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Time Line
= 1665: Diffraction effects observed by Francesco Maria Grimaldi
= 1868: X-rays Discovered by German Scientist Rontgen
= 1912: Discovery of X-ray Diffraction by Crystals: von Laue
= 1912: Bragg’s Discovery
= 1928: 15t XRD studies on cement (Hansen & Brownmiiller)
= 1969: Rietveld method for neutron diffraction (Hugo Rietveld)
= 1977: Rietveld method for XRD (Cox, Young & Thomas)
= 1987: 1% Rietveld quantification analysis (Hill & Howard)
= 1993: 1 Rietveld quantification analysis on cement (Taylor & Aldridge)
= 2006: Quantification of phases with PONKCS (Scarlett & Madsen)
= 2014: PONCKS method on cement (Ruben Snelling)
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Outline

= What is powder diffraction? Basics of XRD

= Crystallographic review

= General uses

= Basic anatomy of the diffractometer

= What does the diffraction pattern really show?
= Sample preparation & data collection

= XRD softwares and databases

= General phase identification

= Rietveld refinement

= Practical examples
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|.- Introduction: What are X-rays?

Penetrates Earth's
[ Y ] N |y ] N
atmosphere?
Radiation type Radio Microwave Infrared Visible  Ultraviolet X-ray Gamma ray
Wavelength (m) 10° 102 10 0.5x10° 10® 107 102

‘(“ w“
Approximate b )
scale 181

Buildings  Humans

L YAE 2R

Honey bee Needle Point Protozoans  Molecules Atoms  Atomic Nuclei

Frequency (Hz)
10* 10° 10% 10% 10t 10 10%

Temperature of ! |
bodies emitting | | D
the wavelength : !

1K 100 K 10,000 K 10,000,000 K

Source: XDS 2018 “XRPD and Rietveld” UNAL-Colombia course
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Wavelength 1 pm
)

visfJE light

100 nm 10 nm
™ L

T
ulftravioletlig

I.- Introduction: What are X-rays?

Lc

1nm
T

EPFL
10? pm lorpm

L PUPRP | PRSP § PRSP § PEPRPP § PEPRP | RPN § PP
Photon energyl eV 10eV 100eV 1lkeV 10keV 100 keV 1MeV 10 Mev
X-ray crystallography Mammo graphy

lpm 100 fm
Lk 1
Famma rays
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Medical CT

» can be scattered by the sample
and produce scattered X-rays
Aimportsecurity

= X-ray diffractometry (XRD)

» can be absorbed and produce
‘I

secondary X-rays
fl & ‘Il
jhg’ff

'

X-ray tube
= X-ray spectrometry (XRF)
» can be absorbed according to the

order of the elements of the sample

= X-ray imaging
Source: http://en.wikipedia.org/wiki/X-ray/
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Interaction of X-rays with matter

Primary X-rays from an X-ray tube strike a sample

Y

X-ray image
a0 12
Energy (V)
Source: XDS 2016 “XRPD and Rietveld” course

6

Single Particle

Geometry of diffraction: BRAGG's Law

Scattering at the points of a set of planes

»a single beam of X-rays strikes a set of planes at an angle 9

»diffracted waves C and D are scattered from adjacent planes

Pl
d\gtance between
»Diffracted waves are in phase, Bdjacent planes

when the path difference —‘ . ;

angle of diffrsgtion 29

Single Crystal Xty=nejr = multlple ra”s/,r

of the wavelength _— = = = = = — sy
e % =2d+sin J s
LN = sin 9 oy
Source: XDS 2016 “XRPD and Rietveld” course _— === ===
Source: XDS 2016 “XRPD and Rietveld” course
-
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1 Limestone
EPFL S CI < 3
AR Clay
Cement
2 1600
Y_-Rav Niff r o
1400
Crystalline 12001
material 1000 |-
s [
% Z L
b;“‘*‘\: % wor (200)
\ S, = 400
X-ray Collimator to 200 -
source focus beam L
0
200 L 1 I 1
Photographic 203040 50
film 200)
1 Atoms in a crystal
Taken from
https://chem.libretexts.org/Libre T U i |_Chemistry%3A_An_Atoms_First_Approach/Unit_5%3A_Stat
es_of_Matter/Chapter_12%3A_Solids/Chapter_12.03%3A_Stucture_of_Simple_Binary_Compounds
-
10
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CRYSTALLINE MATERIAL = ORDER

In contrast to a crystalline pattern consisting of a series of sharp
peaks, amorphous materials (liquids, glasses etc.) produce a

broad background signal

Source: XDS 2016 “XRPD and Rietveld” course

liquide ]

A

vitreous—‘

Anguios ——
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LanoRATORY OF
NATERALS

Metrics of crystals
Metrics is defined by the parameters of the unit cell

> unit vectors (axes) «,b,c
» angles o, B,y

i K&y

= metrics defines the crystal grid

Source: XDS 2016 “XRPD and Rietveld” course
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Crystal systems
c e S5
I N e Gl
. Centering | Laue . No. of | Prototype
Crystal family | Crystal system | “oei) | group | Point group classes SGN SOECs | material(s)
. . C 207-230
Cubic Cubic P.F.1 3 C,ALCsCl v 7 crystal systems
Cy 195-206
H; 622, 6mm, 177-194 . ¥ 14 Bravis lattices
Hexagonal P m T & e 5 | TiTiB,
, 6, 2 -1
H 1 1 ) v 230 Space groups
N Ry 32, 3m, 3z 149-167 6 ALO3
Trigonal P.R ——
Ry 3.3 143-148 7 CaMg(CO3),
Ty | 422, 4mm, 32m, 122 89-142 6 MgF,
Tetragonal Tetragonal P - hn
Tu 4,4, % 75-88 7 CaMoO;
Orthorhombic | Orthorhombic | P,C,F,1 | O 222, mm2, 222 16-74 9 | Tisi,
Monoclinic Monoclinic P.C % 3-15 13 Zr0,
Triclinic Triclinic P N I and2 21 TiSi»
Monoclinic “P{ Triclinic
azbzc A N azbzc
a=y=90"#f P F wzPey=90°
3

