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Scope

1. Background and scope of modern powder diffraction (XRPD)
v" What are we measuring and how do we interpret the data?
v' Types of applications with examples

XRD instrumentation -

Unit cell

XRD theory and introduction to crystallography

Qualitative analysis: phase identification w%&z Lattice plane
Optimizing data collection and mitigating dI-EiBﬁ Bﬁ_ ,
0 )

potential sources of error

a & DN

crystal

6. Quantitative phase analysis

Powder diffraction

v'  Traditional XRD methods [ e—
v'  Special challenges with cement materials 2 |
v" Introduction to the ‘Rietveld’ method -
7. Additional examples and refinement strategies ) - . RO
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1. Background and Scope of Modern Powder Diffraction

What does it tell us?
Applications and examples
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Background and scope of XRPD

Types of powder x-ray diffraction applications:

% . - . *
Phase |dent|flcat|0n Idealized Kaolinite structure
v Quantitative analysis *

v Size/strain (line profile) analysis
v Crystallographic analysis
Lattice parameters, site occupancy, etc.
Percent crystallinity
Non-ambient (in situ) analysis
Residual stress
Texture
Reflectivity

AU N NN

Microdiffraction (~1-50u spot size)
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Background and scope of XRPD

Information content of a powder XRD scan

XRD patterns are unique ‘fingerprints’ of the crystal structure of materials that can be used to determine
of mixtures.

‘ H ‘ ‘ ‘ ‘ ‘ ‘ H ‘ ‘ ‘ ‘ ‘ ‘ ‘ H ‘ N Idealized Kaolinite structure
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Background and scope of XRPD

Information content of a powder XRD scan

XRD patterns are unique ‘fingerprints’ of the crystal structure of materials that can be used to determine phase

composition of mixtures.
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Different minerals/materials have unique
peak positions (‘fingerprints’) and peak
shapes as influenced by the crystal
structure and crystallite size or degree of
order-disorder.
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Background and scope of XRPD
Information content of a powder XRD scan

Silica ‘polymorphs’. All 4 chemically identical forms of SiO, with different x-tal structures (e.g., order-disorder)
giving rise to different diffraction patterns.

Silica ‘polymorphs’
Cristobalite, SiO,

A A A A A A\

Si tetrahedron Point-shared dimer Quartz - (Si0,)° '
"? Beta-Quartz, SiO, [ ' 'li/ $
D , A A A A I\ \7;
z 4 IRAY
g VeV 'V
Alpha-Quartz, SiOzL A An A N

Amorphous
SiO, Glass
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20 (deg.)
The Si and O atoms in amorphous glass does not have long-range atomic o jg
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National Institute of order and therefore produce only broad scattering features (no peaks). 3

Q\



Background and scope of XRPD

Information content of a powder XRD scan

XRD patterns are unique ‘fingerprints’ of the crystal structure of materials that can be used to determine phase
composition of mixtures.

Perovskite ‘isomorphs’ (ABO3 structure)

CaTiO; cubic perovskite
SrTiO4 cubic perovskite
)
£ |
O
L
2 « The cubic phases of CaTiO4 and SrTiO; have
E identical crystal structures, with the A cation
replaced by Ca or Sr respectively
JA « Differences in electron density scatter X-rays
"0 3 40 15 5 proportionally to Z therefore giving differences
20 (deg.) from S. Speakman In peak intensity.
engineering ®
N'\,'lﬁr,e, XRD can discern between isostructural compounds as well as between polymorphs -
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Background and scope of XRPD
Information content of a powder XRD scan

Complex polycrystalline mineral mixture with complex, overlapping peaks

Courts 8 AT T T || 1
60007 * Peak positions / d-values reflect unitcell - 3000 |
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e Peak shape / broadening denotes crystallite ool L polytypes
d=g'0122A size dist’n, order-disorder (stram), & phase Mw
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Background and scope of XRPD
Information content of a powder XRD scan

Diffraction patterns of the major clinker phases
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Background and scope of XRPD

