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Characteristic X-rays in SEM
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» The energy of the incident beam being high
enough, some of the core electrons of the
sample can be ejected.

» One electron from the upper layers will fill
the resulting vacancy to decrease the atom’s
excitation .

%ﬁi‘ * This relaxation generates a characteristic
‘e N X-ray which energy corresponds to the

diffrence between the level's energy of the
considered electronic layers.

X-RAY

* This energies of these transitions are
e e unique for each element and permit to
identify them.
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EDS chemical mapping

calcium mapping silicium mapping
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New fast detector technology

m  Acquisition time ~ 10X faster
m How to go beyond pretty pictures how to quantify:

= Characterisation of Fly ashes — Thesis Pawel Durdzinski
« CCR73,6111-122 2015
=« CCR78,263-272 2015
= Quantification of C-S-H composition — Thesis John Rossen

= Submitted to Materials Characterisation
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CHARACTERISATION OF FLY ASH
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SCMs: most promising route to reducing CO, emissions

Very efficient solution: Less clinker in cement

Cement

Slag Natural pozzolan Calcined clay

Often by-products or wastes from other industries

|
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Local availability very important!
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But supplies limited

Figures from ~2013

— | | www.LC3.CH
Calcined clay Calcined clays
Rice husk ash
Silica fume
Burnt shale M Used in cement
] Reserve
Natural pozzolana §
Blast furnace slag |
Fly ash - I Fly ash: significant volumes with low performance I
Cement *
. | | | |
Mill. tons/year g 1000 2000 3000 4000

Limestone [
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What does this.I <

Production aro
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If 10% more of fly ashes can be used due to better qualification

18 000 000 ton/year less of ash landfilled




Fly ash

m  By-product of coal combustion
= |norganic matter melts and solidifies as glass -> spherical particles

= Crystalline phases: original and formed during cooling

= Each burning particle - a single reactor -> heterogeneity

DOadkS4? 15k Vi'n3 00K, {68a,in
Www.flyashaustralia.com.au
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Current characterization techniques

Bulk chemical composition Phase composition

X-Ray Fluorescence X-Ray Diffraction + Rietveld refinement

3n0n

Nutrition Facts

Serving Size 1 serving (55.9 g)

- 2500
Amount per Serving

Calories 99 Calories from Fat 34
% Daily Value*
o 2000
Total Fat 3.8g 6% B others?
Saturated Fat 1.1g 6%
Omega-3 230mg N Caor
Omega-6 190mg ®si02E 1500
Trans Fat 0.0g
Sodium 102mg a% W Al203E
Total Carbohydrates 16.5g 5%

Dietary Fiber 2.5g 10% 1oo0 P —

Sugars 10.2g

Vitamin A 0% Vitamin C 3% =00 \ut Lovers
Calcium 2% Iron 12% | ' puron, Cht reAm MO POCAR
* Based on a 2000 calorie diet P ATT
Two Ca-rich fly ashes used here Crystalline phases. What about glass?
seem similar -(I)ﬂ-
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Scanning electron microscopy
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Stevenson et al., CCR 1984
Pietersen, Thesis TU Delft 1993
Kutchko and Kim, Fuel 2006
Johnson et al., Fuel 2010
Bumrongjaroen et al., WOCA 2011
Dhole et al., ACI Mater J 2013

EDS - full chemical information

Heterogeneity = Scatter!
Not enough information

New detectors: mapping possible - more

data
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How to treat large scattered data sets?

