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Chapter 1

Introduction

Aluminium|the second most used metal after iron. Its very good properties
include low density, high speci ¢ strength (comparable to steglcorrosion resist-
ance, excellent electrical and heat conductivity, and duiity.

It is heavily used as a construction material in aircraft and atomobile indus-
tries. Its other uses include food packaging, heat exchangeetgctrical conduct-
ors, etc.

For most applications mechanical properties of pure aluminim are improved
by alloying. Foreign atoms are expected to form dispersed paies or dense
distribution of precipitates. These act as the obstacles to the otion of the
dislocations and (sub)grain boundaries.

Dispersoids signi cantly in uence mechanical properties. Thefore, they are
a subject of intensive research. Their morphology (size, shap@&dadistribution),
process of formation/dissolution, and the chemical compositioseem to be the
most important characteristics.

The crystallographic structure of dispersoids is often not crual for the explan-
ation of precipitation hardening, nor the stability of micrastructure.

However, it is one of the most fundamental information, that ismportant for
the deeper understanding of other properties and processes.slaiso essential for

the accurate physical modelling. For example thermodynamimodelling method



CALPHAD (CALulation of PHAse Diagrams) is based on the sublattice model
This sublattice model is put on the solid ground only if it is basg on the real
crystallography.

Traditional crystallographic methods such as the X-ray and ndton di ract-
ion are often useless for the study of dispersed particles as theseupy only the
insigni cant volume fraction of the specimen. With commonly sed 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 dhained. 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 raon.

EDX (Energy dispersive X-ray) analysis is frequently used for thanalysis of
composition of particles. Often particles with similar composion are considered
to be a single phase of guessed stoichiometry with only little or naowledge of
their crystallography.

This work addresses a rather unknown technique of ALCHEMI (Atom acat-
ion by CHanneling Enhanced Microanalysis), which combines tHeDX analysis
and dynamic diraction. It can provide invaluable information on chemically
distinctive site occupancies and crystallographic structurefalispersoids.

The work was done as a part of a study of aluminium alloys for heaxchangers
in automobile industry. Iron is the main impurity and alloying element in these
alloys. ALCHEMI calculation was implemented from scratch and tarefore had to
be rst veri ed on a model material. Fe{Al intermetalics were diosen since they
are stable, have simple and well-known structures, and are easypepare. For
simplicity, single phase specimens were examined, although tmain advantage
of this method is its ability to study small particles.

ALCHEMI is an analytical electron microscopy method. It is basedn so
called,.channeling” e ect. Near exact Bragg orientation few Bloch waes are ex-

cited and the crystal cell is illuminated rather inhomogenagsly. On the other
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hand, in random orientations many Bloch waves combine. Iraént electron den-
sity in the cell is therefore more homogeneous. X-ray yield froparticular atom
depends on its illumination by incident beam. Variation ofliumination with ori-
entation causes variation of X-ray yield that can be exploitedo gure out the
site occupancies.

If the crystal is oriented along zone axis, we talk about axial rocolumnar
channeling since incident electron density is concentratech @olumns in the crys-
tal structure. When only a systematic row of re ections is excid, electron
density is concentrated on planes|we talk about planar channéng.

Taft and Spence [1] rstly used the channeling e ect in the 198s. At that
times site occupancies were determined from ratios of X-rayejils in channeling
and nonchanneling orientation.

A simple example from [2] would illustrate the idea. There areno 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 oriation where
the incident electron density is di erent for each site (o resp. g) and one in
random orientation when both sites are illuminated by the samentensity . If
the X-ray intensities | are proportional to the electron density on a given site we
get:

lA=pPa  lg=ps |x=px

I"=paa I=pe s I=px[f A+ f) 5]

(1.1)

That is six equations for seven unknownspls, 's andf). Still can be chosen
arbitrarily to x the scale of whole system. That leaves us with aough equations

to solve forf .
ch—yr ch—yr
— IX _|X IB _IB
T chogr | ch=|r
A A B B

(1.2)

However, this approach does not take into account the delocadtion of X-ray
generation and thickness dependence of Bloch wave intensti@]. Therefore, it
sometimes yields unphysical resultst 2 hO; 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 variain of X-ray
yields from elements occupying same site would be similar. Sgecupancies were
then calculated from correlation coe cients, as for examplén [6].

The next step in the ALCHEMI development is complete quantum médw@nical
calculation of incident electron wave function. Model of iteraction between inci-
dent and core electrons is then used to calculate nal X-ray iensities. Occupat-
ions are determined by tting experimental data. This apprach was rst taken
by Neichter and Sigle [3].