Information content of a powder XRD scan

Severe peak overlap among the major clinker phases

COUNTS
30000 +— BETA-C2S
—— CcuUBIC-C3A
Or course, peak overlap A E P DWNMILLERITE
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Background and scope of XRPD

Information content of a powder XRD scan

Phase composition and Rietveld Refinement of a Type |l cement

Counts
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M3 de la Torre 65.95 %

C2S - Belite 9.36 %

C3A_cubic 4.19 %

C3A _ortho 0.84 %

Periclase 0.56 %

Gypsum 3.65 %

Hemihydrate 1.83 %

Anhydrite 0.67 %

Calcite 1.74 %

Quartz 0.37 %

Arcanite 1.44 %

CA4AF - Colville (2/1.5/0.5/5) 9.38 %
G

C4AF A G C4AF

AC

\A, B-c2s

c,0-C3A A, B-C2S

C4AF

COMARY  NIRGO
SO0

Complex mineralogy and peak overlap
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Background and scope of XRPD

Phase composition and Rietveld refinement of a ‘Roman Cement’

Low temperature ‘clinkering’: o’-C2S and carbonated silicates w/ no C3S

Counts
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C

C2S alpha r; 42.09 % T = tilleyite
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Background and scope of XRPD
Phase composition and Rietveld refinement of a ‘Roman Cement’

Low temperature ‘clinkering’: o’-C2S and carbonated silicates w/ no C3S

Counts

opc nor5 020111 COUNS 35000
— Liliendfeld - Anhydrous

[— Lilienfeld

B-C2S (model)
a-C2S (Lilienfeld)

2 20000
T = tilleyite (C3S2-2CC)
40000 P = portlandite

C =calcite
Q = quartz ; 2 10000
M = muscovite '
A = albite
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T
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Position [*2Theta] (Copper (Cu))
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Position [°2Theta] (Copper (Cu)) engineering
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Background and scope of XRPD

Phase composition and Rietveld refinement of a hydrating cement

Paste Hydration Products: ‘“Type II' OPC

Counts

L10Cg d14

B C3s - Alite 16.03 %

BC2s - Belite 13.12 %

=C4AF 6.17% |
C3A_cubic 0.00 % -

20000 —\mmportiandite 28.48 Po T

[ Calcite 17.32 % e

[l Dolomite 0.84 % e
Quartz 1.06 % e

[l monocarbo 0.80 ¢ o

S
N
3

[ Hemicarbonate 3.42-%
B Ettringite 12.77-%

8 9 10 11 12 13 2-theta

10000 —

i

\:‘,‘”\.ﬂw\, s ,,l‘\w*‘w\ ,,f\,zf\‘.,,ft,vv b \A\ﬁ»e’ﬁ../\wwm/\ ,4,/4% \"\,,,«A,ﬁ/\ﬂ‘w "-J\M’)‘ \.ﬁw-'% J\*’A‘f i /}\ /J\ " .

't e

10 20 30 40 50 60
Position [°2Theta] (Copper (Cu))

engineering

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce

Alojeloqge|



Background and scope of XRPD
Noncrystalline analysis: Pozzolanic material

With known amount of an internal (corundum) standard

Initial Fit Showing Phase ID:
1500 — Sm=smectite (nontronite), Er=erionite,
. Pg=plagioclase, Cr=cristobalite, Ksp=K-

Cor ’ ’
Volcanic Tuff feldspar, Cor=corundum, Qz=quartz
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1000 —

Cor Cor
500 —
Qz Cor
Qz Qz ﬂ
0 T T T —r T
[ | [ [ | |
10 20 30 40 50 60 engineering
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Background and scope of XRPD
Non-Ambient / In Situ Analysis

High temperature or humidity control in air or purge gases

RH-200

Temperature
Display

Gas Pressure
Meter

Pressure
Regulator

Lamp Indicating
Active Heating

Actual Temperature
Indicator Lamp

Set Temperature
Indicator Lamp

NIST
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=“[Temperature Control
- ] On Indicator Lamp
Control
Start/Stop Button

Temperature Setting Toggle Button for
Buttons Temperature Display

Coarse Tem
Setting Knob

Fine Temperature
Setting Knob Button to Display
Set Temperature

Water Heater
Cover
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)
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Myiar
Window
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Humidfied Gas
from the Gas
Transfer Hose

| Black Knuried
by Knob A
Cennector for Water from
the Gas Transfer Hose

4000

2000

0

Temperature was dropped
from 25.6°C to 18.0°C and
held isothermal for repeated
scans over a ~2 hour period.