12

13




01.12.21

i Limestone Ljm Limeston
EPFL e o « I C3 EPFL Bl hoe “““J:il Cs
Cement Cement
R . - - Cubic:
Miller indices (hkI) represent a set of lattice planes e L R
> with same orientation in space & a
> with distance d between adjacent planes Tetragonal: s 2 p
® 1 R4k
o . | Tt In)\ = 2d sind|
»orientation (hkl) and distance d of em—— i / Hexagonal:
every set of planes are determined / 1 4 (R +hk+k2\ 2
by the metrics of a crystal &3 a® ta
revery crystal phase in a multiphase / Rhombohedral:
system has an own set of (hkl) planes , d[::::: g 1 (R4 K+ B)sin?a + 2(hk + kl + hl) (cos*a — cosa)
. (010) (110) 9o >3 a*(1 - 3cos?a + 2cos®a) J
From measuring d, ) 20 =2 -arcsin
> dete!'mine the phases in a Orthorhombic: . W - 2. dhkl
multicomponent system E a2 TrTa
» determine precisely the cell Monoclinic:
constants of any phase - s 0.4 2
1 h*  k*sin® 3 I*  2hlcosf
projection on the plane a-b ® " sin2fp (T’ Tt 2 ac )
N . Triclinic: Sha = abc*(cos a cos 3 — cosy)
Images from asics o xRy Powder Difacton il I - 11 where 5 = abe(cos ) )
es a ) o 1 KA S, N L e . , . Sag = a’be(cos feosy — cosa
angentat/m by Scott Speak}:nan MIT CMSE LA e = =73 (-"u”‘ + Spok” + Sasl” + 2S12hk + 2593kl + ‘2-51.1"’) . )
! eV Sig = abPc(cos cosa — cos §)
- - 15
14 15
Limestone 1 Limestone
EPFL gy Cleed C3 EPFL o celeed C3
General uses of X-ray powder diffraction Main uses of RQPA for OPC materials
# 1 |dentification of crystalline compounds (using known database). (Based on I and dh) Clinkers Cements Hydration products
o ; Single phases i
# 2 Determination of the unit cell parameters. (Based on dhk) Modifications g‘;iz:ljs ((:)éments (modelling) RQPA gives
# 3 Determination of the crystal structure (atomic parameters). (Based on Ink and dhi) e Alteration during Hydration of OPCs useful
. hkl hkl H H
i P Use of alter/rf\ative storing information for
— ) ] mineraliser/flux agents . Influence of wib Durability
# 4 Quantitative phase analysis (sample purity). (Based on Ink) Yngaiton of industral) th:‘flr:lrlifiell?egsy ratio, T & P Roleof cements
tes to th I ici
# 5 Determination of the microstructure of the phase. (Based on the shape-"FWHM’ of the Inx) wastes fohe raw meals superplasticizers (The answer
(average microparticle size and shape, microstrains, residual stress, etc.) LT?:\fvtrg;ttheia?gange Hydration of blended cements will depend on
# 6 XRPD can be coupled to thermal variation (thermodiffractometry): Laboratory quality control Bina Special the problem)
Uses for: phase transitions, chemical reactions, melting/crystallization, thermal expansion, ... (fi. OPC + FA) cements
— On-line control of production Ternary
#7 XRPD' can be COUp,h,ed to presstlJre variation: L (fi. OPC + FA +CC Modifed from: Aranda & De la Torre 2012.
. or: OPC + BFS + FA) Rev. Min. Geo.
. a1
16 17
16 17
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.- Introduction: Basic anatomy of the diffractometer I.- Introduction: Basic anatomy of the diffractometer

Detector
, OPTICS:
Receivi =2n°
v e v'Slits and masks

\

X-ray
etector

v'Soller
v'Mirrors and monochromators
v'Filters

v'Beam attenuators

Basic scheme of a powder diffractometer

X-ray tube Detector
Sample
. Optics Goniometer .
18 19
18 19
EPFL EPFL
I.- Introduction: X-ray generation
detector
BERYLLIUM T;}Tfﬁ;gj’r GLASS
WINDOW ~_ 4 :
COOLTNG ELECTRONS ))
diffracted WATER ky_{ >
beam —== - TO TRANSFORMER
monochromator TARGET-—
il \ )
,.ﬂg \
o ; X-RAYS FOCUSING CUP VACUUM
tube focus receiving slit
Target elements: Cr, Fe, Co, Cu, Mo, Ag
= 2 - 21
20 21
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|.- Introduction: X-ray generation (Lab Sources) |.- Introduction: X-ray generation (Synchrotron)

6

K

5 < Kp
£z 25kV = K
g g 4 E a
i: V
2537 KB 3
= "D 53
e Ty

1

10 B C
0 1SWL / 5 = Z
1 1 1
0 1.0 2.0 3.0 05 . v
Wavelength (A) A (A)
Moseley’s Law \/? =k (Z - ko)
= 2 - 23
22 23
EPFL

I.- Introduction: X-ray generation (Synchrotron)

— — oo e

LSL (Paul Scherrer Institute, Villigen - Switzerland)

24 25
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* I- Introduction: Beta filter

L]y

] e

’

Limestone

Calcined 3
Clay
Cement

L]
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|.- Introduction: Diffracted beam monochromator

ELC

Use filter material . . en(;rincte slit || Detector
. with absorption edge Ni filter receiving slit etector \
Possible places B-filter in between Ka and Kb / Soller slits |}
} line S / 152 \ Curved crystal
i 2 C Receiving slit /\/ monochromator
i For example: < '/ (Graphite)
- - a A< 2 N
6, Cu-radiation F u \/
(f \ Ni filter Curved graphite diffracted 6
~ ﬁ « Intensity Cu Ka: 50 % X beam monochromator
. . .10 ) )
Intensity Cu Kb: 1% Wavelength ; 5; , Xraytube  Soller siits Anti scatter slit
(SR 5] (line focus)
Element | Symbol | B-filter | Thickness Ko v
um reduction | reduction K beta filter \ H "
Chromium Cr v 13 98 45 |
Cobalt Co Fe 16 99 51 Eﬂ w\~
Copper Cu Ni 20 99 58
Molybdenum | Mo Zr 75 97 54 Beam mask Polycrystalline sample
Divergence slit
- 2% - 27
26 27
] imestone Em imestons
EPFL o i 3 EPFL = p— o 3
=l o Cor = Conen

|.- Introduction: Primary monochromator

Curved Gelll incident
beam monochromator

line focus
X-ray tube

Soller slits

Irradiation slit

X-ray tube
(line focus)