Delocalization of X-ray generation was rstly estimated [5] ompproximated
using hydrogenic model [7]. Only recently Oxley and Allen [8Jave tabulated form
factors for K and L-shell ionization that describe interactio between incident and
core electrons.

Such modern style ALCHEMI calculation was implemented in this ark.
Channeling experiments were made on FeAl and & materials with Cr addit-
ions. Data from these experiments were tted by calculated cues in order to

nd out distribution of Cr between Fe and Al sites.

12



Chapter 2

Calculation

2.1 Relativistic corrections

In TEM electron is accelerated by few hundred kV. Therefords kinetic energy
can not be neglected against its rest mass, = 511 keV=c.

There is no need to solve Dirac equation since e ects of eleatr@pin are
negligible [9]. Schedinger equation with corrected mass and energy is commonly
used.

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

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

icle. q
B = P+ mick (2.1)
We substitute B = i~@@t andp= i~r and square both sides:
2@ 2z (2.2)

@t
And after rearranging we get Klein-Gordon equation:

1@ mic  _ m2c?

@ @Zt %) = 5 =0 (2 . 3)

Both d'Alembert operator and constantm3c?=~? 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 Schedinger equation [9]

H = E (2.4)

! p2c2+ m3ct e = elh+ moc (2.5)
P+ mic* = elh+ meP+ e ° (2.6)

P’ 2mocte’  2elhe’ = €UZ+2moc’ely + €' 2 (2.7)
P’ 2mce’ = 2mecPely 1+ anl:OcZ (2.8)

+ %—Te' = @eu; (2.9)

whereE = mc? = elh+ moc®, U= U, 1+ 2;‘2%2 is the relativistic correction

of the acceleration voltagel, and €' ? term in (2.7) has been neglected (it is
justi ed since crystal potential ' is much smaller thanUp). Note that in the case
of m = mg and U = U, equation (2.9) reduces into normal Scledinger equation.
Also note that there ism on left side andmg on right side of the equation((2.9)!

Few more substitutions show proper shape of equation (2.9):
ki+ + V. =0 (2.10)

V = &e', ko represents incident vacuum wave vectde? = 2Moay,

2.2 Bloch wave method

There are two basic approaches to solving eq. (2.10): Bloch waand multislice
method [11]. Multislice method originates from optics. Crystas divided in thin
slices and incident wave function is evolved from slice to slicé is suitable for
calculations on crystals containing defects.

In this work Bloch wave method, which relies on Bloch theoreifi 2], was used.
Bloch theorem says that eigen-wave-function of a particle iperiodic potential is

a plane wavee K T modulated by function u(r ), which has the same periodicity

14



as the potential. Sinceu(r) is periodic, it can be expressed as a Fourier series.

. X .
=éeK Tyry=" cdk+ar, (2.11)
9

wherek is the wave vector and the sum is over all reciprocal vectogs
Now let us search for solution of equation (2.10) in the form of Bth wave.

X . X o X .
k2 (k + g)? CgeI(k +Q9)r, Vel 0 T Cgoe|(k +99 r_ 0

g q° g°
(2.12)
In the second term we substituteg®+ q°= g and renameg®= ¢, so we can bring

out exponential from both parts.
( )
X i(k +
K2 (k+0)? Cg+ VyqCq e6k¥9 T=0 (213
9 q

X

Because Fourier series is identically zero only if all coe crés are zero we have:
X
ki (k+g)> Cg+ V4 ¢Cq=0; 8g (2.14)
q
Up to now all summations were through all reciprocal vectorg. However, here
we have to limit the calculation to set ofN most important re ections. Additional
weak re ections could be later included using perturbationheory.

In the case of planar channeling we consider only the systematimw of reci-
procal vectors. For axial channeling or calculation of CBED gqitterns more re ect-
ions (possibly also from HOLZ) are required. Selection criterraay vary, although
they usually include jV,j? (kinematic structure factor) and the excitation error
(related to shape factor).