25.6°C

T T T T T T
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Background and scope of XRPD
Non-Ambient / In Situ Analysis

High temperature or humidity control in air or purge gases

Relative Wt. %
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Heat Flow (g Dry Bi
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* Rietveld refinement (100 scans in 24 hours)
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Background and scope of XRPD

Non-Ambient / In Situ Analysis

High temperature or humidity control in air or purge gases

Change in ettringite a and c lattice parameters during

11.220

early cement paste hydration

11.2157 A
11.2104
11.2054
11.200

'‘a' Parameter, A

11.1954
11.190 m ®

NIST
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-21.50
-21.48
-21.46
-21.44
-21.42

21.40

'‘c' Parameter, A

Ettringite
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Background and scope of XRPD

Non-Ambient / In Situ Analysis

expansion’: exolution of
WO, and ZrO, at high
temperature.

ZrW,0 ‘negative thermal

800°C

engineering ®

25°C

—

25
A
4
4

NIST (111) &
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Background and scope of XRPD

Calculation of unit cell (lattice) parameters by empirical measurement of d-spacings, e.g.,

High temperature or humidity control in air or purge gases

a2

Cubic planar spacings: d=—
P pacing h? +k2 +12

1

Hexagonal planar spacings: d = \/ 2

hh'+kk'+11I'

(h? +k? +hk)—+—
c?

|2

Cubic interplanar angles: cos¢ =

Hexagonal interplanar angles: cos¢g = dhk,dh.k.l.{[hh‘+kk‘+;(hk'+kh‘)]4 + “}

Vh2 +Kk2 +12Jh2+k2 412

Unit Cell, a parameter

3a? c?

ZrO, Host Zr0,-Ce0,Host
‘ 9 J Y ] “ @ 7z

'00‘ loafe o -

NIST

National Institute of
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% Ofc,,
ODOC ICD @ O

09 o9 0® o0 w

a o G w——)

Effect of site occupancy on unit cell ‘@’
parameter in Ce-doped zirconias

5250

5.245 4

240 -

5235 1

5230 -

5225 1

Addition of 1 mol.% CeO, in ZrO, host-lattice increases tendency to form high-

symmetry, high-conductivity phases

- y =0005x + 5219, =09967

T Y 7 T y y T
18-2 19-2 20-2 21-2 22-3 232

Sample

Increasing Ce content

—
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2) XRD Instrumentation



XRD Instrumentation

Generation of x-rays

Signal emitted from tube

The Electromagnetic Spectrum Bl | EE T T,
(Radio ) ((Microwave ) ((infrared ) ("Visible ) (Uitraviolet) ((X-ray ) (¢amma Ray) Ket
- 1 - 10?00 swioTaee axio a0\ 01012
About the size of: length in meters
Graing af Sugar Protozoans Bacteria Malecules Atoms ”o Atomic Mucki CharaCte I’IStIC
radiation
F Ky
‘s =
o, =
., é <0.1pm
KX = -
& | Continuous
£ | radiation
‘." Koy
1
Coolant  Be window Ceramic insulator 002 0.04 0.06 0.08 010 0070 0071 0.072
|
—\\ater out Wavelength {nm)
HT connection
contacts
Anode -1
Automatic
tube recognition
~+—Water in engineering

/'/ J

N'sr Cathode/ Focusing Metal tube n
filament cylinder  body
National Institute of

Standards and Technology
U.S. Department of Commerce
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XRD Instrumentation

