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Figure 9.22. Monte Carlo electron-trajectory calculations of the normalized intensity
(Ljam/ bous) @5 2 function of diamcter for spherical particles of NIST glass K-309(15%
ALO,, 40% Si0,, 15% Ca0, 15% Fe,0,, 15% Ba0)
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04 |- Figure 9.23. Monte Carlo
clectron-trajectory  calculation
[ | ol the emission of %-rays from a
g 28 pos a0 @ titted specimen of iron, with the

intensity normalized to (F it
4 (deg) Beam encrgy = 2ikeV,
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Figure 9.24. Schematic dia-
gram comparing the absorption
path in a purticle with the equiv-
alent path in a bulk target.

Absorption Path
[\ ~in Solid

Path in Particle

Figure 8.25. Schcmatic diagram showing the
dramatic differences in the absorption path when
the beam is located on the front face (toward the
detector, 1), on the top (2), and on the back face
{3} of the particle.

Extra Abscrption
Path From
Position 3
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Figure 9.26. Encrgy-dispersive x-ray spectra obtained  (c) Fromt face, toward the detector. (b), (d) Back face,
from a 20-um-dismeter spherical particle of NIST SRM  away from the detector. {¢) Companson of the overlaid
glass K411 (15% MgO, 35% 5i0,, 15% Ca0, 15% FeO).  spectra normalized at Fe Koo showing large attenuwation of
The gold peak is an arfifact from the sputtered coating, (a),  the low-energy portion below 5 keV.
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Figure 10.1. X-ray dot map (arca scan) of a ternary (L), The dot maps have been prepared with the charac-
alloy: (a) Specimen-current (inverted contrast) image (eristic x-ray signal derived from a wavelength-dispersive
showing atomic number contrast; (b) Dot map of silver  y.ray spectrometer.(Courtesy of Robert Myklebust, NIST. )
{Lir); (¢) Dot map of copper (Ka); (d) Dot map of Lin
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igure 10.2, Chuice of recording parameters in x-ray
it mapping. Effects of number of dots: (#) Good contrast

found in high-concentration region with 10000 dots
worded; (b) further aceumulation to 40,000 dots leads o
wproved contrast i lower-concentration area 21 the ex-
:nse of suturation in highcr-concentration region. Choice

of dot brightness: (c] Propery adjusted CRT dor: (d) dot
adjusted to be too bright (note loss of contrast in image.)
Specimen: conting on steel: £, = 20 ke¥, (a) and (h) Ca
Koy () and (d) Fe Ka. (Courtesy of Ryna Marinenko,
NIST.)
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Figure 10.6. Example of false compositional contrast, a mapping artifact which occurs
because of the dependence of the x-ray bremstrahblung on the composition of the
specimen. The speamen is aluminum-—copper (eutectic). A map has been prepared with the
znergy-dispersive x-ray spectrometer, with an energy window atl the position of (a)
dlumimum, (b} copper, and (c) scandium. The contrast in image (¢) suggests that scandium
s present and is preferentially segregated in the copper-rich phase. But no scandium is
sesent. (d) When a proper backeround correction is applicd, the apparent scandium
zontrast is eliminated (Myklcbust ef al., 1959).

Ct
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Figure T0.7. Companson of (a) analog dot map and (h)
digital compositional map of zinc al the grain houndaries of
polyerystalline copper. The compositional map reveals con-
centrations a5 low as 0.1 wt % as shown by the narrow
boundary imdicated by the arrow. (¢) Superimposed readoul
of the composition dlong the vecior AB. (d) Thermal scale
presentation of the data, where the range is 0.1-10wt % (see
color plate facing p. 558). (Sample courtesy of Daniel
Butrymowicz, NIST.)
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vel imaging of trace constituents in human brain tissue: (a)
parts per million, () Aluminum, white = 500 parts per million
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Figure 10.9. Compositional maps of a pold-platinum diffusion couple, illustrating the
application of image-processing functions: (a) Au map: (b) Pt map, linear gray scale
depiction; (¢) Au < Pt (d) Au/Pt; (e) Auand () Pt, magnitude of image gradient; (g) Au
and (h) Pt, direction of image gradient. (Sample courtesy of C. Handwerker, NIST. Images
courtesy of R. Marinenka, D, Bright, NIST.)
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Figure 10.11. Enhancement of compesitional contrast at high concentrations. Increase
in the silver coneentration at grain boundaries of a silver—gold alloy: (1) Compositional map
of silver; the bright area represents 4 5% increase in silver against a gencral background of
659 silver; (b} The corresponding gold image, showing a deficit in coneentration. (Sample
courtesy of Danicl Burrymowicz, NIST.)
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Figure 10.12d. Primary color overlay of compositional maps for a polyphase ceramic:
red, magnesium; green, cobalt; blue, vanadium. Note: yellow phase = magnesium +

cobalt; purple phase = magnesium + vanadium.
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EDS DETECTOR

