MStruct

program/library for MicroStructure analysis

by powder diffraction
http://xray.cz/mstruct/

origin, models, applications

eeeeeee

25600

19600 —

_ 14400 -

T T T T T T T
22 24 26 28 30 3234

10000
20 (deg)

3600 ~|
\

1600 —

Intensity (counts]

=3
S
=]
=1

T T
20 40 60 80 100 120 140
20 (deg)

Zden&k Matéj
Department of Condensed Matter Physics
Faculty of Mathematics and Physics, Charles University in Prague

Zdenék Matéj MStruct - program for MicroStructure analysis by powder diffraction 01/08/2013


http://xray.cz/mstruct/

Outline

1. What is MStruct?
How did it start? What is it based on?

How does it work? How can we use it?

What can it do? < What is included?

List of features/effects (~15)
with short description, examples and applications
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What is MStruct?

* Program/library
for analysis of materials
MicroStructure

by

Zdenék Matéj

powder (x-ray) diffraction.

practically a typical Rietveld program.

Rodriguez-Carvajal: FullProf; Larson&VonDreele& Toby: GSAS; Kern: TOPAS,
Lutterotti: MAUD; Birkenstock&Fischer&Messner: BRASS; Petricek&Dusek:
Jana; ...

it includes physically relevant models for peak broadening
and shift. scardi&Leoni: PM2k; Ribdrik&Ungdr: (€)CMWP-fit

It accounts for thin film absorption correction and
asymmetrical diffraction geometries. Lutterotti: MAUD
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Histo I'Y. How did it start? What it is based on?

* FOX: ‘Free Obijects for Crystallography’

— free, open-source, program for ab initio structure
determination from powder diffraction. Developed by
Vincent Favre-Nicolin in collaboration with Radovan Cerny.

ref: J.Appl.Cryst. 35 (2002), 734-743 (also 15t published structures)

File Edit View History  Bookmarl Tools  Help
. . r c & [0 |h iffeincefn. net/Fox/ = EE p
— Written in C++ =

u_ - —~ - .0 » FOX Wiki
and based on the IM}@}M{V@W’M — —

ObjCryst library (Ap1) e

F
Abaut FOX Fox Wiki
ownload
. Install Welcome to the Fox wiki ! Fox, 'Free Objects for Crystallography' is a free,
. Screenshots open- source program for the ‘ab inftio structure determination from powder
— I Ice n Se o G P L Biblio: Fox References diffractio
Biblio: Structures solved
Ilailing List Nota Bene! this |saW|k which means that you (and g dt a) modify ar ::f::f
FAGQ pagtthwwkTh pr‘tl\yt fthtt ials dft ests pages
Using FOX learn nmwrmodry D‘dpg ffhwkfkf{hHlQCffpg and

Vincent Favre-Nicolin: i, =i

- Powder Diffr. data Tip: keep in mind that Fox is open-source: Yol can access and modify ihe source
. - Single Crystal data cocie If you want [
htt . - Optimization Algo
p://viNncern.net/rox
Current Developrment Beginning Wlth FO)(
Features Requests
ObjCryst++ API

Getting FOX from 3YN Introduction
Browse Code Repository
'Ore

S El
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Fox-1.8.1.2-R1117/Fox-1.8.1.2-R1117.exe
http://vincefn.net/Fox/

FOX - program

File ©Objects Preferences Help

Crystals | Powder Diffraction | Single Crystal Diffraction | Global Optimization

-IList of all Crystals [-]
“Crystal AnataselTF
File Parameters | Scatterers Display

Constrain Lattice to SpaceGroup Symmetry Yes (Default) =

Use Dynamical Occupancy Correction Yes s

Display Enantiomer No s

AntiBump  0.00 Scale 1.0000

Bond valence Cost, 0.00 Scale 1.0000

aR[ | LW 37870 cRIl LW 95070

SpaceGroup:|| 41ja m d:2

- List of Crystal ScatteringPowers

~IScatte o Symbol:| Tid+
Symbol: 02-
1800
Center@(0.500,0.500,0.500), map((Fc)P:Xray: 1.542A:1x102-3v)=-0.25¢ = Atam T|1
e | *R L 0.000000yR L 0.250000zR L 0.375000Change Me!occupR L v|1.000000 hd
1600 '
1500 Generating Full HKL list...Done (kept 130 reflections)
1400
1300
1200
1100 Ny
1000
900
800
700-
600
500
400
300
200 : H M
el RS
20 30 40 50 60 70 80 90 100 110
2theta= 52.51 .I= 672.70. pixel=#463 d=1.743A
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Fox-1.8.1.2-R1117/Fox-1.8.1.2-R1117.exe
Fox-1.8.1.2-R1117/Fox-1.8.1.2-R1117.exe
Fox-1.8.1.2-R1117/Fox-1.8.1.2-R1117.exe
Fox-1.8.1.2-R1117/Fox-1.8.1.2-R1117.exe

ObjCryst Library

— Library of C++ objects for crystallography computing

— Utilizes cctbx — ‘Computational Crystallography Toolbox’
developed by R. W. Grosse-Kunstleve and P. D. Adams
ref: J.Appl.Cryst. 35 (2002), 126-136

) FOX/0bjCryst + +: Alphabetical List - Mozilla Firefox =100 %]
File Edit Yiew History Bookmarks Tools Help
/:---: - c N ﬁ' I,_, |httn:Hvincefn‘net,l’Oberyst,l’cIasses‘html i’j - I.-._.l'|GoogIe pel
J || FOX/0bjCryst++: Alphabetical List ]T‘ |T
:;I
Chronometer MonteCarloObj (ObjCryst) :
ci_char_traits [ O | '
CIF (ObjCryst) ObjCrystException (ObjCryst) H

CIFData (ObjCryst) ObjRegistry (ObjCryst) :
CIFData::CIFAtom S - - v
(ObjCryst) OptimizationObj (ObjCryst) |
Crystal (ObjCryst) OptimizationObj::LogLikelihoodStats '

(ObjCryst) |

(Cé)rz?éa::;:s?)umpMergePar P | ' O bj C ryst

Crystal::Neighbour

(ObjCryst) PeakList (ObjCryst)

Crystal::NeighbourHood . . :

(ObjCryst) PeakList::hkl (ObjCryst) °
4] | _’l_l
|D0r| v
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objcryst_doc_html/index.html
objcryst_doc_html/index.html

MStrU Ct (2003), http://xray.cz/mstruct/

— Contains add-on routines for microstructure analysis
— ObjCryst::LSQNumObj used for LSQ data refinement
— What is missing?

* xml output (standard for all ObjCryst objects)

* wxWidgets interface -> no GUI available
Program runs in command line mode and external text editor
and data visualization software are necessary.