Al

Al-Si-Ca ternary plot » Al-Si-Ca ternary frequency plot
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Detailed chemical composition of fly ash

m  Quick, visual and intuitive
®m  Insight into complex mix of phases Si

m  No prior knowledge of the number of
phases is required

silicates

m  No “black box” statistics

calcium-silicates with low 40
to moderate aluminium

60

aluminosilicates with low
to moderate calcium

60 40

calcium-rich
aluminosilicates

80

Ca 20 40 60 80

’ I
Durdzinski et al., Cement and Concrete Research 73 (2015) 111-122 .(I
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Detailed analysis

m  Chemical composition and morphology of the

identified populations

SilZ

" ;‘_“5‘, 'J‘..‘ . b, . -L- (I’n'.: LR
10 20 30 40 selected/total fly ash pixels
Al 0.8r 5.90 12.7@ 9.78 . ..
sia 3018 1508 15708 7.1@ = area fraction of fly ash in image
Cal? 128 1138 358  16.60 B#* = volume fraction in a real fly ash
NaR-xKel 1.4@ 2.0E 5.30 0.7m NIl I = >
Mgl 0.4R 3.7 1.3@ 4.7
Fel 0.3@ 1.30 0.7B 2.0
O&nd@&race®l.Bl 65.87 60.88 60.8@ 59.1F
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Quantification and comparison of fly ashes

Si Sil

0
CFAl
100 s 7]
Other fly ashes for comparison
80 1
£ ' . .
g I i Very different phase composition
.E 20 =3 AlSilicate CFA1 and CFA2
£ v - Cacili
3 ] / 2 - Ca-Silicate
g 20 1 % 1 - Silicate .
% non-reactive How does that impact the reaction?
o | /74 . % . % . é . crystalline phases
CFAl CFA2 CFA3 CFA4-1  CFA4-2 CFAS CFAB
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Calcareous fly ash

REACTIVITY
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3 i Fly ash cement paste
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~"2m  Anhydrous fly ash

e Hydration products

BSE MAG: 1000 x HV: 15.0 kV. WD: 10.0 mm



How much of the fly ash has reacted?

m  Fly ash due to heterogeneity is probably the most difficult SCM to quantify

m  Currently available techniques:
= mostly fail

= treat fly ash as a unigue phase

G\
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Hydrated fly ash-cement pastes

m  Remove interference from hydration products - they contain water, which EDS does not
measure

m  Extract fly ash populations by the same Al-Si-Ca thresholds as for raw fly ash

quantified
total is
lower

assume
oxides oxygen

hydrates contain

water

5

Hydrates = Anhydrous

==="PC-FA2
paste

Anhydrous
PC

Anhydrous
FA2

Number of pixels

25 40 55 70 85 100

Total stoichiometric oxygen [atomic-%]
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Consumption of fly ash populations in paste

CFA1
— 100 -
2 [ silicate
'E‘ Ca-Silicate
S god I Al-Silicate
‘g Il Ca-Al-Silicate
C
q) 60 7
&
=
(@] i
S 40
§o)
Q9
S 20+
o |
c
o 0- e

' ' 28 56 90
Hydration time [days]

The presented technique can track the reaction of individual fly ash

components in cement paste.

Important differences in reactivity of different glasses... 4

..why?

21

365

Unreacted Volume Fraction [%]

100

80 +

40

CFA2

[ silicate

Ca-Silicate

B Al-Silicate
Il Ca-Al-Silicate

' ' 28 5690 365
Hydration time [days]
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Model glasses

m Detailed analysis of fly ash reactivity

m 4 model glasses synthesized
= Ca-Mg-Na-Alumino-Silicate

= corresponding to those identified in
CFA2

G\
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Processing of the glasses

Dissolution experiment

100
90
80
70
60
50
40
30
20
10

Cumulative volume, %

24

coarse grains - for a slower release of
ions into solution

! 4
T— —Glass A ,,///
+—----Glass B #
i
T Glass C /I
T— ——-GlassD ,",'
1T— —~Slag y’
!
/ﬂ
3
J
——g?—’/j
0,1 1 10 100 1000

Mean diameter, ym

Hydration study in cement paste

Cumulative volume, %

target the grain size distribution of
the simulated fly ash CFA2

100 |
90 1 —FA2
80 1 —Glass A
70 1 -~ -Glass B
60 | == Glass C
50 T~ — —Glass D
40 -+ — —FAl
30 1 —--Slag
20 - PC
10 1L /
0 __J

10
M ean diameter, pm

100 1000
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Dissolution experiment

