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Przygotowanie ultra drobnych czastek krzemionki i ich zastosowanie
w celu zwiekszenia wytrzymatosci zapraw cementowych

Preparation of ultra-fine silica particles and their application for
enhanced strength of cement mortar

1. Wprowadzenie

Stosowanie nano-krzemionki w zaprawie cementowej moze po-
prawi¢ hydratacje cementu, trwato$¢ i wtasciwosci mechaniczne,
o0 czym donoszg w licznych badaniach (1-4). Hydratacja cementu
ulegta przyspieszeniu i nastgpit wzrost wytrzymatosci na $ciskanie
zaczynu cementowego. Jest to spowodowane reakcjg pucola-
nowg i efektem uszczelnienia. Stwierdzono, ze szybkos$¢ reakcji
pucolanowej zalezy od powierzchni wiasciwej dostepnej w reakc;ji.
S3 obecnie rézne metody przygotowania nano-krzemionki, na
przyktad osadzanie z fazy gazowej, metoda zol-zel, strgcanie,
technika hydrotermalna i inne (5). Pomimo, ze metody te cechujg
sie duzymi zaletami jak na przyktad kontrola rozmiaréw, morfo-
logii i reaktywnosci powierzchniowej nie sg one przystosowane
do zastosowania w masowej produkcji. Z tego powodu technika
przemiatu zostata uznana za prostg i stosunkowo tanig, a mozliwg
do zastosowania dla r6znej klasy materiatow i tatwg do zwigkszenia
skali produkcyjnej (6).

Nano-krzemionke stosuje sie w roznych produktach poczynajgc
od kosmetykéw az do budownictwa, lub materiatéw budowlanych.
Dzieki ultra matym rozmiarom i duzej powierzchni wiadciwej nano-
-krzemionka ma duzy wptyw na poprawe wiasciwosci cementu
i betonu. Beton jest materiatem budowlanym wytwarzanym przez
zmieszanie cementu, piasku i odpowiednio dobranego kruszywa
z okre$long iloscig wody. Natomiast zaprawa ma szereg zasto-
sowan jak na przyktad tynki na cegle lub inne formy murarstwa.
Czasem okreslany jako cement piaskowy; sktada sie z ziarnistych
materiatéw réznych rozmiaréw i stosowany jest do pokrywania
duzych powierzchni. Catkowite uziarnienie mieszanki okresla
takze wtasciwosci zaprawy. Wiasciwosci Swiezej zaprawy (rozptyw
i urabialnosc¢) sg zalezne od rozktadu ziarnowego, jednak takze
wiasciwosci stwardniatej zaprawy a mianowicie wytrzymatosc
i trwato$¢ zalezg od uziarnienia mieszanki i zwigzanego z nig
upakowania (7). Jedna z drég dalszej poprawy upakowania
jest zwigkszenie zakresu uziarnienia poprzez dodatek czastek
o wielkosci mniejszej od 300 nm. Materiaty, ktére trzeba obecnie
bra¢ pod uwage sg nastepujgce: wapien i miatka krzemionka,
a mianowicie pyt krzemionkowy i nano-krzemionka (8). Dodatek

1. Introduction

Using of nanosilica (NS) as a replacement in cement mortar could
improve cement hydration, durability and mechanical properties
as reported by several studies (1-4). The hydration of cement
had been accelerated and an increase in compressive strength of
cement pastes was achieved. This is due to the filling effect and
pozzolanic reaction activation. It was concluded that the rate of
pozzolanic reaction depends on the specific surface area available
for reaction. Nowadays, there are various methods for the prepa-
ration of nanosilica such as chemical vapor deposition, sol-gel
processing, precipitation method, hydrothermal techniques etc. (5).
Although these methods are characterized by great advantages
such as control size, morphology and surface reactivity they are
not suitable for large scale production. For this reason the high
energy milling technique has been considered being simple, rela-
tively inexpensive to produce, applicable to any class of materials
and can be easily scaled up to large quantities (6).

