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Retrospective

- Rietveld: Acta Cryst. (1967), J. Appl. Cryst (1969): NPD
- Rietveld on combined powder measurements: GSAS by Larson & Von
Dreele, Fullprof by Rodriguez-Carvajal, Jana by Petricek ...

- Rietveld + QTA (WIMV): Lutterotti, Matthies, Wenk J. Appl. Phys. (1997)

- ESQUI EU FP6 project (1999-2003):
-- Rietveld ( + layers + QMA + RSA + E-WIMYV): Morales et al. Mat. Sci. For.
(2002), Lutterotti et al. Thin Sol. Films (2004)
-- + XRR + prop. Tensor homogeneization: Extended Rietveld,
Combined Analysis Wiley-ISTE (2010), Int. Tab. Vol H (2019)

- Electron Diffraction Pattern (2-waves Blackman dyn. Corr.): Boullay ef al.
Acta Cryst A (2014)

- X-ray Fluorescence (incl. Grazing incidence): Caby et al. Spect. Acta B (2015)

- SOLSA EU 2020 Raw Materials project (2016-2021):

+ Raman spec.: El Mendili et al. ACS Earth & Space Chem. (2019) + ROD J. Appl.
Cryst. (2019)




Scattering “sees”
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Structure-Texture bias using individual analyses

B. Maestracci, PhD
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Extended Rietveld
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Microstructure
Strain-Stress

XRF: Shermann, De Boer

1. attenuation to depth z
2. photoelectric absorption in
: layer dz

) Ps dz - 3 ﬂuore_spence yield

4. transition probability
CEq (relative intensity of lines in shell)

5. attenuation to the detector
6. detector efficiency
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Line Broadening:
Crystallite sizes, shapes, [Istrains, distributions

« Texture helps the "real" mean shape determination
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Specular reflectivity: g=(0,0,z)

Fresnel:
matrix: iy o Dzzfzz 127,111, €082k, B
107,15, U2k, 1%, c082k, | h
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Born approximation: R(q.) Dr.r*DRF (q.) 1 J'Meiqzzdz
Electron Density Profile ps ~, dz
Roughness:
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Combined Analysis approach

Roughness, -
WIMV, ExWIMV electron Density E i
Harmonics, components, ADC & EDP, N
Thickness i i
i pole figures Fresnel,
inverse pole figures Matrix (Parrat),
B DWB,f\'

Structural parameters
atomic positions, substitutions, vibrations
cell parameters
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Multiphased, layered samples: '
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XRD-XRF-Raman-IR Combined Analysis
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www.crystallography.net solsa.crystallography.net/rod/
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XRR, EDP (dynamic correction), Raman

Combined Analysis cost function

w;; : weight for each pattern (usually 1/y; = ¢2)
u; : weight for each pattern set t (XRD, XRF ...)




EMT nanocrystalline zeolite
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carbon microfibre
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Incoming beam s | | ‘ ’

1 fibre (7 microns diameter): CCD Kappa diffractometer

Planar texture Component
Ufer turbostractic model



2D Multiplot for theta30

measured data and fit
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Minimum experimental requirements

1D or 2D Detector +
4-circle diffractometer
(CRISMAT — ANR EcoCorail)

~1000 experiments (26 diagrams) Instrument calibration
in as many sample orientations + (peaks widths and shapes,
misalignments, defocusing ...)



Mg, 75Fep 250 high pressure
experiments

E-WIMV + geo

a =3.98639(3) A
<t>=46.8(3) A
<¢>=0.00535(1)
033 — -861(3) MPa
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EDP: Microstructure of
nanocrystalline materials: TiO2
rutile

» quantitative analysis of electron diffraction ring pattern ?

FEI Tecnai G2 (300kV) with an Ultrascan 1000 (2048x2048 14um pixels)



Paterns taken from +25° to -25° (step 5° ) tilts: thin film prepared for TEM plan vic
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Boullay et al. Acta Cryst. A 70 (2014) 448




Combined XRR, XRD & GiXRF Analysis
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Parrat formalism Ry (%) = 4.05
Runb (%, no bkg) = 4.56 402A In,0;

Ry, (%) = 3.44 60 A Ag
Rexp (0/0) =4.15 400 A In203

Si wafer

Log10(Intensity) [Log10(Count)]

Top layer: |qc = 0.0294 A-1 ;| roughness r =0.38nm 57.4 A Ag
Top In,03: q. = 0.0504 A-'; r =2.06 nm 403.1 A In,0,
Ad: q.=0.0576 A-1; r =0.26 nm

Bottom In,05: g, = 0.04889 A-'; r =6.74 nm
Si wafer: q. = 0.0313 A-1; r=0.73 nm

Si wafer

Caby et al. Spec. Acta B 113 (2015) 132




17.9 A In,0, porous | R, (%) = 23.97
384.9 A In,0; Ry (%, No bkg) = 58.31
R, (%) = 18.71
Rexp (%) = 22.04

403.1 A |n203

Si wafer
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Refmed Ao hase arameters

111 =
S Refined In,0; phase parameters

% oxx = - 1 GPa (in-plane compressive stress)
% Isotropic crystallite size = 153.2(5) A

% Cell parameter: a = 10.2104(5) A
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Combined Measurement-Analysis XRD-
XRF-Raman for SOLSA

Sequential Acquisition (on-mine real-time)

Hyperspectral
3D imaging

Sonic

drilling e =4l |ID2A and B

Conveyor /

Open Databases:
Global XRD-XRF-Raman-IR COD
Full-Profile Search-Match  |«—" TCOD
QPA — chemical analysis ROD ...

