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X-­‐Ray	
  Methods	
  

"X-­‐ray	
  applica0ons"	
  by	
  Ulflund	
  h"ps://en.wikipedia.org/wiki/X-­‐ray	
  

X-­‐rays:	
  short	
  wavelength,	
  high	
  phonon	
  energy:	
  
•  Short	
  wavelength	
  scaMers	
  off	
  atoms	
  and	
  

other	
  small	
  thingsà	
  X-­‐ray	
  diffrac0on	
  (XRD)	
  
•  High	
  energy	
  photons	
  ionize	
  inner	
  shell	
  

electrons	
  causing	
  elemental	
  fluorescence	
  
X-­‐rayà	
  X-­‐ray	
  fluorescence	
  (XRF)	
  	
  



XRD	
  Basics:	
  	
  Crystalline	
  structure	
  and	
  Miller	
  Indeces	
  
•  Any	
  laUce	
  plane	
  can	
  be	
  described	
  

by	
  its	
  intersec0on	
  points	
  with	
  the	
  
three	
  unit	
  cell	
  axes	
  

•  Miller	
  indices	
  are	
  the	
  reciprocal	
  of	
  
the	
  intercepts 	
  	
  

–  integers	
  h,	
  k	
  and	
  l	
  refer	
  to	
  reciprocals	
  
of	
  intercepts	
  on	
  a,	
  b	
  and	
  c	
  

•  Iden0fy	
  planes	
  adjacent	
  to	
  origin	
  -­‐
planes	
  through	
  the	
  origin	
  cannot	
  be	
  
described,	
  as	
  the	
  intercept	
  would	
  be	
  
zero	
  

•  A	
  plane	
  running	
  parallel	
  to	
  an	
  axis	
  
has	
  an	
  intercept	
  of	
  ∞,	
  this	
  
corresponds	
  to	
  a	
  Miller	
  index	
  of	
  0	
  

•  Distance	
  d	
  is	
  the	
  plane	
  spacing	
  

The	
  (200)	
  planes	
  
of	
  atoms	
  in	
  NaCl	
  

The	
  (220)	
  planes	
  
of	
  atoms	
  in	
  NaCl	
  



The	
  atoms	
  in	
  a	
  crystal	
  are	
  a	
  periodic	
  array	
  of	
  
coherent	
  scaMerers	
  and	
  thus	
  can	
  diffract	
  light.	
  

•  Diffrac0on	
  occurs	
  when	
  each	
  object	
  in	
  a	
  periodic	
  array	
  scaMers	
  radia0on	
  
coherently,	
  producing	
  concerted	
  construc0ve	
  interference	
  at	
  specific	
  
angles.	
  

•  The	
  electrons	
  in	
  an	
  atom	
  coherently	
  scaMer	
  light.	
  	
  
–  The	
  electrons	
  interact	
  with	
  the	
  oscilla0ng	
  electric	
  field	
  of	
  the	
  light	
  wave.	
  	
  

•  Atoms	
  in	
  a	
  crystal	
  form	
  a	
  periodic	
  array	
  of	
  coherent	
  scaMerers.	
  
–  The	
  wavelength	
  of	
  X	
  rays	
  are	
  similar	
  to	
  the	
  distance	
  between	
  atoms.	
  
–  Diffrac0on	
  from	
  different	
  planes	
  of	
  atoms	
  produces	
  a	
  diffrac0on	
  paMern,	
  

which	
  contains	
  informa0on	
  about	
  the	
  atomic	
  arrangement	
  within	
  the	
  crystal	
  
•  X	
  Rays	
  are	
  also	
  reflected,	
  scaMered	
  incoherently,	
  absorbed,	
  refracted,	
  and	
  

transmiMed	
  when	
  they	
  interact	
  with	
  maMer.	
  



X-­‐Ray	
  Powder	
  Diffrac0on	
  (XRPD)	
  uses	
  informa0on	
  about	
  the	
  posi0on,	
  
intensity,	
  width,	
  and	
  shape	
  of	
  diffrac0on	
  peaks	
  in	
  a	
  paMern	
  from	
  a	
  

polycrystalline	
  sample.	
  

