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Influence of activator on hydration and strength behavior

of alkali-activated slag

Hye Jin Yu

Department of Cilvil Engineering, The Graduate School,
Pukyong National University

Abstract

Recently, a lot of effort has been made to reduce carbon dioxide emissions worldwide.
Blast furmace slag is an industrial by-product and is a sustainable cementing material
which can be an alternative to Portland cement. In particular, alkali-activated slag is
considered a good substitute, for its high initial strength, excellent durability and chemical
resistance, while it is difficult to completely replace Portland cement due to problems
such as rapid setting rate, large dry shrinkage, and rapid carbonation depending on the
type of activator and curing conditions. Therefore, it is essential to understand the
properties of the alkali-activated slag according to the type of activator.

In this study, NaOH, Na,SiO3, Na,CO;, and Na,SO, were used as activators, and
mechanical properties of each sample were examined by employing X-ray diffraction
(XRD), thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy
(FT-IR), mercury intrusion porosity (MIP), and compressive strength test.

In all samples, C-S-H was identified as a major cement hydrate, which can be
confirmed as a result of XRD, TGA, and FT-IR. Characteristic differences appeared
according to the characteristics of the activator. In the slag activated with Na,COs3,
CO;* was consumed at a fast rate, resulting in formation of a large amount of
calcite, in which led to high compressive strength development. In the case of slag
activated with Na,SO,, sulfate released from the activator reacted quickly with Ca

and Al of the slag, resulting in an excessive amount of ettringite being formed,
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which led to micro cracks formation and low compressive strength development.
The results of this study showed that the contents of hydrates C-S-H, ettringite,

and calcite were related to compressive strength.
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Table 1.1 Study case of alkali activated slag

Activator Ratio Test
Reference Na | Naw | Naw | N BT
a az az az 1) 2)
OH | SiOs| COs | SO, L"/B|XRD| TGA IR MIP | C.P
S.-D. Wang et al.
O | O 025 | O |DTA O
(1995)
T. Bakharev et al.
Ol 0| O 0.50 O
(1999)
A. Fernandez-Jiménez
Ol 0| O 0.51 O
et al. (2001)
A. Fernandez-Jimenez
O, 0| O 0.40 O O
et al. (2003)
A.M. Rashad et al.
O 030| O O O
(2013)
F. Puertas et al.
O 044 | O O
(2014)
A.M. Rashad et al.
O 030 ]| O 0] O
(2015)
B.S. Gebregziabiher et
O | O 0.40 O
al. (2016)
X. Ke et al
0] 040 | O
(2016)
B. Yuan et al
@) 040 | O O O O
(2017)
J. Yang et al.
O 034 | O O O
(2018)
K.C. Reddy et al
O 050 | O O
(2020)
X. Dai et al.
O 042 | O O O
(2021)
B. Walkley et al.
O] O 040 | O
(2021)
Z. Chen et al.
O O 045 | O O O O
(2022)
1) Liquid

2) Compressive strength test
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Fig. 2.5 Schematic illustration of evanescent wave at ATR sampling method
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XRF)& o]&3le] Table 3.10] &l 238 A4S Jehfdoen, X-
A 3A BA(X-ray diffraction, XRD)S. 2 A& &2 XA Ans
Fig. 319 ZAeAH. X-d & F4 ZI Anhydrite(CaSO,),
Portlandite(Ca(OH)z), Calcite(CaCO3), Gehlenite(Ca2Al[AlISIO7]), L8] aL
Lime(CaO)o] 8 ARG o2 YERTth

Table 3.1 Chemical composition of the slag

Material (mass %) Material (mass %)
SiO, 30.60 Na.O 0.16
AlO3 13.20 K20 0.54
Fe;0s 0.50 TiO, 0.68
Ca0 4750 MnO 0.16
MgO 3.01 LorY 0.43

SO; 3.15 Total 99.93

Y Loss of ignition
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Table 3.2 Mixture proportions of alkali-activated slag binders

MIX 1 MIX 2 MIX 3 MIX 4
Slag (g) 100 100 100 100
NaOH (g) 5.16 3.38 - -
Na,SiOs  (g) - 13.79 - -
Na,COs3 (g) - - 6.84 -
Na;SO,  (g) - - - 9.09
Water (g) 50 40.83 50 50
S10»/NaxO % 1.00 Es -
Water/Binder 0.50
Na,O/Slag 0.04
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(d) (e) (f)