@I G|[HB B[E~
fData_finatase.dat |, 3. 69-3-225-05.0ut |

File Edit View Insert Tools Desktop Window Help
REE R ARG
64-3.225.05

1. 64-3-225-05.imp | 2. Thkl_diff
oL z@El L.
FER e e

ObjCryst | MStruct

80 100 120 140
2Theta (deg)
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http://xray.cz/mstruct/
http://xray.cz/mstruct/
http://xray.cz/mstruct/
mstruct

PROGRAM: data and .imput files

Computer program: .imput (parametrs) files:
*1) mstruct.exe *1) my_sample.imp
2) libfftw3-3.dll 2) Ihkl_diffData_myPhase.dat

*3) structures.xml (database of structures)

Output:

B64-3-225-05.1y - Motepad 10l x| °
ro— : . my_pattern.aa
File Edit Format View Help a a . —_—
| 15.0250 116 - ° Sa e Ou
15.0750 119 .1 tt 2 fny [np t
.
15.1250 126 my_pattern.xy —
15.1750 107 .
152250 14 2 back d.b *3) Ihkl_diffData_myPhase.dat
[ ]
133730 55 my_background.bgr _aljjoata_ ase.aa
15.3250 108 -
15.3750 92
15.4250 120
15.4750 94 3 pspad - [d:pracisem-oct-09', mstruct’64-3-225-05.imp] 10l x|
15.5250 110
15.5750 106 [CF Fille Projects Edit Search View Format Tools Scripts HTML Settings Window Help ==
= = P S = . o
15.6250 2 ste GE|-c-D-@ k[ LEO0lBe|ev tmaX|s1[EdHan-«
15.7250 87 LT 29l TYEIEE
153.7750 104 1. 64-3-225-05.imp |
15.8250 105
15.8750 124 9| |2 |®&E| T W D o B B T T T O
B 15.59250 ol | + o A4 Job type -
15.9750 97 B o ‘—E'_ ' . | % a joh type (O-data refinement,l-grid refinement)
B 16.0250 1ol @ Mew project
LI “( Folder F¢ Imnput Data Filenames and Formats
LETIEOb ) ¢ f RELIne (] COmpUting Statistics Tof last cycle. .. 64-3-225-05.%x7 u] data filename (2th,obs(,sigwa)),data format type (0-xv, l-xysigma
LEQNwnClkd: :Refine () :Computing Chi*z for last cycle... 0.623 | waximun sin(theta)/lawbda 0.535 0.45
finished cycle #10/10. Rw=0.24339797->0.243419183
Results after last refinement : (36 non-fixed paramsters)
R-factor : 0.08267678 /4 Background
Ru-factor : 0.24341919 general z background filename/ (general), background type/ (number of backgr
Chi-Scuare: 7133.87155203 inwi 1 background component type [(chebyshev, invE, interpolated) , X-fune.t
Varishle information : Initial, last cycle , current valuss and chehyshew 1 background component type (chebyshev, invi, interpolated) , X-func.c
Seale hikghata Invi 17.00000000 17.078042] 2 polynomial degree (nunber of coefficients-1)
:caie—dlfznztagﬂgatasg lg'gggggggg l;'zggzsg -18 -8 13 values of coefficients (Starting with zero-order)
ackground Coef_| -18. -18. i s _ X s
Background_Coef_1 _2.00000000 5.212118 [n) a [n) coefficients refinement flags (O-refined, 1-fixed)
Background Coef_2 13.00000000 12.527865
diffDats Anatase_Thkl 1_0_3 0.80000001 0.799493 /7 Instrumental Parameters
diffbata_inatase_Thkl 0O 0_4 1.21000004 1.2093982! 0.5 incidence angle (deg)-2Theta scan, negative value-2Theta/Theta =
diffData inatase_Thkl 1 1 2 1.03000004 1.073441, 74 X-pert MRD parallel heam - 0.27 deg
diffDate Anatase Thkl 2 0 0 0.91000003 0.910770] 0.06246 0. 0.009211 instrumental profile params (W,U,V) MPD-Pixcel-varishle slits
diffbacs knatase Inkl 105 1.03383534 1.067014 0.002135 0.147385 instrumental profile parsms [Etal,Etal)
diffData_inatase Ihkl 2 1 1 1.00000000 1.002782 X X
Qiffhate inatase Thkl 2 1 3 0. 81000000 0.B09% 67 1.0 0.0 0.0 al. instruwental profile paraws (Asym0, Asvwl, Asymz, Asymi Thetalax (deg
cu 0.36 wavelength cype (Cu,Cull),linear poalrization rate (A=0.5,f=(1-4) T
— 4 »
4126/ 1329 =l Text D05 o I
68 (1551 [5872] [TEI T [ 3230 | CiC++ [ pos  [Code pager ANST (Windows)
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mstruct-win/MStruct.exe

PROGRAM: running program

(in Matlab enviroment)

program exegution /input redirection L output redirection
« system('mstruct < 64-3-225-05.imp > 64-3-225-05.o0ut"'),
« mstruct view('64-3-225-05");

script to plot refined data
[JFigurer =101

File Edit Wew Insert Tools Desktop Window Help

dEx DS ES[R[RIAVDEL-[S[0E[0D

File Edt Debug Desktop ‘Window Help BA-3-225.05
)D B| % Ba LE] ) |u ﬁ Ia | @ |CurrentDirectDri:lC:'I,Users'l,zdanek'l,Data'l,prac\,sem-oct-DQ'l,mstruct LI_I T T T T T T T

: 4900 4
. Shorteuts (2] How bo Add (2] What's hew 5
| i -
\.'Jorkspal:e - w08 x Command Window R 26001 ' 7
] m i -3 > oNew to MATLAB? watch this Video, see Demos, of read Getting Started. b4 3
Mame £ IVaIue > SYStem('mwstruct < 64-3-225-05.imp » 64-3-225-05.0ut'), 8 2500 b
ans ] g
e T 2 1600} .
= (o]
= [
_l—l‘ LI o =2 i oy
& 900 - = 1
4/ | command History 1+ O s> £ioZ (' 64-3-225-05'); = j ™
E-5-- 13/10/09 09:54 || [ >> | 2400
@
. SysStem('mSTruct - =
E-%-- 13/10/09 17:16 ~ 100
~osFstem| mstruct -
LetipZ | 64-3-225-0)w 0
[ 3
4 start | oI , 100

20 40 60 80 100 120 140
2Theta (deq)
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mstruct-win/MStruct.exe

Library (example): including new reflection profile model

— derive your own (children) class from
ObjCryst::ReflectionProfile class

* Implement appropriate methods for your class:
— CrystVector_REAL GetProfile (const CrystVector_REAL &X, const REAL xcenter,
const REAL h, const REAL k, const REAL 1)

— REAL GetFullProfileWidth (const REAL relativelIntensity, const REAL xcenter,
const REAL h, const REAL k, const REAL 1)

x-axis: 2Theta (rad) values

— or derive from
MStruct: :ReflectionProfileComponent class

o ImpIement: reflection center

calculated profile . <«— position — 2Theta (rad)
P = CrystVector_REAL GetProfile (const CrystVector_REAL &X, const REAL Xcenter,

const REAL h, const’REAL k, const REAL |)

ter, const REAL h, const REAL k, const REAL |) const

x-axis values, where the profile should /\
be calculated reflection hkl-indexes

- in reciprocal space units s = 1/d (1/A)
or direct space units L (A)

calculated guess of —_ REAL GetApproxFWHM (const REAL XC

FWHM — bool IsRealSpaceType () const

Zdenék Matéj MStruct - program for MicroStructure analysis by powder diffraction 01/08/2013 10



MStruct::ReflectionProfileComponent —
convolution kernel

e Different (instrumental, size, defects, ...)
MStruct: :ReflectionProfileComponent(s)
can be convoluted to create the final
ObjCryst::ReflectionProfile

. . _ —igL
- both in real or reciprocal space |(CI)—IA(L)e dL

10 | ' | B _4zsind]

s\  Fourier coefficients | 2 08 A

0.6/ £ osf
“04 Ay A % 0.4}

) =
0.2+ 0.2
_<L> —
0% 100 200 300 400 0'0_1_0 05 0.0 0.5 10
L [nm]

q (1/nm)
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http://xray.cz/mstruct/doc-mstruct-src/mstruct/doc/html/classMStruct_1_1ReflectionProfile.html
http://xray.cz/mstruct/doc-mstruct-src/mstruct/doc/html/classMStruct_1_1ReflectionProfile.html
http://xray.cz/mstruct/doc-mstruct-src/mstruct/doc/html/classMStruct_1_1ReflectionProfile.html