0’0

% Li— drifted p-type S1 crystal to
produce a wide intrinsic region

*
Q’O

Absorption of x-rays finally leads to a
number, n, of electrons & holes,
n= Ex-ray/3.8
(e.g.,) Cu-Kao, Ex-ray ~ 8000 eV
n=2100

Charges are collected & converted to a
voltage pulse, V & counted V o E x-ray

Time between counting one x-ray &
another ~ 10pusec, i.e.,

No. of x-rays/sec < 10°

"G

» TO MINIMISE THERMAL CARRIERS,
COOLTO 77 K
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QUALITATIVE ANALYSIS

&,

% Automatic peak dentification
programmes....... But :

> Overlapping peaks from different groups
(K, L, M...) of different elements

» Sum peaks [E=E, +Eks]
» Escape peaks

» Too Low accelerating voltage to excite a
peak

» Ensure that ALL expected peaks of an
element are present AND in the right
proportion
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PRECAUTIONS IN EDS

% Lithium is mobile even at R. T &
especially when a field is present
NEVER WARM UP A DETECTOR
WHEN IT IS ON

+

* Two pulses must not be counted as |
pulse of high energy = electronically
done with a PULSE HEIGHT
DISCRIMINATOR = DEAD TIME, i.e.,
time during which the detector is NOT
counting x-rays. IN QUANTITATIVE
ANALYSIS COMPARE SPECTRA
TAKEN WITH THE SAME ”LIVE
TIME” = TRUE TIME — DEAD TIME

L)

L)

¢ All peaks have a width which is
~ 100 - 150 eV = variations in ‘n’ &
due to electronic noise
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Figure 5.39. Electron-excited EDS spectrum of titanium. The Ti Ka

w-ray escape peaks and the 2 Ko and (Ke + KB) sum peaks arc note
from the specimen chamber are also observed. Hatched area is econt
incomplete charge collection. '
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Figure 5.853. Schematic draw-
ing of the relationship between
the measured and  penerated
spectral distributions of mangin-
ese, (Courtesy of R. Bolon.)

Table 3.14. Sccondary Fluorescence in a Sample Containing
Mn, Fe, Co, and Ni

Element Radiation causing fluorcscence

Mn Fe Kfi, Co Ko, Co Kf, Ni Ka, Ni Kff
Fe Co Kf, Ni Ka, Ni Kf§

Co Ni K

Ni nong

99%

Figure 3.49. Range ol secondary Auorescence of Fe Ko by NiKe in an alloy of
composition Ni-10%Fe, E, = 20keV, The innermest semicircle shows the extent of direct
electron-excited production of Ni Ka and Fe Ko by the beam electrons,
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Backscattered

: e - = £
Depth of ‘[. . \ :' 'IJ |
Secondary A—% ey |
Electrons 2oL Depth of
10 nm *+ . Cu Ko

Electron Range
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w— e == Cu Lo Range

Electrons
450 nm

Fluorescence
of CoKa by Cuka

HF = Bﬂp.m

1pm

Figure 3.53. Schematic illustration of the electron-beam interaction in a copper—10%
cobalt alloy, showing the electron interaction volume, the backscattered-electron sampling
depth, the secondary-clectron sampling depth, and the x-ray generation range for Cu Ka,