For a givenk equation (2.14) represents a system of linear equations for co-
e cients C,. Note that we could nd all possible wave vectors by checking for
existence of solution to the system of equations by equating det@nant to zero.
However, if we consider boundary conditions|the continuity of wave functions
and their derivatives over the interface|we get further limits on possible wave

vectors. Note that any boundary is in fact a violation of a peridic potential

15



assumption of Bloch theorem. However, we assume that crystal slice thick
enough and this can be neglected.
The total in-crystal wave function is a linear combination oBloch waves (with
coe cients ;). The continuity at boundary can be written as:
X X . .
()= Ciged kit 9 r=¢kor. g - n=0 (2.15)
j g

From that follows:

8
X <1 g=0
iCig = . ' (2.16)
i * 0 otherwise
ki = k% ;n (2.17)

Valid wave vectors can di er from incident vacuum wave vectok, only in direct-
ion normal to the surfacen. This means that electrons refract when they come
from vacuum to crystal. Crystal wave vectok®is just ko elongated in the normal

direction to account for mean crystal potentialV,.
k®=k3+ Re(V);  k® kokn (2.18)

This elongation could be achieved by bigger;. 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).
X

ki (k°+@)? 2n (k°+g) 2Cy+ Vy4Cq=0; 8g (2.19)
In the case of transmission electron di raction of fast electrons,? term can be
neglected to linearize the problem. This way backscatteredeetrons are ignored
[9]. Note that Vy from square of crystal wave vector eliminate¥, on diagonal of
potential matrix Vy 4 and this keeps eigenvalues small.

P
[k§ (K°+ 9)%]Cqy + q Vo aCq
2n (k%+ @)

= Cy 8¢ (2.20)

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

a solution we obtain eigenvalues; and corresponding eigenvector§; ;. From

16



continuity on boundary (2.16) we obtain excitations of indvidual Bloch waves

j. Final wave function is then:

X X 10
(=" ;0= Ggelrn+ar (2.21)
j iig
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 10 1 0o 1

@° 'hre@ A= @A y= « (2.23)

A B vy y1

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 etecontinuity 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 thege of no ab-
sorption, A is symmetric (or hermitian in noncentrosymetric crystals) anddllow-
ing method could be used to convert (already linearized) geradized eigenproblem

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

Ax = BX (2.24)
AB zB:x = B zB2x (2.25)
B zAB %y = vy, y=Bz2x (2.26)

2.3 Dynamic intensities and CBED

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

X
()= xge (Kot SN +0) T b sin+ gj = ky; (2.27)
g

17



wheresy is the magnitude of deviation from exact Bragg position (ensurg that
wave vector has a proper length) andy is the amplitude of each plane wave (the
intensity is given by jxgj?).

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

waves ((2.21):
X . X :
xod (Kot sgn+g) 1 (G d (K N+ 0) (50
g g
8r:r n=T
KO koT  isgT % i T
Xg = € o) g iCj g€ | (2.29)
j
o, X T
ixgl®=  jCjg€ (2.30)

j
where T is crystal thickness. The common exponential in eq. (2.29) isgua
complex unity that determines the phase and does not in uencthe intensity
JXgj?.
For the CBED, calculation of dynamic intensities has to be regated with

slightly di erent incident wave vector for every pixel of theimage.

2.4 Crystal potential and atomic form factors

In the previous sections crystal potential or V = <5&' was used to describe
interaction of incident electron with crystal. More specicdly ' is a periodic
function with the periodicity of crystal lattice. Therefore, it was expressed in

a form of Fourier series.

X .
"(r)= Fge9f (2.31)
¢}
1 2 :
Fg = V(r)e '9 Tdr; (2.32)
Veell cell

where Vg is the volume of the unit cell.

18



On the other hand, crystal potential can be viewed as a superptisn of cell
potentials ' . shifted to all lattice points R. The integral of crystal potential

over the unit cell can thus be replaced by integral of single it@otential over the

whole space.
X
t(r)= "cel(r  R) (2.33)
R
1 z i
Fg = “a(f)e '9 Tar (2.34)
Veel Rr3

If we neglect interactions of atoms|for example directional bonding|single cell
potential can be constructed as a superposition of sphericallyraynetric potent-

ials of individual atoms" , in unit cell.

X
' cell(r) = ' a(jr raj) (2.35)
a2cell
X .
Fo= o~ fi(ge 19 Ta (2.36)
VceII a
2 i 1 sin(gr)
@)= 'alr rade 90 Tddar=a ) g? 2dr (2.37)
R3 0

Atomic form factors f 2(g) are obtained from quantum mechanical calculations
of electronic structure of atoms (for example Hartree-Fock nii@od). They are
usually tted by formula:
(@= aebe
j

with coe cients @ and b tabulated for example by Smith and Burge [13] or
Doyle and Turner [14].