ObjCryst library: useful properties

itS pa rameters OhjCryst:RefinableOh) ObjC ryst:RefinableOh]

(properties) can be “
refined/optimized

ChjCryst:ReflectionF rofile ObjCryst:UnitCall

f §
| |

OhjCryst:ReflectionP rofileDoubleE<ponentialP seudo’ oigt OhjCryst:ReflectionP rofilePseudooigt

OhjCryst:Crystal

*Example 1: How to get the Crystal object from MStruct: :ReflectionProfileComponent method
const ObjCryst::Crystal & crystal = GetParentReflectionProfile().
GetParentPowderPatternDiffraction().GetCrystal();
*Example 2: Wavelength
const REAL Lambda = GetParentReflectionProfile().
GetParentPowderPatternDiffraction().GetRadiation().GetWavelength()(9);
*Example 3: Convert Miller coordinates into orthonormal coordinates:
REAL x = h, y =k, z = 1;
crystal.MillerToOrthonormalCoords (x, y, z);
*Example 4: Is the crystal hexagonal?
// Get cctbx::sgtbx::space_group
const cctbx::sgtbx::space group & sg = crystal.GetSpaceGroup().GetCCTbxSpg();
// Get Laue class code
const cctbx::sgtbx::matrix_group::code & LaueCode = sg.laue_group type();
using namespace cctbx::sgtbx::matrix _group;

if ( LaueCode == code_6 m || LaueCode == code_6_mmm )
mGroupType = LAUE_HEXAGONAL;

Zdenék Matéj MStruct - program for MicroStructure analysis by powder diffraction 01/08/2013 12



Outline

1. MStruct is a computer program for powder
diffraction based on ObjCryst/Fox

2. GPLlicense, http://xray.cz/mstruct/
general, any material/any symmetry, highly extendible
no GUI, text input files, needs Matlab or GNUPlot

3. Whatcanitdo? & Whatis included?

List of features/effects (~15)
with short description, examples and applications

Zdenék Matéj MStruct - program for MicroStructure analysis by powder diffraction 01/08/2013


http://xray.cz/mstruct/

List of effects/models

instrumental

pseudoVoigt(A) (microstrain)

common physical _ o .
anisotropic microstrain

size log-nomal

absorption correction (MAUD)

thin films residual stress (XECs) (MAUD)

stresses, textures refraction correction

texture calculator (viAuD)

dislocations (PM2K, CMWP-fit)

stacking faults (fcc, hep) (PM2K, CMWP-fit)

_ . sticks/rods/platelets”
special physical i}
(simplified) interference effect

histogram distribution (PM2K, TOPAS)

stacking faults WC (recently with Milan)*

arbitrary texture

HKL pseudoVoigt (PMV2K)

auxiliary
double component™ (P\VI2K)
(bimodal size distrib., recrystallisation)

" implemented or first results published in 2013

Zdenék Matéj MStruct - program for MicroStructure analysis by powder diffraction 01/08/2013 14



Instrumental function — pVoigt(A)

e described by the asymmetric pseudoVoigt function n

. . . 1.0
* Cagliotti polynomial, etc.
. < 05 y = 2.381E-03x + 6.249E-01
 fitted on the measured LaB standard R? - 6.706€-01
0.0
0 50 100 150
2 2
FWHM (rad)” =W +U tan“ (&) +V tan(6) 2Th (dee)
FWHMA"2
0.03
y = 2.30E-03x? - 5.93E-04x + 1.73E-03
1 =1, +1,260(rad) 2
B
A—AD+A/ + P 2020 £ oo
- H =2 = A,max o
sin(20) * /sin?(26)
0.00
0.0 1.0 2.0 3.0 4.0
tan(TH)
// Instrumental Parameters
0.5 incidence angle (deg)-2Theta scan, negative value-2Theta/Theta scan
// X-pert MRD parallel beam - 0.27 deg
0.06246 0. 0.009211 instrumental profile params (W,U,V)
0.002135 0.147385 instrumental profile params (Eta®@,Etal)
1.0 0.0 0.0 ©60. instrumental profile params (Asym@,Asyml,Asym2,Asym2ThetaMax(deg))
Cu 0.111 wavelength type (Cu,CuAl),linear polarization rate(A=0.8,

f=(1-A)/(1+A)=0.111 graphite mon.,f=0. unmonochromatized)

15
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&

Phenomenological microstrain — pVOIgtA

* described by symmetric pseudoVoigt function and Cagliotti polynomial with only U
coefficient nonzero

* two parameters: U and 77 (Gauss-Cauchy shape character) can be converted to
microstrain parameter (e)

» effect (directly) convoluted with other effects using the convolution kernel

FWHM (rad)® =U tan(0), n=17,, A=A, =1
U, n ... strongly correlated

e, M ... almost uncorrelated L(20[rad]) =4etan(0), 4de= 1-n AT
0. =217, =2In2/ Ps Pc

effect type
(codeword) phase specific name

//Ehe 1st phase\jStr‘ain broadening - simulated with pseudoVoigt function

// - only U-Cagliotu param. (W=V=0.) and shape Eta@ (Etal=@) params. refined
pvoigtA strainProfAnatase broadening component type (pVoigt(A),Sizeln,..), effect name

0.0 0.0 0.0 profile params (W,U,V)

0.0 0.0 profile params (Eta@,Etal)

1.0 0.0 0.0 60. profile params (Asym@,Asyml,Asym2,Asym2ThetaMax(deg))

Zdenék Matéj MStruct - program for MicroStructure analysis by powder diffraction 01/08/2013 16



Simple size broadening — SizelLn

* spherical crystallites — size D (diameter) given by the log-normal
distribution

* two parameters: median (M), shape parameter (o)

* E.Limpert, W. A. Stahel, M. Abbt, Log-normal Distributions across the Sciences:
Keys and Clues, 51 (2001) no. 5, BioScience, 341-352

007y median (M)

05l o* = exp(o) ... geometric mean deviation

005} s = exp(o)

(M/ exp(o) , M*exp(o)) ...68%
( M/ exp(20), M*exp(20) ) ... 95%
confidence intervals

Frequency
=
i
I

10 20 30 40 50 50 70

D (1/nm)
// the 1st phase - Size broadening - lognormal distrib. of crystals diameters (median M, shape Sigma)
Sizeln sizeProfAnatase broadening comp. type (pVoigt(A),Sizeln,..), effect name
20.0 0.3 M(nm),sigma

Zdenék Matéj MStruct - program for MicroStructure analysis by powder diffraction 01/08/2013 17
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Arbitra ry teXtU '@ (Ihkl diffData myPhase.dat)

* in crystallography hkl reflections intensities should be calculated from crystal
structure - atom positions, Biso-factors

* in Mstruct calculated hk/ reflection intensities can be corrected/multiplied by
arbitrary factors (in MStruct called: “HKL Intensities corrections”)

e useful, if unknown or complicated texture is present

// Arbitrary texture model
3 1 hkl file(®-don't use,l-generate,2-free all,3-read), print HKLIntensities(®-no,1-yes)