Cu La, and Co Ka; E, = 20 keV.
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Figure 6.11. Encrgy-dispersive. spectrum |Ulrrath1'nlwinduw {di;a_ml?nd} ?(E]:J\.'H)[ii
145¢y FWHM at Mn Kol of cn:lmel-fm:ming_l region ol rat |'n¢tmr. h(:3 ; =
Identification of the major constituents, calc_ﬂim Itmcludmg Ca L) and I:Ihasp ru:“
Further accumulation and expansien for identihcation of sulfur, oxygen, and polassium.
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Figure 6.12. Spectrum of multiclement glass (NIST K3tk Al = 7.04 with, Si=
lﬂ.?'wl"ﬁ_{;. Ca = 1.7 wt%, Fec = 105w, Ba = 13.4wit%, O =387 with) Eﬂl;;;'\-’ id-
enuﬁf:almn of Fe, Ba, and Ca in upper cnergy region of spectrium; Ldeuli[::ati:-rn of arili.mn
all.m-u_num1 iren-£., and oxygen in lower energy region. (Mote: oxygen is a ma'url
constituent, but its low energy peak is highly absorbed in the spccimen, ) J
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Figure 6.13. (a) WDS spectrum of the Cd L-fumily lines, Data were taken with a PET crystal. (b) EDS spectrum of the
Cd L-family lines.
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Figure 6.14. EDS spectrum of heavy-element glass. X-ray energy 0-20.0 keV: expunded
vertical scale. [dentification of Ph, Ta, Ba, and Si as major constituents; identification of
minor peaks for Bi, Al and O. (Note: oxygen is a major constituent, but its low energy

pedk is highly absorbed in the specimen. )
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igure 6.15. WDS spectra of the same heavy-element glass as in Fig. 6.14. (a) LiF spectrum. (b) PET spectrum. (c)
AP spectram. (d) lead sterate (OdPb) spectrum.
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QUANTITATIVE ANALYSIS
ZAF METHOD

1. Z atomic number effect

» Penetration of electron beam depends on
composition! (e.8..) teyau < ley

» Energy of electron is not divided among
elements in proportion to their weight
fraction

e.g., As Z T, No. of x-rays generated T
But number of backscattered electrons
[which do NOT lead to x-rays] also Ik
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2. Absorption ‘A’

Generated x-rays are absorbed IN
sample before leaving surface

Absorption depends on distance
travelled, x-ray energy & absorbing
material

3. Fluorescence, 'F’

In a Cu-N, alloy, Cu X-rays can
excite N, x-rays, i.e., Io, 4, Iy, T
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ZAF corrections assume a composition &
calculate Intensities (after correcting for
Z,AF). These are compared with
OBSERVED intensitites. Process is
repeated with a better guess of composition.

Assumptions :

» Material has homogeneous
comparison!
Crystallinity & channeling absent
“Infinite” sample [errors for pocuring
thin films]|
All elements must be specified [if
oxides, carbides, ..... Then the
stoichiometry must be specified if
these light elements cannot be detected]
» Data for ZAF available? (Unreliable for
light elements)

Y VYV

‘;f
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QUANTITATIVE X-RAY
ANALYSIS (ZAF)

1. The ‘Z’ correction involves 2 terms: as the matrix
changes, so does backscattering cfficiency. Thus,
electrons generate Al x-rays from deeper in the
sample when the matrix is Al than when the
matrix is Au. The other term is the stopping
power. Lower ‘Z’ leads to more efficient energy
loss, thereby removing the electrons power to
cause ionisation. These 2 effects partly cancel.

2. The ‘A’ correction involves a product of the
functions that relate x-ray generation with depth
and x-ray absorption on the way out.

3. Fluorescence is important only if the x-ray energy
is within~5 keV of the absorption edge of the
element which can fluoresce.

4. Standardless analysis assumes many things which
are suspect. These include detector efficiency
(degrades over time, and dependent on x-ray
energy), ionisation cross sections and
fluorescence yield (poorly known for low energy
x-rays and L/M families), backscattering (well
known), absorption (not well known below 3
keV).
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QUANTITATIVE X-RAY
ANALYSIS (ZAF)

. Relative variations in composition across a

sample may be reasonably reliable in standardless
analysis. For absolute numbers, check that you
get the same answer by using different voltages
and different families of lines. But for real
reliability:

. Use standards. Acquire spectra from elemental or

stoichiometric mineral standards at the same
conditions as the unknown. (Make sure that the
standards are reliable!)

. If the sample is not polished and semi-infinite,

errors arise, e.g., in thin films (supported or
unsupported), powders (embedded or otherwise)
and rough surfaces, because the ZAF method
presupposes these 2 features.

