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Anoramnisi. MikpoKpeMHe3eM € OJHIEI0 W HalOLIbII BAKJIMBUX MiHEpaJTbHUX H0OABOK MPU BUPOOHUIITBI
BUCOKOSKICHUX TOPTIaHAIEMeHTHUX OeTOoHiB. Bucoka peakitifiHa 31aTHICTD MiKDOKPEMHE3EMY 110
TMOPTIAHATIEMEHTY 00yMOBJIEHA HOTO IysKe BICOKOIO TTMTOMOIO TIOBEPXHEIO Ta BUCOKUM BMiCTOM aMOp(hHOTO
niokcuay kpemHito. IlonepesHe iHTeHCUBHE HepeMilllyBaHHS YIiJbHEHOI (DOPMH MiKpOKpeMHe3eMy, 110
YTBOPIOETHCS IIPY BUCHXAHHI IIIJIAMYy MOKPOTO ra3004HIneHHsT (epociiaBHUX 3aBoziB y po3unHi I[THC-
cynepiuiacTrdikaTopa 3 HACTYITHUM J0IaBAaHHIM O/IePsKaHOl OPraHO-MiHepaIbHOI cycrensii (MoaudikaTtopy)
10 CyMIIlli TOPTJIaHAIIEMEHTY, BOJAU 3aMilllyBaHHS Ta MMOJiKapOOKCUIATHOTO cylepIiiacTudikaropa
(posmisibHe TIepeMilyBaHHs) 3abe31euye MiBUIIEHHS] TEKYYOCTi eMEHTHOI TTaCTH Ta MIiI[HOCTI IPU CTUCKY
1IeMEeHTHOTO KaMeHsI B IOPiBHSHHI 31 CKJIQ[OM IIeMEeHTHOI MacTH, IO MPUTOTOBJIEHA 32 3BUYAWHOIO
texnosorieio. Ili eekTnn 06yMOBIIEHI AUCIIEPIYBaHHIM KPYIHUX arJioMepaTiB MiKpOKPEMHE3eMY B PO3UMHI
ITHC-cynepnmactidikaTopa Ta BUKIIOYEHHIM KOHKYPEHTHOI ancop0uii aHioHHHX cymnepiiacTiudikaTopis
Ha MO3UTUBHO 3aps/KEHUX MPOAYKTaxX riparailii 1eMeHTy.

KniouoBi cioBa: MikpokpemHeseM, cynepiiactudikaTop, 1eMeHTHA MacTa, TeKYy4iCTh, MiKPOCTPYKTYPa,
MIIHICTb TIPU CTUCKY.
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Aunoraunusi. MUKDPOKPEMHE3€EM SIBJISIETCSI ONHOU U3 HanboJiee BasKHBIX MUHEPAJIbHBIX H00ABOK MPU
[IPOU3BOJICTBE BBHICOKOKAYECTBEHHDIX TIOPTJIAH/IIEMEHTHBIX GETOHOB. BBICOKasI peakI[MOHHAst CIIOCOOHOCTD
MUKPOKPEMHEe3eMa K OPTIAHAIIEMEHTY 00y CJIOBJIEHA €T0 O4eHD BBICOKOH Y€IbHOM IIOBEPXHOCTHIO U BBICOKUM
coziepkanneM aMopHOTo IMOKCHa KpeMHus. [IpezBapuTesbHOe MHTEHCMBHOE TIepEeMeIBaHNE YILTIOTHEHHOM
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opmbr MIKpOKpeMHe3eMa, 00Pa3yIOIIETOCsT MPU BHICBIXAHUH TILIAMA MOKPOIT Ta30049NCTKY (HepPOCTLIABHBIX
3aBoioB B pacrtBope [THC-cynepmiactudukatopa ¢ mociaeayomum 100aBjieHneM T0JyYeHHOU OpraHo-
MUHEpPaJbHOU cycrneH3uu (MoaumduKaTtopa) B CMeCh IOPTJIAHAIIEMEHTA, BOJbl 3aTBOPEHUS WU
MOMMKAPOOKCUIATHOTO CyTepiiacTiuduraTopa (pasaeabHoe TTepeMennBaniie) 06eCIIednBaET MOBDIEHIE
MOZIBMKHOCTH 1[EeMEHTHO MacThl M IIPOYHOCTH TP CXKATUU IIEMEHTHOTO KaMHS B CPAaBHEHUU C COCTABOM
I[EMEHTHON HaCThl, MPUTOTOBJEHHONU MO OOBIYHON TexHomoruu. IT1u 3HGEKTh 06y CIOBIEHBI
JUCIIepTIPOBAHNEM KPYIIHBIX arJoMepaToB MHKpokpeMHeseMma B pactBope IIHC-cynepmiactudukaropa u
UCKIIOUEHEM KOHKYDPEHTHOI aicOPOIINI aHUOHHBIX CYTIEPIIACTU(DUKATOPOB HA TTOJI0KUTEILHO 3aPSIKEHHbIX
MIPOAYKTAX TH/IPATALUN I[EMEHTA.

