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The dispersion medium of nano-SiO, (nS) particles can have a significant effect on the properties of nanoparticles themselves and
consequently on the cement binders it will be added to. In this paper, nS particles dispersed in (a) polycarboxylate or (b) water
were added to a low-carbon footprint reference binder containing 43% Portland cement (PC), 20% limestone powder (LS), and
37% fly ash (FA) by mass of binder. Eight quaternary binders containing nS, PC, LS, and FA and eight quinary binders comprising
nS, PC, LS, FA, and silica fume (uS) were investigated. nS was added at 0.1%, 0.2%, 0.5%, or 1.0% by mass of binder as a
replacement of LS for the quaternary binders and at 0.5% or 1.0% for the quinary binders. The nanoparticles were examined via
transmission and X-ray scanning electron microscopy (TEM/SEM/EDX). For the pastes, compressive strength tests and thermal
gravimetric analyses (TGAs) were performed at days 1, 7, 28, and 56, all testified to additional pozzolanic activity and additional
C-S-H production. X-ray diffraction analyses and backscattered scanning electron imaging carried out on specific formulations
also confirmed this finding at days 1, 28, and 56. Notwithstanding the additional pozzolanic reactivity, nS particles could not
mitigate the delayed hydration of the reference paste in the early ages. In such complex formulations, the hydration products seem
to create a wrapping around the FA particles delaying their activation at early ages. At later ages, the 0.5% nS addition provided
strength, microstructural, and hydration improvements. The polycarboxylate/nS particles provided more pronounced strength
improvements at 0.5% addition, possibly due to their superplasticizing effect. Lastly, a tabulated literature review on the thermal
decomposition ranges of the hydration products of cementitious nanocomposites is also presented.

1. Introduction

For the production of cement, carbon dioxide is emitted in two
ways; as a product of the burning process of fossil fuels and as a
product of the chemical conversion of limestone to lime. This
process is responsible for about 8% of the total manmade CO,
emissions worldwide. For this reason, the cement industry in
particular has invested significant effort in reducing the CO,
impact of cement production over the past decades. The
European Cement Association has distinguished four key
areas for producing low-carbon footprint cement;

(i) Lowering the clinker content and increasing the
supplementary cementitious materials (SCM) content

(ii) Producing novel cements

(iii) Modernizing existing cement plants with energy
efficient technologies, products, and processes and
making use of alternative fuels such as biomass or
waste materials for the clinkering process

(iv) Capturing CO, and reusing it in the production
process

At the same time, the Eurocodes are currently providing
the upper and lower limits of cement substitution and SCM
addition [1]. In fact, for CEMII/A-L (binary) cements, the
permissible clinker content lies within 80-95% by mass of
binder and the allowable limestone content is restricted to
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6-20%. As for the Portland-composite cements, i.e. cements
that contain both fly ash and limestone at a total maximum
of 35%, the allowable amount of clinker must not be less than
65% according to the Eurocodes. Any other combination
beyond these restrictions can potentially incur a series of
issues, such as prolonged setting times, reduced compressive
strengths, and nonhomogeneous microstructure.

Nanotechnology through a number of applications has
entered in our lives. Construction materials were amongst
the first sectors that benefited through the use of nanosized
particles (at least one dimension below 100 nm) and their
observation at the nanometric scale, close to the molecular
level. In the past five years, extensive research has yielded
results on the development of nanocomposites suitable for
building materials. In recent research, results on the in-
vestigations of the limits of the clinker reduction and the
SCM are studied. The need to produce low-carbon foot-
print cements has driven scientists to reduce the greatest
contributor in CO, emissions, clinker, to unprecedented
levels, beyond permissible limits described by codes. In
recent research, results on the investigations of the limits of
the clinker reduction and the SCM addition have suggested
that the optimal replacement level in binary and composite
limestone cement is 15%. In fact, binary systems containing
Portland cement (PC) at 85% and LS at 15% were freeze-
thaw durable, whereas the PC, fly ash (FA), and LS systems
prolonged the initial setting time of all concretes tested
and reduced early age strength but required less super-
plasticizer compared with the PC mix [2]. Ternary and
quaternary cements can be optimized for additional du-
rability, since the compositions tested improved the re-
sistance to chloride ingress, although carbonation is yet to
be encountered with, and it was overall postulated that
these composite formulations can significantly decrease the
CO, footprint.

Apart from the effort to increase the LS content in the
formulations, many research teams have been focused on
the exploration of the upper bounds of FA addition,
particularly because FA is a by-product from combustion
of coal, primarily from coal-fired power plants. Although
FA in the UK and other countries might be in shortage [3],
there is an urgent need to increase the use of fly ash (FA) in
the US and worldwide. For this, researchers have attempted
to reduce Portland cement (PC) proportions and increase
FA proportions up to 50%. However, as summed up in a
recent review paper, the typical optimal amount of FA
substitution for general purpose concretes is limited to
30%, whereas FA substitution up to 50% has been used for
mass concreting in foundations and dams [4], as it reduces
setting and shrinkage cracking. The beneficial effects of the
additional C-S-H produced and the consistence and mi-
crostructural enhancement observed are counteracted by
the early-age strength reduction at high FA substitutions
and the many unreacted FA particles even after 90 days. Itis
postulated, though, that the adverse effects can be coun-
teracted with the addition of nanoparticles [4]. In a recent
project report, the reference paste contained 70% PC and
30% FA to which 0.5% of nanolimestone or nanosilica (nS)
or nanoclay was added at a water-to-cement ratio equal to
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0.5 [5]. In this research, pozzolanic studies of 20 g Ca(OH),
plus 5 g silica fume was compared to 20 g Ca(OH), plus 5g
nanosilica concluding that after 7 days of hydration the
pozzolanic reaction of nS was almost complete, due to the
unsaturated Si-O bonds on the surface of the particles.
With time, however the effect of nS is similar to that of
silica fume.