Fig. 3.3 Sample preparation steps (a) casting of samples, (b) demolding
samples, (c) grinding of samples, (d) sieving of samples, (e) stopping

hydration of samples, (f) storing of samples in ziploc plastic bag
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o

e

T 1 D1 Lastsved: 1022 13225 2 2 (] x|

1 i
£ coms IR A AT
A Il Hydrotalcite 2.5 9%
o) Calcite 9.6 % !
® Portlandite 1.1 %
P2 | Amorphous 86.8 %
<
=
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2 .
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. |
; I
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s
2000-] 1
e haacal o bd LR Lk
" Nkt

2000 awp = 3.7154

() ClipAll IdeAll 5] IdeCom (2 IdeMin (S MultiRiet T PrintideAll - 2| A Jr@ns. 4" { etve lysi =14

Fig. 3.4 Captured picture showing progress in XRD pattern analysis using

HighScore software
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333 €T ZFEA A

e

A= 1, 3, 7, 14, 21, 2899 A5 EAlste 3= s SA 5
el oF 30-45 mgo FEAHAE A=) thste] Scinco TGA N-1000 %
95 ALgEte] EF#F H4(thermogravimetric Analysis, TGA)S 433}

X
Aok AR W 247 ¥ FAE 4% % 9F 30-40 mg]
=

AEE Ao P PAE SHdh Aed 4 Wl TS WA AR
o) BAE Qv olw 30 c/min® HY Ah ArE FYFYO

J# Z ¢ DTGA(derivative TGA) 1= 2 F A ¥ o).

0.02 100
Derivative Weight (%)
0.01 - —— Weight (%) AL

0.00

-0.01

-0.02 |

-0.03 |

-0.04 |

DTA (Wt.%)

-0.05 |

Weight loss (%)

-0.06 |

-0.07 |

-0.08 |

0 150 300 450 600 750 900

Temperature (°C)

Fig. 3.5 TGA/DTGA curve showing hydrated compounds of alkali activated
slag at different temperature regions (E: ettringite, C: C-S-H,

M: monosulfate, K: katoite, P: portlandite, Ca: calcite)
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334 ¥l A& HHd 2% 24 A3

Fojo] wsk #He] B33 EX(fourier-transform infrared spectrometry,
FT-IR)2 JASCO® FT-4100 293 Spectra manager 23X E9|o]E
Abgstel AlE 1, 03, 7, 14, 21, 289l FRAEHAT AlEe A AN
(attenuated total reflection, ATR) 7| oz AMZd FHQorn Hgxe
AlZol ZAFSt] F48 600-4000 cm ! M 91e] WE A e e A e H

sgow Amel WEd GFE L /e 42 42se d A8
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T2 71FE& EA ¥ (mercury intrusion porosimetry, MIP)<& Micromeri—
tics®] Autopore V 9620 E =S o] &3ste] HE7ZF 130°, AlE Al Al =%
oF 25 °C, =2 ¥ WAH 485 dynes/cm?] Aol FHAL =& TS
Alg 7)ol 7halz o b ©F 400 MPaZ A= 28l 0.3x0.3x0.3 mm<]
BEAAE ek 3240 71" kel o] FIAAE AlHS AREshe
54 ARE T3 A OE A5 VEEH VT A7 T
st A A= Fig. 363 2ol &= ¥4 (pore size)ol| tigh 4=
A F(cumulative intrusion curve)®} W[ 3 (diffrential intrusion

curve) 2 YEMY AT

60
] ~200
55 - I
afl ] 150
45 ] - 100
= 40 ' El
2 _ & =
o 35 50 <
E | [ _
5 5] . 0 3
; 95 ] Total percolated pore volume _ 50 éo
£ 20 I <
o] -—100
i _ Critical pore entry radius _ _150
5 i Threshold pore entry radius _ ~200
0 LR R | — LERRLY LR rroroTTT

1nm 10 nm 100 nm 1 pm 10 pm
Pore entry radius r

Fig. 3.6 Example of typical MIP cumulative and derivative curves
(Berodier et al., 2016)
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336 ¢SAEAH

=7+ = Al ¥ (compressive strength test)= Bongshin loadcell co., LTD
Ael DSCK 2=Alo] e vk ABAd7]1E o]83to] 2.67 mm/mine]
L5 35g A st em, KS L 5105 2 KS L ISO 6799l e}
50x50x50 mm FH =E=E AbEste] EFET Al 3N dS5AE A9E

@stol 75

)

o
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4.