Incident beam

Programmable
monochromator

divergence slit

Anti scatter slit

Polycrystalline sample

Divergence slit & anti-scatter slit:
determining illuminated and observed length

divergence slit anti-scatter slit |

-«

il
G

« Divergence slit determines the irradiated length on the
sample
— major effect on intensities

minor effect on resolution
« Anti-scatter slit determines observed length on the sample
major effect on the intensity
— used to reduce background
— ideally the illuminated area equals the observed area

Make sure that you never over-irradiate the sample
t low 2Theta angles...

it will give a very high background!

28

29
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» Soller slits consist of large numbers of parallel plates in
plane of diffraction.

« Soller slits limit the spread of the incident and diffracted
X-ray beam out of the plane of diffraction: 0.01, 0.02,

« Itis good practice to place similar Soller slits in the
incident and diffracted beam.

=PFL

ELC

~Line focus

D/Divergence slit width

D/ Width mask
0 Half shadow
/ without mask

- Half shadow with mask

31

30

31

. e
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Types of detectors

— Point Detector
» Scintillation detectors
» Gas filled detectors
— Linear detector

32

33
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.- Introduction: Measurement geometries
4

Parallel primary
beam,

i ?1 Transmission
Debye-Scherrer

Source: XRD & Rietveld Course 2016. UN - Colombia

- “ -
34 35
i Limestone { Limestone.
EPFL Sl LCR | | =P ElEE “=LC
ement Cement
What does the diffraction pattern show? 1
o5 : / Neak 7 |
| 1 { hdNgt: [~ 2. Peak Intensity:
/ VAN Integrated intensity
. | 7N "I (Position of atoms & symmetry)
B /
g 4
1115 — )
Zas0
2000 ) \‘\t} ‘
‘ i - S
' ; / +1. Peak positiorn
S R E} ‘ (size & symlr\etry of crystal)
! 3. Peak width “FWHM* (full width at
. half maximum), size & strains inside
% - 3 crystallites (microstructure)
5 1 1 it heta[] T
5. j ] H |
) PR ) ®  w_w wm w m m wm w
Bragg's equation for A+ and Az contributing to thélhlf;c[iiation:
Soller slits
"~ i 4,=2-dy, sing, %
= (26, 2 arcsi 2-arcsi
T ) ) w5, A
. -
36 37

36 37
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Peak intensity
Peak intensity
* Fpi = structure factor. Sum over Fu=2.1; -e -T;
2 all atoms j of the unit cell "Scattering factor- Phase factor-
Nz 4 _, sin’6 ) n’ O
Ip hkl — Sp * (Lp) : A : [Pp hkl * |Fp hkl | ] + Peratom: Coordinates x;, yj, zjand =Y |e+>a, e G R |
’ [ isotropic displacement parameter B; g J
Structure Factor Platy/Sheets crystallite:
Scale Factor 3/2 POp <1
Texture Factor 2 5 Sill2 (279"
Lorentz-Polarization *o Phkl = POp scostay,, + PO Needle shaped crystallite:
factor v P PO, > 1
‘ No texture:
Absorsion factor POD =1, all P = 1
> fig. spherical Source: )
https://www.fhwa.dot.gov/publications/research/infrastructul
re/pavements/pccp/04150/chapt14.cfm
- 8 = 39
38 39
ePFL EPFL

"Although the physical nature of a specimen from which the X-ray
powder-diffraction data are collected is seemingly simple,

sample preparation and data collection are generally the source of
most of the serious problems with accurate X-ray diffraction

analysis"

Sample Instrument Datq
Collection L -
Minimize systematic sample related effects!
This is as important as the optimization minimization of the

instrument configuration!

- Early decisions:

Avoid persisting with poor data (if possible) Don't rely on any software corrections!

«  What are the sample properties? .
« What data quahty is necessary? + Find a better sample « Variable slits conversion
. i « Re-prepare or remake the sample « Preferred orientation corrections
«  What instrument and measurement parameters to use? « Change instrument or instrument setup + Microabsorption corrections (worst!)
« Improve data collection parameters LR
- 0 h a
41

40
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+  What is in your sample?

» How much sample is there?

Limestone
s Clay
Cement

Calcined

- What is the form of the sample?

« "Powder Diffraction" is more aptly named "Polycrystalline
Diffraction”

+ Samples can be powder, sintered pellets, coatings on substrates,
engine blocks, ...

« Inorganics often better collected in reflection, organics often better
collected in transmission

« Organics are poor scatterers at high angles
« Fluorescence can cause problems in data quality

« Small quantities suggest capillary geometry (but absorption needs
to be considered)

Lc

=PFL

» Too small number of scattering particles / coarse grains
(spotiness)

Impact of crystallite statistics on the diffraction signal depends on:

ELC

+ sample volume contributing to diffraction (limited by the primary slit system, sample
holder, absorption)

« section of the diffraction rings seen by the detector (limited by Soller slits, receiving
slit, detector area)

« number of particles per volume unit (limited by particle size)