Furthermore, a recent review on the effects of nS and FA
in cement paste, mortar, and concrete formulations shows
that, by 2014, only 6 papers have been published in ternary
blends investigating consistency, ammonium chloride re-
sistance, and compressive and flexural strength [6].

Others studies led by the authors of the present paper
suggest that cementitious composite pastes and mortars
comprising of 60% PC and 40% LS can be further enhanced
by the addition of just 0.5% nS by total mass of solids in
terms of mechanical strength and additional hydration re-
actions [7-9]. Moreover, it was found that cementitious
composite pastes and mortars containing 60% PC, 20% FA,
and 20% LS can be further enhanced by the addition of just
0.5% nS by total mass of solids [10]. In this publication,
strength gain was linked to Ca(OH), consumption towards
the production of additional C-S-H in a single graph, which
can assist in future formulation design.

With the present paper, the first two key areas identified
by the European Cement Association are simultaneously
addressed. In an effort to further optimize cementitious
nanocomposites towards the development of a low-carbon
footprint cement formulation, in this paper, a very low PC
content (43% by total mass of solids) and a high supple-
mentary cementitious material content (LS, FA, and silica
fume summing up to 57% by total mass of solids) formu-
lation was investigated. These proportions are far from the
permissible, according to the European Standards, which
state that in Portland-composite cements (i.e., cements that
contain both FA and LS), the allowable amount of clinker
should be at least 65% [1], as graphically shown in Figure 1.
The PC content was reduced in favour of the FA content,
lowering the PC/FA ratio to 1.16. In such composite ce-
ments, antagonism amongst the pozzolanic particles (FA,
silica fume, and nS) is expected, and the extent of the
phenomenon was assessed. Agglomeration of the nano-
particles was one of the possible limitations [11], and for this,
two different nS dispersions were compared: an aqueous and
a polycarboxylate-based one. Given recent results on the
combined effect of polycarboxylate superplasticizers and
nanosilica in binary (PC-nS) pastes, claiming the reduction
in nS reactivity with immediate mixing [12], in this research,
the combined effect of polycarboxylate nS in quaternary
and quinary formulations has been investigated and further
clarified. To the best knowledge of the authors, this is the
first study presented on quaternary and quinary low-carbon
cementitious nanocomposites against a number of param-
eters; hydration and pozzolanic reactions, strength devel-
opment, microstructural enhancement, and comparison
of all the above with two different types of nanosilica
particles.

Apart from compressive strength tests and scanning
electron imaging, extensive thermal gravimetric analysis
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FIGURE 1: Permissible and nonpermissible limits of clinker substitution/SCM addition according to EN 197-1 and the challenge of the

current research.

(TGA) was required in order to attest the consumption
of the Ca(OH), towards the production of additional
C-S-H.

TGA is the technique by which the mass change of a
sample is monitored as a function of temperature change.
A typical analysis comprises of heating up a sample from
room temperature to 1000°C at a rate of 10°C/min. Three
phases are distinguished: (i) the dehydration of C-S-H,
ettringite, and monosulfate occurring approximately be-
tween 100°C and 180°C; (ii) the dehydration of Ca(OH),
taking place approximately between 400°C and 500°C; and
(iii) the decomposition of CaCO; between 600°C and
800°C. The technique is offering an approximation of the
C-S-H produced, the Ca(OH), consumed, the extent of
pozzolanic reaction, and evidence of carbonation of the
samples [7, 10, 13-15]. The temperature ranges were se-
lected after a further search in the literature, from which a
tabulated literature review on TGA was also developed.
Although there is a significant amount of papers in which
TGA results are presented, thermal gravimetric tests in
binders containing nanoparticles are limited. In essence,
due to the addition of nanoparticles, the bond strength
is diversified and hence temperature decomposition
shifts are expected. It was, therefore, essential to conduct a
literature review on the thermal decomposition stages,
given by other researchers in order to ascertain the
abovementioned temperature ranges and distinguish the
hydrates decomposing at the increasing temperature in-
tervals (Table 1).

2. Materials and Methods

2.1. Materials. The materials used were as follows:

(i) Portland limestone cement CEMII/A-L42.5, with a
limestone content of 14%, conforming to EN 197-1.
The supplier gave the following clinker composi-
tion: 70% CsS, 4% C,S, 9% C;A, and 12% C4AF. In
mix proportioning, the Portland cement (PC)

content (86% by mass) was considered separately
from the limestone (LS) content (14% by mass).

