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Rentgenova difraktometrie

* Historické poznamky
e Max von Laue (9. fijna 1879, Pfaffendorf —
24. dubna 1960, Berlin) — laueogram
« 1912 - RTG difrakce na krystalech
» 1914 — Nobelova cena za fyziku
» Model difrakcniho procesu — RTG zareni
rozkmita elektronové obaly atomu a ty se
stanou zdrojem sekundarniho koherentniho
RTG zareni, interference sekundarniho zareni
zpusobi, Zze v nékterych smérech dojde k
zesileni intenzity, v jinych
k zeslabeni
— difrakCni obrazec
- Laueovy rovnice a,(s-s,)=a,(cosa, —cosa,, )= kA

a.(s-s,)=a/(cosa, —cosa,, )=kA
a,(s-s,)=a,(cosat, —cosar,, )=k, A



Rentgenova difraktometrie

* fada atomu podél osy x s periodickou vzdalenosti a
* (AB-CD) =a(cosa,—cosa;) =nA
» vektorové a (s —sy) =a (cos a,—Ccos 0;) =nA




Rentgenova difraktome

Incident baam

Lattice row
-
along x-axis

Zero-order Laue cone

evektorové a (s —sy) =a (cos a,—Ccos 0;) =nA
- podle hodnoty n (fadu difrakce) — jednotliveé (Laueho) kuzely



7 — Rentgenova difraktometrie

evektorove a (s —s;) =a (cosa,—cosdy) =nA
- obdobné vyjadreni pro periodicitu atomu podél
dalsi os — celkove tedy soustava rovnic
a.(s-s,)=a,(cosa, —cosa, )=k A
a,(s-s,)=a,(cosa, —cosa,, ) =k,A

a.(s-s,)=a,(cosa, —cosar,, ) =k, A

* Parametry k., k, a k; znaceny téz h, k, |

S o : ; o Souvislost
* Nutno splnit vSechny tri rovnice zaroven

s Millerovymi indexy

pro kubickou
symetrii




10,000-
40,000 volts
ead
Crystalline solid screen

i T+ Spot from incident beam

" ™ Spots from diffracted X-rays
™

™ Photographic plate

a.s-s,)=a(cosa, —cosar,, )=k
a,(s—s,)=a,(cosa, —cosa,, ) =k,A
a,(s—s,)=a,(cosa, —cosar, )=k,

Useky a,, a, a a;znadeny téz a, b, c



P

Rentgenova difraktometrie

* Interakce RTG zafeni s elektrony atomu

* Intenzita ,rozptyleného” zareni — pocet elektronu v
atomu (u elektroneutralnino atomu odpovida atomovéemu
Cislu) — atomovy faktor f

* Intenzita interferenénich maxim - populace atomu v
difrakCnich rovinach — Millerovy indexy

o strukturni faktor F(h,k,l) — h, k, | — Millerovy indexy
* U, Vy, Wy -souradnice n-teho atomu

F(h,k,1,)= Z 1 exp|l-2m(hu, +kv, +Hw )]



/Rentgenové difraktometrie

» Historicke poznamky

e William Lawrence Bragg (31.brezna 1890 —
1. Cervence 1971)

- Matematicky popis fyzikalniho problému
« Formuloval Braggovu rovnici

e William Henry Bragg (2. Cervence 1862 —
10. bfezna 1942)

« Experimentator, konstrukter spektrometru

« Spolecné Nobelova cena 1915 — analyza
struktury krystalu s vyuzitim rentgenového
zareni




! Rentgenova difraktometrie

* Braggova rovnice — interference fazove posunutych vin
— model ,odrazu” na soustave rovnobéznych
krystalovych rovin — fyzikalne ekvivalentni
k Laueovym rovnicim

2dsm@®=n/l n=1,2]3...
SR

20




! Rentgenova difraktometrie

e Braggova rovnice — aplikovatelny bez ohledu na polohy
atomu v rovinach — dulezita je pouze mezirovinna
vzdalenost

2dsmé n, 5 |3




— web simulace

> Bragg's law - Google Chrome

Rkt [ fkr-01-032-pel  phesik, uni-erlangen. de/cgi-bing discus/discus 2 coifscript=teach_bragofP1=0, 7RPZ=8P3=0,0&P4=108run=++RUMN++EP5=0,75

|F

Interactive Tutorial about Diffraction

Bragg's law
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! Rentgenova difraktometrie

2dsmO@=ni n=1273...
* Braggova rovnice — vektorové

e |s-s,|=2sin0, d*, = 1/d,
es—s,/A=d",

- Konstruktivni interference - kdyz vektor s — s, / A souhlasi
s vektorem d*,




/Rentgenové difraktometrie
siné=nAi/2d n=1273...