Reaction in cement: dissolution + precipitation

O3 o @

solid liquid solid

Here a simplified system to look at the dissolution rate
m 250 mL NaOH pH 13 + 0.25 g glass at 20 °C

m  measure the release of Si into the solution

Deceleration of the dissolution

m likely due to ions accumulating in solution - lower
undersaturation

m  precipitation may have removed Si from solution

Important difference between the glasses

25

Si concentration [umol/L]

A 4 » o
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Initial dissolution rates

m  Normalized to Si content in glass

m  Normalized to the specific surface area

Glass% A% B% C% D%  Slag%
Log%issolution%ate%mol/m/s]% :8.17% :7.45% :7.57% :6.22% :7.25%

m  Fly ash glasses may react at very different rates

= The maximum dissolution rate seems related to the glass chemical
composition

= The actual rate will depend on other factors, notably the solution
composition.
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Glass-cement paste

55 wt.% PC + 45 wt.% glass:
m A, B,C, Dindividually

m  A+B+C+D = simulated CFA2
(22% + 12% + 20% + 46%)

SEM-EDS image analysis used to
track the reaction of the glasses

Si

G\
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Glass-cement paste

28

Unreacted fraction, %

100

304

PC-A, PC-B, PC-C, PC-D

20 - ¥
10 - ’ 8
- W Y L ) v
0 o 40 6 8 10
3 A M A 80 100
Time, d

Trends correspond to those measured in solution

And to those of the populations in CFA2

Glass A
Glass B
Glass C
Glass D

intrinsic reactivity index

S
L=1+0)7F
Vo

Surface/Volume
effect of fineness

G\

ECOLE PQIYTFLHNI(LUF
FEDERALE DE LAUSANNE




Intrinsic reactivity index

2>

ot
o

I ntrinsic reactivity index, K, * 0.246 pm/day

29

m Quantitative comparison of the reactivity of different cement components

B ]0‘_

n

PC o -
®PC-FAl g4 WPCD
BPC-FA2 7 - PC-ABCD

I ntrinsic reactivity index, K, % 0.246 pm/day
h

o
iii

1 2 3 4 CWAF GA CS G A B C

Can we understand further what is behind glass reactivity?

D

CAF CA C8 G
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Glass structure

m  Glass chemical composition =& structure disorder = intrinsic reactivity

e

—8i—0
. 0 /5
/SI—DE___ESi/D\Si e 5 N
0 o Si—o0" . /Sl
\ Nat ra\ o Nat /sl\h_ﬂg
fSiK\ T g T 0

0 s
81\\0/ \0 ST

o >
w0
m  NBO/T - ratio of non-bridging oxygens and tetrahedral ions

D_Na"'

= Na, K, Ca, Mg, Fe, Ti - modifiers - break the structure - create NBO

= Si, Al - glass formers (T)

complete polymerization 0<NBO/T <4 complete depolymerization

NBO _ 2(xcaot+XmgotXNa,0tXK,0tXFe0+2XTio, —XAl503)

G\
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Glass structure vs. reactivity

31

¢

R N

Intrinsic reactivity index K [x0.246 um/day]

Durdzinski et al., Cement and Concrete Research 78 (2015) 263-272

Chemical composition and
fineness were the key factors
to glass reactivity in the
systems studied

Al can be a glass modifier -
erroneous NBO/T, especially
for Al-rich glasses

| this trend is verified for
different glasses and systems

could be a basis for predictions
of reactivity!
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Conclusions — Fly Ash

32

A novel method based on SEM-EDS:
= can identify and quantify amorphous fly ash phases
= is robust, intuitive and can be easily customized

= opens new perspective for studies of composite cements - a generic
and fundamental approach

Reaction of fly ash glasses
= was studied in detail in paste and on model glasses in alkaline solution

= depends on their fineness and structure disorder (NBO/T) - mostly
affected by chemical composition

Further research is needed
= Verify the link between glass composition and reactivity
= Study a wider range of mix compositions