(ii) Limestone (additional LS), conforming to EN 197-1.
The total LS content of each paste was the sum of
that contained in the Portland limestone cement
and this additional LS.

(iii) Fly ash (FA), conforming to EN 450. The oxide
composition provided by the material data sheet
was 53.5% SiO,, 34.3% Al,Os3, 3.6% Fe,O3, and 4.4%
CaO.

(iv) Silica fume (uS), in undensified dry form, con-
forming to BS EN 13263. According to the material
data sheet: specific surface area = 15-30 m*/g; mean
particle size =0.15 ym.

(v) Commercially available amorphous nS 15% by mass
of nanoparticles in a polycarboxylate suspension
(GnS) (Figure 2).

(vi) Commercially available colloidal amorphous nS
15% by mass of nanoparticles in an aqueous sus-
pension (LnS) (Figure 2).

2.2. Methods

2.2.1. Formulation of Quaternary Cementitious Nano-
composite Binders. A series of composite cement binders was
designed having PC43LS20FA37 (43% Portland cement, 20%
limestone, and 37% fly ash by total mass of binder) as a ref-
erence paste. The water to binder (w/b) ratio was kept constant
at 0.3 (Table 2). These pastes were designed with a high content
of FA, which permitted an investigation into possible effects of
pozzolanic interference between the two different types of nS
and other pozzolanic materials. The PC content was kept
constant, and the content of nS solids was deducted from the LS
content. This was done in order to keep the Ca(OH), pro-
duction during PC hydration comparable in all pastes, so as to
detect possible pozzolanic reactivity of the nanoparticles in
composite cement formulations. The general formula of the



Advances in Materials Science and Engineering

£00®D Jo
uonRAX0qIe( :D,08£-00L®
“(HOJeD J0
Su : N D,0001 01 07 WwoI] ased gqu pIo £ep-gz pue -/ xruw
[oz] JO asn YIIM UONRIPAY PaseaIou] qOﬁm&onmMMoWU.wwoom 057® wy/u %6 pue ased DJO Jo uoneIpAH DJQ Jo Judurade[dar ssewr £q SU 96
uonisodurodap ‘1ojem Areqides
Jo uonerodess 1D 061-071®
o8
H-S-D pareIpAy jo uoneurioy 0,059 03 00T woy ‘urw/d j
2I0UI 0] NP QAL ‘$312IOU0D W N fanoe sruejozzod amses Iejiowr ur DJQ Jo juowade[dar ssewr
[61] Ul JU2)U0d0URU I} SUISLIIdUT / ‘06 Aep [MUN I9)eM UT ULY], IARSE Sue N £q SU %7 Pue %G1 ‘%I ‘%S0 +DdO
£q pasearour st suawupads P 87 10 SuLmd T pajernjes
a3 Jo JySom ur ssof ay],
“(HOJ®O 30
uone[AxXoIpAysp D 067—-08F®
H™S7O (HVS*D) 1ueBoiphy Surmo 11eMaWI—6F'0 = /M@ S
Jo uoneurioj spremo) {(HO)eD  Jo uonisodwoddp :0ge-567® ot o . ..M el TeLow
81 o uondwnsuod pamoys SHVSZD) 21eIpAy aj1ua[yes w/u) pauonuau JoN uondwmsuos Z(HO)eD amseapy ¢ S %85 F STETNED %56 18
J pamoy VSO pA 1 P 0¥ ur TINGD Jo juswaoerdar ssewr £
skep 87 1e (OSQ) Anowrioes  jo uonisodwo’dp :0T1-501® ) J ! Py 1
Suruueds [enuaIdPI H-S Aepouvu ayshorey g€ pue %z %1
-0 Jo uonisodwoddp :0z1-SO01@
syeaq
“papasu
SEM [[JUOUT dUO JIAO ‘G 10§ 7= qmd
3 ¢ % % _ -
10A0MOY ‘/ Aep Aq pajerdurod (HO)TD [ §10J D,GOT I8 PALIP — USAO pue o3e [oq 38 §H Jo 8¢ + U305 (HO)ED
(1] SEM SU JO UOT)OBAI JIUR[OZZOJ : 9UO0)20® [JIM Pa)SaLIe uoneIpAH .
T g 107 7,066 J0 uonisodwoddp D 01S-0FF® Surmo 19EmarT JuaIdPIp 18 Juayuod {(HO)eD  Jo 307 yum pareduiod qu [eprofjod
I X I I z
Je s1seq payrusi o) UO Paje[noTed Jo 85 +3uau0d {(HO)D Jo B0z
JIIM SJUUO0D L(HO)eD
“JuAUOd
Z(HO)®D Mo[ 2y} 0) onp safe
19)e[ 18 I JO 92139p uoneIpAy
ur 3sea109p Terdudd uf vq uru/D 61 N
JO uoneIPAY I9YINJ MO[[E JOU {(HO)®D Sw oz oqy 41005 © e 10 SUID : o:l .L\ MO STEHON
[o1] pIp ‘skep £ 103 D 0/ 1 1ojem ur  jo uonisodwosap 03 anp D 0TS amssaid orreydsouny Eu X M: e UAMWWNNUow oasmww % .m st o¢<m.mmUm
pamd ‘sajsed Juauod SU pUR YV  puUB OFF U2amIaq ssof 1S ¥ 10] D,501® FANARDE oTuE W SUST+OPVASLEDd
ysry e {(HO)eD jo uonajdaqg PaLIp U240 219M sajdureg 0¥VI090d
az1s aprnaed
o8eIoAR WU ()] pue WU ()7 JO
Su [epro[od + v  2d&1+DdO
9er Suneay pue JySom dfdures
CRIIERCIEN SJUSWIWIOD PUB $)[NSAY sfeazaul arnjeraduray, : : VO Jo asoding pazAfeue 1opurg