Combined Analysis

or Combined Measurements and Analysis: — D1



First Combined XRD-XRF-Raman Measurement
(CRISMAT-CNRS Feb. 2018)




Case study 1: siliceous breccia

e, arock originated form XRD
% hydrofracturing of ultramafic pattern

rocks, mainly composed by quartz represents

solely

quartz
SHERE N rl«(‘ﬁ; by phase
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Element Wt.% At.% o Loy
Si 43.9 323
o] 51.8 66.5 —
ke 2l 0.9 bbb e N s ot e A S A 8\ A
N 0.7 0.2 50 100
Cr 0.2 0.06 ‘ 20/degrees

Mn 0.05 0.01

Co 0.02 0.005 Fe! no Fe!

Fe Ka Fe Kp
Ni Ko

Mn Ka RS: iron detected by XRF due to iron oxide
cr KH\ Ni KB inclusions, confirmed by SEM and EDXS. ———
Cr Ku +
XRD: Fe concentration probably below the
ArKp detection limit (~3 wt.%).
< * - Escape peaks +
JURE gives thus an upper limit of the goethite
5 10 presence (~5 wt.%), assuming that all the iron
Energy/keV (3.1 wt.%) is related to this phase.
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- : Exp. Quartz » Dominant phase:
Quartz RRUFF R050125 Exp. Quartz + M it - -Sj
Goethte RRUFF R050142 Guartz RRUFF RO50125 quartz (o S|02)-

H Goethite RRUFF R050142 . . .

« Minor contribution:

- moganite (quartz polymorph)
- goethite (FeO(OH))

- hematite (a.-Fe,0,).
WARNING
400 600 806 1000 o 1200 400 600 800 1000 1200 e Of Raman databases:

Wavenumber/cm Wavenumber/cm'! different resolutions vs
automatic software

Raman Intensity
Raman Intensity




Case study 2: serpentinized harsburgite

w
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« Complex microstructure.
o 1 +» Main constituent:
bl - lizardite (Mg,(Si,0,)(OH),)
ol A | with various microstructure features:
1000 (A i
JUUW\'JM * WA , turbostratically disordered
e , highly crystalline
n, nano-crystalline phase.

Intensity"?/Count'?

Pl M;Y)VVN ":;r + RS is crucial to select the phases for fitting. Coarse medlum gralns

20idegrees Composed of orthopyroxene,
‘ olivine, serpentine

Lizardite: 76.5 %
Forsterite: 15.8 %
Furps(erlle RRUFF R040052 i - 0
Goethite RRUUFF Rogo??si « Most common phases: EnStatIte 77 /0

- forsterite (Mg,(SiO,))

- lizardite (Mg,(Si,0,)(OH),)

- inclusions of goethite (FeO(OH)).

+ Small amount: enstatite (MgSiO,), magnesiochromite

(Mg(Cr,Al,Fe),0,), talc (H,Mg,(SiO,),), quartz (SiO,), cowlesite
(zeolite; Ca(AlSi O, (H,0)), dwornikite ((Ni, Fe)(SiO,)(H,0)).

« Complex system (multi-phases spectra).

Raman Intensity

600 800 1000 1200
Wavenumber/cm!

« Serpentine group polymorphs WARNING
ToEelaadte o oos (lizardite, chrysotl!e, ant}gqute, Multi-phases spectrum
polygonal serpentine): similar Raman +
spectra for low wavenumber possible presence of
vibrational modes. polymorphic compounds

« Difference: OH streching band shape -

(sensitive to local geometry of the non-trivial automatization
crystalline layers). of the phase identification!

Raman Intensity

200 400 600 800 1000 1200 ° !.izardite fingerprints’:
Wavenumber/cm" intense peak at 3685 cm™, shoulder at ~3700 cm™.

El Mendili et al. Earth & Space Chem. (2019)




Case study 3: Dunite
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Magnetic
Nuclear (isotopic) scattering
SANS, n-Tomography. PDF

neutrons

Macroscale
Magnetic structure
Magnetic Texture
Magnetic roughness
\Vacancies

Atomic scale

Structura
Local environmeant
Texture
Residual Stresses
Phases
Thickness
Roughness
Porosity
Size and shape
Amorphization

Open softwares
MAUD, Jana, JGIXA,
Fullprof, FEFF, RUMP ...

SEM, TEM, HRTEM
EBSD, e-Tomography

electrons

RHEED, uSR

Composition
Interfaces
MNanoscales
Misorientations
Dislocations
Twins, Faults

muons

photons

(X, v, IR ...)

Open Databases

XRD, DAFS, XRR
XRF, . SAXS, XMCD
EXAFS, P-EXAFS, XANES

. Mdssbauer,

X-Tomography

Irradiation defects
|sotopic substitutions
Implantations

lons, isotopes

SIMS, RBS, NRA
PIXE, PIGE




Combined Analysis Workshop series:
Next one in Caen 24t - 28™ June 2024
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