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Structure and Diffraction

Applications

(1) Phase analysis – identification

(2) Strain

(3) Texture



50 µm = 0.05 mm

(Microstructure, 500x)

Crystalline structure

„Wootz“ sword blade
(courtesy F. Grazzi)



Where are the atoms?

We need wavelength (λ) ~ Object size 

(for condensed matter that is Å = 10-10 m)

X-rays:
(Lab. Diff., Synchrotron)

λ = 10-9 – 10-11 m

λ[Å] = 12.398/Eph[keV]

Neutrons:

(fission, spallation)
Thermal λ : 1-4 Å
En[meV] = 81.89/λ2[Å]

Laue`s experiment: scattering of 

electromagnetic radiation from a 

crystal lattice 

Max v. Laue

Nobelpreis 1914



Bragg‘s law

The path difference between R1 und R2 equals  

2d sin = nλ

Sir William H. Bragg

Sir William L. Bragg

Nobel prize: 1915

Diffraction as scattering from lattice planes
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Diffractogram

Single crystal

➢ Single resolved diffraction 

signals (Ewald-sphere)

Powder or polycrystalline 

material

➢ all crystal orientations 

present  → scattering in 

Debye-Scherrer-cones

➢ Integration along the rings 

yields a diffractogram

ZnS crystal (M. Laue et al)

X-ray or neutrons



What can we learn?

peak position

• d-spacing 

• lattice parameters

• strain

peak height
peak aera

• crystal structure

• phase contents

• texture

peak width

• crystallite size

• microstrain (dislocations, ….)

peak shape

• crystallite size

• defects..
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2D – detector image

The Powder Diffractometer

➢ Recording complete diffractogram

➢ Qualitative and quantitative phase 

analysis

➢ High resolution

➢ Monochromatic (Reactor) or time-

of-flight (ToF, Spallation source)



The Strain Scanner

➢ Large sample space, sample can 

be oriented in almost all directions 

➢ Spatially resolved measurements

➢ Scattering angle for both source 

types around 90°

STRESS-SPEC/FRM II
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Sources & Diffractometers

Country Neutron 

source

Type Diffractometer Mode Applications

China CSNS1 Spallation EMD, GPPD ToF Phase & structure, spatial resolved 

strain/texture

UK ISIS2 Spallation Engin-X, GEM, 

IMAT, INES

ToF Phase & structure, spatial resolved 

strain/texture, diffraction imaging

Australia OPAL3 Reactor KOWARI CW spatial resolved strain/texture

France ILL4 Reactor D20, SALSA CW Phase & structure, spatial resolved 

strain/texture

Germany FRM II5 Reactor STRESS-SPEC, 

SPODI

CW Phase & structure, spatial resolved 

strain/texture

Japan J-PARC6 Spallation TAKUMI ToF spatial resolved strain/texture

(1) http://english.ihep.cas.cn/csns/

(2) https://www.isis.stfc.ac.uk/

(3) https://www.ansto.gov.au/

(4) https://www.ill.eu/en/

(5) https://www.frm2.tum.de/

(6) https://j-parc.jp/c/en/

Adapted from: W.Kockelmann & E. Godfrey, Neutron diffraction, (2021) 

doi.org/10.1016/B978-0-12-818860-6.00006-4  
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𝑦𝑖 = 𝑦𝑏𝑖 + 𝐾෍

𝑝=1

𝑁𝑃

𝑠𝑝𝐴𝑝෍

ℎ𝑘𝑙

𝑀ℎ𝑘𝑙 𝑭𝒉𝒌𝒍
2 𝑃ℎ𝑘𝑙𝐻(𝑥 − 𝑥ℎ𝑘𝑙)

A powder diffraction pattern mathematically 

sp: scale factor of phase p

Ap: absorption factor of phase p

Mhkl: multiplicity of reflection

Phkl: texture factor

H: profile function describing the shape of the peak
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WinPLOTR-2006 Version: 5.00

Important quantity – the structure factor

𝐹ℎ𝑘𝑙 =෍

𝑗=1

𝑁

𝑏(𝑓)𝑗𝑡𝑗 𝑒𝑥𝑝 2𝜋𝑖(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)

bj: scattering length (neutron) or form factor (X-ray) 

tj: Debye-Waller factor 

Q or sinθ/λ, Å-1



Rietveld refinement

“A structure refinement method is described which does not 

use integrated neutron powder intensities, single or 

overlapping, but employs directly the profile intensities 

obtained from step-scanning measurements of the powder 

diagram.” 

H. Rietveld, J. Appl. Cryst. 2, 65, 1969 

NEEDS:

➢ a model that describes the structure(s) 

➢ profile parameters

(lattice, line-shape, background etc.) 

➢ atomic information

(fractional co-ordinates, thermal parameters

fractional occupancy etc.) 
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The quantity to be minimized is:

yi,calc/obs = intensity at step i

wi = assigned weight



Le Wei, Palace Museum, unpublished results

➢ Eastern Han Dynasty Golden Horse Knife 

➢ Made in the seventh year of Guanghe (184 AD)

➢ Used as writing or erasing tool on bamboo 

encravings

Chongqing China Three Gorges Museum Collection

On the right side at the bottom,

a man has one attached to his waist

Sciences of Conservation and Archaeology, 2024, 

36(05): 171-180.