/pasn sedjuonjeredaid ojdwreg

"suorsnuod Jofewr pue siapulq rsodwoooueu snonnuUAWD Jo spnpoid woneipAy jo sarnjerodwa) uonisodwodssp D, i1 414V],



Advances in Materials Science and Engineering

[oAd]
©12q 0} [249] eydre woiy Jurod
zjrenb jo a8ueyp aseyd D 085D

(4
‘saseyd ourreso (HO)EO
Jo uone[AX0IpAYPp D, 0LV® .
-[IT O3 SUI[BISAID [[oM WO} youreSorpAy N G'0=Qq/M® sIejrow [-NTD
4
[¥2] uonewIojsuen) sy pue {(HO)eD 30 uonIsodwodp 1 0SED wrw ¢ MIAN JO 39959 ay3 Apnis of, Jo Juowaoerdar mwdcw \E.QS,NZV
Jo uondumsuod 3y 03 Pa] JINN apuarges UI[oRYRJOWOURU 948 PUB ‘049 ‘0% 947
Jo uonIppe 2y} :sask[eue DS J0 uonisodwoddp 1, 091®
H-S-O
Jo uonisodwrodap ) O11-S01®
syead
f00®D
Ax0QqIedap : ~®
ol JO uonejAX0qIeddp D ,008 ssewr Aq SPIOS 9%0¢ Su
%0 Jo 1B} cmﬁm IoMo] sem 1 ‘il “(HO)®D v%« M%xo%wm ”ww
0 : JO UOnRIPAYRP D) 055-0SF® ura/o,01 " e

%0 10§ S[IYM ‘STl +SU %' TT +0

pue Su 90 01 paredwod Wy jo uoneipAyap

"0,000T 03 LT WOl

SE0=9q/MO NIV

asn pauIquIod 112y} pue T'1dS +TSUzT0T1SH8 £80d

(7] [enxed :5,007-081@ N G€°0 Jo oner . . .
udyM $SOT JySrom 1aysiy ye jo voneIpAgep q/# i sorduzes ‘sdep gg pue  S° P st Jo 1232 ay Apmis o, T1dS+TTISNg £80d
® pamoys Sl + Su %7 0T +¢ . o €dS +5°€SUg960d
. renred :0,0€1-071® 87 ‘L 10§ D,1¢ e SuLmd 121EM .
pue Su 9%6'¢c M sajdures H-5-7) JO UOREIpAYoP T'1dS +0zS1080d
¢ 0} dn) s{e ue / 10 : 1dS +4S°TS-
(D.00% 01 dn) sdep 8z pue £ 104 rensed 1 c71-c11® T1dS +¥STSTNED
197eM Jo uomneroded 1D 00T~®
"2In)XIuIpe
3seq IOWEOJIP 9JESUIPUOD
R %Mmﬂﬁb& s 0,069 03 01T Woi] dS 2y ur paszadsip sem su
[ce] %W 03 dn juauoo su Jursearour o :Nu”u nwmau@o.uﬁﬁ&ﬂ EGM\U% o cwwwmﬂ“%uwuﬁwwa n M 9 o cuEuM.M Mom
W poseasour sodures jo ssop 30 UOHPAPAURP :0,059-011 N Jo uon p jo Apmg / ©mwwaﬁ *+0d0 Jo JuauvId:
ssewr ‘3ULIND Jo sAep g I0YY / 48U %3 Put ¥ e Tl
az1s apned oeroae
wu gt Jo Su amd 9666 19pMOJ
“HO)®D
Jo uonelfxoIpiyap :,057@ JI2JeM 22I] SAOWIAI 0] SINOY ¢
“uornoeax I9)eM punoq A[pesrwayd pue I ® Plot- -
otue[ozzod Jo 9OUIPIAD SMOYS  PIQIOsqe ILB[I)UT JO SSO] pue } 0,501 PRY-O,0001-0¢ syonpoxd uonerpAy
[12] i : ; urw;/D 01 : DdO Jo yuowaoerdar ssew £q SU 96
su yim ofdwres ur ((HO)eD  H-S-D JO uoneipAyap o3 anp T Jo uonrsodwodap jo Apmg
JO JUNOWE Ul UOTONPIY sso[ sseuwr [enpeisd :D 00F-SO0T® EZE
2)18ur13d jo uonisodwossp pue /
I9JeM 221J JO SSO[ 3D S0T-07®
aex Suneay pue JySiom dfdues
2OUIJY SJUQWILIOD pUE S}NSAY sTeazojur arnjeraduway, VO, Jo asoding pazeue 1opurg