To account for the thermal vibrations of atoms around their quilibrium posit-
ion Debye-Waller ,smearing" factor is introduced [15]. In the simplest case of

isotropic harmonic approximation it is:

fuo (@) = f (e 2 (2.38)
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Factor B =8 2hu?i is usually used instead of the root mean square displacement
Urms = P hu2i.

Early atomic form factors described only elastic scattering. Adorptive form
factors were often obtained by taking imaginary part equald fraction of real part:
fans(g) = (1+0 :1i)f (g) [16]. Later, thermal di use scattering (TDS) contribution
to absorption was calculated from Einstein model by Weickenrex and Kohl [17]
or Bird and King [16].

TDS is a main contribution to scattering processes fay 6 0. However, there
are other processes a ecting mainlyy-o. These can be neglected for calculation
of CBED or dynamic intensities as they would attenuate all beas equally and
would not a ect contrast of resulting image [16].

On the other hand, for ALCHEMI calculations it seems necessary tmclude
additional absorption to provide good agreement with expamental data. In
this work imaginary part of eigenvalues ; was modi ed to account for processes
aecting fg=0:

0= 4 (2.39)

2.5 ALCHEMI

It is assumed that the amount of generated characteristic X rayis proportional
to the electron densityj ( r)j? and probability of X-ray generationP (r).

P(r) is periodic function with Fourier coe cients Py 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 dieir Bloch
waves but they still exist in the crystal. Their density is assumedd be uniform
in the unit cell [3].

When both contribution of Bloch and scattered electrons areaken into ac-

20



count we nd that amount of generated X rays is proportional o:

Y4 Z

S j(nfe@mdrs 1 (0 (2.40)
0

Expression is normalized by the mean probability of X-ray genation Py, so that
value of one represents no channeling.

Integrals are evaluated over an in nite crystal slice of thickessT. They are
normalized by thickness and to function in in nite dimensions. We substitute
expressions for total wave function| (2.21) and Fourier series 8 (r) and split

integration: over thickness and over in nite dimensions.
Z Z.Z

N 1 X in
P(niPP(rydr = 2 j(ni* Pyel Tdzdr = (2.41)
0 R2 h
X X
= i J Ci;ng;th

I 7 E_Jr;Q;f.l , , 7 .
I d(? P re mrh)zg, dlgr ar+ho)r g 042
T o R |

wheregr and g, represent tangent and normal components af (similarly for g
and h):
g=0r+ on; gr n=0: (2.43)

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

Z
dgr  ar+ho)r g = (gr gr + hy) (2.44)

R2
As long as all re ections included in calculation have uniquéangent component
(trivial if they are all from ZOLZ) we get h = q g. This also removes, ¢+ h,

term form thickness integral which then can be evaluated.

Z X i(? 2T ,x
i ( )PP (r)dr e 0 1

CigCiqPq ¢ (2.45)

i (0 0
ij CICe T giq
Z X d(7 T X
j(n)iPdr = ooy GG (249)
j

g
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Chapter 3

Simulations

3.1 Implementation

As a part of this work calculations described in previous chapt were implemented.
Modern programming language Python [18] and its scienti c tiraries scipy and
numpy [19] were used. Python language allowed rapid developnt and platform
independence, while scipy and numpy provided optimized matroperations and
easy integration of old fortran codes for atomic form factors.

The result is rather general object oriented library featung: CIF struc-
ture import, 3D structure display, di erent atomic form factors, Bloch wave,
CBED and ALCHEMI calculations. Using this library it is nearly trivial to
perform standard calculations (kinematic and dynamic diration, 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 richda of Al{Fe
phase diagram (Fig! 3.1). A2 (bcc) iron, B2 ordered FeAl, and DQ ordered
FesAl. These structures are illustrated in Fig. 3.2.

Due to the additional order FeAl 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].
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To unify the calculations with all three phases, all of them wer described by

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

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

(a) FesAl | DO 3 (b) FeAl | B2 (c) |A2
¥ oo T
o, 150 )
9% IS & 1=
Sfjfoe—

Figure 3.2: Structures of Fe{Al intermetallic phases

Planar channeling can only distinguish sites if the experimens$ done in the
orientation where they lie on di erent planes. In the structues of interestf 110y
planes are equally occupied as can be seen in Fig. 3.3. On thieenthand, f 100y
planes can distinguish B2 order. In order to examine ROorder, experiments
would have to be done on the planes dfl1]1g type. (Morimura and Hasaka [21]
used ALCHEMI on f 111g planes to distinguish C} and L2, Heusler structures.)