Nanosilica is used in variety products ranging from cosmetic to
construction and building materials. Due to their ultrafine size
and large surface area nanosilica has great potential in improving
cement and concrete properties. Concrete is a building material
produced by mixing of cement, sand and a selection of aggrega-
tes, with a specified amount of water. The mortar can be used for
a number of applications, such as plastering over bricks or other
forms of masonry. Sometimes referred to as sand cement, it is
composed of granular materials of different sizes and the size
range of the composed solid mix covers wide intervals. The overall
grading of the mix determines the mix properties of the mortar. The
properties in fresh state (flow properties and workability) are for
instance governed by the particle size distribution (PSD), but also
the properties of the mortar in hardened state, such as strength
and durability, are affected by the mix grading and resulting particle
packing (7). One way to further improve the packing is to increase
the solid size range, e.g. by including particles with sizes below 300
nm. Possible materials which are currently available are limestone
and silica fines likes silica flavor (Sf), silica fume (SF) and nano-
-silica (nS) (8). The addition of very fine pozzolanic materials to
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materiatdw pucolanowych o bardzo duzym rozdrobnieniu do
zaczynu cementowego powoduje powstawanie bardzo drobnych
produktéw hydratacji, a te z kolei zmniejszajg wymiary poréw.
Mikro lub nano czgstki pucolanowe sg dodawane jako aktywne
podstawniki cementu portlandzkiego, a w zwigzku z ich reakcjg
z wodorotlenkiem wapnia z utworzeniem fazy C-S-H poprawiajg
fizyczne wiasciwosci betonu (9-12).

W tej pracy przeprowadzono prébe wytwarzania ultra drobnej
krzemionki w wyniku obrobki drobnego piasku do ultra drobnych
czgstek przez mielenie w miynie kulowym. Ta ultra drobna krze-
mionka jest przeznaczona jako wzmacniajgcy wypetniacz w za-
prawach i betonach.

2. Doswiadczenia

Naturalny drobny piasek pochodzit z wydm utworzonych przez
wiatr w potudniowej dolinie Egiptu (rysunek 1). Ten piasek mielono
w miynku planetarnym (model PM 100), przez dwie godziny. Wa-
runki mielenia byty nastepujace: napetnienie mtyna 75%, a mielniki
stalowe miaty wymiary 10 mm; predko$c¢ obrotowa mtynka wynosita
350 obrotéw na minute. Po zmieleniu produkt ogrzewano przez
2 godziny w 800°C w celu aktywacji termicznej. Po tym procesie
mielono materiat powtérnie przez 30 minut stosujgc mielniki w for-
mie kulek o $rednicy 3 mm.

3. Wyniki i ich omoéwienie

Krzywa ziarnowg zmielonego piasku oznaczono za pomocg ana-
lizatora laserowego (rysunek 2) 50% czgstek zmielonego piasku
miato $rednice mniejszg od 200 nm, a wszystkie miaty rozmiary
mniejsze od 1 ym.

Na rysunku 3 pokazano rentgenogram zmielonego piasku, a jego
morfologie, w poréwnaniu z wyjsciowym materiatem, pod elektro-
nowym transmisyjnym i skaningowym mikroskopem przedstawiono
na rysunku 4. Wymiary ziarn piasku po obrobce byty w zakresie
200-400 nm.

Rys. 1. Wydma piaskowa

Fig. 1. Sand dune
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cement paste leads to the formation of very fine hydration products
which in turn, lead to a refinement of pores. Micro or nano pozzo-
lanic particles are incorporated as active substitutions of ordinary
Portland cement (OPC) due to their reactivity with lime leading to
the formation of C-S-H phase with improvement of physical and
mechanical properties of concrete (9-12).

In this study an attempt has been done for the production of ul-
trafine silica (UFS) by transforming the fine micro sized sand into
ultrafine particles by using the high energy planetary ball mill. The
UFS is focused to be effectively used as reinforcing filler in mortar
and concrete matrices.