/pasn sedjuoneredaid ojdwreg

ponunuo) 1 dIdV],



Advances in Materials Science and Engineering

‘urroy oryderdoqelso e 0)
w0y orydessoqreisdn H e woxy
§%D) 2WIOS JO UOIBULIOJSURT)
a3 £4q paonpur aq Lewr
yead S1wILYIopUd D) 0171 @
urrog orydes3oeisdn T e 0
wiog orydessoqreisdn H e woiy
§%D) 2WIOS JO UOIBULIOJSURT)
31} 0] paje[I aq ued
SUOT)JBAI JTULIY)OXD SPIEMO)
Surpuaq 2413 3D 016-008®

VDL Iopun sfep /£ 1e pajsd)
pue ‘pafeas ‘parp Apuanbasqns
o1oM W) pue ‘sapnred
9A31S W[ (g O} PI[IUI U}

"pa1IMI0
uonerowo[3Se snoLes uonIppe

[82] SU JO 9%¢ 9A0QY "PIWIGUOD dIIM

A[oanoadsar

T'T PUB 70 9I9M SOTJBI I9PUIQ-pues
pue q/m Sy, 'S[ELIdJRUT SNOTUITID
oY) Jo ssewr £q %G pue o€ o1

saysoduwod
SNONIUIUID ddUeULIOfId
-ySIy-enm uo Su Jo 109Pg

SU JO $103]J3 I3[ PUB JIUR[0ZZOJ £00DeD pue uoneIpAy 1sa1re 0) [ 8§ I0J 0} 94() WOIJ PaLIeA SU Jo sadesop YT,
JO uone[Ax0qIeddp :D OIL®  [OYOd[e UI payeos a1am sajdureg ‘su pue yJ £q paserdar sem juawra))
“(HOJeD J0
UOTIR[AXOIPAYDP D) 00S-00F®
H-S-D
Jo uonisodwoddp D 0ST-SE1D
sajerodead
101em Areqides 1D OTTI®
ead
f00®D
'sassardord a3e se qu JO uone[AX0qIRI3P D) 008D @ ‘e o T Sa1qll 1991 Eﬁmn %5 WMM
Jo uomppe a3 4q pajesuaduios “(HOJ®O HIL/O0T T8 P3sal 93210U05 dourwIOfIad " Ma wco M mnwm u I 3%% . w«:@
[22] ST 103J2 SIYJ, "UONRIPAY JUSWAD  JO UONRIAXOIPAYap :D 0SF®  pue 1apmod o) punoid sajdures } ) b ISpues + 19p “
° -ySry-enm uo Su jo 10aPq pue auojsow| + 1azpnse[diodns
Jo porrad juewIOp YY) papIeIax sarerodead pauapiey skep gz 10 Jurmy posEq-1o(1o
1az1onserdiadns jo uonippe o 19yem Arepideo :
onse| jo uonippe ayl, ! mﬁ.sm O.501® srpdxoqreadfod s ST T WAD
sopaed pasodwodap 1eyrpowrouesio B S —
97 Aep jo cosmu. powoue3Io >4 0,007 ~00£@ w/u LININO Jo uoneypouourso ad£y jo yuswaoerdar ssewr
[92] |2 Jo uonesyIp / Od 12d4 5 I

H-S-O

JO HOREIGHIA J0 uonerpAyap renied D 0S1®

JO HORTGHEA £q DU LININO JO %T PUE ‘%S0 ‘%0

‘[eLIa)RW paj[oux
e ojur 1opmod woly juauad
oy Surwrojsuer) ainjeroduwa)
uonsuen) sse[d :) 00c1®
£00®D
[sz] JO UONRAX0qIeddP D) 0TL®
“(HO)®D
JO uoneAX0IPAYRp D) 0LF®
sajerodeas
191em Areqides 1D 001 @
syead

D.00%1 01 dn
w/u

G§6'0=q/M®
w/u Dd T-INILSV Jo juawaoerdar ssewr £q
LININO %80 PUB ‘%90 ‘%¥'0 ‘%C0