= Link to the strength and durability
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COMPOSITION OF C-S-H
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C-A-S-H

m  Calcium silcate hydrate (C-S-H) containing aluminium
m Variable stoichiometry (Ca/Si, Al/Si)

m  Part of the phase assemblage of cement paste

m  Best = local microanalyses in polished sections by characteristic X-rays in
an electron microscope (SEM-EDS or microprobe)

m SEM-EDS preferred because lower beam currents to limit beam damage
and ability to observe the microstructure and choose points properly
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Hydrates are prone to beam damage

m Even after sample preparation
(drying) there is significant
amounts of bound water

m  The markings indicated by a
circle are damage in the hydrates
after 3 seconds of exposure to a
static electron beam at a current
of 0.8 nA

o, . TR, avas,
FEDERALE DE [.AUSANNE



And even when damage is under control, there is
the problem of intermixing

Each analysis contains a signal from Electron beam Electron beam

several phases, due to the size of

the interaction volume in bulk l i
Sample surface

samples

Interactlon
~'«— Volume -.*

.0

AnaIyS|s = Analysis =
C-A-S-H + Portlandite C-A-S-H + Ettringite




How to find the composition of “pure” C-A-S-H?

Data treatment from
Taylor 1987

There is a cloud of
points
(intermixed C-A-S-H)

How do we treat the
data?

05_‘ ' | | | | |
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N
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0.4 S -
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0.3_ .\ ‘\ L
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0.2 1 ~C (@] B
] < o°
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0.1- % - TP R - SEN )
| R )
] CH _ _ 980 0FFPOIEO 0D
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
(a) Si/Ca



Comparison with TEM

= Damageoccursinthe TEM o el

After = 30 seconds After = 15 minutes

T g R DR 5 v g 2 SRR T 3
‘Densetp (B) " T Denselp

Bubbling of the C-A-S-H

Scanning mode helps to
preserve the C-A-S-H
much longer (such
damage occurs after a
minute in static beam
TEM)

EDS is done using
guantitative maps

ERF T rBubbling” of the |
Damage due to o) =1-1) Bwhole microstructure

high magnification

——1 200 nm ———1 200 nm



Comparison with TEM

m EDS quantification
= Polygonal objects in regions devoid of other phases

= Cliff-Lorimer quantification method standardless

Mg

600 nm (b) 600 nm 3

NE




Does full mapping help to define C-S-H comp?

P sem-EDS
i Mep Points at edge,

ST TR, _ Least intermixing
| ' Difficult to define

& %
NANE %
¢) 25 @

100 |
0 25

50
)
40 A I [at% ] !‘gllwfnl}FQUF
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Data representation

m To compare data without

assuming any distribution, it is

shown as box-plots

median value (-), the mean
(H), the values at 25 and
75% (box edges) and the
values at 5% and 95%
(whiskers)

0.6

0.5

Si/Ca

0.3

0.2

“edgeXvalue

0

10

20

30

Unnormalised frequency [-]
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Seems to work well in most cases
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Manual vs random choice of points
0.20 - S— T
_ ° P
; o © OP
0.15 -
§0.10-’ i
< ] '
0.051 s
o] 3 o}
0.00 : : : ; . :
0.2 0.3 0.4 0.5 0.6 0.7
(a) si/Ca
0.20- - —
o o% ° P o
o o OP L
0.151 o o o Multiple grids i
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Conclusions C-S-H

m  Analyses of C-S5-H can be made with good accuracy in SEM
m  Manual choice of points best

m Take Ca/Si at 95% of fitted distribution.
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2" International Conference
— on Calcined Clays —
for Sustainable Concrete

December 5"-7% 2017
The Tryp Habana Libre Convention Center

- e
ttttttttt USANNE

46




Microstructural analysis methods

47

XRD

Electron Microscopy - SEM/TEM
Proton NMR

MIP, TGA, etc

A Practical Guide to
Microstructural Analysis of
Cementitious Materials

Edited by
Karen Scrivener, Ruben Snellings and Barbara Lothenbach

CRC Press
Taylor & Francis Group

A SPON PRESS BOOK
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