2. Experimental

Natural fine sand was collected from sand dunes created by the wind
in south valley-Egypt (Fig. 1). The natural fine sand was milled with
high power planetary ball mill (model PM 100). The total duration
of milling was 2 hours. The following milling conditions were ma-
intained: the input quantity of sand represents 75% of the grinding
jar size 250ml, and balls were of stainless steel, the ball diameter
was 10 mm, the rotation speed of the planet carrier was 350 rev/
min. After the grinding process the output material was heated for
2 hours at 800°C, for thermal activation. After thermal activation the
material followed again by 30 minutes milling without any type of
grinding media with smaller stainless steel balls of 3 mm diameter.

3. Results and discussion

The reduction in particle size of fine sand was investigated by
using laser beam diffraction particle size analyzer. Fig. 2 shows
the particle size distribution PSD graph of the ground sand. It can
be noticed that about 50% of the ground particles has a diameter
of less than 200 nm, while the diameter of all the particles are
less than 1 pm.

The XRD diffraction studies were carried out with the help of nickel-
filtered Cu-Ka radiation at 40kV and 40 mA Philips PW3050/60
diffractometer, using provided with a proportional counter. The XRD
diffraction pattern of the ground sand is given in the Fig. 3. On the
XRD diffraction pattern, apart from typical a-quartz peaks, notary
content of amorphous material can be found. The morphology and
size of the produced UFS, as compared with the starting material,
were investigated by FEI - INSPECT SEM and Transmission elec-
tron microscope JEOL JEM-1011 as shown in Fig. 4. The grain
size of such sand was in the range of 200 — 400 nm.

Fig. 4a shows the SEM micrograph of the starting fine sand as col-
lected from sand dunes. As it is seen the particles show a relatively
large homogeneity in grain size, with average diameter of 200 ym.
SEM micrograph of the ground sand particles is shown in Fig. 4b.
The SEM micrograph confirms the ultrafine morphology of ground
sand particles. Agglomerated spheres can be detected which may
be due to the opposite charges on surface particles caused by
random crushing of sand grains during grinding in ball mill.
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Rys. 2. Krzywa ziarnowa

Fig. 2. Particle size distribution of the prepared UFS
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Rys. 3. Rentgenogram zmielonego kwarcu

Fig. 3. The XRD of the ball milled sand

Na rysunku 4a pokazano wyjsciowg prébke drobno-ziarnistego
piasku z wydm pod elektronowym mikroskopem skaningowym.
Obraz ten potwierdza jednorodno$c¢ jego uziarnienia, o Srednich
rozmiarach wynoszgcych okoto 200 um. Obraz zmielonego piasku
(4b) pod elektronowym mikroskopem skaningowym wskazuje
na jego bardzo drobne uziarnienie, co powoduje powstawanie
konglomeratéw w zwigzku z réznymi tadunkami powierzchniowy-
mi czastek utworzonymi w trakcie mielenia. Pod transmisyjnym
mikroskopem elektronowym (4c) pokazano rozmiary, pokréj na-
no-wymiarow czgstek piasku po zmieleniu. Ten ostatni pokazuje
mozliwo$¢ rozdrobnienia piasku w wyniku mielenia do wymiaréw
bliskich nano czgstkom. Te czgstki majg ksztait kulisty i Srednice
okoto 200 nm.

Doswiadczenia miaty pokaza¢ korzystny wptyw ultra-drobnych
czastek krzemionki na wtasciwosci materiatéw cementowych.
W tym celu zastepowano cement portlandzki ultra-drobnym pia-
skiem w ilosci 3, 5, 7 i 9%. Nastepnie mieszano te dwa skfadniki
na sucho i przygotowywano zaprawe o normalnej konsystenciji.
Woypetniano nig formy walcowe o srednicy 50 i wysokosci 100 mm
oraz oznaczano wytrzymatos¢ na rozcigganie przy zginaniu.
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Rys. 4. Zmielony piasek pod transmisyjnym (c) i skaningowym (b) mikro-
skopem elektronowym. Wyjsciowa prébka piasku (a)

Fig. 4. SEM and TEM micrographs of the starting and ground particles,
(a): SEM micrograph of the starting material, (b): SEM micrograph of
agglomerates of ground sand (c): TEM micrograph of dispersed particles
of ground sand

cws-1/2014 19



34

" N

~ 28

€ /

=)