In this work B2 order is examined by experiments o100y planes. A few

experiments were made also dinl10y planes to con rm that the sites can not be
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Y
\O © O Figure 3.3: [001] projection of B2

o o
O structure. Interleaving f 110y planes
{
IZI o are equally occupied, while there are
tt two di erent types of f10Qy planes.
distinguished.

D03 order in FesAl is violated by DOs antiphase boundaries. If the experiment
is done over multiple antiphase domains, DQrder e ectively averages to B2. For
simplicity experiments onf 111g planes distinguishing D@ order are not a part
of this work.

Two parameterspy and pcr were chosen to quantify degree of B2 order.
They describe the distribution of Al and Cr between the two sites. guations
(3.1) relate the overall compositiorx, and Xc; and probabilities py and pe, to

composition of two sites in B2 structure.

X,IM = Xa 2Pa X}L = Xa 2@ pa)
XICr = Xcr 2 Pecr chl;r = Xer 2(1 per) (3.1)
e = 1 X xh, o= 1ol K

3.3 Results

Several simulations were carried out to nd out variation of shpe of the curves
with thickness and absorption, to verify the sensitivity of the neasurement topc,,
and to check convergence of calculation. Moreover, CBED petns at various
thicknesses were simulated. They were matched against expenitae patterns to
determine the thickness.

In all calculations Bird-King [16] absorptive form factors ad Oxley-Allen [8]
ALCHEMI form factors were used. Debye-Waller factor values fqoure elements
in their native state at 293 K were usedB, = 0:81 A2, Ber =0:26 AZ, andBr =

0:34 A’ [15]. Acceleration voltage of 200 kV was used to match the expaents.
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Convergence of calculation with number of included re eabins is shown in
Fig. 3.4(a). Hints of the nal shape appear after including orny 2 other re ect-
ions along with transmitted beam. Eight re ections from systeratic row placed
symmetrically on each side of transmitted beam (together 17 rections) were
used in further calculations.

Results in the Figs! 3/4(b) and 3]4(c) indicate that both thickess and absorp-
tion a ect only the overall scale of the channelling e ect. Tte high sensitivity of
the experiment to variations ofpc, is illustrated in Fig. [3.4(d). Dependently on
the value ofpc, the curve for Cr continuously varies between the shape of the Al
and Fe curve.

Figure|3.5 shows examples of simulated CBED patterns. Patterri g100] spot
in Bragg position is shown. As only the systematic row of re ectiamwas included
in the calculation the pattern shows only fringes. However, thieperiodicity can

be used to determine the sample thickness.
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(a) Number of re ections, multiplies of [200] symmetric around [000]
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Figure 3.4: Simulated curves illustrating in uence of varias parameters. Non-
varied parameters were xed toT = 100 nm, é = 100 nm, pa =1, pcr = 0:7,

Xa = 0:4, andXx¢ = 0:05
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(d) Probability of Cr on Al site pcr
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Figure 3.4 Continued
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Figure 3.5: Simulated [400] CBED patterns for F&Al, pa was set to 1 andpc,
was assumed @
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Chapter 4

Experimental work

4.1 Experiment setup

All experiments were conducted on the JEOL 2000 FX transmissioriegetron
microscope in the Department of Physics of Materials. This mioscope uses
tungsten lament as a source of electrons and operates at 200 k\ is equipped
with an AN10000 energy dispersive X-ray analyzer with Be window $etector.
Simple computer control of the goniometer motor was devisedrfthese experi-
ments. Double tilt analytical specimen holder was used. The eggment setup
is illustrated in Fig. 4.1..

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

. tilt control

spectra

]

JEOL 2000 FX AN 1000¢

Figure 4.1. Experimental setup
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Composition
Specimens Group Annealing conditions
at.% Al ‘ at.% Cr ‘ at.% Fe
E8 FesAl+Cr HT 2h 1050 C
E10 FesAl+Cr LT 28.5 2.6 68.4 2h 1060 C+2h500 C
A6 FesAl+Cr LT 2h 1050 C+5h510 C
C8, C9 FeAl+Cr HT 4h 1030 C
38 5 57
A9, A10 FeAl+Cr LT 4h 1030 C+4h750 C+4h620 C

Table 4.1: Nominal composition of principal components and aealing conditions

were acquired. Blobs of FeAl+Cr were prepared from pure metgowders by
arc melting in argon atmosphere. Moreover, we were suppliedtiwia rod of
FesAl+Cr. Nominal composition of these materials is speci ed in Takd 4.1.