* The possible 2-THETA values where we can have
reflections are determined by the unit cell dimensions.

* However, the intensities of the reflections are
determined by the distribution of the electrons in the unit
cell.

* The highest electron density are found around atoms.
Therefore, the intensities depend on what kind of atoms
we have and where in the unit cell they are located.

* Planes going through areas with high electron density
will reflect strongly, planes with low electron density will
give weak intensities.
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Rentgenova
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e parametry — indexy - h, k, | — Cisla dana protinanim os




® vzorky

o PRASKOVE - polykrystalické — identifikace fazi ve vzorku
na principu ,otisku palce”
« Pokud mozno vzorek s rovnym a hladkym povrchem, rozetreny
prasek — prufez ¢astic 2 — 5 um
- Idealné - homogenni vzorek s nahodnou distribuci orientace
krystaliti — prasek vtlaCen do drzaku vzorkl (bézné stovky mg)

e MONOKRYSTAL — bézné pozadovana velikost — prurez —
cca 0,3 mm — urceni molekularni struktury novych ci dosud
nepopsanych latek



! Rentgenova difraktometrie

* Princip jednoducheho spektrometru

_ » Uhlova disperze RTG
<---- registrace spektrometru

00_
oA 2d cost)

® pfima umera
k fadu difrakce

* intenzita ovSem
klesa s radem

uhlomér




* Obvykle snimana spektra 1. radu — pouze pro rozliseni
detailu spektra vysSich fadu — vyrazné prodlouzeni
doby expozice

* Mezni dosazitelne rozliseni urceno rozlisovaci
schopnosti pristroje

* Bragg-Brentanuv
difraktometr /7’/ oA

For the THETA:2-THETA
goniometer, the X-ray tube is
stationary, the sample moves by
the angle THETA and the detector
simultaneously moves by the
angle 2-THETA.
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ragg-BrentanL‘]v difraktometr

* Forthe THETA:THETA goniometer, the sample is stationary in the
horizontal position, the x-ray tube and the detector both move

simultaneously over the angular range THETA.
Erogg Brentono THETA:THETA Setup
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» PRASKOVA

:EL,fnanmnMEd

Beam

Sampie
Transmission



p{2lal

~e Transmisni uspoFédénl’ difraktometru s primarnim
monochromatorem (pro praskovou difraktometrii)
(obecneé monochromator v primarnim Ci difraktovaném
svazku




5_1 Sample / Monochromator
Shutter Light "—

-




Detector

Detector

K-ray tube

Receiving slit ~ Soller slit

Anti-scatter
slit

Secondary
monochromator



oraskova
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* Ozarovana plocha na vzorku —
bézné mm?, pokud se nejedna
0 mikroanalyzu

¢ |Intenzita ozarovani — radove
stovky W/mm?

* RTG — mikrodifrakce —
ozarovana plocha bézné um? i
mene (synchrotronové zareni)
— mikrostruktura materialu —
lokalni zmeny struktury

LY
il
x-ray microbeam /

fp— F

;;;;;;;;;;;;

X=3xIs

y-axis
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TG — mikrodifrakce
Material analysis with X-ray microdiffraction

F. Friedel*', U. Winkler', B. Holtz', R. Seyrich®, and H.-J. Ullrich?

Cryst. Res. Technol. 40, No. 1/2, 182 — 187 (2005)/ DOI 10.1002/crat.200410323

=
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J— . o
Area detector 1
f | T ﬁ
focusing poly @
capillary =
::.'.::::.-‘-. E
...... T
........... E
X-ray tube with =
focus point S =
(b)Measuring point
in the video
microscope T

Fig. 2 Principle of X-rav microdiffraction with focusing polvcapillary and area detector (source: Bruker
AXS) (a), View by the video microscope of the microdiffraction equipment of the embedded and polished
cross section (b).