Generation of x-rays

Decelerated electron

Ko
Background (‘braking’) radiation
_ (Bremsstrahlun)
E —plt— < 0.1 pm
= Kotz
Kp
Cu atom

_J in anode

0.02 C:.Ud- DII:IE O.IDB- 010 0.070 U(;ﬁ 0.072
‘Wavelength {nm)

Continuous radiation: Caused by deceleration of electrons emitted from the
filament when passing the positively-charged nuclei in the anode, or when
colliding with electrons of the anode atoms.

engineering
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XRD Instrumentation

Generation of x-rays

O Decelerated electron

Knocked-out electron
4"

Intensity (relative units)

Cu atom
in anode

1
0.02 0.04 006 0.08 010 Q0F0 007 0.072

‘Wavelength {nm)

Characteristic radiation:

1) incident electrons have sufficient energy to eject electrons out of the inner
shell of the target (anode) metal, and then... SGTEEHTTg

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce
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XRD Instrumentation

Generation of x-rays

Intensity (relative units)

Cu atom
in anode

|
0.02 0.04 0.06 0.08 010 0070 007 0.072

‘Wavelength {nm)

Characteristic radiation:

2) electrons from a higher energy shells drop down to fill the vacancy, emitting
X-ray photons with precise energies that are ‘characteristic’ of the electron
energy levels of the target metal atoms AND the specific orbital shell energy.

engineering
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XRD Instrumentation

Kal, Ka2, and K are the primary wavelengths of interest

« Characteristic radiation is only emitted above certain threshold energy levels

« Ka radiation comprises two wavelengths: Ka,and Ka,.The wavelengths correspond to the
transitions from the L-shell to the K-shell.

---------- 6
n=5

5 Ko

P~

=g 25KV

o B

=2 3 2 N\

= KB 7/

5z N

= 2 5 \\
T/ NN
I / / 5 </

0 1.0 2.0 3.0
K-shell T I Wavelength (A)

Ka,

engineering
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XRD Instrumentation
Kal, Ka2, and K3 are the primary wavelengths of interest

Two peaks for each crystalline reflection!!!

LaBg

1500 —

Intensity (counts)

Alpha-1 and alpha-2

—
e

1000 -

500 =

T T T T T T
98 100 102 104 106 108
2Theta (°)

engineering
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XRD Instrumentation

Kal, Ka2, and KB are the primary wavelengths of interest

Kal and Ka2 peaks are acceptable: KB is not

FIX: Use filter material * with Ni filter
an absorption edge in between
the Ka and Kf line >
>
o
e.g., T— = 7
= S
Ni filter for Cu-radiation % =4
— @
>
* or a monocrhomater or an energy
dispersive detector
o
Wavelength X 3 S —
- -
O ; O engineering
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XRD Instrumentation

Conventional ‘reflection’ geometry and focusing optics

Focusing (Bragg-Brentano) Optics [l Detector

/ Curved crystal
monochromator
(Graphite)

X-ray tube Soller slits Anti scatter slit

(line focus)

"y
"y
"y
.
"y
"
.......
"y
"y
"y
"ay
"y
"

Polycrystalline sample

Divergence slit Béam mask

engineering
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XRD Instrumentation
Conventional ‘reflection’ geometry and focusing optics

Focusing (Bragg-Brentano) Optics
(another view)

X-ray tube = -
| L

-
~

Scller slits

Line detector

Divergence slit
e Soller slits

,- Anti-scatter slit > y
. P Linear detector

Beta-filter

Line focus sample ./

engineering ®
o
NIST g
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National Institute of E
/ o)
~
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XRD Instrumentation

Conventional ‘reflection’ geometry and focusing optics

Tube focus Receiving slit

v' Sample surface bisects incident and
scattered beams

v' Scattered beams focus at the same
distance as the tube focus in
receiving slit

engineering
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3) X-Ray Diffraction Theory and
Introduction to Crystallography




XRD Theory and Basic Crystallography

Crystalline materials: orderly, periodic array of atoms, each describing an identical environment