All samples were annealed at the high temperature to remove pdssiinhomo-
geneities and structural defects. Low temperature samples wethen annealed
at the lower temperatures. Samples were guenched into the ofl room temper-
ature. Precise conditions are summarized in Table 4.1. Anneadj temperatures
and nominal Al content is shown also in the phase diagram in Fig. 1.

Slices about 1 mm thick were cut from bulk material using spark athine.
These were further grinded to the thickness of about ® mm and electropolished
under 12V at 30 C in 20 % solution of nitric acid (HNGs) in methyl alcohol

(CH30H) to prepare TEM specimens.

4.2 Microscopy work

All observed grains were huge (hundreds of micrometers) and alst dislocation
free. This microstructure is typical of well annealed mateal. Specimens were
formed entirely from FgAl, or FeAl phase. FeAl specimens were magnetic. It
made the work more dicult. DO 3 and B2 antiphase boundaries were observed
(Fig. 4.2), in both high and low temperature FgAl specimens.

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

or [011] zone axis). As we were interested in planar channellingxperiments
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Figure 4.2: Antiphase boundaries in

high temperature FgAI+Cr

Figure 4.3: Measurement position
with respect to [110] zone axis. The
double arrow marks §00] to [800]

range

were performed few degrees o the zone axis, as can be seen in [Bi§. When

possible, Kikuchi lines parallel to holder tilt axis were usedX-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 udedcalibrate

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

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

sample thickness, and the number of recorded spectra were triethe aim was

to achieve small electron probe size with the beam as paralled possible, while
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Figure 4.4: Successive Bragg posit-
ions used to calibrate tilt axes.
Positions B00], B00], ..., [800] cor-
respond toky,=5 Qo0 = 2, 1;:::;2



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 Bragggle as
can be seen in the Fig. 4.4. By using the smallest available 2h condenser
aperture, divergence of about :% mrad was achieved while the beam was fully
focused. Bragg angle 2 for [200] re ection is about 87 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 hadite used, as the
intensity was already substantially limited by the small condeser aperture.

Recording times between 60 to 150 s were used. With 20{30 retiogs at
di erent tilts between [800] and B00] Bragg position this gives about an hour per
experiment. This is about the time the beam position on samplean be kept
steady. Thermal drift and other disturbances make longer expenents rather
di cult.

For several measurements thickness was determined from CBEDttpans.
These were recorded in [400] Bragg position with biggest apemnty spot size 4
and fully focused beam. This resulted in divergence diameteir@bout 127 mrad.
Thickness was determined by comparing periodicity of the ptrn of [400] spot
with simulation. The results can be seen in Fig. 4.6. HOLZ lines armpresent on
the experimental pattern but they were not simulated. Thereadre, they sometimes

distort accumulated pro les.
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Figure 4.6: Thickness determination by CBED. See Table 4.3rfdetails on each
measurement. Simulated pro les are blue, experimental prées 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 subtractednh peak itself.

p-—
I peak = (Imia  Slback) I'mia + S?l back (4.1)

1 1 1
_X . _X X . B C b
I mia = | li; Iback = - li + - li; S= b a+d o
i=b i=a i=c

I; is the count ini-th channel. Table 4.2 lists channel numbers, b, ¢, and

(4.2)

d for all peaks. Figure 4.7 illustrates background and peak argan 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 peakhb{c channels

. 0.0 0.0
60 70 80 90 100 110 250 260 270 280 290 300 310 320 330 340 350
Channel

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

spectra from one measurement
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Variations of peak intensities| * X with tilt x; were tted by calculated

i err

curvesl X,.(x). The minuit [22] minimization package was used to minimize the
expression:
S=5M+ s+ g (4.3)
where
P
X X , X|x 2 X _
s* = 'Ca'°(rxx')lx R —Larx(x'); X 2 Al;Cr; Feg
i i err it
(4.4)

Normalisation factor r* properly scales measured data. It represents all in-
uences like beam intensity, recording time, X-ray uorescene yield, detector
e ciency, geometry, ...that a ect only absolute scale of recaded spectra.

For some measurements thickness was determined from CBED. For these
absorption a was varied along withps and pc,. Average of resulting absorption
values was used for measurements with unknown thickness. Probigiles py
and pc; were constrained in the intervalf0; 1i. Rather good agreement between
experimental data and tted curves can be seen in the Figs. 4.81d 4.9.