aex Suneay pue JySiom dfdues

OUIJY /pasn sedjuoneredaid ojdwreg

SIUDWIWOD PUL $J[NSNY sTeAtoqur arnjerodway,

VO, Jo asoding pazeue 1opurg

ponunuo) 1 dIdV],



Advances in Materials Science and Engineering

muayed pue aduriye ‘H-S-D

D,0001 01 dn mopy uadonru

d
9)sed pojeapAy ur Jusjuod yuade[dal

[z€] H-S-D [eUOT}IPPE JO UOT}ONPOIJ ) Dd Se 2JIUO[[LIOWUOW-OURU 04 PUe
o uonisodwooap : -G0T® JIopun urw o ayer Sunes —-§-D JO UOIBUTWLIND .
3 P :D,081-50T P /0,01 ¥ H H-S-O7J a 1opuIq JO ssewr 4q %0F ST %09 Dd
€
"asearout yduons o TonIso mEMqumU. i
2A1ss21dUIOD IIM PIJE[OII0D J i . P D.018-00L® 9ysed
. : i (HO)®eD jo D,0001 03 dn moy uaSonu juawaoe[dar HJ se U pue JapuIq
[1€ ‘6-2]  Apooup H-s-D reuonippe UOTR[AXOIPATp : -0¥P® JIopun urw 0 21e1 Sunes PaIEIPAY I 3u2IU0d H-S-0 o ssewr £q 9 ue o
I I Lout
(HO)®O jo uondumsuog Jo uonsodwoddp D, 081-501@
£00®D
"aseaoul YySuans 30 :o_twowEOBM .Umo~w|oou®
aA1ssa1dUIod [IIM Paje[aIIod (HO)®D J
(1195110 € TRUONIPDE UOTIRIAXOIPAYID D) 01S-0FF® D,0001 01 dn moy uaSonu 9)sed pojerpAy ur juoyuod [  Juowradedar HJ Se SU pue Iapuiq Jo
[01] [3211p *ODED [eUONIPP JO 2)BjNSOUOW Iopun urui/D 0T JO 23el Sunedy -S-D pue HD JO UONBUIWINR(  SSBW £qQ %07 VI PUE ‘%0T ST ‘%0% Dd
jo uonanpoid gy spiemoy D,08€-04T PU® D,007-S81@
z ‘o - o -
(HO)®O 2t ur asea1ou] uayed pue 9rdurnie ‘H-S-D
30 uonisodwoddp D 08T-S0T®
Su
Jo 30ape oruejozzod ay) Suimoys
uonippe %01 YIM %ze~ H-S-O
£q paonpar Jusjuod [ puk  JO UONJRIPAYDP 9} S& PAISPISUOD 70=9q
pourioy sem H-S-D [euonippe ST D,000T pue GOT Uoamiaq /M YIM 9%0T PUR ‘G € °T 38 Pappe sem
(0g] %G7~ UONRIPAY JO YT IV $SO[ ssewr Sururewar ayT, mop uaonru a)sed €0 pajerpAy urjuayuod [ Su epmod D 00ST Jo arnjeradwa)
0¢ (uonIppe SU 90T YIM HD 210U £0DeD jo Iopun urwi/D G jo 2jer Sunedr -§-D pue D JO UOTIRUTULIdNS(] P21BAJ[2 UB J© 90PUINJ OLIII[D
%19~ pue H-S-) [PUONIPPe  UONBUOQIEIIP I} JO 2SNLIAq SI ue Sursn £103e1oqe[ ayy ur paredaxd
9699~) [01U0d 2y} Uey) 1YSIY  D,008-009 ‘HO Jo uoneipLyap SeM (S¥D) 99eDIYIS WNIDTeITI],
sem uonewIoj [-5-0 jonpoxd a) 03 anp ST D 00S—00¥
JO 9JeI AU} UAYM Y Q I SU
JO 1099 UOTJEI[ONU WNWIXEe]A
“I9JeM
9213 jo uonerodesd ajoword
03 SINOY ¢ 10J D,G0T 18 P[OY Sem Juswaovdas
"O1JeI q/M 3} 0} pajefaI sso[ 3ySrom ayrwo[op pue f0De)  arnjeradwe) urw/D) O JO el ) e !
£ A . _ %S'T PUB ‘T ‘6’0 ‘0@ (Wu (g Jo JzIs
[2211p ST suonIppe Su 1YSIy  jo uoneAx0qIedsp i) 018-07L® ® D,006 03 dnD gz ormnjeradwa],  $9)o10U0d AIRUIQ UO SOTJEI
[62] . ° ° ° spnred ueaw [RUTWIOU IIM I9]eM JO
je ure8 yySuang ‘pajewnss sem 2(HO)®D jo U/ T 0§ Jo MOfJ IN qQ/M JUDISPIP pue SU JO J0IPT
QWNSUOd D) JO JUNOWE 3Y],  UONRAXOIPAYID :D 0IS—0ZF® JIopun pazA[eue sem uonmnsqns 1yB1om 4q sprjos 9601) votsuadsns su
P : ° o [BIDISWIWO + 93210U0D YS'7H [ INTD
SU %G'T 38 69°0 = q/M PIM
9J210U00 Jo syudwidely punoid
j0 Sw o1 APrewnxorddy
aex Suneay pue JySiom dfdues
2OUIJY SJUQWILIOD pUE S}NSAY sTeazojur arnjeraduway, VO, Jo asoding pazeue 1opurg

/pasn sedjuoneredaid ojdwreg

ponunuo) 1 dIdV],



Advances in Materials Science and Engineering

(XTw QU pazijeuonouny
ay} 10§ A[uo) dnoid ourure
Jo uonisodwrosdp :D,008-05%
SOUEBXO[IS 0} dSUIPUOD
sdnoig ouets D 00¥-00¢
$SO[ 19JeM [{-S—)D) pue paqlospe
03 spuodsa1rod D 007-0¢
:uonIppe
SU pazifeuonounj ay} 10,
SOUEXO[IS 0] SUIPUOD
sdnoid [oueps :0,008-007
$SO[ I9JeMm [{-S—)) pue pagqIospe
03 spuodsarrod D 007-0¢
:uonIppe SU Y} I0,]

‘H-s-O ul
sa1od 193 a1y 10 9z1s o) uronpar
‘suTeyd 2JeOI[Is 2y Jo YISud|
[s¢]  pesealdur pue suoneuoqIed H-S
-0 3umnpar ‘saseyd pajeuoqred
JO uoneuLo}y oy} payqiqut
sapnaed su jo wonrppe ayJ,