The unit cell is the basic repeating unit
that defines a crystal. Unit cell dimensions:

/ ¢
lattice + basis = crystal structure /
o SUNC R s TR oo UL SN
60 o 6o _® -
- L6, 0" 0 abc-sides
° o unit cell ° o B a b
o @ @
-0 .0 a By - angles
e o 0% e% . Y V
a
lattice basis
- unit cell parameters —> unit cell contents
(unit cell size & shape) (atom types & positions)
-> peak positions - relative peak intensities

The unit cell describes at least one repeating unit that
can be used to construct the structure.

egngineering

NIST
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XRD Theory and Basic Crystallography

Crystalline materials: orderly, periodic array of atoms, each describing an identical environment

The 7 Types of Unit Cells:

Triclinic
Monoclinic
Orthorhombic
Tetragonal
Trigonal
Hexagonal
Cubic

<—|ncreasing Symmetry

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce

The 7 Crystal Systems:

a- b=c
a- b=c
a- b=c
a=b=c
a=b=c
a=b= c
a=b=oc

-
T
onal Trigonal O

Irthorhombic

RIR R R R L g

B #vy
y # B
B =y =90°
B =y =90°

B =v<120°, = 90°
B =90°y =120°
B =y =90°

engineering
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XRD Theory and Basic Crystallography

Crystalline materials: orderly, periodic array of atoms, each describing an identical environment

Miller Indices To find the Miller Indices:

« Find intercepts on a, b, c axes (e.g., 1/3, 1/2,1)
« Take reciprocals (32 1)

All lattice planes can be indexed in the same way

(1,0,0) .
A—D
b y ,
(a,0,0)
' C
F4
A » Y
X
(1,1,0)
(0,20) The (321) plane is shown with
=y intercepts at a/3, b/2, ¢
w e.g., 1/3,1/2,1 engineering

NIST .

National Institute of
Standards and Technology
U.S. Department of Commerce
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XRD Theory and Basic Crystallography

Crystalline materials: orderly, periodic array of atoms, each describing an identical environment

Interaction of x-rays with different planes of atoms produce a unique diffraction
pattern, which contains information about the atomic arrangement within the

crystal.
N lattice :
c —] > planes | /

K (100) (010) (110) d
. % //

scattering
centers d,., (210) *(120) duo (310)

il

T
B

primitive cell

engineering

The unit cell parameters determine i) the peak positions and ii) the peak

NIST intensity results from the effect of atom type (electron density).

National Institute of
Standards and Technology
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XRD Theory and Basic Crystallography

Crystalline materials: orderly, periodic array of atoms, each describing an identical environment

The (220) planes
of atoms in NaCl

The (200) planes
of atoms in NaCl

Counts \ / Halite

400 -{00-005-0628 X ) )
Jl Halite 100.0 % (200) Each family of planes is represented by
a unique peak.
300
200 (220)
100
0 ||JI—}| AJ\ !( L J{llh.b engineering

L LA A L
10 20 30 40 50 60 70 80 90 100 110 120
Position [°2Theta] (Copper (Cu))
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XRD Theory and Basic Crystallography

Crystalline materials: orderly, periodic array of atoms, each describing an identical environment

The position of a diffraction peak in ‘degrees 26’ is a product of the crystal lattice interplanar
spacing, or d-spacing, which can be calculated using the scan angle and x-ray wavelength

through the Bragg equation:

o ) a
Bragg Equation
)] .
nA=2dsin @
AE o) a A
k
d B
& o a a
h

Arrays of atoms
in real space
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XRD Theory and Basic Crystallography

Interaction of x-rays with crystalline material: Scattering

Atoms scatter X-rays and acts as a point source.... X-rays interact with a crystal and are scattered in
different distinct directions as governed by the

Ao, periodic arramgement of atoms in the structure.
7\4 \\\ \\ \\ e emwavex=1.s4059;1
— \ \