The	
  x-­‐axis,	
  2theta,	
  corresponds	
  to	
  the	
  angular	
  posi0on	
  of	
  the	
  detector	
  that	
  
rotates	
  around	
  the	
  sample.	
  



Bragg’s	
  law	
  is	
  a	
  simplis0c	
  model	
  to	
  understand	
  
what	
  condi0ons	
  are	
  required	
  for	
  diffrac0on.	
  	
  	
  

•  For	
  parallel	
  planes	
  of	
  atoms,	
  with	
  a	
  space	
  dhkl	
  between	
  the	
  planes,	
  construc0ve	
  
interference	
  only	
  occurs	
  when	
  Bragg’s	
  law	
  is	
  sa0sfied.	
  	
  

–  In	
  our	
  diffractometers,	
  the	
  X-­‐ray	
  wavelength	
  λ	
  is	
  fixed.	
  
–  Consequently,	
  a	
  family	
  of	
  planes	
  produces	
  a	
  diffrac0on	
  peak	
  only	
  at	
  a	
  specific	
  angle	
  θ.	
  
–  Addi0onally,	
  the	
  plane	
  normal	
  must	
  be	
  parallel	
  to	
  the	
  diffrac0on	
  vector	
  

•  Plane	
  normal:	
  the	
  direc0on	
  perpendicular	
  to	
  a	
  plane	
  of	
  atoms	
  
•  Diffrac0on	
  vector:	
  the	
  vector	
  that	
  bisects	
  the	
  angle	
  between	
  the	
  incident	
  and	
  diffracted	
  beam	
  	
  	
  

•  The	
  space	
  between	
  diffrac3ng	
  planes	
  of	
  atoms	
  determines	
  peak	
  posi3ons.	
  	
  
•  The	
  peak	
  intensity	
  is	
  determined	
  by	
  what	
  atoms	
  are	
  in	
  the	
  diffrac3ng	
  plane.	
  

θλ sin2 hkld= θ	

 θ	

 d
hkl	
   d

hkl	
  



Powder	
  diffractometers	
  with	
  Bragg-­‐Brentano	
  
geometry	
  

θ	

ω	

 2θ	



•  The	
  incident	
  angle,	
  ω,	
  is	
  defined	
  between	
  the	
  X-­‐ray	
  source	
  and	
  the	
  sample.	
  
•  The	
  diffracted	
  angle,	
  2θ,	
  is	
  defined	
  between	
  the	
  incident	
  beam	
  and	
  the	
  detector	
  

angle.	
  	
  
•  The	
  incident	
  angle	
  ω	
  	
  is	
  always	
  ½	
  of	
  the	
  detector	
  angle	
  2θ	
  .	
  	
  
•  In	
  a	
  θ:2θ	
  instrument	
  (e.g.	
  Rigaku	
  RU300),	
  the	
  tube	
  is	
  fixed,	
  the	
  sample	
  rotates	
  at	
  θ	
  

°/min	
  and	
  the	
  detector	
  rotates	
  at	
  2θ	
  °/min.	
  
•  In	
  a	
  θ:θ	
  instrument	
  (e.g.	
  PANaly0cal	
  X’Pert	
  Pro),	
  the	
  sample	
  is	
  fixed	
  and	
  the	
  tube	
  

rotates	
  at	
  a	
  rate	
  -­‐θ	
  °/min	
  and	
  the	
  detector	
  rotates	
  at	
  a	
  rate	
  of	
  θ	
  °/min.	
  

X-­‐ray	
  
tube	
  

Detector	
  



A	
  single	
  crystal	
  specimen	
  in	
  a	
  Bragg-­‐Brentano	
  diffractometer	
  would	
  
produce	
  only	
  one	
  family	
  of	
  peaks	
  in	
  the	
  diffrac0on	
  paMern.	
  

2θ	



At	
  20.6	
  °2θ,	
  Bragg’s	
  law	
  
fulfilled	
  for	
  the	
  (100)	
  planes,	
  
producing	
  a	
  diffrac0on	
  peak.	
  

