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Condensed silica fume, used as concrete and cement additive material,
reacts with Ca(OH), liberated in the courseof Portland cement hydration, forming
supplementary calcium silicate hydrates. Infrared spectroscopy, X-ray diffrac-
tion, thermal analysis and scanning electron microscopy were used to study the
kinetics of pozzolanic reaction in silica fume-modified cement pastes cured
under normal conditions. A characteristic absorption band at 1120 cm=! was
observed in the IR spectrum of silica fume, which was composed mainly of SiO;.

Infrared spectroscopy as the only of the methods tested enables to follow the
role of silica fume in the process of Portland cement hydration not only through
the binding of Ca(OH)2, but also directly, i.e. from the consumption of silica
from added silica fume at some stage of the reaction. A high pozzolanic acts-
vity of silica fume from ferrosilicon production was proved by all the methods
used.

INTRODUCTION

The application of infrared (IR) spectroscopy in cement chemistry has increased
in recent years. Previous studies [1—3] have shown that IR spectroscopy m ay be
applied in both qualitative and quantitative investigations of clinker min erals
as well as of cement composition. Moreover, in many cases IR spectroscopy serves
as a useful supplementary method to other methods such as X-ray powder diffrac-
tion, thermal analysis, etc.

The fundamental properties of mineral additives like natural pozzolans, slags
or fly ash, and their function in the process of Portland cement hydration, have
been studied by several authors; a summary is given in [4]. According to Jambor
[5, 6], pozzolans react with Ca(OH), liberated in the process of Portland cement
hydration, forming supplementary hydration products — calcium silicate hydrates.
As hydration products differ one from each other in composition and binding
properties, the type and pozzolanic activity of the mineral admixture influence
markedly the fundamental physico-mechanical properties of hardened cement
composites.

Condensed silica fume, a by-product of siliccn and ferrosilicon prcduction,
is used world-wide as a highly effective poz zolanic admixture in concrete production
[7—10]. Having a high silica content (> 909%,) and an extremely small diameter
of individual particles (& 0.1 pm), silica fume undergoes rapid dissolution in the
Ca(OH), solution, r eaching supersaturation with respect to a new phase in a few
minutes. This results in foimation of a dence, impermeable structure composed
mainly of C—S—H, which has a low C/S ratio [11—13].

X-ray diffraction, thermal analysis and electron microscopy are frequently
used to characterize the hydration products in cement pastes. Using these methods,
the role of pozzolana in the process of Portland cement hydration can be studi ed

Sllikaty é. 2, 1990 131



J. Madej, J. Madejova, D. Jakvbekova:

by comparing the amounts of Ca(OH); liberated during hydration in pure Portland
cement paste with that bound by pozzolana in blended paste of the same water
solid ratio [14].

The aim of this paper was to investigate the possibilities of IR spectroscopy
in the study of the role of condensed silica fume in the process of Portland cement
hydration, and to compare the IR results with the results of other methods.

EXPERIMENTAL

Ordinary Portland cement (OPC) of class PC 400 and condeunsed silica fume
(CSF), a by-product from ferrosilicon production (Oravské ferozliatinirske za-
vody Istebné, Czechoslovakia) were used for preparation of specimens — cubes 20 X
X20%20 mm. The chsmical composition of the materials is given in Table I.

Table I

Chemioal composition and fundamental physico-chemioal
properties of materials

Ordinary Condensed
Component \ Portland silica
cement fume

Chemical composition, wt %, .

Si0, 19.58 95.57
Al;O3 7.58 0.11
Fe;0; 3.61 0.20
Ca0 61.96 0.56
MgO 1.85 0.91
503 2.13 0.32
Na,0 0.28 0.12
K.0 0.91 0.78
Ign. loss 1.01 1.36
Specific surface Blaine 336 N
area,

m? kg™ BET N 16 600

Mineralogical composition of the cement (Bogue)3:
CsS = 44.156%, CiS = 22.89%,, GC3A =12.029%, C.AF =11.31%

The composition of fresh mixtures is presented in Table II. A superplasticizer —
sulphonated melamine formaldehyde condensate (0.95 9, wt) was used in mixture
No. 3 to obtain the same consistency of fresh cement paste as that of mixture
No. 2, using a lower water solid ratio w = 0.24.