VoY i En
X-rays A, @r A f\ A /\ f\ --= w7 l @

1 1 B Y
Ao S ! U V U Uv diffracted
}\l - , // X-rays
/ yd ////, - -

Spherical wave front

polychromatic
X-rays

...or when arranged in a regular array.

oYW W
e ViV ViV a ViV
! NN

ANARWANP; YAV VAV TAVS . 2
AT AT A

LAUE diffraction pattern (film)

/ / \
//J/ ,'/ I
/,/
/ / / \
/ / \
ﬂ X-ray sensitive film
’ - -
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XRD Theory and Basic Crystallography

Interaction of x-rays with crystalline material: Diffraction

An array of atoms with incident x-rays of fixed Out of phase (destructive)
wavelength and their interaction.

e o e o
el ¢ ° AWAWAWA!
o o ° o VVVYV
e e e e &8 @ @ © Constructive Destructive
engineering®
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XRD Theory and Basic Crystallography

Interaction of x-rays with crystalline material: Diffraction and the Bragg equation

The condition in which constructive
interference occurs:

1)

2)

3)

4)

nA =2dsin 0
Bragg Equation

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce

Derivation

Incident wave fronts OAand O’'C are in
phase

Scattered waves AP and CP’ will be in
phase only if the extra distance traveled

by the longer wave (i.e., BC + CD)
equals a whole number of wavelengths.

Thus:

BC +CD =nA, wheren=1,2,3...

or, substituting: 2BC = nA,

From trigonometry:
sin 6 = BC/d, or BC =d sin 6.
Multiply both sides by 2:
2BC = 2d sin 0, or

nA =2d sin 0

engineering
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XRD Theory and Basic Crystallography

Interaction of x-rays with crystalline material: Diffraction and the Bragg equation

In plain English, diffraction
occurs when the extra distance
the 2"dbeam travels is one
whole number of wavelengths
longer than the first.

electron dense

engineering
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4) Qualitative Analysis: Phase Identification



Overview of phase identification

‘Search-match’ using ‘d-I pairs’ from reference databases — e.g., ICDD PDF database

Polycrystalline mixture, showing only the mullite phase with ‘stick overlays’

L
N H 10 20 30 40

National Institute of Position ['2Theta]
Standards and Technology
U.S. Department of Commerce (c

_ RN IR N
mullite.rd (210)
(120) Reference Card Peaklist == 79-1457 — Mullite, syn
6000 ] \ Overlay: No. h k 1 d [A] I [%]
Single Phase (Mullite) Only o0 53872 83,0
2 0 2 0 3.84685 0.1
3 2 0 o0 3.77295 2.8
(110) 4 1 2 0 3.42720 67.0
5 2 1 o0 3.38754 100.0
4000 — 6 o 0 1 2.88346 17.9
7 2 2 o0 2.69363 35.7
8 1 1 1 2.54222 45.7
2000
"\, t j ‘ \ |
e e VUL TN N WYY
RN gt | et Uy S~ o Sl AT ' | I b“ N U ! il
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Overview of phase identification
‘Search-match’ using ‘d-I pairs’ from reference databases — e.g., ICDD PDF database

Polycrystalline mixture, showing only the mullite phase with ‘stick overlays’

LA L T O P L]

Every crystalline substance gives a distinct,

Counts L L
mullite.rd

Reference Card T . reproducible pattern that is independent of
Qverlay: I\ v other phases in a mixture.
Complete phase ID T YN
. / \/ \___ |
4000+ T \
2000

=MJL;»,L rJi

Vi, ‘ \

L B B LA A B R R LN R L R R R B
10 20 30 40

Position [°2Theta]

Peak List _ | (][] 1IN L I 1l HEmn

79-1457; Al4.52 Si1[48 09.74; MullltHz, syn | | | | || | | || || | || | | | | |
850504 SOz Quarz || [ O 1 1 0 TT [ _TTo T[]
74-1081; Al2 O3; Corundum | | | | | |
78-1508; Ti O2; Rutile, syn

NH 77-1317; Si O2; Cristobalite Icpvv, sy{n
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Phase Identification: Online Examples...
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