Table 4.1 Quantitative phase analysis results of MIX 1,

1 X-A 3

(2015)

o

A

Al
2
C

=4 2

A4 23

)

¥ Highscore X &1
hapter 4¢] = 2
57] 918 Table 316 X-4
S AFE-3led MAC(mass absorption coefficient)E 7l

e XRD sfde] H&ste] MIXE AZFEA A7E
£ Table 4.1°] YERRAL

2 3}

°o]-&

3to] K. Scrivener
¥} H] L sko]

o] %o At}

g 2 g AR @

A

L

2, 3, 4 after 28 days

(%) MIX 1 MIX 2 MIX 3 MIX 4
amorphous 89.0 88.5 79.1 785
portlandite 0.9 1 4.1 0.5

calcite 3.8 45 L 7Y 1.6
hydrotalcite 6.2 .1 51 0.4
akermanite - 29 - 9.9

ettringite - - - 9.1
quartz - 14 - -

AHE F31e] %27] ABAEQ] portlandite®} calciters < %7] FEZES opY)
s, MIX 304 7Hd &2 dids Bt o= A5 EAIF A MIX 39
M =2 ASAEE 7H Aol dA| ok dbd MIX 49 =2 ettringite
2 TGA, FT-IR 3 MIP9] Aol FdshH vt t57m=e] <dlo] Hrh



T T T T T T T T T T T
% C-S-H 4 Hydrotalcite Anhydrite A Quartz
% C-S-H(I) « Portlandite v Gehlenite = Lime
O AFm phase g Calcite O monosulfate

21 days

Fig. 4.1 XBD patterns for MIX 1

Fig. 412 €#2¢ MIX 19 AR 1, 3, 7, 14, 21, 289 3Ist=
XRD #®-E& yerd Zleolth. F#1e] tigk XRD "4 anhydrite,
portlandite, calcite, gehlenite, lime 2] 5A4& 7IX| &= =27} YEs o
(Reddy and Subramaniam, 2020b; Haha et al., 2012), sji&le] 25°9} 37.5°
Abole] W2 FAA HAZH FEHdS Sl 4 Joh(Filippis et al,
2021). &gstd S A"l of 29°% THE £ vAas & A
o

XRD #4115 3l calcite Aol 93 IS & 4 AA7HKontoyannis

A
==

and Vagenas, 2000), ¥ dof] m=2H 33&= C-S-H =& C-(A)-S-H 79
& 33} 7] = 3l (Garcia-Lodeiro et al., 2011; Ye and Radlinska, 2016a;

Walkley et al., 2021). T3 <Zeglgdyd S F8 T3 AHESL
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hydrotalcite(Wang and Scrivener, 1995)¢} portlandite(Filippis et al., 2021)
Aol o3t Ilax g1E 4 Q. A EolE T AEHo] A

wet Ao BE e Fol e walh

# Thenardite Anhydrite & Calcite

# Portlandite v Gehlenite = Lime
+ Akermanite A Quartz & C-S-H

N % -
E:2

Fig. 4.2 XRD patterns for MIX 2

Fig. 42+ <ok MIX 29 A% 1, 3, 7, 14, 21, 28<del ej3a=
XRD €& veld Aol &Adste &S seolA] v ] akermanite,
quartz 2 lime 4fo] #2E I tH(Taghvayi et al, 2018; Haha et al., 2011).
oF 20°o A el C-S-He9} calcite’} THE WS das A9
Na;SiOzell o8t =& A7} wxo 7|Qlgr). ®g A w2 C-S-H
2 calcite ¥ 29| A3 WIE MIX 29 =& UFHAEE of7]dth(Al
et al., 2015).
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1 1 1 1 1 1 1 1 1 T T
& C-S-H ¢ Hydrotalcite Anhydrite g Calcite