0,008 01 dn mopy uaSonu
Jopun urw/D) G Jo djer Sunesfy

uornjeuoqJred pue Iajem
JO junowre JO uoneururIaloq

sopnted gu pazieuonouny

surwe +H-S-) 10 sapnied Su +1
-S-D 0} UQHNQEOU Jayem wo $S90X9 Ut
S£0 Jo uoneipAy 4q H-§-0 dmdIuAs

S9)BII[IS WNIO[Ed
parerpAy woyy sdnoid HO
[ernonI)s pue )oed ‘saseyd
pajeuoqred jo armxru xardurod
Jo uonsodwoddp 3 ,094-055D

*22130p 28ueyoxe uoned
19y81Y JO LINO Uey) uonmnsqns
JUSUIDD 1OJ 9[qeIINS AIOUWL o
0} swaas §°() Jo 9213op auerpxa

] “HO)eD j0
-uoned yum [INO (VOIL) : -
[3€] stsATeue AnswraeidowIay :oumwcmmmuwﬂwwu.omwmw oore

pue (DS) AnowLioes
Suruuess [enuaragIp—(V.LS)
SISA[eUe [RULISY) SNOAUB)NUIIS
£q paymads sem syonpoxd
uoneIPAY JO JUAIUOD YT,

H-S-V-D ‘H-V-0 Jo uoneipAyap
pue H-S-D jo Iajem
Ioke[1)Ul JO $SO[ D, 07¢-011®
H-S-O
Jo 1xed pue 1o93em paqiospe
JO ss0[ :D,0TT 03 dn Ssof ssejy

aroydsoune
uddoxnIu SUIMOJJ & UT d)el UTW
/2,01 78 D,006 03 dn pajeay a1om
sojduwres oy ‘Surkipaid 10yyy
sfep 9¢ pue g7 L® VDL

9213op d3ueypxo
uoned sa AJ1ATIoR JTUR[0ZZOJ

£T°0 JO Ol PI[0s-0)-I9)EM Je

pue o1 pue ‘g°0 ‘9°0 sa213ap 23ueyoXd
Uuoned JUIAPIP @ IUO[LIOUNUOTT
payrpow A[peoruedio

J0 oM T Je Juawaoedar DJ

9)TUO[[LIOUUOW
-oueu pue £QDe)
J0 uonisodwoddp ) 018-009®
9)TUO[[LIOUNUOW
-oueu pue {(HQ)eD Jo
uone[AxXoIpAyap D 055-00F®
juejoeyns pue £)nd o
Jo uoneIpAyap :0,00€-S01@

asearout uans
9A1$$91d W0 YIIM PIJB[II0D
(g€ Apoa1p H-$-0 [euonIppe
Jo uononpoid oY) spIemo}
Z(HO)®D jo uondwnsuo))

D,0001 03 dn mop uaSonru
Iopun umu/D 01 Jo djel Junesy

Ayanoe
orue[ozzod Jo Juawssassy

uorsIadsip ajruo[LIowuOw

-oueu 9,08 Annd sy

%07 pue UorsIodsIp 9)TUO[[LIOU}uow
-oueu 9%0¢ And swiy %0g

DUdIJY SJUSWIWIOD pue SINSY S[eArajur Q.HBH.N.HOQEO,H

aje1 uneay pue Jydrom o[dures
/pasn sed/uoneredard aydureg

VDL jo asoding

pazA[eue 1apurg

‘panunuo)) :T 414V],



Advances in Materials Science and Engineering 9
FIGURE 2: GnS carboxylic solution and LnS aqueous solution.
TaBLE 2: Mix proportions (%) by total mass of solids.
PC (%) LS (%) FA (%) uS (%) nS (% solids) w/b
Mix
PC43LS20FA43 (0% nS) 43 20 37 0.0 0.0 0.3
Quaternary mixes
PC43LS19.9FA37 +0.1% nS 43 19.9 37 0.0 0.1 0.3
PC43LS19.8FA37 +0.2% nS 43 19.8 37 0.0 0.2 0.3
PC43LS19.5FA37 +0.5% nS 43 19.5 37 0.0 0.5 0.3
PC43LS19FA37 +1.0% nS 43 19 37 0.0 1.0 0.3
Quinary mixes
PC43LS17FA37 +2.5% uS+0.5% nS 43 17 37 2.5 0.5 0.3
PC43LS17FA37 +2.0% uS +1.0% nS 43 14 37 2.0 1.0 0.3
PC43LS14FA37 +5.5% uS+0.5% nS 43 14 37 5.5 0.5 0.3
PC43LS14FA37 +5.0% uS+1.0% nS 43 17 37 5.0 1.0 0.3

matrix of the quaternary cement pastes was given by the fol-
lowing equation:

PC(43) + LS(20—x) + FA(37) + nS(x), (1)

where x=% of nS solids by mass, ranging from 0 to 1.0%.
These pastes were also mentioned to as PC/FA=1.16
pastes.