Fitted parameters for all measurements are listed in Table 4.3Table 4.4
summarizes average values of absorptiopy, and pc, for di erent materials and
annealing conditions.

In all cases almost all Al is located on proper site, while the praibility of
nding Cr on Al site is about 70 or 80 % for FeAl+Cr and Fe;Al+Cr respectively.

The in uence of annealing temperature seems to be negligible
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Group Spec. | Tegep [nm] | g—[nm] | To [nm] | 2Inm] | por (%] | pa [%] Figure
A10 - 208 1 445 4.8a
110 A10 - 207 2 445 4.8b
A10 - 259 445 4.8c
C9 217 484 6 94 2 | 100 1 | 4.9a, 4.6a
C9 - 259 1 445 88 2 9% 1 4.9b
C9 - 210 1 445 7% 1 90 1 4.9c
FeAl+Cr HT 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
Cc8 - 637 6 445 70 4 | 100 2 4.99
A10 - 344 2 445 77 3 94 1 4.9h
A10 - 379 2 445 79 2| 100 1 4.9i
FeAl+Cr LT A9 237 394 5 79 2 95 1 4.9j, 4.6¢
A9 315 447 6 78 2 92 1 | 4.9k 4.6d
A9 459 466 6 82 3| 100 1| 4.9l 4.6e
E8 193 287 3 72 2 | 100 1 | 4.9m, 4.6f
FesAl+Cr HT E8 297 315 4 69 3 92 4.9n, 4.69
E8 - 352 3 301 70 3 93 1 4.90
E10 - 434 4 301 66 4| 99 1 4.9p
E10 - 458 3 301 67 3| 100 1 4.9q
FesAl+Cr LT
A6 - 173 1 301 57 2 9% 1 4.9r
A6 - 230 1 301 83 2 | 100 1 4.9s

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

of particular t and CBED image used to determine thickness

Table 4.4: Summary of results from Table 4.3.

Group 1[nm] ‘ Pcr [%] ‘ Pai [%] ‘

FeAl+Cr HT 81 8(3) | 96 4(2)
445 30(15)

FeAl+Cr LT 79 21) | 96 3(2)

FesAl+Cr HT 70 1(1) | 95 6(3)
301 14(14)

FesAl+Cr LT 68 9(5) | 99 2(1)

Second error imdzkets represents

error of the arithmetic mean, while the rst is the error of sindge measurement
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(a) FeAl+Cr LT specimen A10 (b) FeAI+Cr LT specimen A10
Cr Cr
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Figure 4.8: Experimental data onf 110y planes tted by calculated curves, see table 4.3 for details c@ach measurement
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(a) FeAl+Cr HT specimen C9 (b) FeAI+Cr HT specimen C9
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Figure 4.9: Experimental data onf 100y planes tted by calculated curves, see table 4.3 for details c@ach measurement



8¢

(e) FeAl+Cr HT specimen C8
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Figure 4.9:
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(i) FeAI+Cr LT specimen Al10
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(m) Fe3Al+Cr HT specimen E8

(n) FezAl+Cr HT specimen E8
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(p) FesAl+Cr LT specimen E10
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Chapter 5

Discussion and conclusion

5.1 Discussion

The only questionable parameter of the simulations is the adénal absorption.
The other parameters are can be either measured (thickness),found in literat-
ure (form factors, etc.).

It is evident that some kind of preference of low thickness is cessary. Nichter
and Sigle [3] achieve this by averaging over wedge shape of spen. Roussow et
al. [23] assume that X rays generated deeper in specimen are abedron their
way to the detector.

In this work we assume, that the absorption of incident electradue to the
processes other than TDS is responsible for this e ect [24]. Absdign 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 thickse and ab-
sorption have the same e ect on the shape of the curves. This is nstirprising
since in the nal equations (2.45) and (2.46) their product ocurs (absorption is
included in © see eq. (2.39)). However, due to this correlation tting proed-
ure can not accurately determine both thickness and absorptio Therefore, we
measured thickness for several experiments, determined the aipsion, and used

that value for remaining experiments without thickness measament.
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Not much is known about the additional absorption values. Oxleyand Allen
[24] report values of mean free path (reciprocal absorptio) the order of hundred
nanometers for Mo and GaAs at 400 kV. Our results (di erent mateals and
acceleration voltage) are of the same order. Moreover, lowsrean free path
(higher absorption) correspond to the material with higher Feontent as expected.