N0 NOVe

—

TG — mikrodifrakce
Material analysis with X-ray microdiffraction

F. Friedel*', U. Winkler', B. Holtz', R. Seyrich®, and H.-J. Ullrich?

Cryst. Res. Technol. 40, No. 1/2, 182 — 187 (2005)/ DOI 10.1002/crat.200410323
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Fig. 3 Measurement of residual austenite in the structure of a RA-steel (a), DP-steel (b) and (c)
as well as distinction of the residual austenite as "white phase in the KLEMM etch process” of cementite in a
conventional steel (d).
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* Difraktogram

baryt - Studenes [Ranges 1)

1600

120004

Absolute Intensity




* Kroky analyzy v RTG difraktometrii

* 1) méreni difraktogramu

* 2) vyhodnoceni - urcCeni poloh a
intenzit difrakci (piku)

 3) indexovani difrakci (h, k,l)
* 4) parametry zakladni bunky

refinement

diffraction

- °  pattern

atomic
model




* Kroky analyzy v RTG difraktometrii
* vyhodnoceni - ur€eni poloh a intenzit difrakci (piku)

* pripravné kroky

* vyhlazeni zaznamu (proklady metodou nejmensich
Ctvercu)

* odecteni pozadi

* vyhodnoceni zaznamu 2. derivace

» zhodnoceni instrumentalnich vlivu (aberaci) —
iInstrumentalni justace, neistrumentalni korekce, metoda
vnitrniho standardu



* Kroky analyzy v RTG difraktometrii
* vyhodnoceni - urCeni poloh a intenzit difrakci (plku)

°* maximum intenzity

» stredni poloha mezi inflexnimi body

L u,b__,.' Lo |
» t&ZiSté difrakeni linie |
E "’xi \ |

» prolozeni analytické funkce | / | \L




* VV\yhodnoceni - urcCeni poloh a

intenzit difrakci (piku)

 prolozeni analytickeé funkce — profiloveé funkce

» Gaussova Viz;o,7) = G(z';0)L(x —2';7) dx'
* Lorentzova P A
» Pearsonova - ToTiprm

* Voigtova — konvoluce G & L
» pseudoVoigtova |

0.15
Plot of the centered Voigt profile for four

cases. Each case has a full width at half- 010 !

maximum of very nearly 3.6. The black and
red profiles are the limiting cases of the ~ *%°
Gaussian (y =0) and the Lorentzian (o =0)
profiles respectively.

e @ @@ @@ @@ @~_——
-10 -5 0 5 10

——06=1.00 y=1.00 [
—5=000 y=1.80 [




 The X-ray diffraction pattern of a pure substance is like a
fingerprint of the substance.

* The powder diffraction method is thus ideally suited for
characterization and identification of polycrystalline phases.

* Today about 50,000 inorganic and 25,000 organic single
component, crystalline phases, diffraction patterns have been
collected and stored on magnetic or optical media as
standards. The main use of powder diffraction is to identify
components in a sample by a search/match procedure.
Furthermore, the areas under the peak are related to the
amount of each phase present in the sample.



* International Center Diffraction Data (ICDD), formerly known
as (JCPDS) Joint Committee on Powder Diffraction Standards,
Is the organization that maintains the database of inorganic
and organic spectra. The database is available from diffraction
equipment manufacturers or from [CDD direct.

 http://www.icdd.com/

* The database is exhaustive, over 500,000 entries
as of 2006; computer algorithms allow rapid peak
matching. The organization was founded in 1941
as the Joint Committee on Powder Diffraction
Standards (JCPDS).



Aplikace

|dentifikace — pro krystalické faze — na zakladée
databaze,

Studium teplotnich zmén, vlivu tlaku atp.
Struktura novych latek
Mira krystalinity materialu (polymeru)

Analyza textury — preferencni orientace v
polykrystalickych materialech (,preferred
crystallographic orientation in a polycrystalline
material®)
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POWDER DIFFRACTION

RRUFF ID: ¥020003.9

Sample Description: Single crystal, powder profile is calculated
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Cell Refinement Output:

DOWNLOADS:
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X-ray Data (X - Raw) 7
RRUFF File

alpha: 202

beta: 20° gamma: 20° Yolume: 1745.7(1) Crystal System: cubic

Yitriumn aluminum gamet

Intensity

2 Theta

w Mir ® Max: % Sort: |asc v | | refresh | | reset |



http://rruff.info/yttrium aluminum garnet/display=default/
http://rruff.info/yttrium aluminum garnet/display=default/

ReNroe HUV O CrRahiGk RIS W

| Non-destructive analysis of cultural heritage artefacts from Andalusia,
Spain, by X-ray diffraction with Gébel mirrors

A. Duran*, LK. Herrera, M.C. Jimenez de Haro, A. Justo, ].L. Perez-Rodriguez

Materials Science Institute of Seville (CSIC-5eville University ), Avda Americo Vespucio, s/n. 41092 Seville, Spain

The characterization of the phases present in artefacts has been normally carried
out using XRD (Bragg-Brentano geometry) that requires sampling from artworks, being a
destructive technique. However, X-ray diffraction with Gobel mirrors permits directly to study
rough artefacts without sampling. Grazing incidence attachments can be used to characterize
as much the superficial layer as the underlying ones in flat samples to obtain information
about the depth profile of some samples. The combination of Gobel mirrors and measure at
low fixed incidence angles allow to obtain information about the depth profile of bent samples.

This work reports the alteration processes on the surface of the following cultural
heritage artefacts: a rivet and a nail extracted from Pardon Gateway, located in the North fac,
ade of Mosque-Cathedral of Cordoba; a Roman arrow and a button from a Roman jacket
obtained froman excavation in Baena (Cordoba); organ pipe from Cathedral of Zaragoza;
lead seals from Seville City Hall collection.

The main objective of this paper is the study through a totally non-destructive
analytical method, X-ray diffraction with GObel mirrors, of the superficial alteration of some
metallic artefacts from cultural heritage. This knowledge allows us the election of appropriate
methods to carry out the restoration of these artefacts.

Talanta 7&({2008)183-158



Non-destructive analysis of cultural heritage artefacts from Andalusia,
Spain, by X-ray diffraction with Gébel mirrors
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A. Duran*, LK. Herrera, M.C. Jimenez de Haro, A. Justo, ].L. Perez-Rodriguez Talanta 76 (2008) 183-188

Materials Science Institute of Seville (CSIC-5eville University ), Avda Americo Vespucio, 5/n. 410592 Seville, Spain

GradedMultilayer Optics (“Gobel-Mirrors”) have proved as very useful
beam conditions for parallel-beam diffraction without sampling.

bel Mirror

Detector

X-Ray tube — "=
g

o

Soller slits

Vo \—/ [

Fig. 1. Experimental procedure for non-destructive analysis by X-ray diffraction
with Gobel mirrors of artefacts belonging to cultural heritage.
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' Non-destructive analysis Df cultural heritage artefacts from Andalusia,

Spain, by X-ray diffraction with Gébel mirrors

A. Duran*, LK. Herrera, M.C. Jimenez de Haro, A. Justo, ].L. Perez-Rodriguez Talanta 76 (2008) 183-188

Materials Science Institute of Seville (CSIC-5eville University ), Avda Americo Vespucio, s/n. 41092 Seville, Spain

The “Gobel-Mirrors” are a device, based on a layered crystal, which,
mounted on a D-5000 Siemens diffractometer, transforms the primary
divergent X-ray beam into a highly brilliant, parallel beam. If dimensions
of an object are adequate (up to 60cm in bulk), it can be directly analyzed
by XRD, without sampling. Even a rough, irregular surface, both on flat
and bent objects, is suitable for the analysis.

The XRD analysis using Gobel mirrors is therefore, totally nondestructive
and very useful to study artefacts from Cultural Heritage [5-7]. It can be
obviously very adaptable to study the surfaces of these artefacts, giving
information of degradation and corrosion processes and information
about pigments, ceramics, metals, patinas, crusts, etc., used to
manufactured artworks.