- [ swwews| -+ Ideally some 108 - 101
7 crystallites in the beam
+ Ideally completely random
orientation
] a0 pue
% Ca(OH);.
LB =l N N
/u(o, aco, el
~N AN I a0 atr2 oy coarse material ideal powder
|
i\ N
- gl | 20 ¥ 8 3y - only the particle size may be optimized by sample preparation
% I % %
posion P7Thetal - ideal case: “infinite number of crystallites” = continuous cones of diffraction 3
storage and aging
-
42 s
Ei
EPFL 1 Pl 3 =EPFL - Pl 3
L Clay St Cloy
Cement Cement
e Ve FR Lo Teck Wk e
SHE@E |00 Wl l[Eeoa o JdAm X< B« [[[Eall Whatwewanttert
3400
3.200] * mean particle size below 5 ym, optimum 1-3 pm
3000)
2800 * narrow particle size distribution, no amorphization, no “rocks-in-the-dust”
2600
24004 % + no additional disorder ( e.g. by shifting of layers)
2200)
2000} * no contamination (e.g. by grinding elements)
1.800]
1600 * no loss of material (e.g. by dusting or dissolution)
1400
1200 S t ff t t * no phase transformation (e.g. by dissolution-precipitation, hydration-dehydration...)
1.0004
000 pO INEss efrects canno * no phase separation (e.g. by hardness, density, primary particle size, electrostatic.. *
o0 be corrected!
hdodi H Ization
4004 . .
- is necessary for admixing of any standards as well as to overcome the
e (unavoidable) separation processes during grinding, sieving, and sedimentation
1.200
1400 - should be applied with minimum energy
16004
v R N A R A N T TR N BT R I K T AR T ATV IO - can also used for destroying of aggregates
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 80 95 100 105 110 115 120 125 130 135 140 145 1
! = s - should be done immediately before filling the sample
-
“ 5

44

45
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Hand grinding in agate mortar
- easy, but strenuous

- Ifa sample is not homogenous or not representative, any further efforts
(for phase ication in general) are Y.

- Some overmuch large grains are better than any destroyed phase(s).

-Working in closed containers to avoid loss of material by dusting, checking
for losses by sedi ion, di i i on...

- Quick working for minimum contact with dissolution agents and air to avoid
any phase alteration.

- Samples should not be exposed any enhanced temperature.

- Note (or keep in mind) what treatments and changes your sample was
exposed between sampling and XRD measurement.

- The maximum grinding energy has to be adapted to the most sensitive phase.

- allows a stepwise sieving of < 20 um, very mild
- resulting powder is mostly to coarse for high absorbing materials
- danger of loss by dusting

McCrone micronising mill
- wet grinding (in water or alcohol) produces optimum grain distribution
- crushing the starting material < 0.4 mm is necessary
- danger of contamination by grinding elements (corundum, quartz, Zr0,)

- dissolution and/or alteration by the grinding liquid (water, ethanol, hexane...)

- filtering or drying of the slurry and iti isation is ne ary

HE

Pariclesize disibuson of WeCrone milld quartz.
o Hilies £003)

Lc

=PFL

Count

200000 -

100000 —

- gypsum without milling

ELC

-- gypsum 5s milling
-- gypsum 50s milling
-- gypsum 100s milling

Gypsum)

Bassanite

Anhydrite

Pos tion [*2Theta] (Copper (Cu))

= % = a7
46 47
EPFL Lourr ig‘ai LC3 EPFL Bl o L“af LC3

Cement

Preferr Orientation
- ‘ l Gypsum without preferred orientation

1t 1

5ol Y e
gl 1
A T T T T T

gab Gypsum with preferred orientation + |

Counts

100 200 00 w00 s0.0 600
2-Theta. deg

The grains in a powder should be randomly oriented:

SHEETS OR PLATES CYLINDRICAL OR NEEDLE

Front loading
+ Sample prone to preferred orientation
Back loading
+ Better, but not effective on preferred orientation in all cases;

consider using sandpaper to create a rough sample surface

Use of capillary techniques
+ Most effective but potential absorption issues
+ No automation (sample preparation)
1 + Sample motion
+ Motion should be 90" to the diffraction vector
+ No effect on preferred orientation in reflection geometry!
+ May slightly improve particle statistics; no improvements if large

grains are present

Front-loading (standard holders, very popular)

- powder pressed using a glass slide: very easy, but extreme PO

- powder roughened by emery paper: not so much PO, but badly reproducible

and depending of the properties of the powder

- surface roughened by a razor blade: as above, plus high roughness

- sprinkling/sieving some powder on the surface: good randomness, but errors

in sample height, high roughness, sometimes phase separation

- possible to do with any kind of aggregates, perfect randomness possible

48

49
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Back-loading (special Philips/Panalytical equipment)
- easy to do, but extreme PO

- no chance to use for unstable aggregates like freeze-dried clays

Side-loading (with special side-opened holders, but also for standard holders)
- with normal powder: relatively easy, reproducible, acceptable PO

- with irregular aggregates: perfect randomness possible

i

A

Lc

“." Limestone.
=PEL =~ - Pl 3
] bod o
Cement
Sample displacement 000 i
5020 mm
0035 R =285 mm —{
§ o030~ -
< =015 mm
< 0025
::4 0.020 7“7 —
- 5=0.10mm e
detector 5 oo I =
. 2 0010
Receiving & 5=005 mm —1 | =y
c 0005 - e
: £ £ R R
Slits 5 P\
£ 0.000
& = E
-0.005
i) 5= -0.05 mm | -

10 20 30 40 50 60 70 80 90
Bragg angle, 0 (deg.)

.21 Downward Displ nt
34%? Duwrvwa:g D:g Iggﬁm

1.2mm Downward Displacement
0.5mm Upward Displacement

sample
|

205210215 22022523.023524024525025526026527.0275

50 51
50 51
1l Limestone 3 1] Limestone 3
EPFL emaee c CI C EPFL omner “““g“l C
VATERIALS (eNVI MATERIALS LWMY'
Microabsorption effect:
@ Absorption effects:
 Light elements, transparency effect: wo=p. z H;Xk 0; densidad cristalogréfica de la fase j
[ =(3.455in6,,.) ty ! ! M M. mass absorption coefficient of the k element in the j phase
X percentage (expressed as per-unit)
Transmission geometry
(Debey-Scherrer)
n
¢ Heavy elements: so much absorption Average absorption coefficient H = z Vil
@ Particle size: j
l o [ntensities variation due (o insufficient number J
. diffracting crystallites
Reflexion geometry - o
e[ntensities variation, extinction CU(ZCfS . Vi= | ¢ B f R th A A h d L]
(Bragg-Brentano) not aplicable i £ < 10 pm /; = volume of each phase forming the mixture of n phases an ZVJ =il
J
® [ntensities variation, Micro-Absorption eflect
- 52 - 53
52 53