. Best to analyse at normal incidence. Today’s

software can account for changes in
backscattering with glancing incidence,
absorption, etc., but these corrections are subject
to their own uncertainties. Avoid them if you
can!
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Low Voltage EDS

 High probe current with small spot sizes

» Low kV BSE imaging

» Low element peak separation

» High magnification bulk EDX analysis

» Small interaction volume / High spatial resolution
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Figure 12.1. Images taken using an environmental
microscope.  (n) Sodium chloride crystals in wet state:
20 keV, 1600 Pa, magnification bar = 50 um. (b) Sodium
chlonde crystals In dey state: 20keV, 533 Pa, 10°C,
magnification har = 3 pm. (c) Com (Fea maft) cross-

section;  12keV, 1040 Pa, 10°C, magaification bar =

P I'n;:' af =l ]

20 pm. (d) Solvent-etched polymer: 20keV, 706 Pa, mag-
nification bar = 2um, (¢) Potssium chioride crystals
grown -at 600°C: 12keV, 653 Pa. magnification bar =
1 pm, () Hesolution test specimen of gold-coated oxde
particies: SE, 30keV, 1226 Pa, magnification bar =
5 am. {Pictures courtesy of Danilatos (1991),]
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Figure 4.66. Application of the environmental SEM 1o a dynamic crystallization
experiment. Lead and potassium chloride were heated together in water vapor, and the
process was followed with continuous recording on videotape. {a) 030°C. crystals of
potassium chloride grown during the heating eyele. (b] 890 °C, lead oxide film on surface of
molten lead, with only traces of crystals of potassium chloride remamming after vaponzation,
{Example courtesy of the Electroscan Corp.)

Figure 4.66. (Continued),
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Pattern C enter

Specimen Phosphorus Screen

Schematic of the diffraction cone and pattern formation
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Specimen

Ll 1l rel {d}

Flte. 7.5 Scanning modes, {a) Topographic scanning modes (#), ic), and () selecoed
area e, ( foy and Booker 1071, Courtesy of [, Phys. B)
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. Investigation of YBCO HTS on RABIiTs Ni Substrate

. with Cerium Oxide and Yttrium Stabilised Zirconia

. buffer layers using Montage Large Area Crystal

. Orientation Mapping
v R -

]
o 510, 30 45
Misorientation Bands —

Max . D l D .
Angle [1 ][4 |7 ][10][13]
.Im:;“e E”E”E”E”El

Electron image of Nickel . R
~ COM for sample Misorientation map showing MI::)I:/?%U;S:L::)S;M

aloy substrate showin : ;
yarea analysed ° normél showing highly grain boundariesin the distribution of grain size
aligned [001] structure ranges 1-3°, 4-6° & 7-9° I ;)e:kled até% o z

True Grain ID map with Boundary threshold set

2° grain boundary . ) )

threshold True (iram.lD map True Grain ID map True Grain ID map True Grain ID
with 4° grain boundary threshold with 5° threshol d set. with 6° threshold I.‘UE ran map
Set. with 9° threshold

Figure 1. Large area Montage mapset showing predominant [001] alignment and grain boundaries with Histogram. The
True Grain 1D sequence shows the distribution of grains
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Results

All Pole Figures and Inverse Pole Figures plotted for the* Sample Normal’ i.e.., perpendicular to the surface of
the materials.

Sanpls Hame
Miterial : Hickel
Misssuranens : 379
Date © 25-Ta99 18:01

niy

poy

Inverse Pole Figure showing ‘ab’ in
plane alignment Pole Figure showing ‘c’ axis aignment with the sample normal (centre of the pl ot)

Figure 3 Inverse Pole Figure and Pole Figure, showing highly textured structure of the Nickel substrate tape with excellent *ab’

in plane and ¢ axis alignment.

Sample 2 YSZ deposited on top of CeO

Sample Hame : o) Inisysaliy
Miterial : ¥EZ

Date : 16-Fow-08 16:53

niy

Figure 4 Showing the texture of the Y SZ layer, with good rotational alignment, rotated by 45° compared with the Ni substrate.
Theinverse pole figure shows ‘ab’ in plane alignment and the pole figure shows the ‘¢’ axis aligned with sample normal at the centre
of the plot.
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[

Investigation of Titanium Containing ‘Electrical’ Steels
for use in Power Generation and Distribution

b [001] [104] [111]
Figure 1. Montaged COM’s of a cross section through a ‘good’ low Ti content steel, showing
grain orientations and evenly distributed large grain structure.

[001] [101] [111]
Figure 2. Enlargement of montaged COM's of a cross section through a ‘bad’ high Ti content
steel, showing the grain orientations and large surface grains separated by small central
grains.

Introdriction

‘Electrical” Steels is a term applied to soft Ferro-magnetic steeis intended for use in the power
generation and distribution industry. The magnetic properties, rather than electrical properties,
is the prime consideration and this is known to be controlled by grain size, and grain
orientation. Composition has a controlling influence and the presence of titanium in particular,
is important.