The	
  (110)	
  planes	
  would	
  diffract	
  at	
  29.3	
  °2θ;	
  
however,	
  they	
  are	
  not	
  properly	
  aligned	
  to	
  
produce	
  a	
  diffrac0on	
  peak	
  (the	
  
perpendicular	
  to	
  those	
  planes	
  does	
  not	
  
bisect	
  the	
  incident	
  and	
  diffracted	
  beams).	
  
Only	
  background	
  is	
  observed.	
  

The	
  (200)	
  planes	
  are	
  parallel	
  to	
  the	
  (100)	
  planes.	
  
Therefore,	
  they	
  also	
  diffract	
  for	
  this	
  crystal.	
  Since	
  
d200	
  is	
  ½	
  d100,	
  they	
  appear	
  at	
  42	
  °2θ.	
  



A	
  polycrystalline	
  sample	
  should	
  contain	
  thousands	
  of	
  crystallites.	
  
Therefore,	
  all	
  possible	
  diffrac0on	
  peaks	
  should	
  be	
  observed.	
  

2θ	

 2θ	

 2θ	



•  For every set of planes, there will be a small percentage of crystallites that are properly 
oriented to diffract (the plane perpendicular bisects the incident and diffracted beams).  

•  Basic assumptions of powder diffraction are that for every set of planes there is an equal 
number of crystallites that will diffract and that there is a statistically relevant number of 
crystallites, not just one or two. 



You	
  can	
  use	
  XRD	
  to	
  determine	
  

•  Phase	
  Composi0on	
  of	
  a	
  Sample	
  
–  Quan0ta0ve	
  Phase	
  Analysis:	
  determine	
  the	
  rela0ve	
  amounts	
  of	
  phases	
  in	
  a	
  

mixture	
  by	
  referencing	
  the	
  rela0ve	
  peak	
  intensi0es	
  
–  Databases,	
  such	
  as	
  Powder	
  Diffrac0on	
  File	
  (PDF),	
  contain	
  diffrac0on	
  paMern	
  

informa0on	
  for	
  thousands	
  of	
  crystalline	
  phases	
  
•  Unit	
  cell	
  laUce	
  parameters	
  and	
  Bravais	
  laUce	
  symmetry	
  

–  Index	
  peak	
  posi0ons	
  
–  LaUce	
  parameters	
  can	
  vary	
  as	
  a	
  func0on	
  of,	
  and	
  therefore	
  give	
  you	
  

informa0on	
  about,	
  alloying,	
  doping,	
  solid	
  solu0ons,	
  strains,	
  etc.	
  
•  Residual	
  Strain	
  (macrostrain)	
  
•  Crystal	
  Structure	
  

–  By	
  Rietveld	
  refinement	
  of	
  the	
  en0re	
  diffrac0on	
  paMern	
  
•  Epitaxy/Texture/Orienta0on	
  
•  Crystallite	
  Size	
  and	
  Microstrain	
  

–  Indicated	
  by	
  peak	
  broadening	
  
–  Other	
  defects	
  (stacking	
  faults,	
  etc.)	
  can	
  be	
  measured	
  by	
  analysis	
  of	
  peak	
  

shapes	
  and	
  peak	
  width	
  	
  



Phase	
  Iden0fica0on	
  

•  The	
  diffrac0on	
  paMern	
  for	
  every	
  phase	
  is	
  as	
  unique	
  as	
  your	
  fingerprint	
  	
  
–  Phases	
  with	
  the	
  same	
  chemical	
  composi0on	
  can	
  have	
  dras0cally	
  different	
  

diffrac0on	
  paMerns.	
  
–  Use	
  the	
  posi0on	
  and	
  rela0ve	
  intensity	
  of	
  a	
  series	
  of	
  peaks	
  to	
  match	
  

experimental	
  data	
  to	
  the	
  reference	
  paMerns	
  in	
  the	
  database	
  



Databases	
  such	
  as	
  the	
  Powder	
  Diffrac0on	
  File	
  (PDF)	
  contain	
  dI	
  
lists	
  for	
  thousands	
  of	
  crystalline	
  phases.	
  	
  

•  The	
  PDF	
  contains	
  over	
  200,000	
  diffrac0on	
  paMerns.	
  