13
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Micro-Absorption takes place in those samples with phases with different
absorption coefficients between them and between the average absorption
coefficient of the mixture
»Overestimation of the compound with small p and particle size
»Underestimation of the compound with large y and particle size Dat
ata
Sample Instrument .
P Collection
BRINDLEY CORRECTION o
o - Early decisions:
P 1o contamination « What are the sample properties?
MILLING L;;H « What data quality is necessary?
o +  What instrument and measurement parameters to use?
oot amorphisation
- 54 = 55
54 55
L.jin] L=
EPFL ] EPFL | Pt
Data collection for an appropriate pattern
The choice of the optimum instrument configuration must )
consider the aim of the experiment as well as specific ' PARAMETERS TO CONSIDER (check list):
sample properties 1.- Radiation source and geometry (Start and end angle)
2.- Step size
optimization: _ 3.- Counting time
[1 low diffraction background OSlits, mask
[ maximum resolution of peaks DSoller 4.- Sample preparation
OMirrors and monochromators
QFilter
"Although the physical nature of a specimen from which the X-ray
compromise between measurement time and data quality powder-diffraction data are collected is seemingly simple,
sample preparation and data collection are generally the source of
most of the serious problems with accurate X-ray diffraction
analysis"
- 56 - 57
56 57

14



01.12.21

EPFL EPFL Cotined LC39
Step size Counting time
Select step width such that you have about 3-5 steps per FWHM referring 5000-20000 counts, main peak
to instrumental resolution - - -
If FWHM=0.3° = step size- 0.03° ......usually <0.02° for quality data “ol@ . 001005 He 0.01°, 55
Source: XDS 2016 “XRPD and Rietveld” course ) THE KEY WORD IS:
Step=01° \ 002° g 3 COMPROMISE
i/;/if,f, —= . oy & R -
005’ | oor ] ST e ~
\ WWM 7 IN—
\ ,/ \ ; ; i i i i i P Source: XDS 2016 “XRPD and Rietveld” course
670 675 80 e85 090 670 675 660 e85 690 e - e by
TWO THETAR (BEC} TWO THETA (DECI
- 58 = 59
58 59
ePFL

3 £pEL ]
" = 5] e

Identification Software
» FREE: Search-match, MAUD, MATCH ...

» Commercial: Higscore Plus (Malver-PANalytical), Diffrac.EVA suite (Bruker), MDI Jade

a

HighScore DIFFRAC.EVA

Commercial

Ex-situ

Free

z <MATCH!

Phase Identification from Powder Diffraction

= Particle statistics (Homogenity and powder fineness)
= Preferred orientation

Search-Ma...

61

60 61
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e m Limestone ] Limestone
=y L
EPFL Bl b Colcped 3 EPFL ey colened 3
] o Cloy L MAIALS Cloy
Cement Cement
Crystallographic pattern databases
Crystallographic pattern databases
Creso e / Structure Databa:
o e Thre Vel o e SN
Subfiles and Quali Hineral
Subtios and Qually Peak list g e
e cocke: FHITHIES M\‘wmw No. h k 1 d [4] 2Theta[deg) I [%] —m— e
[—— qune o e T 1 o o 325738 20.848 1.3 = el s ey
Ermpircsiformuie: osi Comments 3 1 1 o 2.45800 36.527 6.5 e o ‘General Search
Chemicaiformie: E e Spociner oo Nowa oy 4 1 0 2 2.28283 39.441 .3 - - —
ostacgncnetos [ BELU | 6 2 0 0 see s 3 CO® crystallography Open D:
B e oL b e 2 PDF-4+ 2014 fsove > - ety
" mn aeteences 0 o0 oz oz Lemn saew Designed for phase identification i o ~
M o 1 0 103 1.66025  55.287 and quantitative analysis uilii it 7 g A
 iphe (1 so/coo0 |Swucts Guslhon AF. o Al Crestoge 33,287, ooy | 12 z 10 1.60914 57.201 0.z 4 ) B G- -
Gamma ( a0-con = 14 1 1 3 1.45382 63.990 1.2 asas00ss.
: L drs o0 s e 0 el et b
i sy o031 1.37267  €8.273 4.2 B ingaans o o o oo o ot e g e
e 13 1 0 4 lsss0  73.408 13 B ——
WHAT 151 . 21 2 2 o 1.22900 77.624 0.8
e 2 2 2 1 115845 79.594 11 Lt oea e T
smeucer 25 3 1 o 1.18079  &1.440 1.7 G
> Fa el Fa 27 2z 0 4 1.14142 84.887 0.2
- - i
63

62 63

I .
EPFL = H ey L LC3 EPFL

] —

LABORATORY OF Calcined

e Cloy

Cement Cement

Qualitative analysis (Identification) Qualitative analysis (Identification)

Intensity %] Inensiy %]
Counts 100 et Pt Zinc Oxide, 01-076-0704 Counts et e Caliam Sice 00045 1673
200000 ABCSA _3ast
" 01-076-0704 " 00-016-0440
s 98-007-9550
01-086-0402
200000 1 ‘ 98-016-1522
I T I
50 ) ) 0
Positon 26] (Copper (Cu))
100000
0 T 1 1 1 1 1 I

10 20 30 40 50 60 30 40
Position [*26] (Copper (Cu)) 55 Position [°28] (Copper (Cu}))

64 65
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=PFL LQ'Y Lc3 EPEL L:Lo: LC3
Rietveld Method Calculated diffractogram

12000 T T T T T ] 12000 - T .

: 10000 % Ihkl —; L om ; yl (29) : _i

S C ] E o : ]

S 8000 = 7 = 8000 [~ -

S C ] 3 - : .

g‘ 6000 |- - ‘g‘ 6000 . -

3 s ] 2 r . ]