The magnetic permeability of strip and sheet to be made into laminations for motor, generator
and transformer cores is critical in determining the efficiency of such electrical devices. In use,
significant amounts of energy may be wasted due to unnecessary heat losses, with
accompanying financial losses as well as environmental considerations.

EBSD was used to investigate the influence of titanium in controlling the grain size, local grain
orientations, and to characternze predominant gramn boundaries in order to account for the
observed variation in properties of the finished product. This report predicts the mechanism by
which the presence of titanium influences those properties.
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EBSD / OIM

7.50 pym = 50'steps  IPF Map [101]
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Fig. 1: Cross section of the Gemini electron opti-
| cal column utilised in the Ultra FESEM.

| Uex - extractor voltage of first anode

UPE - primary beam voltage

UB - booster voltage

| UF - EsB filtering grid voltage
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smaller divergent an

radial distance

In‘ens SE datector ,

L Energy distribution of
electrons emitted by sample

Backscattered (high energy)
electrons go ~ straight up
column. Secondaries diverge

An annular detector picks up
secondaries and allows BSE to go
through to another detector where a
bias eliminates the few SE that get in
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Fig. 7: The SEs (green) are projected onto the high efficiency In-lens detector and the BSEs (blue) are
guided onto the integrated EsB detector.
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Carbon nanotubes with
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SE and BE (backscattered)
modes show respectively
topographic contrast
(enhancement of soft Al edge)
and atomic number contrast (W
versus Al). The Sb mode
superimposesalittleBSsignal
on themainly SE signal,
allowing you to see some atomic
number differencesthat helpto
delineate thelayers. The Bs
modeisthereverse: alittle
topography isseen on aprimarily
Z-contrast image.

Cross section of semiconductor,
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YAG scintillator for highest sensitivity to atomic number differences: mgtal
oxide coating to stop secondaries, metal reflector on back to channel light

into light pipe
—— Objective lens
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A = specimen
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5

(A-C) BSE images of the same P. mirabilus
immunolabelled with 12-nm colloidal gold.
And imaged at 1.6 keV (A), 1.8 keV (B) and
2.0 keV (C). Shape of cell and flagella are
detectable by topographical contrast in A, but
in B and C, the immunogold can be seen by
atomic number or compositional contrast. The
threshold for atomic number contrast by BSE
imaging is approximately 1.8 keV. Scale bar =
200 nm.

SE (D,E) and BSE (F,G) imaging of bacterial
flagella immunolabelled with 12-nm gold. D
and F were collected at 0 time and E and G
were collected after 3 min of continuous
exposure to the beam at 100 000x at 3.5 keV.
Exposure of flagella to electron beam for 3
min produces contamination of flageliar
surfaces (compare E and D) resulting in
increased thickness as seen by SE imaging.
Examination of the same image by BSE
imaging (compare G and F) does not show
any sign of contamination due to the higher
energy level of the BSE (90% of 3.5 keV) and
the transparency of the carbon contamination
to these higher energy electrons. Arrowheads
in D~G point to same colloidal gold particle
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Deceleration

Deceleration technique is well known system to obtain higher resolution by

- decelerating primary electron beam voltage(Vacc) just before landing at the

| sample. For deceleration negative voltage (Va : Deceleration voltage) is
applied to the sample.

Deceleration system Accelerating Voltage

@ Deceleration Voltage

@ - @ = Landing Voltage
(ex) 2000V - 1500V = 500V
Keeping similar spot size and beam

curvent conidition as 2k\, nceeleruting
voltage of 500V condition is obtuined.

” = Accelerating

Voltage

SE is accelerated by Vg |

Sk
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Resolution W
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Image clarity at 500 volts with a decelerated
beam is much better than the image from an
initial 300-volt beam. The estimated resolution
at 500 volts with beam deceleration is
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at small probe sizes

Automatic
ACL

Objective lens ——a»

w —Specimen —— :{l;

Probe diameter s broad at a large probe current con-
dition without the aperture angle control lens (figure
left)
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DOPANT IMAGING - Sensitive to energy levels .

Schematic diagram of the TLD
with trajectories of SEs at large
deflector voltage e.g. D=60V (red)
and small deflector voltage e.g.
D=9V (blue).

Specimen

(a)

filtered
D=9V

By 25

n-type Si with 5 phosphorus doped
layers as indicated in schematic drawing
(a), (b) standard SE image, (¢) energy
filtered SE image. Note the enhanced
contrast in (¢).
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