File: Ihkl diffData_myPhase.dat

# h k 1 2Theta(deg) | Fhk1|~2 Icor fixed
1 0 1 25.304 2.57e+004 1.00 1
1 (%] 3 36.975 3.01e+003 0.80 (%]
0 (%] 4 37.843 1.28e+004 1.21 (%]
1 1 2 38.573 3.30e+003 1.08 (%]
2 (%] 0 48.026 2.88e+004 0.91 (%]
2 0 2 51.960 7.71e-011 1.00 1
1 0 5 53.942 2.29e+004 1.07 (%]

Zdenék Matéj MStruct - program for MicroStructure analysis by powder diffraction 01/08/2013 18



(Classical) Absorption correction

* jtisa part of the instrumental section

— parallel beam geometry (o > 0), Bragg-Brentano (o =-1.0),
Bragg-Brentano with variable slits (o =-2.0)

// Instrumental Parameters

0.5 incidence angle (deg)-2Theta scan, negative value-2Theta/Theta scan
// X-pert MRD parallel beam - 0.27 deg
0.06246 0. 0.009211 instrumental profile params (W,U,V)

instrumental profile params (Eta®@,Etal)

* for each crystal — film parameters
— negative thickness ( = infinite substrate )
// the 1st phase - thin film absorption correction
300. 0. 470. absorp corr params: thickness(nm),depth(nm),abs.factor(1/cm)
* absorption factor ( ) must be supplied

— simple way: calculate from chem. composition and density by
“chi®@ on the web” on the Sergey Stepanov's X-ray Server

2/_
. /l
— use internal y, calculator (see later) = T|xg,fm|

Zdenék Matéj MStruct - program for MicroStructure analysis by powder diffraction 01/08/2013 19


http://sergey.gmca.aps.anl.gov/cgi/WWW_form.exe?template=x0h_form.htm

Classical absorption correction

e accounts for absorption in the material
by effective penetration depth (T )

1 1 1 -
I, = —"—[1—exp(=T/T,
T H [Sin(w) + sin (26 — L,u)] ' sin(w) [ exp(—1"/T,)|

p

* [:.(206) varies strongly with @, but not 2@ (in PB)

substrate

T,for TiO, — p=3.9 g/cm3, ®_=0.28°

10°; “ “ ‘ ‘ : 10% B
Bragg-Brentano - |
= L 10% 8
Dy TN . SO w=29" = | o
R PB_ =101 F 10" S
eeei._PB_©=05° z 3
2 ~ anatase 101
10 T An a0 100 190 14 10° : , :
20 40 60 80 100 120 140 0 025 050 075 1.00
20 (deg) o (deg)

=47l +sin (@) + 7, +sin* (20-0)|

* [.(206) differs strongly for BB and PB

Zdenék Matéj MStruct - program for MicroStructure analysis by powder diffraction 01/08/2013 20



Classical absorption correction — limitations

&

o [,(20) varies only slightly with 2@ => it is not possible to determine film thickness
from a single 2@ scan =>in MSTRUCT film thickness/absorption parameters

are fixed (can not be refined)

* 1n multilayer stacks or close to the critical angle (@,) additional (optical)
correction terms should be included

Fresnel transmission coef.

2500

2 T
='2000/ 5 "
% I film ~ ‘tinterface‘ . [l_exp (_Tfilm /Tp )]
€ 1500} SIN w
©
(O]
T 1000 0 05 2K 1 ...o>ow
g : 70 nm % deg) tinterface =% :
€ 500/ sonm | 110, films, A

0 , | grazing exit geometry Z

0 1 2 3 - 26-

o, (deg) (0;=20- ) K
0z

 optical corrections still not in MSTRUCT
=> one should be careful about results

Zdenék Matéj
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RefractionCorr

* close to the critical angle (@,) refraction effects can take
place

 diffraction peak shift independent of 2@ peak position =>
equivalent to 2 zero-shift (for a single film/material)

~

T=~__/ A20=20-20,
substrate =~

Zdenék Matéj MStruct - program for MicroStructure analysis by powder diffraction 01/08/2013 22




RefractionCorr - exp. data

2@ peak position

38.1

800 nm thick TiO,
film on Si-sub.

anatase (200)

"0 0.25 0.50 0,75 1.00

w (deg)

anatase (101)

g _|| File name: 64-1-gi_map_1a.xrdml
2 50 nm thick TiO,
0 . .
c film on Si-sub.
< anatase (101)
B
=
26—
25.5
I I I I I I I I I I —_
244 248 252 256  26.0 S
2Theta (°) Z 254
25.2, :
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RefractionCorr - formula

A20 = a——\/(a _28) ++/(a? —25)? + 43

O, B —real and imag. part a - incidence angle (o)
of refractionindex N=1-06-18=1+y,/2

References:
* F. Toney, S. Brennan, Phys. Rev. B 39 (1989), 7963
* T. Noma, K. Takada, A. lida, X-Ray Spectrom. 28 (1999), 433-439

* P. Colombi, P. Zanola, E. Bontempi, R. Roberti, M. Gelfi, L. E. Depero, J. Appl. Cryst. 39 (2006), 176-179
* Z. Matéj, L. Nichtov3, R. Kuzel, Z. Kristallogr. Suppl. 30 (2009) 157-162

I How strong?
thin film anatase 101
25,5 . anatase (Cu — radiation)
’§ Yo = -2.3028e-5 - 1 1.1643e-6
= 254l .
BN . w(deg) A20(deg)
253} fi2 T _ 0.27 (o) 0.25
| 0.5 0.09
2.2 0.25 0.50 1.00 1.0 0.04

2 (deg)
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RefractionCorr, Chi0

* (complex) y, of the film is required

* 3 options:
» value (set explicitly)
» calculate from chemical formula and density

B Arr,

0 2
cell

» calculate from crystal structure F (000)

* single parameter —relative density (n,)

Piim = nr " Pstruct zo,film = r]r ) Zo,struct e film = 1/‘)(01ﬁ|m = ,/nrac,struct

// the 1lst phase - Refraction reflection position correction

RefractionCorr refractionCorrAnatase effect type,effect name
crystal chi@ set directly-value,calc.from-crystal,calc.from chem.-formula

1. relative density

MStruct: :RefractionPositionCorr::GetChi@(...): Chi@ and absolute density computed for Crystal: Anatase
chig: (-2.3988e-005,-1.2128e-006) (n=1-delata-ii*beta~=1+chi0/2)
critical angle: 0.28 (deg)
density: 3.891 (g/cm3)
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RefractionCorr - example

* %o can be calculated from crystal structure

MStruct: :RefractionPositionCorr::GetChi@(...): Chi@ and absolute density computed for Crystal: Anatase

chio: (-2.3988e-005,-1.2128e-006) (n=1-delata-ii*beta~=1+chi@/2)

critical angle: 0.28 (deg)
density: 3.891 (g/cm3)

* How to get the relative density (n,) ?
— Do we have a reflectivity measurement ?
— Do we know the critical angle ¢ ?

2

g o ?