T amf = S - : 5

2000 ; 1 = 2000 ; ' . 'f

\ - : JL . M J_ A A A - i i At l - A A
10 20 30 40 50 60 70 o - 20 20 0 0 70
26 (%) 57 26 (%
66 67
66 67
ePFL EPFL

Rietveld Method: Basic equations
Sy = z w;(yi(obs) — yi(calc))?

yi(cale) = 8; > Lpgmu | Frj|” Gj(20; — 205 ;) A; Py j + By,

j/ k=1
Scale factor /

Peak profile functjo Background

Absorption correctigh
Lorentz-polarization fact
Multiplicity
Structure factor

Preferred orientation correction

W, W,
KFia — Kpia
P V2 Lm (ZMV),, pim

To eliminate K., it is necessary a restriction:
The sum of W’s must be 100%

_ S.(ZzMV),
2 i1 95 (ZMV),

Wa

The Rietveld method has to be regarded as SEMI-QUANTITATIVE

59

69

68

69
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Profile parameters LC
ﬁ‘czrggdﬁ ?.5’4%7,5?-35/ i??éi%ﬁz  Obsd: gnd Gale. Prgas lj ‘L\::Zyggdﬁ %.Eﬁ%})é:/lﬁyLs—gL:;\/; :g;ez . Obsd. and Cle. Pv;}?\tes ? Prn'ile narameters
T Gaussian / « | Lorentzian/ . " .
/ =2 / Gaussian (Cagliotti equation):
o Ui (5706 & 18yl 458~ . and ot Prsien FWHM? = Utan®0 + Viand + W + %
oL wal 1 coS
1 ¢ | Pseudo-Voigt |
h - / Lorentzian:
© 50 77 B2 B3 Ba BE T T AT 5 ms &7 B8 B9 30 FWHM?* = Xtan0 + —
2-Theta, deg COS@
T NOTE: Some programs use the same FWHM for both profile
25.0 251 252 253 25.4 255 256 257 258 259 26.0
Poineter deq functions!
PV =nG+(1—-n)L
70 71
EPFL EPFL TTZE; LC3
Rietveld plot Agreement indices
" w; (yi(obs) — yi(cale))? N-P
2000 |- pr — 100 Zz:l w. (}l/ (0 5)2 Y. (ca C)) Rexp — 100 A ;I—C
> ey Wiy; (obs) > iz1 wiy; (obs)
1500
= | R = 1002l 0bs) —yicale)] ST | Fha(obs) — Fi(cald)|
8 ool $ i\ E > e |yi(obs)| > it | Fria(0bs)]
; U -
e — 1 | i i ; 31 e
_ 2
| ) ) Ry — 100 2kn 1k (005) = L (calc) GoF = 2 = (Bur
-s00 A M ; 2 it | i (0bs)| Reay
20 30 40 50 G0 70 80
2a17° .
° These values should be as low as possible, but...
Difference curve should be as flat as possible _.this is NOT the aim of the method!!
72 73
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EPFL EPFL
s Zero Shift or Sample displacement
= Sample displacement »Internal Standard
m Background By the addition of a well known crystalline material in a specific amount.
= Using a polynomial, lineal or chebyshev model
= Scaling »External Standard
=« Phase fraction By a comparison between a well known crystalline material measured
= Unit cell - p\V2 (separately) at the same conditions of the sample.
= Adustof the lattice parameters > Partial Or No Known Crystal Structure (PONKCS) Method
= Profile ) By previous individual amorphous phase calibration as an “standard phase”.
= Modify the peak shape to model your sample Different amorphous phases can be quantified separately.
= Strain, crystal size, etc
m Preferred Orientation (PO), asymmetry, microabsorption, atom position,
occupancies, efc...
74 75
Internal standard External standard
Select a standard ‘ #.- Avoid complications from mixing an internal standard with the sample.
o ] . ACn, % = #.- Useful for reflection geometry diffractometer (Bragg-Brentano).
v' Similar particle size of the test sample o ) ) ~ ith
v Mass absorption coefficient (MAC) similar to the test #.- Cons!sts in determine the diffractometer constant, Ke (=G), with an
sample - appropriate standard.
ol /‘;’i #.- The mass attenuation coefficient of the sample is needed, ps. This must be
o1\ Ji independently determined, for example by X-ray fluorescence spectrometry.
Amount of standard % J1 N S
2 4] N N . /!
I Seelo= S DRAWBACK
Depends on the amorphous amount 5 ] 6l —
that it can be theoretically 5 Sarporas — — 1% #.- Any change on diffractometer configuration/conditions, force you check
determined (Westphal et al 2009) i <+ i again the set-up.
FOE I O O N #.- All the time, requires the recording of two patterns in identical
Amount of standard added [%] . . . aps
diffractometer configuration/condition.
76 77
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EPFL B Ext I standard EPFL ~ LC3
Wml!?rlmary Standard Diffractometer constant ONCKS Method
- . Basics for external standard method > Calibration of a phase of unknown structure:
Rutile If a standard s (e.g. Rutile) was tested Mix of the amorphous phase a and a standard (weight fractions known)
Then Ke is known: 5
] W.=w SaPaVa
Kk 25 EZMV)u, @~ s pVE
e
|
[ Ao @
T x ) T T Peak phase R
M calibration factor ¥ _ We SspsVe™
n aVa |— M’s Sa
W = Sa (ZMV)a U, ‘ ACn =100 — Z l/VJ In unknown mixes the refined amorphous phase scale factor can then be recalculated
“ K"3 j=1 into a weight fraction
- % - 79
78 79
EPFL EPFL
Practical examples Case study 1: Anhydrous Portland cement
= 1. Ordinary Portland cement (anhydrous) =0 ‘ \ \ \ Set up regulator
= 2. Hydrated cement paste ol ] ~F7 o ' ' El =
* General refinement approach 3 w A
« Renormalization of results = P gd"
IS i ]
- . [
= 3. Hydrated blended cement pastes 11 *
« 3a: Anhydrous blended cements ] I G |
« 3b: Hydrated LC3 cement paste e I 2
» 3c: Hydrated slag cement paste T R it
Dehydration . .
= 4. In-situ hydration studies processes in A
« 4a: Dopant effect on C3S hydration cement mill(s) T+
* 4b: PSD on hydration of C3S/C3A I \‘ 7
- Summary 100 1.0 20 50 T4 50 = 160
L] 80 - 81
80 81
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cPFL

[ ' R ' ‘ "] Additions

I(ua.)