•  Modern	
  computer	
  programs	
  can	
  help	
  you	
  determine	
  what	
  phases	
  are	
  

present	
  in	
  your	
  sample	
  by	
  quickly	
  comparing	
  your	
  diffrac0on	
  data	
  to	
  all	
  of	
  
the	
  paMerns	
  in	
  the	
  database.	
  

•  The	
  PDF	
  card	
  for	
  an	
  entry	
  contains	
  a	
  lot	
  of	
  useful	
  informa0on,	
  including	
  
literature	
  references.	
  	
  



XRD	
  Basics:	
  	
  Phase	
  Iden0fica0on/	
  Whole	
  profile	
  fiUng	
  

•  18%	
  unreacted	
  SnO2	
  in	
  synthesis	
  of	
  SnP2O7	
  
•  Phase	
  composi0on	
  determined	
  from	
  Rela0ve	
  Intensity	
  Ra0o	
  (RIR)	
  
•  Primary	
  diffrac0on	
  peak	
  of	
  “phase”	
  rela0ve	
  to	
  primary	
  diffrac0on	
  peak	
  of	
  Al2O3	
  in	
  

1:1	
  mass	
  ra0o	
  mixture	
  



XRD	
  Example:	
  	
  Iden0fying	
  Pt	
  coarsening	
  



XRD	
  Example:	
  	
  Iden0fying	
  Pt	
  coarsening	
  



XRD	
  Example:	
  	
  Iden0fying	
  Pt	
  coarsening	
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00-­‐043-­‐1002>	
  Cerianite-­‐	
  -­‐	
  CeO	
  2	
  

Crystallite	
  Size	
  and	
  Microstrain	
  
•  Crystallites	
  smaller	
  than	
  ~120nm	
  create	
  broadening	
  of	
  diffrac0on	
  peaks	
  

–  this	
  peak	
  broadening	
  can	
  be	
  used	
  to	
  quan0fy	
  the	
  average	
  crystallite	
  size	
  of	
  
nanopar0cles	
  using	
  the	
  Scherrer	
  equa0on	
  

–  must	
  know	
  the	
  contribu0on	
  of	
  peak	
  width	
  from	
  the	
  instrument	
  by	
  using	
  a	
  calibra0on	
  
curve	
  

•  microstrain	
  may	
  also	
  create	
  peak	
  broadening	
  
–  analyzing	
  the	
  peak	
  widths	
  over	
  a	
  long	
  range	
  of	
  2theta	
  using	
  a	
  Williamson-­‐Hull	
  plot	
  

can	
  let	
  you	
  separate	
  microstrain	
  and	
  crystallite	
  size	
  

( )
θ

λ
θ

cos
2

L
KB =



XRD	
  Example:	
  	
  Iden0fying	
  Pt	
  coarsening	
  



XRD	
  Example:	
  	
  Iden0fying	
  Pt	
  coarsening	
  



XRD	
  Example:	
  	
  Iden0fying	
  Pt	
  coarsening	
  



XRD	
  Example:	
  	
  Iden0fying	
  Pt	
  coarsening	
  



XRF:	
  Principle	
  of	
  opera0on	
  	
  

•  A	
  fluorescent	
  x-­‐ray	
  is	
  created	
  
when	
  an	
  x-­‐ray	
  of	
  sufficient	
  energy	
  
strikes	
  an	
  atom	
  in	
  the	
  sample,	
  
dislodging	
  an	
  electron	
  from	
  one	
  
of	
  the	
  atom's	
  inner	
  orbital	
  shells.	
  

•  The	
  atom	
  regains	
  stability,	
  filling	
  
the	
  vacancy	
  leu	
  in	
  the	
  inner	
  
orbital	
  shell	
  with	
  an	
  electron	
  from	
  
one	
  of	
  the	
  atom's	
  higher	
  energy	
  
orbital	
  shells.	
  