KimoueBble cioBa: MIKPOKpPEMHe3eM, CylepIiacTiH(hUKaTOp, IIeMEHTHAs 1acTa, TEKY4ecTb,
MUKPOCTPYKTYPa, IIPOYHOCTD TIPU CKATHH.
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Abstract. Silica fume is one of the very important mineral additives for producing the high-performance
Portland cement-based concretes. The high reactivity of silica fume with Portland cement is primarily due
to its very high specific surface and its high content of amorphous silicon dioxide. The preliminary intensive
agitation of densified form of silica fume from aged slurry of Ferro-alloy works in the solution of PNS
superplasticizer and the subsequent addition of the received organic-mineral suspension (modifier) into the
mixture of Portland cement, mixing water and PCE superplasticizer (separate mixing procedure) provides
increasing fluidity and compressive strength of cement paste in a comparison to the formulation of cement
paste prepared by the traditional mixing procedure. These effects are conditioned by dispergating large
agglomerates of silica fume in the solution of PNS superplasticizer and exclusion of competitive adsorption
of the anionic superplasticizers for the positively charged surface area of cement hydration products.

Keywords: silica fume, superplasticizer, cement paste, fluidity, microstructure, compressive strength.

1. Introduction

Silica fume is a by-product of the manufacture of
silicon or of various silicon alloys. Silica fume, which
containsmore than 80-85 % SiO2 in amorphous form,
issuitable to usein the cement and concrete industries.
Most particles of a typical silica fume are smaller than
1 micron. The high reactivity of silica fume with
Portland cement is primarily due to its very high
specific surface and its high content of amorphous

silicon dioxide. So, due to results of the filling effect
toreduce porosity of cement paste and the pozzolanic
reaction that consumes calcium hydroxides to yield
calcium silicate hydrates (C-S-H), the silica fume is
one of the very important mineral additives for
producing the high-performance Portland cement-
based concretes[1, 2].

On the other hand small particle size and low
bulk density of silica fume makes it difficult to trans-
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Table 1. Chemical composition and properties of the materials used.

Composition (%) OPC SF-1 SF-2
Properties

Si0, 21.4 91.8 81.8
AlLO; 5.8 1.1 1.6
Fe,03 3.4 0.65 3.0
CaO 61.5 2.4 1.1
MgO 1,7 0.05 0.2
K,0 0.7 0.1 0.6
SO; 2.5 0.35 3.6
Loss on ignition 1.2 3.6 7.2
Bulk density (kg-m™) 1310 215 655
Fineness (m*kg™) 365 (Blaine) 18600 (BET)  0.14-20 mm

Fig. 1. SF-images: SF-1 undensified form (left); SF-2
agglomerated form (right).

port, distribute and handle. So, commercial suppli-
ers are obliged to processsilica fume using different
methods of compaction in order to agglomerate the
small individual particles into relatively large
clumps containing millions of particles and measur-
ing up to several millimeters in size (densified or
pelletized) [3-6].