The hydration of pastes water-cured at 20 °C for 3, 28 and 180 days was stopped
by drying the samples at 105 °C. The hydrated C;S pastes were also investigated

3 The following symbols universally used for formulating more complex compeunds are used
in this paper: C = CaO, S = Si0;, A = Al;0;, F = Fe;0;, H = H;0.
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Table 1T
The composition of fresh mixtures
Ordinary Confi.ensed Water solid

. Portland silica .
Mixture ratio

cement ‘ fume w

wt. % wt. %

No. 1 100 l — 0.41
No. 2 86 16 0.41
No. 3 86 ' 15 0.24

by IR spectrcscopy. Hydration studies, except ior electron microscopy, were
performed on finely ground powder specimens of pastes.

Infrared absorption spectra were recorded by the Perkin-Elmer spectrophoto-
meter (Model 983-G) in the range 4000 to 400 cm-1, using the KBr pressed-disk
technique. X-ray diffractometer Philips PW 1050 and JEOL JSM 35 scanning
electron microscope were used for investigation of hydration products. The MOM
Budapest thermal analysis system was used to obtain thermogramsin the tempera-
ture range from room temperature to 1000 °C.

The amount of Ca(OH), was determined from TG-curves as the sum of mass
weight loss over the temperature range 510—530 °C (endotherm corresponding to
dehydration of Ca(OH),) and beyond 800 °C (endotherm corresponding to decarbo-
nation of CaCOs). The amount of Ca(OH); bound by silica fume was determined
from the results of thermal analysis by the method which was applied earlier to
investigate the influence of fineness and dosage of fly ash on hydration of blended
cement pastes [14], using the ratio

Corc - porc — Cosr 100
Corc - Porc
where Copc is the amount of Ca(OH), in pure OPC paste, in %, wt; popc is the

portion of OPC in the blend; C¢sp is the amount of Ca(OH), in the paste with silica
fume addition, in 9%, wt.

bound Ca(OH), =

RESULTS AND DISCUSSION

Infrared spectra of -ordinary Portland cement and condensed silica fume used
in the experiments, are shown in Fig. 1

In the region examined, 4000 to 400 cm~!, there are three types of IR absorption
bands of cement to be considered [1, 2]:

i) bands arising from Si—O vibrations of alite at 920 and 520 cm™1;

ii) bands attributed to SO, stretching vibrations of gypsum at 1460 and
1115 cm1;

iii) bands due to OH vibrations of water at 3437 and 1629 cm-!.

In IR spectrum of silica fume, which is composed mainly of SiO, (see Table 1),
the bands assigned to Si—O vibrations of free SiOs at 1120, 800 and 477 ecm~! and
also the bands of water at 3410 and 1620 cm~! were identified.
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Fig. 1. IR spectra of materials used tn the experiments, a) Portland cement, b) condensed silica fume.

IR spectra of pure OPC pastes

Infrared spectra of hydrated cement pastes are given in Fig. 2. The main diffe-
rences between the IR spectra of hydrated OPC pastes and the IR spectrum of ce-
ment (Fig. 1) are as follows:

i) Si—O absorption band at 970 cin-1, due to calcium silicate hydrate;

ii) OH absorption band at 3638 cm~! assigned to OH stretching vibrations
of calcium hydroxide liberated during cement hydration;

iii) doublet at 1480 and 1420 cm-!, attributed to CO; vibrations in CaCOs.

The intensity of absorption bands of hydration products (Ca{OH),, C—S—H)
increase and those of the constituent mineral phases in Portland cement decrease
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Fiq. 2. IR spectra of pure OPC paste (w = 0.41).

134 Silikéty & 3, 1990



IR Spectroscopic Study of Hydration of Condensed Silica Fume-Modified Cement Pastes

when the stage of progressive hydration has passed (Fig. 2). IR absorption bands
of the main hydration products observed in IR spectra of OPC pastes in Fig. 2 are
similar to those of hydrated CiS pastes (Fig. 3).
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Fig. 3. IR spectra of hydrated C,S.

IR spectra of blended pastes

IR spectra of blended pastes, i.e. the pastes with partial cement replacement

by silica fume, are given in Figs. 4 and 5.
The main bands of hydration products, Ca(OH), at 3638 cm~! and C—S—H
at 970 cm™1, identified in TR spectra of blended pastes, are similar to those of OPC
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Fig. 4. IR spectra of cement paste with silica fume addition (w = 0.41).
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pastes, in Kig, 2. Lower amounts of Ca(OH),, especially in the paste with silica
fume and,superplasticizer, were found in TR spectra of silica fume-modified cement
pastes in Figs. 4 and 5. Additionally, a strong decrease in intensity of the SiO,
band at 1120 cm~! was observed in blended pastes as hydration proceeded. Car-
bonates (absorption band at 1480 cm-1), formed by carbonation of pastes by
atmospheric carbon dioxide, appeared in the IR spectrum of paste with silica
fume and superplasticizer (Fig. 5).
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Fig. 5. IR spectre of cement paste with silica fume and superplasticizer (w = 0.24).
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Pig. 6. The X-ray diffraction paiterns of pastes; a) pure OPC paste, b) paste with silica fume addition
(w = 0.41).
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The results of X-ray powder diffraction of the pastes are given in Fig. 6. Though
a part of portlandite in the pastes may be formed in the amorphous state, from the
intentensity of X-ray diffraction peak corresponding to Ca(OH); one can distinguish
a markedly lower amount of Ca(OH), in pastes with silica fume addition (Fig. 6b)
compared to pure OPC pastes at the same time of hydration (Fig. 6a).