Non-destructive analysis of cultural heritage artefacts from Andalusia,
Spain, by X-ray diffraction with Gébel mirrors
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Fig. 2. X-ray diffraction pattern with Gébel mirrors of: {a) a rivet extracted from the Pardon Portico of the Mosque-Cathedral, corresponding to alpha bronze. (b) Superficial

product on the altered bronze of the Portico, corresponding to atacamite (ALY, gypsum (Cy), quarz () and weddellite {We).
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Fig. 4. X-ray diffraction pattern with Gabel mirrors of the altered iron nail of the Mosque-Cathedral of Cordoba, showing the presence of goethite (Coe), lepidocrocite (Lep),
[FeQ{ OHY], gypsum { Gy ) and Quartz (Q).



The characterization of artefacts of cultural heritage

significance using physical techniques

D.C. Creagh

Cultural Heritage Besearch Cenire, Division of Science and Dezign, University of Canberra, Canberra ACT 2600, Australia

Fadiaton Phyvsics and Chemistry 74 (2005 426442

All societies attempt to preserve their cultural heritage because 1t 1s this that gives them their identty. How artelacts
are identified as bemg ol significance to society, and how to preserve these lor posterity, depend on the sophistication ol
those societies, their wealth, and the deternunation of members ol the societies to preserve their past. If conservation or
restoration measures are being undertaken complex analvtical experiments must be undertaken belorehand to ensure
that the work 15 bemng undertaken in an appropriate manner. These investigations may employ electromagnetic (IR,
VIS, UV, X-ray, y-ray) or particulate (electron, proton, neutron, and 1on beams) radiation. The use ol many ol these
technigues 1s described in this paper m experiments on Australian Aborigimal bark paintings, a suit ol armour belonging

Table 1

Types of radiation used in the work described in this paper

to a famous Australian outlaw, and the degradation of colour motion picture film.

Energy range (eV) Particle type Interaction Technique Used for the study of
0.5 em (photon) Absorption FTIR Pigments & binders
Inelastic scatter Raman Pigments & binders
Elastic scatter Photography Appearance & shapes
SO00-40,000 em (photon) Absorpiion XRF Atomic composition
Abszorption Tomography Internal structure
Elastic scattering SEXRD Crystalline structure
LOO0=200_000 e lelectron) Absorption SEM/EDAX Atomic composition
Secondary emission SEM/SEI Surface morphology
Elastic scattering SEM/BEI Surface morphology
Elastic scattering STEM Crystalline type
SO00-10,000 n” (neutron) Elastic scattering Dnffraction Crystalline structure




significance using physical techniques

D.C. Creagh

Cultural Heritage Research Cenire, Division of Science and Design, University of Canberra Canberra 4

2.4 IR and Raman spectroscopy

Fourier Translform Infra-Red (FTIR) spectrometers
are commonly used in most laboratories for the analysis
ol matenals. An infrared spectrometer analyses the
[requency ol the inlrared photons absorbed by the
sample. Absorption occurs 1n transitions between vibra-
ttonal modes ol cryvstal structures and molecules within
the sample. Measurement ol absorption provides
wdentificaton of the molecular species present in the
sample by means ol comparison ol the band character-
1stics ol the unknown species with those ol standard
materals. Most Tunctional groups such as O-H, N-H,
(' — O have charactenstic localized modes allowing lor
their easy identification on dilferent samples. Other
techniques use scattering rather than absorption ol IR
racdhation, m particular, melastic or Raman scatterning.
This technique 15 used extensively lor the analysis ol
pigments and binders { Edwards et al., 1991).
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211 Raman micro-spectroscopy

Maost of the mcident radiation scattered by a sample 15
scattered elastically. However, a small part ol the
incoming radiation (approximately 1 part in 107)
mteracts with the sample and 15 scatrered inelastically
(Raman scattering) re-emerging with a different [re-
quency (energy). A Raman spectrometer 1s configured to
reject the elastcally scattered, and accept only the
inelastically scattered radiation. A Renishaw 2000 Ra-
man microscope was used n this work with illuminating
lasers operating at 632.8 and 780 nm. The choice of laser
15 dictated by the emussion of fluorescence by the
specimen. As will be seen later this swamps the weak
242, FTIR micro-spectromeitry

FTIR and Raman spectroscopy are complementary
techniques. Vibrations which are strong in a Raman
spectrum are usually weak 1 an inlrared spectrum and
vice wversa. Qualitatuvely, antisymmetric  vibrational
modes and wvibrations due to polar bonds (such as
O-H, N-H. C—0) generally exhibit prominent inlra-
red bands, while Raman tends to anse [rom vibrations
involving more symmetrical bonds (such as C—C, C-C,
5-5). As with Raman spectroscopy. complete compound
wdentification 1s possible with FTIER by comparing band
charactenistics ol the unknown species with those 1n
commercial or in inhouse computer databanks.