E 10002 3 _ aC,film ~ 0'27 _ O 93
= :

IS ° ac,struct O 8

TiO, 800 nm
' 0.I25 ' 0.!’30 ' 0.235 ' O.LO ' 0.I45 ' 0.I50 ' 0.155

Omega-2Theta (°)

01/08/2013
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RefractionCorr - conclusions

* refraction correction can be used preferably with reflectivity
data to effectively compensate for 20 peak shifts ~ 0.1°

e advantages (compared to simple 20 Zero-shift correction):
— decreases 20 Zero-shift error to smaller, more reasonable value
— makes 20 Zero-shift error independent of incidence angle (o)
— works also for multiple diffracting layers with different el. density
— analysis of other effects (e.g. residual stress) is easier
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Residual Stress

* induces changes in interplanar spacing — shift of diffraction peaks

e 20 scan with constant incidence angle () in parallel beam (PB) geometry
tests strain state of grains in different directions (with different inclination

angle y) — useful for residual stress analysis
* problems: complexity, elastic anisotropy, grain interaction

A

®pa(Wy)

parallel beam (PB) geometry
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Simplified residual stress model

e biaxial isotropic plane stress o
g — a
0
* noinfluence of texture f .
. sinz((//) method i = dhkl(’(;ﬂf)) — __?;;En,c,
el o—{ree
g
1 ‘
= 582(/1)1;[) osin® 1) + 25 (hkl) o

* X-ray Elastic Constants (XECS) - Sl(hkl), Sz(hk/) Sy(hkl) = wy - 8§ + (1 — w,) - Hlj (k)

* weighted Reuss and Voigt grain interaction models  s,(kkl) — w, - S5 + (1 — w,) - S5 (hkl)
* 2 parameters: stress-value, Reuss-Voigt model weight

// the 1st phase - Residual stress reflection position correction - simple stress model

StressSimple stressCorrAnatase effect type, effect name

Reuss-Voigt Q. XECs model, stress (GPa)

// material C11 C12 C13 (33 (C44 (66 constants (in GPa) - in the format: C11 value C12 value etc.
C11 320 (C12 151 C13 143 // anatase Cij (GPa)

C33 190 C44 54 (66 60 // ref: M.Iuga,Eur.Phys.J.B(2007)58,127-133
0.3 model weight (©..Reuss,1..Voigt)
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X-ray Elastic Constants (XECs) 2

« 1isotropic - Young modulus (E), Poisson ration (V)

e Reuss-Voigt — uses XECs calculator for Reuss and Voigt XECs from single
crystal elastic constants (CU-)

// the 1lst phase - Residual stress reflection position correction - simple stress model

StressSimple  stressCorrAnatase effect type, effect name

Reuss-Voigt 9. XECs model, stress (GPa)

// material C11 C12 C13 C33 C44 C66 constants (in GPa) - in the format: C11 value C12 value etc.

Cl11 320 (C12 151 (13 143 // anatase Cij (GPa)

C33 190 C44 54 (C66 60 // ref: M.Iuga,Eur.Phys.J.B(2007)58,127-133

0.3 model weight (@..Reuss,1..Voigt)

[ —— reference for any crystal symmetry:
C11: 320 (GPa) C. ] ] (2 103-1
r: 1me (o) N.C. Popa, J.Appl.Cryst. (2000), 33, 103-107

C13: 143 (GPa)
C33: 190 (GPa)
C44: 54 (GPa)
C66: 60 (GPa)
Stiffness tensor in the Voigt notation (GPa):

320 151 143 (4] (4] (4]
151 320 143 (] (<] (]
143 143 190 (4] (4] (4
0 0 (<] 54 (<] (]
0 0 (4] (] 54 (4
0 0 (<] (] (<] 60
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XECs example: elastic anisotropy

x 107
25} : different strain in different [hkl] directions
sol ‘. k‘/
15¢F
. L4y
1ok 10 Ehicly (sin® y/)slope = Ky = 7 Yo
05F I I I I I I I I I I
7 -
o 40 nm thick TiO, film | ol
CI) 0:2 014 OI.6 0j8
sin(ly) 5r
1/E (1/TPa) =
- soft [001], [105] —=
5. -
il hard [100], [110] 2r 9,
B i : =
3 ; Bl D
1 [100] o2 8 8 - 8§ 8 5 £ § &
. 1 2 3 4 5 6 7 8 9 10
5 =& N g5 /_'r_j.../"( _ .
0" N[110} s anatase - tetragonal reflection number
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3600F T - : 1
2 a | iy
£ 1600 300 nm thick TiO, film B
s
245 264 37.0 389
Z' 400
v
=
3
= 0
20 40 60 80 100 120 140
20 (deg)
wide 20 required (= O- @)
800 “‘"« (L)stress meas. E‘ i
z | ® = 2
$ e00- ‘@ MSTRUCT 9 36
= \x bl
) N é? 16
fao  og 7 108
n \ﬁ. ........ x - !
200+ X P-4 . g 4
without stress
0O 260 460 660 860

Residual Stress - influence on pattern

118.3

Thickness (nm)

Zdenék Matéj

1

100

64 t

MStruct - program for MicroStructure analysis by powder diffraction

226  130.1 1323 136.5 1384

weak anatase direction

with stress

32
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Mstruct Tutorial

* instrumental profile

* Sizeln

* pVoigtA — microstrain

* absorption correction

* refraction correction

* residual stress with anisotropic XECs

form a basic tutorial for Mstruct:
http://xray.cz/mstruct/mstruct-basic-ex.html
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Histogram size broadening model = S izeDistrib

* spherical crystallites defined by refinable probability
distribution (histogram frequencies) - crystallite size distribution (CSD)

D (nm)

0 5 10 15 20 25 30 35

// the 1st phase - Size broadening - refinable Size Distribution model
broadening component type (pVoigt(A),SizeDistrib,..),effect name,comp=1

name of file with prescribed weighted distribution, LSQ constraint
scale factor, LSQ weight factor

SizeDistrib sizeProfAnatase
wD_vz_380y.dat 1.e2 1.e6

01/08/2013 34
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MSTRUCT CSD definition

* arithmetic (P;) vs. volume weighted distribution (P;")

Arithmetic Distribution Volume Weighted Distribution
0.03 0.025 " 3
002} . P . 0.021 ] P{f}(D) — P(.f)(D) ) D{I)
= D
0.02 2 - 0017} P>
o 001 <*, I 3= 0013 ] Dy = (Dygy + Daiy) /2
0.01} _ ] nnona |
.00 | Onax 1097 5004 |
0.00 - _u- 0.000 2
20 40 60 B0 100 D 20 40 60 80 100
nmin= 1nm D (nm) N (nm)

* input file defining CSD with P

# example: wD_AnataseITF.dat - input file for a histogram CSD model

# D1(nm) D2(nm) distrib fixed (©-No/1-Yes)
1.00 1.26 0.000 0
1.26 1.58 0.003 0
1.58 2.00 0.019 0

63.10 79.43 29200.549 0
79.43 100.00 7607 .890 0
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Reference nanopowder TiO, samples — Log-normal CSD

* two reference TiO, samples selected:

REF-400 (<D> ~ 7 nm), REF-550 (<D> ~ 23 nm)
prepared by sol-gel method and calcination at 400 °C / 550 °C

REF-400 (<D> ~ 7 nm) REF-550 (<D> ~ 23 nm)

16 - 25
O mecasurcd b E
— calculated

O mecasurcd
calculated

A101

R
20 (deg)

nfensity (cps)
=
nfensity (cps)

80 100 120
2 (deq)

T T
20 a0 60 a0 100 120
26 (deq)

small amount of rutile

fits with log-normal CSD
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Reference nanopowder TiO, samples — histogram CSD &

small crystalline reference sample

* excellent agreement with the expected log normal distribution

(solid line)
Arithmetic Distribution Volume Weighted Distribution
0.35 p . . . v v 0.140
0.29 } i
I 40.3
023} 40.107
R {0.2
0.12 | 101, o
| 0.0 0.00 |
0.06 0 5 10 15 20 0 10 20 30
0.00

