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Structure and Diffraction

Applications

(1) Phase analysis — identification
(2) Strain
(3) Texture
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Crystalline structure
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(Microstructure, 500x)

"Wootz“ sword blade

(courtesy F. Grazzi) = 5

50 pm = 0.05 mm
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We need wavelength (A) ~ Object size
(for condensed matter that is A = 1010 m)

X-rays:

(Lab. Diff., Synchrotron)
A=10°-101m

NA] = 12.398/E [keV]

Neutrons:

(fission, spallation)
Thermal A: 1-4 A

E, [meV] = 81.89/A\2[A]

Max v. Laue

diffracted beam NObe|preiS 1914
(spot on film)

direct beam
®__ (absorbed by lead

crystal beamstop)

- e

heated filament it

x

photographic film

electrons S (detector)
Al

==

target window

Laue s experiment: scattering of
St electromagnetic radiation from a

X-ray tube

(source) CrySta| Iatt|Ce
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Sir William H. Bragg
Sir William L. Bragg
Nobel prize: 1915

Diffraction as scattering from lattice planes
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Diffractogram
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Single crystal

» Single resolved diffraction
signals (Ewald-sphere)

X-ray or neutrons

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)

Intensity

25 35 45 55 65 75 85 95
Scattering angle [°]
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111
_ peak aera
> peak height - crystal structure
® A - phase contents 311
c
) * texture
£

220

25 3|5 45 55 65 75 85 95
I ] peak shape
peak position Scattering angle [°] « crystallite size
* d-spacing » defects..
*|attice parameters

e strain
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Monochromator

The Powder Diffractometer 26, (155", To5° Sample collimator

ZID ST

Sample

Neutron guide

Thermal
neutrons

» Recording complete diffractogram
» Qualitative and quantitative phase

Detector collimator {(az =10) 28

analysis g y
> High resolution L ot \ ¥
» Monochromatic (Reactor) or time- 1 =——_:f_——-r!m-_\_!;_»_-;

-
~

of-flight (ToF, Spallation source)

§pod;i‘/ FRMI

F(200)

2D — detector image

N

64° 44° 24°
Scattering angle 206

A(200) Debye Scherrer
F(110)
A(111)

Intensity

Detector coverage
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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°

Monochromator a9

3 dI’U/ ‘. ;

Detector
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Country | Neutron | Type Diffractometer | Mode | Applications
source
China CSNS! Spallation EMD, GPPD ToF Phase & structure, spatial resolved
strain/texture
UK ISIS? Spallation Engin-X, GEM, ToF Phase & structure, spatial resolved
IMAT, INES 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 II° Reactor STRESS-SPEC, |CW Phase & structure, spatial resolved
SPODI strain/texture
Japan J-PARC® | 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://mww.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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12000

A powder diffraction pattern mathematically

NP
Vi = yb; + KZ SpApthk
p=1

10000+

8000

6000+ [¢}

(arb. units)

8
hkl . wwo| 8, 3 %
2] e .

s,.  scale factor of phase p I I S ¢ o 2
A, absorption factor of phase p T e s et
M,: multiplicity of reflection
P, texture factor
H: profile function describing the shape of the peak 2theta (deg)

Important quantity — the structure factor

N
Fyoy = z b(f)t; exp[2mi(hx; + ky; + 1z)]
=1

f (electrons) or b (cm)

b;:  scattering length (neutron) or form factor (X-ray)
t:  Debye-Waller factor

Q or sin®/A, AL
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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:
» amodel that describes the structure(s)

» profile parameters
(lattice, line-shape, background etc.)

» atomic information
(fractional co-ordinates, thermal parameters
fractional occupancy etc.)

(arb. units)

Intensity

12000

10000+

8000

6000+

4000

2000+

30 40 50 60 70 80 90 100

2theta (deqg)

The guantity to be minimized is:

R = Z Wi(yfi,obs — Yi,calc)z
i

Yi calciobs = iNtensity at step i
w; = assigned weight
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Foch Le Wei, Palace Museum, unpublished results
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Sciences of Conservation and Archaeology, 2024,
36(05): 171-180.

Chongging China Three Gorges Museum Collection

» Eastern Han Dynasty Golden Horse Knife
» Made in the seventh year of Guanghe (184 AD)
» Used as writing or erasing tool on bamboo

encravings

On the right side at the bottom,
a man has one attached to his waist
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Lf\ Le Wei, Palace Museum, unpublished results MLZ
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Measurement at GPPD@CSNS

> |dentify possible corrosion products
» Fragile object - special sample holder
» 3 different locations

el

P2 P3

Iron-Based knife of Han Dynasty
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TOF

Fitting result (main phase: a-Fe; * : goethite, main corrosion product;
# . aluminum test base)
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Measurement at GEM@ISIS y =
1 i
.
5.1

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

YV V

weapons.
)
| m |4 |
| “ ; M E ‘ { [ 1]
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1_‘_;;,

Sn[%]

# 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

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

normalised neutron counts
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» ToF diffraction data analysed with GSAS (freely
available Rietveld software)

» Additional phases were identified (i.e. d-phase)
» Results indicate that some of the swords
were indeed used also as slashing weapons
contradicting earlier assumptions
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M. Modlinger et al, J. Arch. Sci.: Rep. 33 (2020) 102521
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Structure and Diffraction

Applications

(1) Phase analysis — identification
(2) Strain
(3) Texture
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Principle — strain scannin i : .
P J o strain Angular resolution:
3 <0.01° for Ad~1%10*
Spatial resolution:
1 depends on stress gradient
\ | / (in the mm?3 range)
) d
Z i " /Y
o B O o =AY O— o
= dsin® dsir‘TB\\ -0
A=2dsin6 i Oiyg =g SIN(6p i) 1

End =

Ao g SIN( &)




Strain/Stress origin
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Process

Misfit

+

*33*3% .