D.C. Creagh

The characterization of artefacts of cultural heritage
significance using physical techniques

Fadiaton Phyvsics and Chemistry 74 (2005 426442

Cultural Heritage Research Centre, Division of Science and Dexign, University of Canberra, Canberra ACT 2600, Australia

2.2, Technigues using radiation in the visible region of the
radiation spectrum

In many expeniments conventional optical microscopy
has been used. The muicro-Raman, micro-FTIR techm-
ques, and mucro-X-ray fluorescence spectrometer use
optical spectroscopy lor preliminary exaninations ol the
specimen and the location ol regions ol nterest. As well,
we have emploved transmission optical microscopy Lo
study the structure of bark samples.

2.3 Fluorescence analysis
2.3.1. Micro-fluorescence spectroscopy
Analvses such as those mentioned in the preceding
paragraph can be made using the technique ol X-ray
fluorescence spectroscopy. In this technique the speci-
men 15 wradiated by an X-ray source. This radiation
causes the gection ol electrons rom the mnermost
clectron shells of the atoms in the sample into the
continuum, and the subsequent rearrangement ol
clectrons within the atom causes emission ol X-ravs

(characteristic X-ravs). The spectrum that results 1s
unigque to the atom emitting the radiation.

2.3.2. X fluorescence spectrometry

For very large specimens, and for specimens which
cannotl be removed rom museum custody, analvses can
be undertaken using a portable X spectrometer. This
15 nol a micro-spectrometer, and the beam diameter 1s
fixed at lmm diameter. For the study ol Joe Byrne's
armour a Thermo Metallurgist Pro Mercury 1T Probe
was used. This has two y-ray sources: '"Cd (4mCi at
80keV), “Fe (4.5mCi at 6.40keV). It is a hand-held
device and in principle 1t can sample any surface in any
orientation. A Hgl, detector 1s used, operated at room
temperature. The fluorescence spectrum acquires in the
detector 15 amplified, passed through a multuchannel
analyzer, the output from which 1s fed mto a lap-top
computer. This contains programs which enable a full
spectral analysis with Tull matnx corrections to be
undertaken. The spectral lines are compared with an
internal database for metals and alloys.
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2.4, X-rayv diffraction

241 Laboratory XRD

Studies of the crystal structure ol Joe Byrne's armour
were undertaken usmg a Scntag dilfractometer fitted
with a copper target tube, operating at 38 kV, 30mA.
The diffractometers was operated i the -8 mode with a
step scan size ol 0.050°. The detector was a liguid
nitrogen cooled solid state detector. the output ol which
was amplified and processed by a multchannel analyzer.
A window was set such that only CuKzy radiation was
detected. The CuKf and fluorescence radiation was
rejected.

laboratory source),

ray energies; “white' radiation),

vertically, 7 mrad horizontally),
@ lincar polarization 1in the plane of the orbit.

® high mitensity, espeaally 1l auxihary bending devices
such as wigglers and undulators are used (tvpically
more than 10° more intense than a conventional

® cmission over a broad spectral range (lrom IR to X-

® high directionality (because ol relativistic effects the
divergence ol the beams are typically less than 2 mrad

2.4.2. Svnchrotron radiation X-rav diffraction

The use of synchrotron radiation sources by matenals
scientists for cultural hertage studies 1s sull compara-
tively new. Synchrotron radiation sources dedicated to
the study ol materials have been 1n existence lor about
200 years. Synchrotrons which generate radiation 1n the
N-ray region (the region used 1in most structural
analyses) typically have energies greater that 2GeV.
For example: the Photon Factory at the Japanese
Institute for High Energy Research, Tsukuba, Japan.
operates with a circulating current ol electrons (400 mA
at 2.6GeV) and produces uselul maximum X-ray
energies for a bending magnet in the range 4.5-20keV;
the Advanced Photon Source at Argonne, USA operates
at 6 GeV oand produces uselul maximum X-ray energies
in the range 4 B0 keV).