0 20 40 60 80 100 20 40 60 80 100
D (nm) D (nm)
REF-400
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Reference nanopowder TiO, samples — histogram CSD &

large crystalline reference sample

 failed in determination of arithmetic CSD
* noisy small D bins

e reason: in the presence of large (30 nm) crystallites it is diffcult to characterise
smaller ones (5 nm)

Arithmetic Distribution Volume Weighted Distribution
0.010 ’ 0.060
-4
x 10 |
14 0.040
0.006 - 13 [
nS , 2= 0.030 \
0.004 |
W 41 0.020 B \
0.002 ¢t —1—JQ ]
0 20 40 60 0.010 L{\_\h
0.000 o 0.000 -

D (nm) Fy D (nm)
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Reference nanopowder TiO, samples — histogram CSD &

large crystalline reference sample — regularisation

* including some type of solution regularisation (smoothing)

0.060 - 7 1 . .
a \ arithmetid CSD
0.040 210 1 ]
. |

g v : ] ]

& ﬁ LHIEAT o 2 - e
0010 4 o 8 I'IIIG e . . .
s _l a C e (a—b) no regularisation
U0 2 4w E0 w0 w0 0 W 4 B W W00 W 40 8 B W (C—d) arithmetic CSD

D {(nmj) D {nmj) D (nm) .
regularised
- - - (e—f) volume weighted CSD
(=]
0,030 4 ] ] regularised
£ 0025 1 \ . / 1
a® § 0.020 4 _ K 1 1 REF-550
0015 4 | |
0.010 + E .
§n.mu- \l\l\x b - dl 1 - f
.El 20 40 G0 B0 100 .G o 40 &0 B0 100 .D 0 ¢ &0 80 100
D {nm) D {nmb D (nmb

volume weighted CSD
e determination of arithmetic CSD is rather ambiguous

e volume weighted CSD can be determined from diffraction data
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Reference nanopowder TiO, samples — histogram CSD &

reference sample — final results

* both regularisation methods used

arithmetic CSD volume weighted CSD
0.200 0.120
% n
0.150 - T d g 0.090 b
- E i
REF-400 E 0.100 - . g 0.060 -
< > ~ 1 1 T T " 1 T T
(<D 7 nm) 0.050 0 5 10 15 20 25 E 0.030 - 0O 5 10 15 20 25
2 ol
0.000 - ; : - - . 0.000 - fimn : - - 1
0 20 40 60 80 100 0 20 40 60 80 100
L {nm) L {nm)
0.060 0.036 —
0.045 - C O 9027 - X\
REF-550 K 3 7 -
[ =)
(<D>~23 nm) & ooz0- g 0.018 - \
0.015 - £ 0009 - N
3 ~
- et
0.000 = ‘QL— : . 0.000 = ; —_—
0 20 40 60 80 100 0 20 40 60 80 100
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Nanopowder TiO, samples — histogram CSD &

mixtures (small fractions of large crystalline sample)

20 vol.% of the large crystalline sample

Arithmetic Distribution Volume Weighted Distribution
0.20 0.140
0.17 0117
0.13 U.uy3
= 2=
o= 0.10 n- 0.070
0.07 0047
0.03 0.023
0.00 0.000
0 20 40 60 80 100 0 20 40 60 80 100
D (nm) D (nm)

40 vol.% of the large crystalline sample

Arithmetic Distribution Volume Weighted Distribution
0.18 0.100
0.15 0.083
0.12 0.067
= 2=

o= 0.09 an= 0.050
0.08 0033
0.03 0.017

0.00 0.000 -Im .

0 20 40 60 80 100 0 20 40 60 BO 100

D (nm) N (nm)
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Nanopowder TiO, samples — histogram CSD &

mixtures — phase

* refined histograms of mixtures fitted by linear combinations of the reference
samples histograms -> ref. samples fractions from WPPM/LPA (xp,)

1.00- T
. - Ve
5 0.06 :"f-""__:_,j data X
7 | .
@ 005 Y 0754 /
- —_— Ve
:
g 0.04- 3 e /X
= 2' i -
§" 0.03 - £ k
>
e
@ 0.02 0.251 /
; E
Q i
= 001 0.004+X
04 SESN \‘3 : : 000 025 050 075 1.00
40 60 80 100 X y-opa (WH.%)

D (nm)

nominal sample fractions
0.7 REF-550 + 0.3 REF-400

* crystallites of different size can be distinguished in the sample and characterised guantitatively by
WPPM/LPA

» diffraction is sensitive rather to volume weighted distribution

* problems when small fractions (5-10 vol.%) of small crystallites have to be characterised in the
majority of larger ones
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Histogram CSD &

Arithmetic (P) vs. Volume Weighted CSD (P%)

determination of arithmetic CSD is rather ambiguous
volume weighted CSD can be determined from diffraction data

Rubble Mixture

.\:\.

* What is the quantity/parameter we are interested in?
» Number of (small) stones?
» Volume/weight of the (fine) rubble?
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Dislocations - dislocSLvB+ fat

in cubic and hcp materials

* model parameters:
— dislocation density (rou)
— outer cut off radius (R,) or Wilkens parameter (My;,)  Mwix = Re\/;

— dislocation strength (C,,) and broadening anisotropy parameters (q,,
for hexagonal also q,)

M, affects profile shape

I(q) _M=02 L 1 1
200 =+ 200 200 —t +
+HR oy \:"4.:1- T ++ s S S ot H
0 = R wo O FL L * *
ooy, ++"*_;+ 4t -f+ + e ’ . 4:+“-+ + 100 ¥ ++"'# R
' it o L4 + +E +o o4 F
- 1 3 - + Lot - +
E 0 'I-""H-+ ,++- +++ + g I:I++-!-|'+ +, " ++ | E 0 ++3 + ¥y E
RIS A L o Geroht I A S +";_++_5_ $ ¥y
100} 3 ++ w0 A =10 -|-++ et + o, _: -100 + ++ .
+ 1 + FOe O+
200 +ﬁ+ H +4F -|-ﬂ'+ —00 +-:_ :+ + ++++ -'-_-I- Ty —2 t +++ +y :%-F‘ﬁ- &
=200 -100 ] 100 200 -200 -100 [i] 100 200 -200 -100 a 100 200
{nam} {nm) {nmj

0.5 1.0 1.5 2.0 hwhm

// the 1st phase - Dislocation Strain broadening (Scardi&Leaoni&van Berkum)

dislocSLvB+ strainProfCu broadening component type(SizelLn,dislocSLvB,..),effect name
1 0 0 use MWilk instead of Re (©-No,1-Yes),

// formula (©-vanBerkum,1-fullWilkens,2-Kaganer), argument (©-x/Re,...)