The differences in the amounts of Ca(OH), in pastes with and without silica
fume addition are also evident from the DTA curves of pastes given in Fig. 7 and
from the amounts of Ca(OH), in the pastes and the amounts of Ca(OH); bound
by silica fume, which are given in Table ITI.

Table 111
The amounts of Ca(OH); in cement pastes
Composition of paste
Hydration Amount of Bound
Portland Condensed Water time Ca(OH), Ca(OH),
cement silica solid
fume ratio days wt. % %
wt. % wt. % w
1
3 16.6
100 — 28 20.8 —
180 . 22.7
0.41
3 9.9 29
85 15 28 8.4 52
180 6.8 65
3 8.9
100 — 28 12.3 —
180 14.7
0.24
3 4.5 40
85 15¢+) 28 3.8 64
180 2.2 82

(-+) with superplasticizer

The results of X-ray diffraction and thermal analysis are in good agreement with
the character of hydration products observed in the pastes after 3 and 28 days
of hydration (Figs 8, 9): portlandite was the dominant hydration product in the
OPC paste, while lack of Ca(OH), and densification of the structure composed
mainly of C—S—H was characteristic of paste modified with silica fume.

Supplementary calcium silicate hydrates formed in the pores of the paste with
silica fume addition were observed (Figs 8b, 9b).

The changes in Ca(OH), content, identified by X-ray diffraction, thermal analysis
and scanning electron microscopy, are in good agreement with the results obtained
by IR spectroscopy (Figs. 2, 4, 5).

A remarkable increase in the amount of bound Ca(OH),, caused by better
re-dispersion of CSF in the pastes is observed when condensed silica fume has
been combined with superplasticizer (Figs, 4, 5, Table III).
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In addition, comparing the changes in the intensity of the IR absorption band
at 1120 cm~!, IR spectroscopy enables the consumption of silica fume in the hydra-
tion process to be studied. The results obtained correlate well also with the changes
of total porosity, pore-size distribution and altogether help to explain the diffe-
rences in physicomechanical properties of cement pastes and mortars with and
without silica fume addition [15, 16].

All the methods confirmed a high pozzolanic activity of condensed silica fume
from ferrosilicon production which was used in the experiments.

CONCLUSIONS

The results of the present examination lead to the following conclusions:

— IR spectroscopy was found to be a useful tool for studying the changes in the
changes in the formation of hydration products (Ca(OH),, C=S—H) of cement
pastes cured at normal conditions. A good correlation was found when comparing
the results of IR spectroscopic study of cement pastes with the results of X-ray
powder diffraction, thermal analysis and scanning electron microscopy;

— a characteristic absorption band at 1 120 cmI! was observed in the IR spectrum
cf condensed silica fume, composed mainly of amorphous SiO,. Infrared
spectroscopy as the only method used in this study, enables te follow the role
of condensed silica fume in the process of Portland cement hydration not only
through the binding of Ca(OH),, but also directly from the consumption
of SiO, at various stages of the reaction;

— a high pozzolanic activity of condensed silica fume was proved by all.the methods
used.
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SLEDOVANIE HYDRATACIE CEMENTOVYCH KAS{
S PRIMESOU KREMICITEHO ULETU METODOU IC-SPEKTROSKOPIE

Jan Madej, Jana Madejova*, Doris Jakubekova

Vyskumny ustav tnfinierskych stavieb, Lamaéskd 8, 817 14 Bratislava
*Ustav anorganickej chémie CCHV Slovenskej akadémie vied, 842 36 Bratislava

Kremicity ulet, pouzivany ako aktivna puzoldanova primes do beténu, ovplyviiuje proces
hydratécie cementu a vytvaranie fazového zlozenia zatvrdnutej cementovej kase. K sledovaniu
vplyvu kremiéitého uletu z vyroby ferosilicia na proces hydratacie cementu bola popri bezne
pouzivanych metddach rtg-fazovej difrakénej analyzy, vaikovej termickej analyzy a riadkovacej
elektrénovej mikrosképie pouZité takisto infratervend spektroskopia. Kremidity ulet, ktorého
hlavnou zlozkou je oxid kremiéity pritomny v amorfnom stave, vykazuje v oblasti vinoétov od
4000 do 400 em—* v IC-spektre intenzivny absorpény pés pri vinoéte 1120 em~1. To umoziuje
sledovat zmeny vo vytvarani fdzového zloZenia zmesnych cementovych ka$i nielen podla zmien
v obsahu Ca(OH);, podobne ako pri vyssie uvedenych metddach vyskumu, ale takisto priamym
sledovanim, zaloZzenym na zistovani zmien spotrebovaného Si(), v priebehu reakcie.