2.5 Electron microscopy

2.5.1. Scanning electron microscopy

2.5.2. High resolution transmission electron microscopy

2.6, Neutron diffraction
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Table 2

Compositions of white pigments used by indigenous artists in
Arnhem Land

Sample Mineral Y composition
1 Kaolinite 74
Quartz 18
Talc 2
Muscovite 3
Other 3
3 Talc 9%
Hydroxyapatite 2
Other
4 Hundtite |
Quartz 4 5 c
Other 15
5 Talc 98
Hydroxyapatite 2

Other
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The characterization of iron in microsamples by conventional X-ray diffraction is difficult due to its low
concentration in thin layers and its low reflecting power relative to other phases. Synchrotron radiation can
provide unique information because of high intensity, sample penetration, small beam diameter and fast data
collection. In this study, micro X-ray diffraction ((-XRD) data were obtained of two samples taken from wall
paintings at San Agustin's Church in Cordoba. Crystalline iron phases such as goethite, lepidocrocite and
hematite in the cross-section of the painting thin layers were identified, with a good spatial resolution.
Conventional XRD only detected hydrocerussite and cerussite rather than the full range nflrcm phases found
in the p-XRD experiments. ' ;

The same cross-section is appropriated for the application of other
analytical techniques, such as energy dispersive X-ray spectroscopy,
micro-Raman, and micro-FI'IR spectroscopy. Analyses carried out
using these techniques allow identification of pigments, supports and
binders with the removal of just one sample, thereby significantly
reducing damage to the artwork (Flieder, 1968; Van't Hul-Ehrnreich,
1970; Rimaldi, 1994; Brieni et al., 1999). These techniques also provide
important information about the chemical composition of the ochre

pigments used in the paints. However, it is not possible to characterize -
'I_'hE -[I_i ffE rent -[ry’s[‘a “ i ne I] h_a SeES I] resent Fig. 1. Photograph of a wall painting at San Agustin's Church in Cordoba, Spain.
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The use of synchrotron radiation (5R) sources by materials scienfists
for Cultural Heritage studies is comparatively new. The principal
properties of synchrotron radiation are as follows: High flux of the

spurce and brilliance allow fast data acquisiion, with a good signal-to-
noise ratio, and the small beam footprint allows 2D and 3D studies to be

performed on the submillimeter/micrometer length scale, thereby
allowing use of small samples. The broad spectral output of synchrotron
sources also provides for wavelength tunability, thereby allowing

selection of the energy region most suitable for a given problem (Cotte
et al, 2007).
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Fig. 5. The X-ray diffraction pattern of the powdered sample 1 obtained with conventional Brage-Brentano geometry



Characterization of iron oxide-based pigments by synchrotron-based micro
X-ray diffraction

a% b.c - a a a ; : a bk
LK. Herrera **, M. Cotte "%, M.C. Jimenez de Haro “, A. Duran “, A. Justo ®, ].L. Perez-Rodriguez S a4

* Marterials Scence Institute of Sevile, (SIC, Avda Americo Vespuco, 41092-5evile, Spain
" European Synchrotron Rediation Focility, BP 220, 38043 Grenoble Cedex, France
© Centre de Recherche ef de Restauration des Musées de France [C2RMF), CNRS UMR 171, Palais du Louvre, Porte des Lions, 14, quai Frangois Mitterrand, 75001 Paris, Franoe

80000 Applied Clay Science 42 (2008) 57-62

§

Lin (Counts)

5 q 3 2 18 18 1.7 1.6 1.5 1.
d - Scale

Fig. 8 p-XRD pattern white layerof sample L



Characterization of iron oxide-based pigments by synchrotron-based micro
X-ray diffraction

ax b.c - a a a ; i a e
LK. Herrera **, M. Cotte "%, M.C. Jimenez de Haro “, A. Duran “, A. Justo ®, ].L. Perez-Rodriguez S a4

* Marterials Scence Institute of Sevile, (SIC, Avda Americo Vespuco, 41092-5evile, Spain

" European Synchrotron Rediation Focility, BP 220, 38043 Grenoble Cedex, France
© Centre de Recherche ef de Restauration des Musées de France [C2RMF), CNRS UMR 171, Palais du Louvre, Porte des Lions, 14, quai Frangois Mitterrand, 75001 Paris, Franoe