1.6 0.002 Mwilk, rou(l/nm”2)

9.30 -2.1 0. Cgo, g1, g2
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Dislocations - dislocSLvB+ fat

in cubic and hcp materials

* model parameters:
— dislocation density (rou)
— outer cut off radius (R,) or Wilkens parameter (My;,)  Mwix = Re\/;

— dislocation strength (C,,) and broadening anisotropy parameters (q,,
for hexagonal also q,)

M, affects profile shape

I(q) _M=02 L 1 1
200 =+ 200 200 —t +
+HR oy \:"4.:1- T ++ s S S ot H
0 = R wo O FL L * *
ooy, ++"*_;+ 4t -f+ + e ’ . 4:+“-+ + 100 ¥ ++"'# R
' it o L4 + +E +o o4 F
- 1 3 - + Lot - +
E 0 'I-""H-+ ,++- +++ + g I:I++-!-|'+ +, " ++ | E 0 ++3 + ¥y E
RIS A L o Geroht I A S +";_++_5_ $ ¥y
100} 3 ++ w0 A =10 -|-++ et + o, _: -100 + ++ .
+ 1 + FOe O+
200 +ﬁ+ H +4F -|-ﬂ'+ —00 +-:_ :+ + ++++ -'-_-I- Ty —2 t +++ +y :%-F‘ﬁ- &
=200 -100 ] 100 200 -200 -100 [i] 100 200 -200 -100 a 100 200
{nam} {nm) {nmj

0.5 1.0 1.5 2.0 hwhm

// the 1st phase - Dislocation Strain broadening (Scardi&Leaoni&van Berkum)

dislocSLvB+ strainProfCu broadening component type(SizelLn,dislocSLvB,..),effect name
1 0 0 use MWilk instead of Re (©-No,1-Yes),

// formula (©-vanBerkum,1-fullWilkens,2-Kaganer), argument (©-x/Re,...)

1.6 0.002 Mwilk, rou(l/nm”2)

9.30 -2.1 0. Cgo, g1, g2
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Dislocations - dislocSLvB+ fat

fcc — Cu characteristic anisotropic hkl broadening
0.40
edge - isotropic edge - isotropic
screw - isotropic 0.35F screw - isotropic
15¢ edge - anisotropic edge - anisotropic
screw - anisotropic 0.30 screw - anisotropic | 1
0.25
5 1ol { =<
o X Z 020
=~ =
0.15
5p o
~ 0.10
I o~ =N S o )= - o o=
LS 8 e 5 o) oopBE 0 5§ §8 TN
0.6 0.8 1.0 1.2 0.00 0.05 0.10 0.15 0.20 0.25 0.30
2sin(8)/x (1/A) Lok
l/E(n)(l/TPa) 001
10 ~ / SII‘]H 3 -~ 38, ,<%
11 P = XN P A = 5 Sh3ig
5““?‘.—' . Tl '::-‘4. — ¥ -'.-.“
. —_ —_ 3t S~
5. . 100] Xhk = ﬂ-CgO (1+qlrhkl) = - : .ol
: C o 2} I TTE
1040 ke i/ 5 = Cu-2
. W2k + k212 + Ph? &4 8 R
hkl — : ; ey
(h_? + kz + [2)2 , _ . 2 A TE s o

068 08 10 1.2 14

=
B

A=3.2
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Stacking faults - faultsVfcc, faultsBfcc &

in fcc and hcp materials

C A C
B C A
 models according to (fcc) & BC P
B
1) Velterop et al., J.Appl.Cryst., 33 (2000), 296-306 A AB AB

Scardi, Leoni, ActaCryst. A, 58 (2002), 190-200 (a)-fcc  (b) - intrinsic (c) - twin
2) Balogh, Ribarik, Ungar, J.Appl.Phys., 100 (2006), 023512

(2]
N
w

) s00f
311

intrinsic 111

S
o
o

|Lo| = |h + Kk + 1| #3j

% stacking fault g 225 |k twin fault
5 5 (B = 5%)
% 225 -(Eu
9 = < 100F
—1 |L0|:3]_1 ’gmo- g
— O L — 3 g g o5t
Tt = Lol =3 F :
+1 |L0|:3]—|—1 (= 0

-15 . : . ) . . -5 -10 -05 00 05 10 15
q (1/nm) q (1/nm)

// the 1st phase - Stacking Faults - Warren, Velterop2000, Scardi, Leoni
faultsVfcc faultsProfCu broadening component type (pVoigt(A),..) ,effect name
0.00 0.00 alpha, beta(twins)

// the 1st phase - Stacking Faults - Balogh & Ungar (JAP2006)
faultsBfcc faultsProfCu broadening component type (pVoigt(A),..), effect name
twins 0.05 type(intrinsic/twins/extrinsic), alpha
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Stacking faults — influence on pattern &

in fcc materials

Small Au-particles sample (Au-2, D ~ 10 nm) without twins

4500

4000 1

3500 1

3000 4

2500 4

2000 4

Intensity (counts)

1500 4

1000 1

i
s004 - dRd}
e i
| - _— = > Il =
|'i‘ l.q_, e e ..I-;_. .;,.A.M.__rl,.q et tﬂ\ L

4lD 5ID ED 1;}0 15{] 1-:19 110 120 120 140
26 (deg) 20 (deg)

@ missing intensity between 111 and 200 reflections
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Stacking faults — influence on pattern &

in fcc materials

Small Au-particles sample (Au-2, D ~ 10 nm) with twins

4000

3500 1 n ’

3000 A

Intensity {counts)
=
=]

1500 - | = 34 38 38 40 42 44 45 48 | o
= o o
oy 20 (deq) A -

1000 ~

il .

500 1.0 _:l..: .-_. .
mr? ]|T| li'-j""l';.‘}- 'I|'—

i o

. . “‘I ‘dF-I 4'!""',;'\"“ lh Lidd 1"1"*.; J"'"l‘ ?;“Ii,'“'li g “!'-;'hwln*--rl Hv":.-.-’a*n'»'.‘.n-:.-,-rp e A

40 60 80 100 120 140 10 120 130 140
20 (deg) 20 (deqg)

@ including twin faults (5 = 7%)
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&

hkl — phenomenological - HKLpVoigtA

* to any reflection an additional pseudo-Voigt profile can
be convoluted

— (arbitrary) shift (e.g. due to orientation stresses)
— additional (anisotropic) broadening
— profile shape

// the 1st phase - strange peak position effects

HKLpVoigtA HKLProfEffectCu broadening component type (pVoigt(A),..), effect name

8 nb of peaks with preset profiles - phase: 1
111 0.005 0.00 0.0 000 hkl,d2Theta(deg),fwhm(deg),eta,code(111)?
9020 0.000 0.00 0.0 000 hkl,d2Theta(deg),fwhm(deg),eta,code(111)?
022 0.000 0.00 0.0 000 hkl,d2Theta(deg),fwhm(deg),eta,code(111)?

Zdenék Matéj
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Bimodal structure — DoubleCompRef1Prof &

* opt. 1: DoubleCompRefl1Prof — parent profile for multiple effects
(parameter(s) — individual effects weights)

AnataseRefl|Prof

[ ]
AnataseProfl AnataseProfile2
| |
| 11 |
sizeProfAnatasel strainProfAnatase sizeProfAnatase2

e opt. 2: use multiple identical structure phases and (optionally) parameters
constrains to bound them

// LSQ constraint to bound anatase lattice parameter(s)

@LSQConstraint:Anatase_a 2
Anatasel:a Anatase2:a
1.0 -1.0
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// the 1st phase -
6

Bimodal Size Distribution

physical line broadening
number of additional broadening effects (total number - including virtual and unused effects)

// 1 (parent prof) + 2 (child profs) + 3 (2 size and 1 strain comps) = 6

// the 1st phase -

DoubleCompReflProf

AnataseReflProfl
AnataseReflProf2
0.5

1

// the 1st phase -
ReflProf

2

sizeProfAnatasel
strainProfAnatase
2]

// the 1st phase -
ReflProf

2

sizeProfAnatase2
strainProfAnatase
2]

// the 1st phase -
Sizeln
5.0 0.3

// the 1st phase -
Sizeln
25.0 0.4

// the 1st phase -
//

pVoigtA

0. 1. o.

0.0 0.