Le Wei, Palace Museum, unpublished results
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Fitting result (main phase: α-Fe;  * : goethite, main corrosion product; 

# : aluminum test base) 

Measurement at GPPD@CSNS

➢ Identify possible corrosion products

➢ Fragile object → special sample holder

➢ 3 different locations
Iron-Based knife of Han Dynasty

P1 P3P2



Measurement at GEM@ISIS

➢ Investigation of middle bronze age swords  

➢ Diffraction measurements at different positions

➢ Determine the Sn content through lattice parameter 

of the Cu bronze (along Siano et al #)

➢ Aim: Derive information on usage of swords as 

weapons.

M. Modlinger et al, J. Arch. Sci.: Rep. 33 (2020) 102521

# Siano, S., et al., 2003. Microstructural bronze characterisation by time-of-flight neutron
diffraction. In: Proceedings of Archaeometallurgy in Europe. Vol. 2. Associazione
Italiana Metallurgia, Milan, pp. 319–330



Results

M. Modlinger et al, J. Arch. Sci.: Rep. 33 (2020) 102521

➢ ToF diffraction data analysed with GSAS (freely 

available Rietveld software)

➢ Additional phases were identified (i.e. δ-phase)

➢ Results indicate that some of the swords 

were indeed used also as slashing weapons 

contradicting earlier assumptions
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Angular resolution:

< 0.01° for Δd ~ 1×10-4

Spatial resolution:
depends on stress gradient

(in the mm3 range)

λ = 2d sin θ

2
d (Å)

I 
(a

.u
.)

d0dy

strain
te

n
s
io

n

1
)sin(

)sin( ,0

,0

,0
−=

−
=

hkl

hkl

hkl

hklhkl

hkl
d

dd






Principle – strain scanning



Source: P. Withers, Rep. Prog. Phys. 70 (2007) 2211
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Shot peening

Bending, forming
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Strain/Stress origin



C.M. Wensrich et al., Int. J. . Solid. Struct. 321 (2025) 113505 

Measurements at 

Kowari/ANSTO

➢ Roman spatulas (from 1st/2nd

century)

➢ Investigating possible 

manufacturing routes

➢ Very high spatial resolution 

(0.3 x 0.3 x 0.5 mm3)

From: RD Milns Antiq-uities Museum at the University of Queensland, 

Acquisition numbers 15.001 d (i) to (iv).

0 0.5 1.0 1.5-0.5-1.0-1.5

Radial position [mm]

0 0.5 1.0 1.5-0.5-1.0-1.5

Radial position [mm]

Results are consistent with casting or cold forging 

(hammering).



Measurememts at Poldi/PSI

Pilot study: Determine the effects of corrosion and

conservation on strain profiles of Cu samples

L.D. Frame et al., Archaeometry 55 (2013) 68-80 
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Microstructure of a metal

Textured

Crystal structure

of iron

Nikoslev, CC BY 3.0 via Wikimedia Commons

RandomKB

KA



The crystallographic texture is the 

orientation distribution of the 

crystallites of a polycrystalline sample 

with respect to a sample orientation. 

➢ records the thermo-mechanical / 

processing history of the materials

➢ plays important role in the 

anisotropic properties of the 

materials in service.

➢ A measure for the texture is the

pole figure.



TD

How to get to the pole figure?

Pole figure = 

2D – projection of the

orientation distribution

function (ODF) 



Bernstorf gold treasure

➢ On August 8, 1998, amateur archaeologists 
discovered the first gold artifacts at Bernstorf (a 
Bronze Age fortification).

➢ Shortly thereafter, additional finds were made, 
with professional archaeologists present.

➢ The gold is of very high purity.

Measure texture to eventually determine manufacturing route.

Freising

→ Doubts on authenticity!

From: R. Gebhard, R. Krause, Abh. Archäol. Staatssammlung, Bd. 3 (2016)



0.1 - 0.2 mm thickness Source: F. Wagner / TUM

Bernstorf gold treasure

Not measureable with X-rays due to high absorption – density!

W.M. Gan et al, Appl. Phys. A 130 (2024) 649



Bullenheimer Berg (1200 b.c.)

5 cm

Schlehdorf (1100 B.C.)

How does it look with other artifacts?

W.M. Gan et al, Appl. Phys. A 130 (2024) 649



Tempering (600⁰C)

Pin hammering

Hammering

Rolling

„Reverse Engineering“

F. E. Wagner et al, J. Arch. Sci.: Rep. 20 (2018) 338-346

https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiD28DVtIbfAhVEElAKHbZlCZkQjRx6BAgBEAU&url=https://cornucaupia.com/deiaurum/how-edible-gold-leaf-is-made/&psig=AOvVaw2JfAeccTcZH9l0-JDHwjww&ust=1544020963990531
https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjT6oCit4bfAhWGJlAKHdtVDTcQjRx6BAgBEAU&url=https://en.wikipedia.org/wiki/Rolling_(metalworking)&psig=AOvVaw1ER82e-byckslmNLjTw6Z5&ust=1544021665204997


Questions?

Good introduction: W.Kockelmann & E. Godfrey, Neutron diffraction, 

in Synchrotron, Diffrction and Tomography in Art and Heritage Science, (2021).

doi.org/10.1016/B978-0-12-818860-6.00006-4  



Crystallite size 

− incomplete destructive interference 

at ƟBragg+ΔƟ (number of lattice 

planes)

− detection limits ~<100 nm

− independent of 2Ɵ 

Microstrain ε

− variation in d

− cause: stacking faults, 

dislocations, defects …

− varies linearly with 2Ɵ
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Sn segregation seen through the peak shape           

M. Modlinger et al, J. Arch. Sci.: Rep. 20 (2020) 423-433

Additional material to slide 16/17