I(ua.)

- 82

=PFL

Case study 2: Hydrated cement paste

= Crystalline clinker phases
+ C;S,GC;S, CA, C,AF
* Refine the scale factor

* The cell parameters and profile should be fixed
according to previous refinement of the clinker

8.0k 4
6.0k o

= Crystalline hydrates 4.0k
» CH, AFt, AFm
« Refine the scale, cell parameters and the profile

* Refine the preferred orientation for CH and Aft, if necessary

Intensity (counts)

0.0

OPC hydrated at 28 days, w/c = 0.4

Raw scan

Backgroun
| |
w8 Ml rnibn
) A Y
Difference

= Amorphous content

R, =47%

* C-S-H, SCMs humps to model the background
 Treat them all as amorphous content with external standard
* OR treat them as background profile/PONKCS phases

10 2'0 3'0 4'0 50 60
26 () CuK,

82 83
EPFL *Q,TEEZZ Lc3 EPEL L,CM:‘ZE:: LC3
Coment Comenn
Normalize your reSUItS initial mix fresh dried theoretical dried measured
Renormalize your XRD data lhe(orelticalz
= We should normalize the results to paste, anhydrous or clinker according to your case. results ) g 10
« If you are going to compare the results with TGA, normalized to anhydrous Recalculation of XRD E;
: results g [notiniz) |
= One should be aware of the weight percentage you are looking at :’tn
« Clinker
= With water, based on paste teorenes e
« Dried hydrates 3 s
= The free water is removed, but the bind water should be taken into account :S
w
g
g
oo
XRDdata  xycrun XRD training course 2014
- 84 - 85
84 85
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EPFL “LC3
Renormalize your results 9
Recalculationyformulas PC hydrates Content (g/ 100g fresh paste) e

« fresh . disc): Ages (d) Clinker CH AFt Free water(TG) Total Am. Clinker
resh specimen (disc): 0 62.5 0 TG 0 28.6 0 0
 per 100g paste m=mXRD 1 292 84 107 7.7 17.4 52.7 5183
* per 100g anhydrous m=mXRD-(1+w/c) 3 23.7 109 12.3 10.2 15.7 53.2 62.1
) ) 28 16.3 135 143 6.8 13.3 61.3 73.9
= dried specimen (powder):
* per 100g paste mM=mXRD*(1+ HzO0pouna)/(1+W/C) H20k0und ON ignited e  Portlandite (CH) and ettringite (AFt) content
« per 100g anhydrous ~ m=mXRD*(1+ H,0puna) basis e  Degree of hydration (DoH) for clinker
. . ) o Hydration of the clinker phases
= dried specimen (powder): . Thermodynamic modeling (GEMS)
. 1 =mXRD/[(1-H,0p0unq)/(1+ . . Mass balance calculations using BSE-EDS
per 100g paste m=m /[(1-H20p0una)/ (1+wW/C)] bo)er G R B : baes balante g
* per 100g anhydrous m=mXRD/(1- H;0u0una) g
- 86 - 87
86 87
EPFL EPFL ‘
Case 3: Hydrated blended cement pastes " Case 3a: Anhydrous blended cements
ot H g a ili . . .
® Lharacteristc humps or amorpnous materials = g oo applied to blended cements — model mixes (Snellings et al.,
Characteristic h f h terials § Siliceous fly ash * PONKCS applied to blended t del Snellings et al
o E.g.Siliceous fly ash, metakaolin, calcined clay, C-S-H i ‘ il s 2014) 70
o Raw materials needed to characterize the amorphous humps ~ =*{ T 2
o The calibration and the treatment of the background is the key 2 oo ‘(ob) * “ * “ 60 A ?5"
« The fitted amorphous humps from raw materials can be employed to % o [ L] L7 # Slag-Qtz
model the humps as background in unknow samples E N _Rzgzlz‘;g'i’i“:s % 50 Ag‘ W Slag-MK-Qtz
N TR S 55 & 74 23 S 40 | X'/ A Slag-MK-Qtz
° PONKCS method g | ) ) £ X < Slag-Coment
(Partial Or No Known Crystal Structure) § I L PoKes K e = 30 4 27
o For quantification of specific amorphous phases I R el L AN W Calgined clay, , £ P ¥ MK-Cement
o For amorphous phases with characteristic ‘hump’, p, V2 is T % = - g 20 1 x © Slag-MK-Cement
unknown (no cell, no crystal structure), but it can be ) — @ o Slag-MK-Cement
calibrated experimentally and then used for quantification: : I 10 1 o Slag-HydCem
Pponies Vianikes = (KeWponkes)/ (mSponkes) LI > LgJearequs Ty gsh o MKHydCem
W, - S, (PV?), H, ° ey e 0 10 20 30 40' 50 60 70
K, (Scarlett & Madsen, 2006) SCM Wt.% weighed
- 88 - 89
88