1. ©. . 60.

Zdenék Matéj

sizeProfAnatasel

sizeProfAnatase2

Parent Reflection Profile Object - double component broadening effect
AnataseReflProf broadening component type

name of the first component

name of the second component

fraction of the second component

top parent effect (1-yes,0-no)

Child Reflection Profile Object 1 - Size + Strain broadenning
AnataseReflProfl
number of additional broadening effects (components only, instrumental effect already included)

broadening component type

broadening component name
broadening component name
top parent effect (1-yes,0-no)

Child Reflection Profile Object 2 - Size + Strain broadenning
AnataseReflProf2
number of additional broadening effects (components only, instrumental effect already included)

broadening component type

broadening component name
broadening component name
top parent effect (1-yes,0-no)

Size broadening component 1 - lognormal distribution of crystals diameter (median - M, shape - Sigma)
broadening component type (pVoigt(A),SizelLn,dislocSLvB,HKLpVoigtA),effect name,comp=1
M(nm),sigma

Size broadening component 2 - lognormal distribution of crystals diameter (median - M, shape - Sigma)
broadening component type (pVoigt(A),Sizeln,dislocSLvB,HKLpVoigtA),effect name,comp=1
M(nm),sigma

Strain broadening component - modeled by pseudoVoigt function
- only U-Cagliotu param. (W=V=0.) and shape Eta® (Etal=0) params. refined
strainProfAnatase broadening component type (pVoigt(A),SizelLn,dislocSLvB,HKLpVoigtA),effect name,comp=2
profile params (W,U,V)
profile params (Eta®,Etal)
profile params (Asym@,Asyml,Asym2,Asym2ThetaMax(deg))

MicroStructure analysis by powder diffraction

ruct - program fo




Example: Bimodal structure of in-situ
recrystallized ECAP Cu
 ECAP deformed Cu and Cu with a small addition of Zr

* (pure) Cu volatile to recrystallization — studied in-situ (Kuzel, Kadlecova)
Materials Science Forum Vol. 753 (2013) pp 279-284

e model: deformed and recrystallized fraction

— deformed: SizeLn (M = 75-200 nm), dislocSLvB+ (o = 1-3 10% m2), faultsVfcc (~ 0.5%),
HKLpVoigtA (compensates tiny line shifts), HKL intensities corr.

— recrystallised: HKLpVoigtA (only for line shifts), HKL intensities corr.
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Bimodal structure - ECAP CuZr pattern fit &

* small fraction of the recrystallized volume
e CuZr relatively stable at as high temperature as 380 °C

I VIntensity (arb. units)

331

CuZr-4 380°C ,

113 116 M7 132 134 136 138 140 142 144 146 1342 134.7 1352 1419 142.4 1429 1434
26 (deg)
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In-situ bimodal structure - ECAP Cu

* small fraction of the recrystallized volume in as deformed sample

* high fraction after some annealing time

e ECAP Cu unstable at relative low temperature (125 °C)

Zdenék Matéj

1001

o
—

Intensity (cps)

49 1

(=)
~
T

T T

*  measured

background
Cu-defect
Cu-recryst

— o
@ o
@ <

calculated |

130 135 140 145 150

MStruct - program for MicroStructure analysis by powder diffraction

* as deformed
* 9 hours

* 18 hours

* 72 hours

Cu 125°C

01/08/2013




Evolution of bimodal structure - ECAP CuZr

* microstructural parameters (e.g. recrystallised fraction,
dislocation density,) can be quantitatively analysed

120

0.0045
100 & = 0.0040 *
— A ‘» 0.0035
O g A c |
46 A U __. 0.0030
® A el 0.0025
L 60 c £ o [ ]
@ ‘ 0 E 0.0020 L N
T 40 v
8 [ O — 0.0015 i
20 . u % 0.0010 .
] O 0.0005
o | 0.0000
0 10 20 30 40 50 0 10 20 30 40 50
annealing time [hours] annealing time [hours]
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List of effects/models

instrumental
pseudoVoigt(A) (microstrain)
common physical _ o o,
anisotropic microstrain
size log-nomal
absorption correction
thin films residual stress (XECs)
stresses, textures refraction correction
texture calculator
dislocations
stacking faults (fcc, hep)
sticks/rods/platelets”
special physical
(simplified) interference effect”
histogram distribution
stacking faults WC (recently with Milan)*
arbitrary texture
auxiliary HKL pseudoVoigt

double component”
(bimodal size distrib., recrystallisation)

* implemented or first results published in 2013
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MStruct

http://xray.cz/mstruct/

 MStruct is a computer program for powder
diffraction

* itis highly extendible
* new models are on the way to be implemented
* expecting new models and problems to be treated

Thank you for your attention
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Texture calculator + models

* Simple “brute force” algorithm for calculation of the
projection of the ODF function into the diffraction vector
direction.

1
1.
1. 1. 1
1. -1. o
0
1 0.0 10
0. 30.0 10
0. ©
2
110
pf_110-c.dat
0. 75.
0. 360.

Zdenék Matéj

|
P(hkf) (¥) = E I f(g)de

by

number of texture components

component scale
component base hz kz 1z (space delimitaded) k0 (HKL) texture axis
component base hx kx 1x (space delimitaded) (can be tilted from the
force texture symmetry for this component (0,1) sample normal)

th component: weight(@.-1.),tho(deg),dthe (deg)
psi component: weight(@.-1.),psio(deg),dpsie(deg)
tilt: etho(deg),epsi(deg)

AY

number of hkl lines to calculate
Ad

h k 1 (space delimitaded)
output filename Reference axis

5.0 th: min,max,step(deg)
5.0 psi: min,max,step(deg)
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Texture - example

Example: simulation of cubic BST film (on
Al203 (0001)x(11-20) substrate)

(111) texture axis (perpendicular to sample surface
= parallel to Al203 (0006))

VY =0deg, AY =10 deg,
@ =30 deg, A® = 10 deg, fraction =0.9

PF - (110)
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Fibre Texture

ODF-function model: used for fiber texture modelling

(from ref: [Simek, J.Appl.Cryst]) — texture axis direction (HKL) normal to sample surface,

pole function: Angle between sample

/ surface normal and
1 — COS @ }/ selected (HKL) vector
)"

F ey (W) = exp[—In 2(1

—COS @,
(111) (220)
60f1 60 N
(DEG)
301 30

UN7 (A. Kolomiets)
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T
1

3600 | §EUNL | | U N 1L7

= L UNy/a-UNs, -

1600 { > o 7

900 8 i
bt ) ;- 3 5 .

400 d 4 ~ N s

Intensity (counts)

100 -8

- ”"H i1 >

° WM il "\ il W u M’WWwerwf'“

I
-100- rW ’l i

-400

T

[ r r r -

20 40 60 80 100 120
26 (deg)

Sample no. UN19: 1e-4 mbar N2, substrate Si at room temperature,
5e-5 mbar Ar, 1200 sec

UN:
= (8+/-3) nm, e = (1.6+/-0.3) %, a = (4.9565+/-0.005) A,
o = (5.7+/-0.3) GPa - Reuss stress, oy = (29.1+/-0.8) deg,n=1

UN2:

= (8.7+/-0.5) nm, e = (2.2+/-0.1) %, a = (5.3273 +/- 0.002) A,
G = (-4.4+/-0.1) GPa - isotropic stress, oy = (23+/-1) deg, n = (0.64+/-0.03)

Zdenék Matéj MStruct - program for MicroStructure analysis by powder diffraction 01/08/2013