Simulations further show|Fig. 3.4(d)|excellent sensitivity of the experiment
to the parameter of interestpc,;. Since Al and Fe occupy di erent sites, they are
represented by di erent curves. Fe curve has one maximum in thaiddle, while
there are two maxima approximately at [400] Bragg position on Al curve.

For low pc, almost all Cr is located on Fe site and thus Cr curve resembles Fe
curve. On the other hand, for highpc, Cr and Al curves are similar. Furthermore,
the total content of Cr is small and thus Al and Cr curves are almst una ected
by per-

In the Fig. 3.4(e) we see that the di erently occupied sites ardirectly respons-
ible for di erent curves of Fe and Al. As we move to the disordered?2 structure
(pa = 0:5) the di erence between Fe and Al curves vanishes.

The fact that the pa a ects also the shape of Fe curve was very helpful when
we tried to determine pa 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 rad would not
provide accurate values opy when tted. Fortunately very low statistical noise
is present in Fe data. High noise in Al data was caused by low e ciegcof the
EDX detector in low energy range due to its considerable agd (¢ soon to be
replaced).

The theoretical curves are symmetric around [000] position. Mever, 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 tierfor one spectrum
had to be reduced. This adversely aected the statistical noise Reasonable

compromise had to be found. We expect error for the light elemis to be reduced
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substantially once the new detector is installed. That could &w 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 dBg or FEG
electron source.

The actual results of this work (about 70 and 80 % of Cr atoms ogpying
Al sublattice in FezAl and FeAl respectively) compare well with the systematic
study of Anderson [6]. He used statistical ALCHEMI and obtained the vake of
76 1 % for FeAl 45Crs.

Munroe and Baker [25] brie y mention Cr preference of Al sitesetermined by
early form of ALCHEMI (much like the example mentioned in the Itroduction).
However, due to the nonstoichiometric composition of their matial they could
not obtain quantitative result.

The increased Cr preference for the Al sites in the material witthe lower Al
content can be explained: Suppose that a Cr atom prefers to bethe neighbour-
hood of the Fe atoms. In the stoichiometric FeAl the Al site is surrauded by
the eight Fe atoms. Thus, it is strongly preferred by the Cr atomsThe Fe site
Is surrounded only by the Al atoms and thus is rejected by Cr. Onhie other
hand, in material with lower Al content some Al sites have to be ocpied by the
Fe atoms. In this case Fe sites are surrounded by some Fe atoms and aot
dismissed so strongly by Cr.

After much elaboration: inclusion of antisite defects and vaceies (that are
of great importance in FeAl) and replacing vague terms likeCr atoms prefer Fe
atoms in their neighbourhood" by physical quantities such asn¢halpy of format-
ion; these thoughts would lead to the quasi-chemical model mented by Kaoet
al. [26]. Their model con rms the preference of Al sites by Cr. Howey, due to
the lack of accurate enthalpies of formation, reliable quéaative results are not
available.

Fu and Zuo [27] evaluated enthalpies of formation from the st principles
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and treated temperature within the mean eld frame work. Thg conrm Cr
preference for Al sites, too.

Surprisingly, we did not nd any temperature dependence opc, within the
error of the measurement. Due to the entropy term included inhie Gibbs energy
(along with the enthalpy), we would expect lower degree of dering in high tem-
perature samples. There are two possible explanations: EitherglCr occupying
Al site is so favourable that even the entropy term does not charganything. Fu
and Zuo [27] report energy di erence of 2 eV (energy correspting to room tem-
perature is Q025 eV). Or the samples were not quenched fast enough to retain
disordered structure. The latter explanation is supported bytie fact that there
were DG antiphase boundaries observed in the high temperature 44, although
according to the phase diagram it should have B2 (or even A2) struce. Pescka
and Schmitz [28] report signi cant dependence of ordering atie depth of the

observed area under the quenched surface.

5.2 Conclusion

In this work ALCHEMI method was tested. All equations were rigorasly (re)-
derived and the necessary software was developed. The expentaevere done
on single phase FAl and FeAl materials with a small amount of Cr. We gured
out experimental procedures and obtained reproducible dat

Measured data were tted by calculated curves and the prefemee of Cr for
Al sites determined. About 70 or 80 % (FgAl and FeAl respectively) of Cr was
found to occupy the Al sublattice. Our results match both the exprimental 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 ALCHEMItself would
not be the main subject of our research, but instead it shall be usext a valid

tool to study other phenomena.
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