Vysledky sledovania priebehu hydratécie cementu za pritomnosti kremié¢itého tletu su v dobrej
zhode s vysledkami vy&sie uvedenych experimentalnych metdd a prispievaju k bliZzSiemu posude-
niu zmien vo vytvarani fazového zloZenia a s tym suvisiacimi zmenami v tvorbe pérovej struktary
a vyslednych fyzikalno-mechanickych vlastnosti cementovyech kompozitov. VSetky pouzité
met6dy vyskumu potvrdili poznatky o vysokej puzolénovej aktivite kremicitého uletu z vyroby
ferosilicia.

Obr. 1. IC spektrd poufitiych materidlov; a) portlandsky cement, b) kremiéity wlet.

Obr. 2. IC spektrd cementovej kase bez primesi kremiditého uletu (w = 0,41).

Obr. 3. IC spektrd hydratovaného C;S.

Obr. 4. IC spektrd cementovej kase 8 primesou kremi&itého uletu (w = 0,41).

Obr. 5. IC spektrd cementovej kase s primesou kremiéitého uletu a superplastifikitorom (w = 0,24).
Obr. 6. Difraktogramy cementovych kasi; a) bez primest, b) & primesou kremiéitého uletu (w = 0,41).
Obr. 7. Diferendéné termogramy cementovych kadi; a) bez primesi, b) s primesou kremiéitého viletu

(w = 0,41).
Obr. 8. Snimky lomovej plochy cementovych kasi po 3 ditoch tvrdnutic vo vode riadkovacim elektrd-
novym mikroskopom; a) kasa bez primest, b) kusa s primesou kremiéitého uletu (w = 0,41).
Gbr. 9. Snimky lomovej plochy cementovych kasi po 28 ditoch tvrdnutiu vo vode riadkovacim elektrd-
novym mikroskopom,; a) kasa bez primes:, b) kasa & primesou kremiéitého uletu (w = 0,41).
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HHCCJETJOBAHUE THIPATAIIMHM ITEMEHTHBIX TECT
C I0BABRON CUHJIHNRATHOIO YHOCA
¢ ITOMOIMLIO METO/A IHK-CHEKTPOCKOIIHHU

fln Mapeil, flua MajeéBa*, Jopuc flkydexoBa

H ayuno-uccaedosamenvckuic uncnumym uuxcenepioir coopyxcenudi, 817 14 B pamucaasa

*Huemumym neopeanuweckote xumuu Ienmpa xumuveckezo uccaedosarnus CAH,
842 36 bpamuc.iasa