89
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EPFL = -« EPFL - LC3
Case 3b: Hydrated LC® cement paste
Y P Case 3b: Hvdrated LC® cement paste
6k .
100+ - Raw scan — 100 4
5k Fitted R 95
= ! PoNKeS MK & 90 P e Higher DoH for LC3-50 blends due to the filler
S — C-S-H R g
< 7% A ‘ £ g5l . 1 effect of calcined clay and limestone
= - Gypsum 3 ! b e
c f = 3k Lok, © 80
= 507 |k A RN I | S ] e DoH constant for LC3- .0%) from 3 days
S 50 B Limestone | 2 X i DoH constant for LC3-50 (95.0%) from 3 d
8 [ Celcined clay £ 2 AT o onwards: significant slowing down of clinker
g [ Clinker E S 70 el - Sig Y
| 50 Zz ydration
3% 1k srtorons E 22- —A—LC2-50 (95.0%)
nereq B —0— LC* .39 . . . -
0 o-wﬁm,mw.w«,WM,W,»&.ww;wwﬂ.n,www,w g 55 - tgs gg Eggjb) o Clinker hydration continues for LC3-50 containing
h T T T T T T J o ] ) 0 i ini
PC LC3-50 s s e e o e S . —o-PC . less than 65% of calcined kaolinite
2 Theta (degree) 1 10 100
. . . 3 '
Typical mix design of the LC* cement F. AVET etal. CCR 2018 Time (days) F. AVET etal. CCR 2018
- 20 - 91
90 91
!. Limestone
EPFL v Coced 3 EPFL
C] o Com LC -
Case 3b: Hydrated LC? cement paste Case 3c: Hydrated slag cement
f—#—LC*-50 (15.0%) on 7
g e~ LC®50 (31.7%) 40, : S8_50 90days Observed MM
> 1004 f~A—LC-50 (46.5%) o — Fitted
3 g0 |- LC®-50 (64.4%) g 351 kb Am. Sla 68.93 29.54 1.53
83 o—LC>-50 (76.8%) 3905 5] 1 -C.S-H 8
55 o LC*-50 (94.2%) _g; - * . SRS 48.74 48.74 253
£8 Zg 22 ® S aq | : %z I W[ 28.95 67.55  3.50
% Z ] ?E, = 204 o } i
$8 50 £8s ] = ] N : 5
2 *Liiad s 4 .
5% 3] 389 1] £ A Ws‘ e Overlap of humps, i.e. C-S-H and slags
£5 2] IR T i, et ’ W%W A o Difficult to isolate in hydrating samples
2 3 Background — ——— SR Ay .
£ 107 0 Diffeence Rwvp: 3.52% e Humps were used as background function
E 0 .i " 1'0 160 Reacted metakaolin in calcined clay 0--~W"“/"‘\M"WW'JIV’-J",*"W"M"“W'wa’r\‘-m‘"’“"“*r e No calibration
. determined by bal . .
Time (days) e(;/:"o'g: P :I:y")” — - " pA . o Improved the Rietveld analysis
e PONKCS method gives close results to mass balance and thermodynamic modelling for LC?- 20 () CuK,
50 blends containing more than 60% of metakaolin in the calcined clay. ~ F-AVET etal. CCR2018 [Courtesy X. LI, etal. in prep.]
- 92 - 93
92 93

23



01.12.21

EPFL I ZLC

Case 3c: Hydrated slag cement

30 q

(a) S8_30
—+—S8_50
5{% ——s870
= v --0--PC
) 5 Py
@20 IS
o \ =
o § Q
o . =
S 15 5 =
E 5
= T
Q <]
< [a]
o
0 55

T T T T T T
1 10 100 1 10 100

Time (days) Time (days) [Courtesy X. LI, et.al. in prep.]

Clinker content and the corresponding DoH

EPFL =
Case 3c: Hydrated slag cement

e Precision and accuracy of the Rietveld analysis
[Courtesy X. LI, et.al. in prep.]

o Self check using XRD data

o Unreactive phases (Gehlenite)

e Cross check using TG data
« Portlandite content from TG

o
$8_50 s8_70 $8_50

o JET: 24 L 0 B TGA

16 24 Bl s 4.49

B s 2.2 | = Y 4.87

15 22 47 475

[ 25 [P 2.1 Bl 4.63

94

95

cPFL

e G| oy
4. In-situ hydration

= Laboratory X-ray diffraction

= Kapton®© film is used to cover the fresh paste after casting
* Maintain the moisture of the sample (~1 day)
« Introduce error (Preferred orientation of CH and AFt)
» Results can be used semi-quantitatively

= XRD patterns are recorded continuously

= Sample temperature is controlled
« Inside XRD can be hot during measurement
» Hydration kinetics is highly temperature dependent

Case 4a: Effect of dopants on C3S hydration

e C;S doped with ZnO
e Hydration promotion at early age 40 oo

——DoH C35_Z3
..... X 250

T
N
o
S

Heat (J/(g C,S))

2

T
=)
S3

o
=

50

WEVERR
[EREEEE

T T T 0
0 5 10 15 20 25
Time (hours)

[Courtesy X. LI, et.al. in prep.]

97

96

97
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m covmcnen

Case 4b: Effect of PSD on C3S/C3A hydration

Phase content (% / g C,S+C,A)

Fine C3S, Coarse C;A

0,
2.5% Gyp

100
90 ¢ oS

+ ca
80 O Gypsum
70 4 A Ettringite
60 S Portiandite
50 o
0=
209

0 2 4 6 8 10 12 14 16 18 20 22 24

Hydration time (h)

Phase content (% / g C,;S+C,A)

Fine C3S, Fine C3A
3.75% Gyp

cs
CA
Gypsum
Ettringite
Portlandite

gAD>O+O

0 2 4 6 8 10 12 14 16 18 20 22 24
Hydration time (h)

Source: Zuni

C3A + 3C$H2 +26H — C6A$3H32

Limestone

Calcined 3
Clay
Cement

no etal. 2020 CCR

98

EPFL ®m

Limestone
Calcined

]  Fnies Cloy
S

Summary RQPA

Cement

Cement/clinker Clinker Rietveld + + + +
% Ri Id
2 i ietveld-
2 SCMs Crystalline and amorphous i) + +
c
< "
. Rietveld-
Blended cement Crystalline and amorphous PONKCS - +
A " Rietveld
Clinker, crystalline hydrates External/internal + +
Cement hydrates 5
3 C-SH Rietveld- _ _
£ PONKCS
b] .
£ Clinker, crystalline hydrates Risbeld + +
SCM-blended External
cement hydrates Rietveld-
Amorphous SCM PONKCS - -
4 Rietveld
o P ) . . _ _
8 In-situ hydration Clinker, crystalline hydrates e iy e
©
‘S . Monocarbonate, Hemicarbonate, o
GJ
& Minor hydrates Monosulfate, etc. Qualitatively +++

Lc
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