Pelletized silica fume is always interground with
cement before use, thereby eliminating large clumps.
Densified silica fume is usually added to concrete as
itis. The agglomerated silica fume particles cannot
be easily broken up when the concrete mixture is
mixed, especially at low water-to-cement ratio even
in the presence of superplasticizer. In this case the
effectiveness of silica fume as microfiller and as
pozzolanic additive reduces[3, 4]. Besides relatively
large, nondensified clumps of silica fume may affect
substantially the mechanism of concrete
deterioration. According to [7] these clumps were
observed to react in a manner similar to reactive
aggregates with cement alkalies (ASR) to form silica
gel thatis often associated with expansion whereas
in [8] it isreported that such reactions may induce

ASR damage only under especially unfavourable
conditions.

These problems become especially significant
when agglomeration of ultra fine particles of silica
fume takes place during the drying processin sludge
collectors (wet method of gas cleaning in a Ferro-
alloy production) and is stipulated by the
condensation polymerization. This reaction is
accompanied with the formation of siloxane linkage,
growth of colloid particles and gel formation. So, aged
agglomerated aqueous suspensions may need to be
redispersed before use in concrete. Nevertheless the
difficulty of redispersion, for example grinding in a
boll mill, is stipulated due to the high interparticle
forces (forces of the electrostatic charging, Van-der-
Waal's forces and forces due moisture) [4]. In this
case with the aim of increasing effectiveness of milled
aged agglomerated silica fume the special procedures
are needed to achieve an adequate dispersal in
particular the preliminary preparation of silica fume
aqueous slurry. However this procedure is effective
when concrete mixing is carried out by the special
sequence. V. Marchuk [5] reported that only one
mixing sequence - (cement + water + silica fume)
with the silica fume added as slurry - can be
recommended for the fullest possible dispersion and
homogeneous distribution of the ultrafine particles
during production of the cement paste in a mortar
mixer.

The fact is certain that dispersive ability of sil-
ica fume clumps will be much higher in the solu-
tion of any surfactant (due to the Rehbinder ef-
fect). The superplasticizers which provide disper-
sion and deflocculation in colloidal systems are the
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Fig. 2. SEM images of cement paste (a, b, ¢ — formulation
No 1, 2, 3, accordingly).

most suitable surfactant for this purpose because
in the combination with silica fume they form ef-
fective organic-mineral modifiers of high perfor-
mance concretes.

Although, the superplasticizer (water reducing
agent) can help improve the properties of cement
composites, some unpredicted interactions among
water, water reducing agent, microsilica and cement
are anticipated to complicate the study on the
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chemical mechanism of such composite material [9].
According to J. Plank and C. Winter [10] in complex
admixture systems (especially PNS+PCE) the
processes on the mineral binder surface can be
explained as a competition of the anionic
superplasticizers for the positively charged surface
area - adsorption of molecules with higher anionic
charge density (PNS) is preferred. On the other hand
the influence of the cement chemistry on
superplasticizer performance is attributed in part to
the intercalation of the superplasticizers into
hydration products. The intercalated polymeris lost
fordispersion purposes and this decreases efficiency.
In other cases, the efficiency of some
polycarboxylates can be lowered because of
competitive adsorption from sulfateions[11]. The
investigation of the effect of organic-mineral
modifier on the base of densified silica fume and
(PNS+PCE)-superplasticizers on the properties and
microstructure of cement paste is the aim of this
research.