A Quartz » Portlandite Hemicarbonate

m Lime v Gehlenite { Hemicarbonaluminate

% -
e

Fig. 4.3 XRD patterns for MIX 3

Fig. 4.3 £ 29 MIX 39 A& 1, 3, 7, 14, 21, 28¥ 9l 3lE3st= XRD
HE S vERd Zolth & stAle] 54 mel hemicarbonate, hydrotalcite,
hemicarboaluminate(Ke et al., 2016) % calcite 3} v ko] quartz o]
HEE AT A 3Y o] FHE YERG hemicarbonate 2] AL EAsA=
AHEE NapCOsell €3 COs™ 9] w2 &m]o] 7]1&rH(Chen and Ye, 2022;
Wang et al, 2022). sjE12] oF 29°0)| A calcite?} C-S-H7} &% =7}
Ao, BEeE AFA H=3 A2 UEut S EA A
P =2 A94E B A2 APl A= &+t M =2 C-S-H

ol 7113 tHLee., 2015).

N

i)
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Ettringite v Gehlenite % C-S-H

# Portlandite ¢ Calcite o Rankinite
Anhydrite = Lime # Thenardite

0 & @
L“"J\-W N S S < 28 days
o o ' T ; ’F’:\M_‘_.‘__:

21 days _|

A A

] e s

Fig. 4.4 XRBD patterns for MIX 4

Fig. 44+ €919 MIX 49 A= 1, 3, 7, 14, 21, 28¥ )| 3s=3st= XRD
sfedS yEd Aolk 9 sidelA mEF rankinite, calcite, thenardite,
portlandite, ¥ anhydrite o] YeElrom thEke] ettringite o] #2E Q)

C-S-H &9 &2 2= MIX 5 7FE A7 dehsten, o= ¥ d=4=E

N
i

= =
o7 gttt F MIX 49 o] =gk 49 ettringite o] 442 F3us
? SN A

Z7] B olF Fad Ads) Fr AdE Aor vA Hde A
7

d= A5S ASAZITHAI-Amoudi et al., 1992; Lee and Hwang, 2003).
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42 €5FEA 23

r—|n:

AW 1, 3,7, 14, 21 B 89| Almel EAlst= 3 S3HEY &S 2
Aat7] S8 deEFEAS AT A A" AlsEes 33
H npe} o] FEnjE At

a7 (loss on ignition, LODS 29 7] % g4t

7] 918 Algste tiEAQ o)tk (Dean, 1974). AlE 7}

A e AR T4 249 9 T o 7|tk AR &% 105 T
A= AR 718 &9 A (H0)9) £40] 2Ass, 105 TellA 550 C

105-900 ColME gRata o] Falol o Ak 0] et Agd i

g2 271 A, obdl 4 4D Agatsich

Mysc — M0

A%t (bound water) (%) = (4.1)

My

e 500 ColAlel A&

3]

AZIM myye= 40 ColM e Alg A= my
&

ftlo

T A frael st A4l Ui EAES AFEte] AR

TP & oAy el iEd d=F &4 Scrivener et al. (2016) 1LA)

Fharstel A g oy, v myE

F A Aol HA7] wol

371 o]Hu) B3], TEWE AWES Fo 3122 C-S-H(calcium

silicate hydrate)®] & &4 492 & Fojo] A Fon 40-600 Col
A Ao wekA 4 o

of A AHXA ¢ Ai(gypsum), FAF ﬂ%%(Ca(OH)z) Sedgty

(CaCOy) 2.2 A ste th(Lothenbach et al., 2016). ¥ Aol A A3k wjgt

MIX 1, 2, 3 % 49 X-A 34 24 dypel] ofstd, Had> Ao 24
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kel
ot

A ke m 2 Ca(OH)9F CaCOsol that AFE4 e +3s3d
Tdthol E(Ca(OH)p) o ZALO] E(CaCO03)9] A=A 242 ofgdl

7_11-7_11-
21 (4.2)¢F 2 (4.3)o YEY lth(Lothenbach et al., 2016).
Meu(om),
al(OH)Q measured MC@(OH) S — (42)
’ : My.0

Meuco,
alCOB.measured = MC@CO (43)