+

+

Shot peening

l l

Bending, forming

A

Welding

Stress profile

-
<

Ly &5

Source: P. Withers, Rep. Prog. Phys. 70 (2007) 2211
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Sample 1 -
Measurements at B == -
Kowari/ANSTO g 2
» Roman spatulas (from 1st/2nd ’ ”
century) 00
> Investigating possible 200 T __ Sample 3
manufacturing routes 58 ol o |
» Very high spatial resolution Z i g 1
(0.3 x 0.3 x 0.5 mm?3) g | N g
& -100 E } i 1 IJI/ 2 -100+
Tk 1 W -200
-200 , , . . = ‘ i : .
— -1.5 -1.0 -0.5 0 0.5 1.0 15 -1.5 -1.0 -0.5 0 0.5 1.0 15
A Radial position [mm] Radial position [mm]
-
Results are consistent with casting or cold forging
T —> :
(hammering).
O e o

T U =

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

Acquisition numbers 15.001 d (i) to (iv). C.M. Wensrich et al., Int. J. . Solid. Struct. 321 (2025) 113505
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Measurememts at Poldi/PSI

CulW (control) Cu5W (deformed) CuSW (corroded)

Pilot study: Determine the effects of corrosion and
conservation on strain profiles of Cu samples

Cud4W (deformed) CudW (corroded) CudW (cleaned)

@ ® . . ) . —B— Cul W, compressed
Strain in compressed direction 1

—— CdW, Corroded HN;y, Cleaned

‘ £ ) —o—Cu2W, Corroded HCL, Cleaned
6 mm x“@ R > S00.0000

[ I 1 ' [ oo
PP = Tom ' ' [ [
1 1 ] 1 " 1
6000000 ! ' ! A,
© ' ' [ [
i i i [
Steain it 1 ' [ / o
ain direction " 1
measured 400.0000 ' : :
. 1 I ']
1 [ 1
0san 1] 200.0000 - : ' '
o23am. 3. Strain direction i 1 '
‘ measured ' i i
o 0.0000 : : T
< - 2 : I Co
irestion o 1 [ [
Y pekigh 22000000 ; : —
Compression * ‘ 1 I [ T
direction 1 f 1 1 1
' ' ' [
400{]]00 T L] i i L] L]
1 1 ] 1 1 ] 1
1 L] L] 1 1] 1
i i i i ] i
-600.0000 ' ¥ : o
05 0.3 13 25 33 43 55 6.5 75

L.D. Frame et al., Archaeometry 55 (2013) 68-80
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Structure and Diffraction

Applications

(1) Phase analysis — identification
(2) Strain
(3) Texture
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Ka g Kg
Crystal coordinate system €3 Sample coordinate system

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.

Au(200)

= ~ g [ “
* o >
Intensity
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How to get to the pole figure?

ND
-RD
-TD
L ,/’
“"h
D

I

I

I

~o'

Pole figure =

2D — projection of the
orientation distribution
function (ODF)
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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.

-> Doubts on authenticity!

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

Measure texture to eventually determine manufacturing route.
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Bernstorf gold treasure

Intensity

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

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

W.M. Gan et al, Appl. Phys. A 130 (2024) 649
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Lf-\\, s orrenuel How does it look with other artifacts? MLZ

Intensity

N - -
c.)

1.5

14

11

W.M. Gan et al, Appl. Phys. A 130 (2024) 649
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,Reverse Engineering“ MLZ

Pin hammering

Tempering (600°C)

F. E. Wagner et al, J. Arch. Sci.: Rep. 20 (2018) 338-346
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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
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Crystallite size Microstrain €
— Incomplete destructive interference — variation in d
+ ' :
at O,y tABO (nUmber of lattice _ cause: stacking faults,
planes)

dislocations, defects ...

O imite —< o ,
detection limits ~<100 nm — varies linearly with 26

. 2
independent of 206 FWHM = A
T Dcosé
CRYSTAL LATTICE DIFFRACTION
peost oC 1 LINE
A D
—-r-l a‘ni-.—
D‘:[l’;:m"’"’“ NO STRAIN N
D : 44 nm *

L D, 121 nm +
L JE polykristallin
36 38 40 42 44 46 48 SO 52 54 56 S8 60 *

20 NONUNIFORM STRAIN

Abb. 16: 111- und 200-Reflex von Kupferproben mit unterschiedlicher Teilchengrofe
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Sn segregation seen through the peak shape

” Reference bronzes: (200) Bragg peaks Sword 1: (200) Bragg peaks
/‘:’T) 1 L4 1 1 ¥ 1 R | 5 1 1
B11 annealed ;J\% B13 annealed
Cu | ) . = Scan 3 Step 3 o, i
R, \ / \ / % Scan 3 Step 1
\ J/
= O\ 2 IR
-— — /
‘» 24 Q 4 o Cu Pe x
= \ = d / :
Q 0 QO 1 ® / s !
= \ = g < . @
§— | — / O\ @ / :
[ 3 H
S ®
J
0 +——=—— ’.“"'.A v : . deceeceidicece - oe
1.78 1.80 1.82 1.84 1.86 1.88 1.80 1.82 1.84 1.86 1.88

d-spacing [A] d-spacing [A]

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