CUINKATHBL YHOC, MCHO1h3YeMblil B KauecTBe aKTHMBHOIl MY30.TaHOBOM J00aBKH B OETOH,
OKa3piBAET B.IMAHME HA ITpollecce iHjpaTalyi 1eMeHTa u Ha oOpazoBaHie (asoBOro cocraBa
32CTLIBAIONICIO I(CMEHTHOI'O TecTa. JJAA Meclie|0BaHUA BIMAHUA CHJMKATHOTO YyHOca H3
OpoN3BO;LcTBA (ePPOCHIIMIUA HA IPOIECC IMIPATAINM LIEMEHTA 110;1b30BAJIMCH KPOME OOBIYHO
IpUMEeHsIeMbiX MeTOl0B PTr-a3oBoro MPpPaKIMOHHOTO aHAaJ/IM33, BeCOBOr0 TePMHUYECKOI'0
aHaJIM3a M CKAHHDYIOIICH 5HIeKTPOHHON MHKPOCKOUHM Takske HHPpaKpacHOIl CIIEKTPOCKO-
nneil. CHJIMKATHBE YHOC, OCHOBHLIM KOMIIOHEHTOM KOTODOI0 ABJMAETCA OKCHI deThipex-
BaJICHTHOI'0O KPeMHM A, HaXOJANIMHCH B AMOPHOM COCTOSIHHH, Bulj\eJ1AeTCA B 00.1aCTA BOJIHO-
Boro uuciia B rpesiesisix or 4000 o0 400 ¢cM~! B nHppaKpaCHOM ClIEKTpe MHTEHCHBHOH a0-
copOUNOHHOM 110.10C0M 11pH BO.IHOBOM yitcsre | 120 eM~!. TakuM 00pa’oM MOKHO HcCJIej|0BATH
H3MCHeHusi B 00pa3oBaHHMM (a30BOI0 COCTABA CMCIIAHHBLIX IIeMEHTHBIX TecT He TOJIBKO Ha
OCHOBaHMHM H3McHeHHd co;iepxanus Ca(OH),, kak aTo GuIsTo 1PN cBepX IPUBOIUMSGI X METO,1aX
UCCJIC;IOBaHMs, HO A HA OCHOBAHHIL IIPSIMOI'O 11v¢,IC;IOBAHHSI, OCHOBLIBAIOIIEI'0CA Ha yCTAHOB-
JICHHM M3MEHCHMII pacxojoBasierocs SiOz Bo BpeMs XO;ld PeaKIMH.
PeayibTaTni neciieloBanmsa X0j(d THAPATALIMM 1IEMEHTA B ITPHC YTCTBUU CHIIMKATHOI'O YHOC A
HaXOJATCA B XOPOILEM COI JacHy ¢ pe3y.iLTaTaMyi NPHBOAHMLIX KCIIeDHMEHTaJIbHBIX METO,10B
u noMaraipoT GoJiee mo;{poOHOMY jicc/ieJOBAaHHIO H3MeHeRnil B 00padoBaHMM (330BOro cOCTaBa
M CBA3AHHHX ¢ HMM H3MeHeHMii B 00pa30BaHMA MOPHCTOH CTPYKTYPbl M OKOHYATEJbHbIX
(U3MKO-MeXaHAUYeCKMX CBOMCTB EeMEHTHbIX KOMNO3HTOB. [3ce McIoiIb3yeMale METOJIbL HcciIe-
JOBaHMA NOATBEP; 1IN M0JTyeHHbIe JAaHHbIe OTHOCHTe.Th HO BIC OKOM ITy30;JAaHOBOM AKTMBHOCTH
CHJIMKATHOI'0 YHOCA M3 IPOM3BO;\CTBA (hepPOCHMIIMILHA. .
Puc. 1. HK cnekmpbi ucnoavayemsix smamepua.aos: a) nopmaandckuii yemenm, b) cusuxammwiii
yHoc.

Puc. 2. HK cnexmpy yemenmmuozo mecma 6es dodasku cuauramuozo yroca (w = 0,41).

Puc. 3. HK cnexmpu zudpamuposeannozo CsS.

Puc. 4. UK cnekmpbt yemenmrozo mecma ¢ dobagkoit cuaurammuozo yHoca (w = 0,41).

Puc. 5. HK cnekmpbl yemenmrozo mecma ¢ 006askotli CUAURAMH020 YHOCA U CYnepnaacmu@u-
kamopom (w = 0,24).

Puc. 6. Jupparyuonnan rapmuna yemenmuuixr mecm; a) 6ea dobasku, b) ¢ dobaskoii cuau-
ramrozo yHoca (w = 0,41).

Puc. 7. PasnocmHple mepmozpammbl yemeHmuunr mecm, a) 6ea dobageku, b) ¢ dobaeroii
cusuxammnozo yHoca (w = 0,41).

Puc. 8. Cvemru nogeprrocmu uaroma YeMeHMHbLT Mecm nocae 3 CYmok 3acMi8aHUA ¢ 600Y,
NOAYNUEHHbIE NOCPEOCMBOM CKAHUDYIOUIES0 IAEKMPOHHO20 MUKDPOCKONA; a) mecmo 6es
do6aeku, b) mecmo ¢ dobaskoii cururamnozo yroca (w = 0,41).

Puc. 9. Cvemru noseprrocmu uanroma yesmenmuux mecm nocae 28 cymok aacmuiéarus ¢ ¢ody,
NOAYNPHHbIE NOCPEICMBOM CKAHUPYIOUE20 IAEKMPOHHO20 MUKPOCKONA, a) mecmo 0ez
dobasru, b) mecmo ¢ dobaskoi cuaurammozo yroca (v = 0,41).
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Fig. 8. SE micrographs of pastes after 3 days of hydration; a) pure OPC paste, b) paste with silica
fume addition (w = 0.41).
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Fig. 9. SE micrographs of pastes after 28 days of hydration; a) pure OPC paste, b) paste with silica
Sfume addition (w = 0.41).
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