= 26

a3

£ 24

S

5 22

wv

[

% 20

| =

(]

=18

16 T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10

UFS cement replacement

Rys. 5. Wytrzymatos¢ na rozcigganie przy zginaniu po 7 dniach twardnienia zaprawy w funkcji zawartosci ultra-drobnego piasku

Fig. 5. Tensile by bending after 7 days of mortar hardening strength

Wyniki oznaczen wytrzymatosci na rozcigganie przy zginaniu
zaprawy cementowej po 7 dniach pokazano na rysunku 5.
Wytrzymato$¢ ta wzrasta ze wzrostem dodatku ultra-drobnego
piasku i osigga najwiekszy poziom przy okoto 5%. Ten wzrost
wynosi okoto 22%. Przyczyng wzrostu wytrzymatosci zaprawy,
w ktdrej 5% cementu zastgpiono piaskiem jest jego bardzo duze
rozdrobnienie i duza powierzchnia wiasciwa. Ta mikro krzemionka
jest okoto 100 razy drobniejsza niz cement (13). Mikrokrzemionka
wypetnia pory w czesciowo zhydratyzowanym zaczynie cemen-
towym zwiekszajgc jego gestos¢ (14). Mikrokrzemionka moze
przyspieszy¢ hydratacje cementu odgrywajac role heterozarodkow
w powstawaniu zelu C-S-H. Odgrywa takze role mikro-wypetniacza
zwiekszajgc gestos¢ matrycy cementowej. Natomiast w przypadku
wiekszego dodatku nierdbwnomierne jej rozmieszczenie powoduje
powstawanie stabych obszaréw (15).

Na rysunkach 6 i 7 pokazano mikrostrukture matrycy cemento-
wej bez i z dodatkiem mikro krzemionki po 7 dniach twardnienia
w normalnej temperaturze. Prébki pobrano w $rodkowej czesci
prébek zaprawy.

Mikrostruktura matrycy cementowej bez dodatku mikrokrzemionki
zawieratfa czgstki niezhydratyzowanego cementu oraz pustki i pory
(rysunek 6), a takze luki pomiedzy tg matryca i ziarnem piasku.
Powoduje to zmniejszenie wytrzymatosci zaprawy.

Zastgpienie 5% cementu portlandzkiego mikrokrzemionkg ma
wpltyw na hydratacje, zmieniajgc mikrostrukture stwardniatej za-
prawy. Mikrostruktura ta jest bardziej zwarta i ma mniej pustek.
Okazato sie takze, ze dodatek mikrokrzemionki ma takze korzystny
wpltyw, bowiem powoduje zageszczenie strefy przejsciowej ma-
trycy z ziarnami piasku co poprawia witasciwosci mechaniczne
zaprawy (16).

Na rysunku 7b pokazano mikrostrukture zaprawy zawierajgcej 9%
mikrokrzemionki, ktéra miata mniejszg wytrzymatos¢. Ta prébka
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The size, shape and structure of the produced nanoparticles of
ultrafine silica are shown on TEM micrograph (Fig. 4c). The TEM
micrograph shows the possibility of sand grains reduction to the
particle sizes of nano level due to the ball milling process. Thus
nanostructured material is expected to be partially present in the
ball milled sand. The ultrafine silica particles have spherical shapes
with average diameter of 200 nm.

The goal of our experiments was to study the advantageous role of
the prepared UFS in cementitious materials. For this purpose UFS
were added to binder replacing cement in mortar at different ratios
3,5, 7 and 9%. The PC and UFS were mixed for 5 min to assure
uniform distribution. Then the paste was prepared by slow mixing
for 3 min with water, in the quantity corresponding to the standard
consistency. The paste was cast in cylindrical moulds with 5 cm
inside diameter and 10 cm height for tensile by bending strength test.

Fig. 5 shows the change of the tensile by bending strength of
cement mortar as a function of cement replacement ratio by UFS
after 7 days of curing.