2. Materials and methods

Ordinary Portland cement CEM 142.5 N (OPC)
and two types of silica fume were used as raw mate-
rials. Silica fume SF-1 is undensified (as produced
powder) while silica fume SF-2 is agglomerated
during the drying process of aqueous slurry (wet
method of gas cleaning in a Ferro-alloy production)
(Fig. 1). The chemical composition and physical
properties of raw materials are given in Table 1.
Itis clear from the data of Fig. 1 and Table 1 that
the initial agglomerated microsilica (SF-2) is rep-
resented by large clumps. That's why we had to grind
the material using a boll mill.
Two types of superplasticizers with different
mechanism of dispergating were used:
— polynaphthalene sulphonate condensate (PNS)
— Mapefluid N 200 (“Mapei”);
— modified polycarboxylic ether (PCE) — Woer-
ment FM-794 (“DEGUSSA”).
Mix proportions of cement pastes as well as the mix-
ing sequence are as follows:
Cement paste 1 — OPC (240 g) + SF-2 (40 g) +
W (110 ml), w/b ratio is 0.39;
Cement paste 2 — OPC (240 g) + SF-2 (40 g) +
(W+PNS) (45 ml) + (W+PCE) (45 ml), w/b=0.32;
Cement paste 3—[OPC (240 g) + (W+PCE) (45
ml)] +[SF-2 (40 £) + (W+PNS) (45 ml)], w/b=0.32.
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Fig. 3. SEM images of cement paste (a, b — formulation No 1, 3, accordingly).

The following investigations were carried out:
the scanning electron microscope (SEM) with EDS
and XRD examination of cement paste as well as
determination of the compressive strength on 50 mm
cubes. The flow of cement paste was measured in
accordance with [12]. The flow pipe was 50 mm in
diameter and 100 mm in height. Flow (F) was mea-
sured by averaging two crossing diameters of the
spread. The relative flow area ratio (G) as the index
of fluidity was calculated by the Eq: G= F?/50>—1.

3. Results and discussion

3.1. The flow of cement paste

It has been found that cement paste with water-to-
cement ratio w/c=0.27 is characterized by the rela-
tive flow area ratio G=0.9. In the case of partial re-
placement of Portland cement with silica fume SF-
2 (formulation No 1) the water demand of cement
paste substantially increases. When the water-to-
binder ratio is 0.39 the index of relative flow area
ratio reaches only G=0.85. The addition of two su-
perplasticizers (N-200, 0.5 wt.% + FM-794, 0.5
wt.%) into the composition of cement paste, w/
b=0.32 (formulation No 2) provides increasing the
index Gto 1.1. While a separate preparation of ce-
ment paste, foreseeing preliminary intensive mix-
ing of silica fume in the solution of PNS-superplas-
ticizer with the subsequent adding the obtained or-
ganic-mineral suspension into the cement paste, con-
taining PCE-superplasticizer (formulation No 3),
provides increasing the index G to 3.4. This effect
can be explained from the next consideration.

We found earlier [ 13] that adsorption according
to the data of ultraviolet spectroscopy of polynaph-

thalene sulfonate condensate on the surface of posi-
tively charged minerals of Portland cement clinker
(C3A, C4AF) and mineral additives (limestone,
dolomite) is much higher in comparison with mod-
ified polycarboxylic ether of equal solution concen-
tration. Besides, when minerals contact with the
binary solution of superplasticizers (PNS+PCE)
adsorption of polynaphthalene sulfonate condensate
is preferred.

So, in cement paste with comb-type superplasticiz-
ers (PNS+PCE) on the surface of hydration products
(adsorptive layers) the molecules of PNS will domi-
nate. In this case the fluidity of cement paste isnot high
because the steric hindrance between cement particles
is not big enough. Preparation of cement paste by the
separate mixing procedure when the polymer solutions
areadded sequentially was adopted to promote the ad-
sorption of PCE molecules onto the cement particles,
sincethe PNS chains are preferentially adsorbed due to
strong electrostatic attraction. Ultra fine particles of
agglomerated microsilica previously dispersed in the
solution of PNS-superplasticizer will be distributed
homogeneously in the structure of cement paste and
will promote ball bearing effects increasing the fluidity
of cement paste (concrete mixture).