•  The	
  electron	
  drops	
  to	
  the	
  lower	
  
energy	
  state	
  by	
  releasing	
  a	
  
fluorescent	
  x-­‐ray,	
  and	
  the	
  energy	
  
of	
  this	
  x-­‐ray	
  is	
  equal	
  to	
  the	
  
specific	
  difference	
  in	
  energy	
  
between	
  two	
  quantum	
  states	
  of	
  
the	
  electron.	
  

hMp://www.niton.com/en/portable-­‐xrf-­‐technology/how-­‐xrf-­‐works/x-­‐ray-­‐fluorescence-­‐(edxrf)-­‐overview	
  



XRF:	
  Capabili0es	
  and	
  Considera0ons	
  	
  

•  Elemental	
  Iden0fica0on:	
  The	
  energy	
  
difference	
  between	
  two	
  specific	
  
orbital	
  shells	
  in	
  a	
  given	
  element	
  is	
  
always	
  the	
  same.	
  The	
  photon	
  emiMed	
  
when	
  an	
  electron	
  moves	
  between	
  
these	
  two	
  levels,	
  will	
  always	
  have	
  the	
  
same	
  energy.	
  	
  

•  Intensity	
  at	
  given	
  energy	
  (counts	
  per	
  
second)	
  is	
  propor0onal	
  to	
  
concentra0on	
  of	
  element	
  in	
  
measured	
  sample.	
  

•  There	
  must	
  be	
  a	
  significant	
  source	
  
peak	
  above	
  absorp0on	
  edge	
  energy	
  
of	
  the	
  element	
  of	
  interest.	
  

www.thermoscien0fic.com/xray	
  

•  Nondestruc0ve	
  
•  Sensi0vity	
  to	
  ppm	
  (µg/cm2)	
  
•  Spa0al	
  resolu0on	
  with	
  mapping	
  stage	
  
•  Analysis	
  of	
  unknowns	
  (qual	
  or	
  quant)	
  
•  Quan0ta0ve	
  analysis	
  through	
  use	
  of	
  

Fundamental	
  Parameters	
  Model	
  with	
  
standards	
  

–  Composi0on/loading	
  
–  Mul0-­‐layer	
  composi0on/thickness	
  

Ionized Electron 
leaves excited atom

Excitation X-ray
interacts with atom

Electron from higher
shell fills the hole

Excess energy is
emitted as X-ray

3

4 1

2



XRF	
  Example:	
  	
  Defining	
  Acquisi0on	
  Parameters	
  

User	
  defined	
  se=ngs:	
  
Filter:	
  modifies	
  shape	
  of	
  source	
  
spectrum	
  and	
  improves	
  S/N	
  around	
  
region	
  of	
  interest	
  
	
  
Op0mal	
  voltage:	
  usually	
  1.5–2	
  0mes	
  
the	
  absorp0on	
  edge	
  energy	
  of	
  the	
  
highest	
  energy	
  element	
  of	
  interest	
  
	
  
Current:	
  Maximize	
  count	
  rates	
  
rela0ve	
  to	
  detector	
  dead0me	
  
(interval	
  during	
  which	
  detector	
  is	
  
processing	
  prior	
  signal–	
  subsequent	
  
photons	
  entering	
  detector	
  are	
  not	
  
counted).	
  	
  	
  
	
  
Collec0on	
  0me:	
  	
  	
  
10,000	
  counts/ROI	
  ≈	
  1%	
  error	
  	
  

Mylar	
  only	
  

0.214nm	
  Pt	
  

Energy/KeV	
  

Lo
g(
In
te
ns
ity

)	
  

–	
  	
  no	
  filter 	
  –	
  Thin	
  Pd	
  filter	
  



ENERGY-DISPERSIVE XRF
EXCITATION AND FILTER GUIDE 
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22.104
24.987
25.517

2.984
3.151
3.528

K L

Symbol
ELEMENT NAME

107.87

ATOMIC NUMBER

Kα wtd. avg. (keV)
Kβ wtd. avg. (keV)
K abs. edge (keV)

OPTIMIZED FILTER

ALTERNATE FILTER

ATOMIC WEIGHT

Lα1 (keV)
Lβ1 (keV)
LII abs. edge (keV)