The mortar tensile by bending strength increases with UFS share
and a maximum value was reached at about 5%. This represents
an increase of nearly about 22%.The reasons for early strength
increase of modified cement mortar up to 5% cement replacement
by UFS may be due to its ultra fineness and its high specific surface
area. The micro-silica is finer about 100 times than cement (13).
Micro silica can fill the remaining voids in the partially hydrated
cement paste, increasing its final density (14). UFS can give the
accelerating effect on cement hydration due to acting as nucleation
sites for the precipitation of CSH gel. Furthermore the UFS plays
the role of physical filler and result in densification of cement matrix
which will increase the paste mechanical strength. Higher addition
of UFS over 5% causes the tensile strength decrease which can
be due to the non uniform dispersion of UFS particles that causes
weak zones (15).



zawierata znacznie wiecej pustek w poréwnaniu z mikrostrukturg
zaprawy z 5% dodatkiem mikro krzemionki (rysunek 7a).

4. Wnioski

Giéwne whnioski, wynikajace z przeprowadzonych do$wiadczen
sg nastepujace:

Przemiat w mtynku planetarnym umozliwia uzyskanie mikro-
krzemionki.

Sredni rozmiar czgstek zostat zmniejszony z 200 pym do
200 nm.

Pokroj mikro krzemionki po przemiale jest kulisty, co zostato
potwierdzone pod transmisyjnym mikroskopem elektronowym.

Zastgpienie cementu przez mikrokrzemionke ma korzystny
wplyw na wytrzymatos$¢ na rozcigganie zapraw przy czym
najwiekszy wzrost stwierdzono w przypadku 5% dodatku.
Wynosi on 22% po 7 dniach.

Dodatek mikrokrzemionki modyfikuje zaprawe strefy przejscio-
wej i powoduje powstawanie mikrostruktury matrycy cemento-
wej o wiekszej gestosci i jednorodnosci.

Mikrokrzemionka moze by¢ stosowana jako wypetniacz
wzmacniajgcy matryce cementowaq.

Podziekowanie

Autorzy wyrazajg wdziecznosc¢ egipskiemu Housing and Building
National Research Center za finansowe poparcie tych badan.

Rys. 7. Mikrostruktura prébek z 5% (a) i 9% (b) dodatkiem mikrokrzemionki
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Rys. 6. Mikrostruktura zaczynu cementowego

Fig. 6. SEM micrographs of cement paste samples

Fig. 7. SEM micrographs of UFS/cement mortar samples, a) Mortar containing 5% of UFS, b) Mortar with 9% of UFS addition

cwa-1/2014 21



Literatura / References

1. S. S. Shebl, L. Allie, M. S. Morsy, and H. A. Aglan,”Mechanical beha-
viour of activated nano silicate filled cement binders”, J. Mat. Scien., 44,
1600—1606 (2009).

2. Ye Qing, Zhang Zenan, Kong Deyu, Chen Rongshen, “Influence of
nano-SiO, addition on properties of hardened cement paste as compared
with silica fume”, Constr. Build. Mat., 21, 3, 539-545 (2007).

3. Byung-Wan Jo, Chang-Hyun Kim, Ghi-ho Tae, Jong-Bin Park, “Charac-
teristics of cement mortar with nano-SiO, particles”, Constr. Build. Mat., 21,
6, 1351-1355 (2007).

4. Gengying Li, “Properties of high-volume fly ash concrete incorporating
nano-SiO,”, Cem. Concr. Res., 34, 6, 1043-1049 (2004).

5. A. S. Edelstein, in Encyclopedia of Materials: Science and Technology,
ed. by K. H. J. Buschow, R. W. Cahn, M. C. Flemings, B. llschner, E. J.
Kramer, S. Mahajan, P. Veyssiere, p. 5916, Elsevier Science and Tech-
nology, 2006.

6. C. C. Koch, Rev. Adv. Mater. Sci., 5, 91 (2003).

7. G. Hisken and H. J. H. Brouwers, “A new mix design concept for earth-
-moist concrete: A theoretical and experimental study”, Cem. Concr. Res.,
38, 1246— 1259 (2008).