, P Mo

Ag Sl Dol AL B4 gee 2
Al

at7] 9l A (44)9F 4

Ca(OH), o = CalOH), ..o ureq | 11— (Boundwater/100)] (4.4)
CaCO; e = CaCOs . cosured / [1 = (Boundwater/100] (4.5)

9 F Ae Abgate] Ate MIX 1, 2, 3, 49 A#® Ca(OH)»9t CaCOs
o] AZS Table 4.29] A3
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Table 4.2 Mass of anhydrous Ca(OH)>(CH) and CaCOs(Cc)

Mass MIX 1 MIX 2 MIX 3 MIX 4

(%) CH | Cc | CH | C | ¢cH | Cc | CH | Cec
lday | 12 | 18 | 52 | 09 | 38 | 10 - 0.4
Sdays | 11 | 16 | 47 | 08 | 53 | 10 - 0.4
Tdays | 09 | 13 | 38 | 06 | 56 | 10 - 0.3
4days | 08 | 12 | 04 | 09 | 45 | 10 - 0.4
Ndays | 08 | Ll 71 | 07 | 57 11 - 05
Bdays| 08 | 11 | 65 | 11 | 62 | 10 - 0.4
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-0.10

100

98

-0.08 -

——— 28 days
21 days

—— 14 days

—— 7 days

—— 3 days

1 day

Raw slag

o
=

-0.06 1

944

921 -0.04

‘Weight loss (%)

90

Derivative weight loss (%)

-0.02 A
88

86 . r r . . 0.00 1 - - = . T
0 150 300 450 600 750 900 0 150 300 450 600 750 900

Temperature (°C) Temperature (°C)

(a) TGA for MIX 1 (b) DTGA for MIX 1

Fig. 4.5 TGA/DTGA curve for raw slag and MIX 1 at 1, 3, 7, 14, 21, and
28 days (E: ettringite, C: C-S-H, M: monosulfate, K: katoite,

P: portlandite, Ca: calcite)

Fig. 45 MIX 19 A& 1, 3, 7, 14, 21 2 28l st TGA(Z=-Z=F

=), DTGA(ZE-1|&3 A& 54) 2Pz 5 RoFt) Fig. 45 (b)ellA
50-120 C 9ol A9 ettringited] G £AS HolFtrh C-S-He ¥
+4 492 °F 40 Tk 600 € Akeole]™(Villain et al,, 2006) =712] 100 T
o4 150 T FHo] ofel sj@grhaL & 5 Stk 250 CTellA 350 T ol
UEld 313 % monosulfate?] ZHA] F3Fo 2 HE ] i Ao 7|9l
(Lothenbach et al., 2008), ©| MIX 1¢ XRD 41 Zye yerd
monosulfate®] =& AW = vk 320 T H¢ I == katoite
T =4S yeRhdth 400-500 CToll A portlandite”’} CaO % H,OZ 3l
5™ (Villain et al., 2006) 600 C o]l ol Al calciter= CaO¢} CO.=
el €l o

ofNi

i

g &3 C-S-H F3l=2 AFo] Agol uwe} Aol
%O}ﬁi‘ri Oﬂ’z}‘& T At} ¥bHo| potlandite®} calcite &3] G =

waE A e ATl Aol Al me gashs W /9%,
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45

Ee R &4FES Yeha, o]+ Fig. 45
o} 400-650 C 99 Aol 7]e7]= A

A

Eds
FA8 A Hel mE portlandite YA Fel Fa

100 0.10
—— 28 days
98 4 21 days
—— 28 days = -0.08 — lddays
21 days §, E 7 days
2 % —— 14days 2 T 3 days
D 7 days = 1 day
2 94 3 days = -0.06 A Raw slag
§ 1 day .%”
= Raw slag =
T 924 2 0.044 |
g Ay
®
>
904 =
& -0.02-
884
86 0.00
0 150 300 450 600 750 900 0
Temperature (°C) Temperature (°C)

(a) TGA for MIX 2 (b) DTGA for MIX 2

Fig. 4.6 TGA/DTGA curve for raw slag and MIX 2 at 1, 3, 7, 14, 21, and
28 days (E: ettringite, P: portlandite, Ca: calcite)

