversely a�ected the statistical noise.Reasonable

compromise had to be found. We expect error for the light elements to be reduced
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substantially once the new detector is installed. That could allow us to use shorter

recording times to acquire data with less distortion.

Spacial resolution of about 1� m was limited by the low intensity of electron

source. It should be signi�cantly improved on microscopes with LaB6 or FEG

electron source.

The actual results of this work (about 70 and 80 % of Cr atoms occupying

Al sublattice in Fe3Al and FeAl respectively) compare well with the systematic

study of Anderson [6]. He used statistical ALCHEMI and obtained the value of

76� 1 % for Fe50Al 45Cr5.

Munroe and Baker [25] brie
y mention Cr preference of Al sites determined by

early form of ALCHEMI (much like the example mentioned in the Introduction).

However, due to the nonstoichiometric composition of their material they could

not obtain quantitative result.

The increased Cr preference for the Al sites in the material withthe lower Al

content can be explained: Suppose that a Cr atom prefers to be in the neighbour-

hood of the Fe atoms. In the stoichiometric FeAl the Al site is surrounded by

the eight Fe atoms. Thus, it is strongly preferred by the Cr atoms.The Fe site

is surrounded only by the Al atoms and thus is rejected by Cr. On the other

hand, in material with lower Al content some Al sites have to be occupied by the

Fe atoms. In this case Fe sites are surrounded by some Fe atoms and are not

dismissed so strongly by Cr.

After much elaboration: inclusion of antisite defects and vacancies (that are

of great importance in FeAl) and replacing vague terms like
"
Cr atoms prefer Fe

atoms in their neighbourhood" by physical quantities such as enthalpy of format-

ion; these thoughts would lead to the quasi-chemical model presented by Kaoet

al. [26]. Their model con�rms the preference of Al sites by Cr. However, due to

the lack of accurate enthalpies of formation, reliable quantitative results are not

available.

Fu and Zuo [27] evaluated enthalpies of formation from the �rst principles
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and treated temperature within the mean �eld frame work. They con�rm Cr

preference for Al sites, too.

Surprisingly, we did not �nd any temperature dependence ofpCr within the

error of the measurement. Due to the entropy term included in the Gibbs energy

(along with the enthalpy), we would expect lower degree of ordering in high tem-

perature samples. There are two possible explanations: Either the Cr occupying

Al site is so favourable that even the entropy term does not change anything. Fu

and Zuo [27] report energy di�erence of 2 eV (energy corresponding to room tem-

perature is 0:025 eV). Or the samples were not quenched fast enough to retain

disordered structure. The latter explanation is supported by the fact that there

were D03 antiphase boundaries observed in the high temperature Fe3Al, although

according to the phase diagram it should have B2 (or even A2) structure. Pe�si�cka

and Schmitz [28] report signi�cant dependence of ordering onthe depth of the

observed area under the quenched surface.

5.2 Conclusion

In this work ALCHEMI method was tested. All equations were rigorously (re)-

derived and the necessary software was developed. The experiments were done

on single phase Fe3Al and FeAl materials with a small amount of Cr. We �gured

out experimental procedures and obtained reproducible data.

Measured data were �tted by calculated curves and the preference of Cr for

Al sites determined. About 70 or 80 % (Fe3Al and FeAl respectively) of Cr was

found to occupy the Al sublattice. Our results match both the experimental and

theoretical studies of other authors.

The future work would include application of ALCHEMI to the precipitates

and dispersed particles in aluminium alloys. From now on ALCHEMI itself would

not be the main subject of our research, but instead it shall be usedas a valid

tool to study other phenomena.

45



Bibliography

[1] J. Taft� and J. C. H. Spence, Science218, 49 (1982).

[2] J. Taft�, J. Appl. Crystallogr. 15, 378 (1981).

[3] W. N•uchter and W. Sigle, Philos. Mag. A71, 165 (1995).

[4] M. T. Otten and P. R. Buseck, Ultramicroscopy23, 151 (1987).

[5] S. J. Pennycook, Ultramictroscopy26, 239 (1988).

[6] I. M. Anderson, Acta Mater. 45, 3897 (1997).

[7] L. J. Allen and C. J. Roussov, Pys. Rev. B42, 11644 (1990).

[8] M. P. Oxley and L. J. Allen, Acta Crystallogr. Sec. A56, 470 (2000).

[9] C. J. Humphreys, Rep. Prog. Phys.42, 1825 (1979).

[10] L. Sk�ala, �Uvod do kvantov�e mechaniky, Academia, Praha, 2005.

[11] P. Stadelmann,Image calculation techniques, EPFL, Lausanne, 1995.

[12] C. Kittel, Introduction to Solid State Physics, John Wiley and Sons, New

York, 1996.

[13] G. H. Smith and R. E. Burge, Acta Crystallogr.15, 182 (1962).

[14] P. A. Doyle and P. S. Turner, Acta Crystallogr. Sec. A24, 390 (1968).

[15] V. F. Sears and S. A. Shelley, Acta Crystallogr. Sec. A47, 441 (1991).

46



[16] D. M. Bird and Q. A. King, Acta Crystallogr. Sec. A 46, 202 (1990).

[17] A. Weickenmeier and H. Kohl, Acta Crystallogr. Sec. A47, 590 (1991).

[18] G. van Rossum,Python reference manual, CWI, Amsterdam, 1995.

[19] E. Jones et al., SciPy: Open source scienti�c tools for Python, 2001.

[20] O. Kubaschewski, editor, Iron Binary Phase Diagrams, Springer Verlag,

Berlin, 1982.

[21] T. Morimura and M. Hasaka, Ultramicroscopy106, 553 (2006).

[22] F. James, Minuit: Function minimization and error analysis, CERN,

Geneva, 1994.

[23] C. J. Rossouw, C. T. Forwood, M. A. Gibson, and P. R. Miller, Micron 28,

125 (1997).

[24] M. P. Oxley and L. J. Allen, Phys. Rev. B57, 3273 (1998).

[25] P. R. Munroe and I. Baker, Scripta Metall. et Mater.24, 2273 (1990).

[26] C. R. Kao, L. M. Pike, S.-L. Chen, and Y. A. Chang, Intermetallics 2, 235

(1994).

[27] C. L. Fu and J. Zuo, Acta mater.44, 1471 (1996).

[28] J. Pe�si�cka and G. Schmitz, Intermetallics10, 717 (2002).

47


	Introduction
	Calculation
	Relativistic corrections
	Bloch wave method
	Dynamic intensities and CBED
	Crystal potential and atomic form factors
	ALCHEMI

	Simulations
	Implementation
	FeAl and Fe3Al structure
	Results

	Experimental work
	Experiment setup
	Microscopy work
	Spectra processing and fitting

	Discussion and conclusion
	Discussion
	Conclusion