3.2. Microstructure of cement paste

Scanning electron microscope (SEM) images of
three compositions of cement paste are shown in
Fig. 2. Large spherical agglomerates ~500 mm were
displayed (Fig. 2 a) in the microstructure of cement
paste of formulation No 1 (28 days of hardening).
These agglomerates in once or twice exceed the size
of initial cement particles and can be identified as
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Fig. 5. EDS of hydrated cement paste (formulation No 2).

not dispersed clumps of micro silica. The addition of
the comb-type superplasticizers (PNS+PCE) into
the composition of cement paste (formulation No 2)
provides dispergating large micro silica agglomer-
ates, however the content of particles with the size
~50 mm remains big enough (Fig. 2 b). It is clear
from the image of microstructure of cement paste,
prepared by the separate mixing technology (for-
mulation No 3), that the individual micro silica par-
ticles are highly dispersed and not agglomerated
(Fig. 2 ).

A cement paste without addition of superplasti-
cizer (formulation No 1) contains the very thin fi-
bred crystals of mineral ettringite, piercing the hy-
drosilicate gel and the initial particles of Portland
cement and microsilica (Fig. 3 a). At the same time
in the microstructure of cement paste with addition
of two superplasticizers (formulation No 3) on a
background of amorphous hydrosilicate mass the

crystalline particles of ettringite as small blocks are
observed (Fig. 3 b). It testifies modifying influence
of superplasticizer admixtures on the morphology
of Portland cement hydratation products [14].

According to the data of Energy Dispersion
Spectroscopy (EDS) calcium, silicon and aluminon
are the main chemical elements in the structure of
cement paste (Fig. 4-6). It should be noted the vari-
ances of sodium percentage in different formulations
of cement pastes. In a standard formulation No 1 its
content is 0.09%, at the same time in the standard
formulation No 2 —1.91 %.

Probably the higher sodium content in the com-
position of cement paste (formulation No 2)is stip-
ulated by the presence of PNS-superplasticizer and
its possible chemosorption on the Portland cement
hydratation products.

However, when cement paste is prepared on the
separate mixing procedure (formulation No 3) so-
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Fig. 6. EDS of hydrated cement paste (formulation No 3).
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Fig. 7. XRD patterns of cement paste (formulations No 1-3).

dium content isequal to zero. At separate procedure
of cement paste mixing the competition adsorption
of two anionic polyelectrolytes (PNS and PCE su-
perplasticizers) onto the positively charged alumi-
nate phases of Portland cement is eliminated. The
carboxylated polymer is mainly adsorbed onto the
surface of cement particles while the polymethyle-
nenaphthalenesulfonate molecules, partly adsorbed
on-the-spot of silica fume, are in a dispersion envi-
ronment asa result.

The results of XRD analysis of cement paste,
hardening at normal terms during 90 days, testify to
the high enough degree of Portland cement hydra-
tation - comparatively low intensity of diffraction
reflections of tricalium silicate (Fig. 7). In spite of
large term of hardening of cement paste and high
pozzolanic activity of silica fume, thereis a high con-
tent of portlandite in the microstructure of cement
paste. At the same time the intensity of the most
characteristic diffraction reflections of this mineral
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Fig. 8. Compressive strength versus hardening age for
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(d=0.491;0.311; 0.263;0.193 and 0.179 nm) in the
microstructure of cement paste with addition of su-
perplasticizers considerably goes down in a com-
parison with the formulation No 1, especially at sep-
arate cement paste mixing procedure (formulation
No 3).

The formation of calcium silicate hydrates with
different basicity is a result of chemical binding of
calcium hydroxide with an amorphous silicon diox-
ide. The presence of characteristic diffraction re-
flections of calcium silicate hydrates with the Ca/
Si<1.5 ratio (d=0.304; 0.280; 0.182 nm) and Ca/
Si=1.5-2 ratio (d=0.980; 0.285 nm) specifies on it.

3.3. Compressive strength of cement paste

The higher degree of dispersion of silica fume the
higher compressive strength of cement paste is (Fig.
8). It should be noted also that growth of kinetics of
compressive strength is the most intense for the ce-
ment paste of formulation No 3 which incorporates
silica fume with maximal fineness. It is due to the
pozzolanic reaction between amorphoussilica diox-
ide and calcium hydroxide as well as due to result of
the filling effect which reduces the porosity of ce-
ment paste.