Fig. 462> MIX 29 ## 1, 3, 7, 14, 21 2 28%el] ost TGA %
DTGA 25 YEelWA T Fig. 46 (b) =FAlo] w29, ettringite2] =%
E22 80 T ol depdth 500 C ¥l A= portlandite] 37}
HAEY, calcited] #3lE 640 C FLolA YEeERdT F31E9] e BE
AR [FAFS Ao = HolXwH Fig. 46 (b) A4l portlandite®]
well= Aol Aol wEt SUkeke Ao Kol o= (a) F419 FUd
<2 F9AM detvs Aaet Fdsit

rp
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100

98 4

——— 28 days
——— 21 days
—— 14 days
7 days
3 days
1 day
Raw slag

96

944

921

‘Weight loss (%)

90 1

Derivative weight loss (%)

88

86

0 150 300 450 600 750 900
Temperature (°C)

(a) DTGA for MIX 3

-0.10

-0.08

-0.06

——— 28 days
——— 21 days
—— 14 days
7 days

3 days

1 day
Raw slag

300 450 600 750 900

Temperature (°C)

(b) TGA for MIX 3

Fig. 4.7 TGA/DTGA curve for raw slag and MIX 3 at 1, 3, 7, 14, 21, and
28 days (E: ettringite, C: C-S-H, P: portlandite, Ca: calcite)

Fig. 472 MIX 39 A& 1, 3, 7, 14, 21, 284 st TGA ¥ DTGA
& vebd g Zolth DTGA iAeolA 80 T F<ol ved 9as
ettringite®] & S4AS 9rlst®, °F 110 CTeF 300 T Alele] ¥a=
C-S-He| & £48 yepdoh oF 375 T 600 T Akeole] ¥ Haxs
portlandite?] =3 7]A3tH TGA =AM dlF FHF2] 715E& 349
71&7)9 e AE Bt 600 T oo gl M= calcite] H7)
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100 -0.18
——— 28 days
E ——— 21 days
981 —— 28 days —~ -0.157 —— 14 days
—— 21 days s T 7 days
—_ ——— 14 days 2 3 days
T 961 7 days B -0.12 1 day
g 3 days = —— Rawslag
g 1 day 20
E 94 1 Raw slag ; -0.091
S0 @
) 2
Z 924 E -0.06
5
P
904 = 0.034 T Cf‘
88 . x x - : 0.004 o
0 150 300 450 600 750 900 0 150 300 450 600 750 900
Temperature (°C) Temperature (°C)
(a) DTGA for MIX 4 (b) TGA for MIX 4

Fig. 4.8 TGA/DTGA curve for raw slag and MIX 4 at 1, 3, 7, 14, 21, and
28 days (E: ettringite, P: portlandite, Ca: calcite)

Fig. 482 MIX 4°] A& 1, 3, 7, 14, 21, 284l s+ TGA ¥ DTGA
Z4E& Yed agizZoltk. DTGA FAolA 50-220 C FHol e
YA+ ettringite®] T &S Yw|etH, 530 T Fo e A=
portlandite®] #3]& =3t} ¢F 600-660 C Alo]lo] ¥ A= calcited] w3l =
UEld T TGA 44 50 T2 600 C Atele] 7tatE F4-& C-S-Hel
e MIXdl Ha) w2 =S 7Hs orgt. A8 34
ol 150 T 74A1¢ H& 2% FooMe 43 i E42 MIX
Alg7F g2 MIXo| Hld] 22 &9 ettringiteE 3t A7 wWiEQ

Ao 7 daEn o] MIX 49 XRD Z 3¢ o X3k},
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4.3 FEd Mg HH &3 &4 23

Raw slag 1430
—— 1 day "
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1
—— 7 days N
—— 14 days / \
——— 21 days 1650 Vi \
—— 28 days ! 1 \
y /' 7/ 1450 \
== w
— - \ \
1800 1700 1600 1500 1400 1300

(‘n°e) ueqiosqy
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T i T ' T T T X
4000 3500 3000 2500 2000 1500 1000

wavenumber (cm™)

Fig. 4.9 FT-IR spectra of raw slag and MIX 1 at 1, 3, 7, 14, 21, 28
days, between 600 and 4000 cm™, (a) zoom between 1150
and 1800 cm™', (b) zoom between 2800 and 4000 cm