8. A. Dunster, “Silica fume in concrete”, Information paper No IP 5/09, IHS
BRE Press, Garston, U.K. 2009.

9. S. S. Shebl, Ibrahim S. Khalil, and H. Shoukry, “Using of Micro-Silica
for Strength Improvement of Fiber Reinforced Cementitious Surface Com-
pounds”, ISRN Materials Science, Vol. 2013, Article ID 173587, 7 pages,
http://dx.doi.org/10.1155/2013/173587, 2013.

10. S. S. Shebl, H. S. Seddeq, and H. A. Aglan, “Effect of Micro-Silica
Loading on the Mechanical and Acoustic Properties of Cement Pastes”,
Constr. Build. Mat., 25, 3903—-3908 (2011).

11. H. A. Aglan, S. S. Shebl, M. A. Morsy, M. Calhoun, H. Harding, and
M. Ahmed, “Strength and toughness improvement of cement binders
using expandable thermoplastic microspheres”, J. Constr. Build. Mat., 23,
2856-2861 (2009).

12. M. S. Morsy, H. A. Aglan, “Development and characterization of nano-
structured—perlite—cementitious surface compounds”, J. Mat. Scien., 42,
10188-10195 (2007).

13. A. Dunster, “Silica fume in concrete”, Information paper No IP 5/09,
IHS BRE Press,Garston, U.K. 2009.

14. S. Sakka, H. Kosuko, “Handbook of sol-gel science and technology,

Volume I: Solgel Processing”, pp. 9-10, Kluwer Academic Publisher, New
York, USA 2000.

15. W. T. Kuo, K. L. Lin, W. C. Chang, H. L. Luo, Effects of Nano-Materials
on Properties of Waterworks Sludge Ash Cement Paste. Journal of Indian
Engineering Chemistry, 12, 5, 702-709 (2006).

16. K. Liao, P. Chang Y. Peng, and C. Yang, “A study on Characteristics of
Interfacial Transition Zone in Concrete” Cem. Concr. Res. 34, 977 (2004).

22 cwa-1/2014

Figs 6 and 7 show the SEM micrographs of both plain and UFS
containing cement paste respectively. The curing period was 7
days at room temperature. The test samples for microstructures
were obtained from the central part of paste specimens.

The microstructure of the control cement mortar showed unhy-
drated cement particles with some voids and pores (Fig. 6).
Additionally there is a micro gap between the cement matrix and
sand grain which result in a reduction of mechanical strength of
cement mortar.

Replacement of Portland cement by 5% UFS particles was found
to influence hydration behavior and led to differences in the mi-
crostructure of the hardened mortars. The microstructure of the
hardened cement mortar containing UFS appeared quite dense
and compact with less voids. Furthermore, it can be predicted
that the strengthening effect of UFS-particles would be further
enhanced in mortar because the UFS-particles improve not only
the microstructure of cement matrix but also the interfacial transition
zone between cement matrix and sand, which will enhance the
mechanical performance of UFS-cement mortar (16).

Fig. 7b shows the microstructure of mortar containing 9% of UFS,
which had lower strength. This samples contained much more
voids in comparison with the mortars having 5% of UFS (Fig. 7a).

4. Conclusions

The main conclusions that were drawn from the current study can
be summarized as follow:

— The high energy planetary ball milling technique is a useful tool
in reduction of the size of SiO, particles.

— The average particles size has been reduced from 200 ym
to 200 nm.

— The morphology of the ultrafine silica produced by grinding in
ball mill is spherical which is evident from TEM image.

— The replacement of cement by the ultrafine silica UFS, can
be considered as helpful in enhancing the tensile strength of
cement mortar with an optimum replacement of about 5%.

— The increase in tensile strength of cement mortar with about
5% of UFS addition reached about 22% after 7 days of curing.

— The UFS modifies the interfacial transition zone in cement
mortar and provides a denser and more homogeneous micro-
structure of cement matrix.

— The UFS may be effectively used as reinforcing filler in cement
and concrete matrices.
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