Key to Periodic Table

Ba
Sn

Sb

Sn

Sr

Sr

PbPb
Zn

Zn

Fe

Fe

Cr

Cr

Ti

Ca

K

Rh

S

Si

Al

PO41175_E 03/11C

Example of Multi-Filter Analysis of NIST Standard 1645Inside the SpectrometerPrinciples of EDXRF Inside the Detector

Ionized Electron 
leaves excited atom

Excitation X-ray
interacts with atom

Electron from higher
shell fills the hole

Excess energy is
emitted as X-ray

The Si(Li) detector converts each X-ray to a voltage step

3

4 1

2

www.thermoscientific.com/xray

Color Condition Optimized
Code Name Atmosphere

Low Z a Vacuum (solids) / He (liquids)
Low Z b Vacuum (solids) / He (liquids)
Low Z c Air
Mid Z a Air
Mid Z b Air
Mid Z c Air
High Z a Air
High Z b Air



XRF	
  Example:	
  	
  Measuring	
  Pt	
  and	
  Ce	
  loading	
  with	
  
fundamental	
  parameters	
  model	
  

1.  Create	
  model	
  using	
  known	
  
standards	
  
•  CeO2	
  bulk	
  powder	
  
•  0.214nm	
  Pt	
  thin	
  film	
  

2.  Record	
  calibra0on	
  spectra	
  of	
  
known	
  standards	
  under	
  Filter/
Voltage	
  seUng	
  op0mized	
  for	
  
each	
  element	
  of	
  interest.	
  This	
  
provides	
  rela0onship	
  between	
  
measured	
  intensity	
  and	
  
composi0on	
  of	
  a	
  given	
  
element.	
  

3.  Record	
  spectra	
  of	
  unknown.	
  	
  
FP	
  model	
  will	
  use	
  spectra	
  
recorded	
  under	
  op0mized	
  
condi0ons	
  for	
  each	
  element.	
  

4.  FP	
  model	
  uses	
  itera0ve	
  
regression	
  to	
  calculate	
  
composi0on	
  of	
  unknown	
  
based	
  on	
  measured	
  intensi0es.	
  

12kV	
  Al	
  filter	
  
25kV	
  Thin	
  Pd	
  Filter	
  



XRF	
  Example:	
  	
  Analyzing	
  Pt	
  and	
  Ce	
  loading	
  of	
  two	
  
unknowns	
  

Ce	
  
Ce	
  

Sample	
   Pt	
  	
  
µg/cm2	
  

Ce	
  	
  
µg/cm2	
  

Gore	
   417	
   0	
  

KR	
   117	
   25	
  



XRF	
  Example:	
  	
  Evalua0on	
  of	
  novel	
  bipolar	
  plates	
  

•  Novel	
  bi-­‐polar	
  plates	
  
examined	
  by	
  XRF	
  before	
  
and	
  auer	
  FC	
  tes0ng	
  

•  Analyses	
  of	
  bi-­‐polar	
  
plates	
  (post	
  test):	
  

•  Indicates	
  corrosion	
  
present	
  on	
  anode	
  plate,	
  
typically	
  where	
  large	
  
amounts	
  of	
  liquid	
  water	
  is	
  
present	
  

•  Minimal	
  corrosion	
  present	
  
on	
  cathode	
  plate	
  (but	
  not	
  
zero)	
  

•  Analysis	
  of	
  MEAs	
  show:	
  
•  Small	
  metal	
  

contamina0on	
  of	
  GDL/
MEA	
  

•  Higher	
  concentra0ons	
  at	
  
outlet	
  where	
  corrosion	
  
was	
  evident.	
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Segment&

Total%Metal%Loading%
Fe%
Ti%

Ti	
  	
  

Ni	
  

Mn	
  Fe	
  

Cr	
  

Higher	
  concentra0on	
  of	
  Fe/Cr	
  due	
  
to	
  loss	
  of	
  Ti	
  in	
  outer	
  layer	
  

Op0cal	
  Image	
  	
  

Ti	
  loss	
  

Quan3ta3ve	
  composi3on	
  of	
  MEA	
  

Elemental	
  mapping	
  of	
  anode	
  plate	
  aQer	
  tes3ng	
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Thank	
  You	
  

Cortney	
  Kreller	
  
ckreller@lanl.gov	
  