Applied Clay Science 42 (2008) 57-62

500
400
L
£
F 300
G
3 'y
Q’ L
= G,H
= &
= ] i = P G & aL C
w0 r r r -
& b
G GH G
100 r i I 5 oL
& GP Yan b
r y £ .
DIIFI"]" T T T | T | 1
5 4 3 2 1
d - Scale
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monokrystal

Single-crystal X-ray Diffraction is a non-destructive
analytical technique which provides detailed
iInformation about the internal lattice of crystalline
substances, including unit cell dimensions, bond-
lengths, bond-angles, and details of site-ordering.

Directly related is single-crystal refinement, where
the data generated from the X-ray analysis is
iInterpreted and refined to obtain the crystal
structure.
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monokrystal

In an X-ray diffraction measurement, a crystal is mounted
on a goniometer and gradually rotated while being
bombarded with X-rays, producing a diffraction pattern of
regularly spaced spots known as reflections.

The two-dimensional images taken at different rotations are
converted into a three-dimensional model of the density of
electrons within the crystal using the mathematical method
of Fourier transforms, combined with chemical data known
for the sample.

Poor resolution (fuzziness) or even errors may result if the
crystals are too small, or not uniform enough in their internal
makeup.
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monokrystal

The crystal scatters the X-rays into a pattern of spots or
reflections that can be observed on a screen behind the crystal.
The relative intensities of these spots provide the information to
determine the arrangement of molecules within the crystal in
atomic detall.

The intensities of these reflections may be recorded with
photographic film, an area detector or with a charge-coupled
device (CCD) image sensor.

The peaks at small angles correspond to low-resolution data,
whereas those at high angles represent high-resolution data;
thus, an upper limit on the eventual resolution of the structure
can be determined from the first few images.
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monokrystal

m an X-ray source consisting of a high-stability X-ray generator, a copper
or molybdenum target X-ray tube, a tube shield with associated shutters,
attenuators and safety interlocks, a monochromator or X-ray mirror
system, and an

incident-beam collimator;

m a three- or four-circle goniometer system that allows the specimen to be
precisely oriented in any position while remaining in the X-ray beam;

m a video camera or microscope for aligning the specimen and indexing
crystal faces;

m a CCD-based two-dimensional X-ray detector system;

m a low-temperature attachment for cooling the specimen during data
collection;

m a microprocessor-based interface module that receives commands from
a host computer and carries out all real-time instrument control functions
to drive goniometer motors, monitor the detector system, open and close
the shutter and monitor collision sensors and safety interlocks;
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The mounted crystal is irradiated with a beam of monochromatic
X-rays.

The brightest and most useful X-ray sources are synchrotrons;
their much higher luminosity allows for better resolution.

They also make it convenient to tune the wavelength of the
radiation.

Synchrotrons are generally national facilities, each with several
dedicated beamlines where data is collected around the clock,
seven days a week.
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Figure 7. A commercial CCD-based singlecrystal X-

ray diffractometer system (courtesy of Bruker AXS Inc.)



e

phosphor scraen

Figure 8. Diagram of a typical CCD detector used for
X-ray diffraction.
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The first atomic-resolution structure to be "solved" (i.e.
determined) in 1914 was that of table salt. The distribution of
electrons in the table-salt structure showed that crystals are not
necessarily composed of covalently bonded molecules, and
proved the existence of ionic compounds.

The structure of diamond was solved in the same year, proving
the tetrahedral arrangement of its chemical bonds and showing
that the length of C-C single bond was 1.52 Angstroms.

Other early structures included copper, calcium fluoride
(fluorite), calcite (CaCO,) and pyrite (FeS,)in 1914;

spinel (MgAl,O,) in 1915; the rutile and anatase forms

of titanium dioxide in 1916; pyrochroite Mn(OH), and

brucite Mg(OH), in 1919; and wurtzite (hexagonal ZnS) in 1920.




Figure 1. Electron density difference map for p-
dinitrobenzene obtained by subtracting the pro-
molecule electron density from the total electron

density.






Figure 9. Thermal ellipsoid plot of the final structure of Figure 10. Unit<ell diagram showing the arrangement
an organic compound (C1gH150q). of melecules within the celll.
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