Fig. 4.9% <#lzet MIX 19 A= 1, 3, 7, 14, 21, 28¥olA 34
FT-IR =3 EfS HolFth tial 7o Wwe va7F #ztdct 3750 cm'!
ol A 2500 cm ' 7hA 9] W& gjoE 423} AR5 St =5 A 7] 9]
O-H A% o] sgaet olef? == q2W S50 gAY

| &bl ofsf AAHTh dHA, 1650 cm '

. 1450 cm'9} 1430 cm el A B

s #AHEHT o= Ho|~E 23 FI

21 tH(Dakhane et al., 2017). 945 cm'

2 650 em '] ¥ 2E Si-O-T(T = Si =& T = ADZF sideln F=
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Raw slag
1 day 1
—— 3. days |
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Fig. 4.10 FT-IR spectra of raw slag and MIX 2 at 1,
! (a) zoom between 1150

days, between 600 and 4000 cm™

1500

3, 7, 14, 21,

T .
1000

28

and 1800 cm™', (b) zoom between 2800 and 4000 cm'

Fig. 410 €919 MIX 29 ¥ 1, 3, 7, 14, 21, 28¥lA 34
FT-IR 2 E#S Ro]Fth 3750 em ' 2500 cm™® AbolellAl O-H 1&¢
A& AFd ddstes 24=9 HWe gart Hn ol 3 v
BAE 23 Aotk 1415 cm 'l TAS E WEE muks S o] =4
3l calcite®] COs* ©] 29 O-C-0 A& vd A= Zo 7]¢l3ko},
Si-O-T AT = Si = T = ADQ vty A= 2Fo] 945 cm "ol A

#AZE QT Si-O-T M= $1%x]+= C-S-H &4
APHEA(SIO,) 3 9] EA o]t (Lodeiro et al.,
Si-0-Si Al-O-Si 3o td &l 7I1ekoh
et XRDE gl® C-S-H F¥9 4

quartzol] sf@3ch 3l o] wi= Lo
7] e1gtH(Bemal et al.,, 2021).
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Fig. 4.11 FT-IR spectra of raw slag and MIX 3 at 1, 3, 7, 14, 21, 28
days, between 600 and 4000 cm', (a) zoom between 1150
and 1800 cm™', (b) zoom between 2800 and 4000 cm'

Fig. 411+ €d# 1% MIX 39 AP 1, 3, 7, 14, 21, 284ellA +34
FT-IR 2¥E#”S Holsr =3 w8 A= 93 3750 cm '3} 2500 cm'!
Abolel O-H &9 25 Fe sfidsts 1= Fjefo] Addrt, o
1430 cm'ell YEl =& F4E FAFAQ NaCOs2 218 CO% 9 w2
/\H] of o&] Yely= Zoz o 4Eth(Chen and Ye, 2022, Horgnies et

, 2013). E19 2~ ERGLE oF 892 cm (T-0O, T Si & Al AFEA
ﬁ“\}OﬂJ 54)s TAHLE ot Fyd e =g xdstal glo
°F 650 cm 9] T ohE e WMEE AlO9 7IEA IF
(Komnitsas et al., 2009). 945 cm ‘ol FAlo] ¥+ v=a7}
o= C-(A)-S-H A 93] WAst= AFA0 Si-O vl A5 Fsolt}
(Lodeiro et al., 2009).
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Fig. 4.12 FT-IR spectra of raw slag and MIX 4 at 1, 3, 7, 14, 21, 28
days, between 600 and 4000 cm', (a) zoom between 1150
and 1800 cm™', (b) zoom between 2800 and 4000 cm™

Fig. 412 &9 MIX 49 ==
FT-IR 29 EHS HojEth A4A 249 %a%:wq 73%, °F 1650 cm'!

=
2 3410 em o] Wi 77 AdtyE B 2ate] F3 9 A= HEo sy

T
T A% Xy #do] vk BE AH] ARE FAFE 929 %#
MEo A O-H 15o] Holx=d], o]i= <F 1650-1660 cm ' ¥} 3400-3410 cm'™
o= Whg AFE e gEHor A Eo EAE vEirth & A
oA AHgE BE el tiske] of 945 em '] F {5 Tl Si-0 A
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