4. Conclusion

The preliminary intensive agitation of densified form of
silica fume from aged slurry of Ferro-alloy worksin the
solution of PNS superplasticizer and the subsequent
addition of the received organic-mineral suspension
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(modifier) into the mixture of Portland cement, mixing
waterand PCE superplasticizer (separate mixing pro-
cedure) provides increasing fluidity of and compressive
strength of cement pastein acomparison to the formu-
lation of cement paste prepared by the traditional tech-
nology. These effects are conditioned by dispergating
large agglomerates of silica fume in the solution of PNS
and exclusion of competitive adsorption of the anionic
superplasticizers for the positively charged surface area
of cement hydration products.
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3aiiyenko Mukosa MuxaiJI0BUY — K.T.H., JOLEHT, JOKTOPAHT, TIPAIIOE JOIEHTOM Ka(eapu TeXHOMOriH OyAiBeTbHIX
MarepianiB, Bupo6iB i aBroMobiibHuX gopir JoubachKol HalioHANBHOI akaneMii OYIiBHUIITBA i apXiTEKTypH.
HayxkoBi iHTepecu: BUCOKOMIIHI i 0COOIMBO BUCOKOMIIHI OeTOHN HA OCHOBI (hi3mKo-xiMidHO MOAMbIKOBAHUX
JIUCIIEPCHUX KOMIIOHEHTIB GETOHY.

Anp-IlTamcu Xanex Ani Cain — KaH[uAaT TEXHIYHUX HAYK, IPAIIOE IeKaHOM (haKysbreTy AZIEHCBKOTO YHiBEPCUTETY,
GyniBesbHOro iHcTUTYTY. HaykoBi iHTepecu: 6eTOHU 3 MiHEPAIbHUMU [OOABKAMUL.

Caxomko Oznena BoaogumupiBHa — acucreHT KadeIpu TeXHOJIOriil OyaiBelbHUX MaTepialiiB, BUpoOiB Ta
aBTOMOOLTBHUX Topir [lonbGachkol HalioHATBHOI akageMil OymiBHuUITBA i apxiTekTypu. HaykoBi inTepecu: 6eToHM,
10 CaMOYIIiTbHIOIOTHCS.

3ailuenko Hukonaii MuxailioBuy — K.T.H., JIOIEHT, JOKTOPAHT, paboTaeT AOUEHTOM Kadeapbl T€XHOMOruii
CTPOUTENILHBIX MATEPUAJIOB, U3/IEUN U aBTOMOOUJIBHBIX 10por JToHOACCKOW HAIIMOHAIBHO aKaJleMUU CTPOUTENBCTBA
U apxuTeKTypbl. HayuHble HHTEPECHL: BHICOKOIIPOYHbIE 1 0COO0 BHICOKOIIPOUYHBIE OETOHBI HA OCHOBE (DM3UKO-XUMIYECKU
MOANGMUIMPOBAHHBIX IUCTIEPCHBIX KOMIIOHEHTOB OETOHA.

Anp-Illamcu Xanen Aau Caua — KaHAMZAT TEXHUYECKHUX HayK, paboraeT gekaHoM (akyabTeTa AJIEHCKOTO
YHUBEPCHUTETA, CTPOUTENBHOTO UHCTUTYTA. HayuHble MHTEPECHL: GETOHBI ¢ MUHEPAIBHBIMU J06aBKAMU.

Caxomko Enena BragumupoBHa — accucteHT Kadeapbl TEXHOJOTHN CTPOUTENbHBIX MATEPUAJIOB, U3IENUN U
aBTOMOOMJIBHBIX 10pOT JloH6ACCKO#T HAIIMOHAILHON aKaJeMUU CTPOMTENbCTBA U apXUTEKTYphl. HayuHble MHTEpeCHL:
CaMOYIUIOTHSOIIMECS] GETOHBI.
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