2.2.2. Formulation of Quinary Cementitious Nanocomposite
Binders. Continuing the enhancement of reference paste
PC43LS20FA37, four additional paste formulations were
designed for each of the two nS types containing silica fume
(uS) in addition. Again, the PC content was kept constant
and the content of nS solids was deducted from the LS
content for the reason mentioned above. The water-to-
binder (w/b) ratio was kept at 0.3. The quinary pastes
were prepared in the following proportions:

PC(43) +LS(20-y—x) + FA(37) + uS (y) + nS(x),
(2)

where y = % of uS solids by mass, ranging from 2.0% to 5.5%,
and x=% of nS solids by mass, ranging from 0 to 1.0%.

The mixing procedure, casting, demoulding, and curing
are described elsewhere [7, 10]. In general, dry mixing of the
powders took place first, with a spatula by hand. Then, water
was stirred together with the nanoparticles, consecutively
poured to the powders and mixed with an automatic dual
shaft mixer at 1150 rpm for 3 minutes for pastes up to 300 g,
time increasing with amounts of paste. The various for-
mulations were air cured for 24 hours and then demoulded
and water cured until the day of testing.

2.2.3. Material Preparation and Analytical Techniques

(1) Characterization of Nanosilica. Both nanosilica disper-
sions were characterized in terms of shape and size via
transmission electron microscopy (TEM) and elemental
composition via scanning electron microscopy/X-ray energy
dispersive spectroscopy (SEM/EDX).

Transmission Electron Microscopy (TEM). Suspensions
of 10 ng/ml were prepared from the LnS with distilled
water. Small drops of the diluted solutions were then
deposited on copper mesh grids coated with a thin
carbon film. Grids were dried at 25°C prior to the
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insertion in the instrument. Samples were examined at
avoltage of 120 kV with a GATAN Jeol JEM 1200 mkII.
Images were recorded on a Gatan Dual View camera.

Scanning Electron Microscopy/X-Ray Energy Dispersive
Spectroscopy (SEM/EDX). For SEM/EDX elemental
composition analyses, the LnS dispersion was first
vacuum-dried for three days at a pressure of 10-2 mbar
(100 Pa). The dried dispersion samples were placed
uncoated on a sheet of molybdenum, an element absent
from the LnS dispersions for unbiased elemental an-
alyses. A matrix of 5x 5 spectra was acquired, and the
median of the elemental composition was presented.
Samples were imaged using a Jeol 6480 LV SEM.

The exact same experimental procedure (TEM and SEM/
EDX) was followed for the characterization of GnS. Images
and analyses can be traced in the literature [10].

(2) Characterization of Pastes. For the characterization of
the pastes, arrest of hydration was performed following two
different methodologies: solvent exchange and oven drying
as described by Calabria-Holley et al. [36]. For SEM
backscattered (BSC) image generation and microstructural
investigation, solvent exchange was preferred for the arrest
of hydration. Isopropanol was selected as the most ap-
propriate solvent according to the literature [37, 38]. The
thermal properties were investigated via thermal gravi-
metric analysis and differential thermogravimetry (TGA/
dTG). For TGA/dTG, the oven drying technique was
adopted.

Compressive Strength. All mixes were tested at a loading
speed of 0.5 MPa/s. The mean compressive strength was
obtained by testing three to six cylindrical specimens
per mix. Therefore, the compressive strength results
presented herein refer to the mean measured.

Thermal Gravimetric Analyses (TGAs). Thermal
gravimetric analyses were carried out using a Setaram
TGA92 instrument. Twenty milligrams of each mix was
placed in an alumina crucible and heated at a rate of
10°C/min from 20°C to 1000°C under 100 mL/min flow
of inert nitrogen gas. The differential thermal gravi-
metric (DTG) curve was derived from the TG curve.
Buoyancy effects were taken into account, by correcting
the curves via automatic blank curve subtraction.

Three different areas are compared, depending on the
hydration products thermally decomposing between specific
temperature ranges, as measured by the thermogravimetric
(TG) analyses [9, 10]:

The first one is related to the dehydration of C-S-H,
ettringite, gehlenite, and monosulfate, between 100°C and
200°C. It can be postulated that the greater the loss mea-
sured, the greater the amount of C-S-H and ettringite
produced by the hydration of the paste.

The second area of interest is associated with the de-
hydration of Ca(OH), between 440°C and 510°C.

The third area of interest is the decomposition of CaCO;
occurring between 700°C and 810°C.

Advances in Materials Science and Engineering

Microstructural Characterization by Scanning Electron
Microscopy (SEM). A set of SEM images was collected
for each formulation at different ages (1 day, 28 days,
and 56 days). A backscattered electron (BSE) detector
was used to capture images of the as received, uncoated
samples.

(3) Mathematical Elaboration. Correlating hydration char-
acteristics with mechanical strength performance in ce-
mentitious nanocomposite binders.

The high correlation between the consumption of
calcium hydroxide towards the formation of hydration
products (microscale characteristics) and the delivered
compressive strengths (macroscale performance) of the
nS-modified pastes with respect to time has been expressed
through a newly introduced ratio. This ratio comprises of
the compressive strength of the pastes versus the Ca(OH),
content, as detected by the TGA/dTG analyses, plotted
against time. It was found to give an interesting repre-
sentation of the performance of cement nanocomposites
[9, 10].

3. Results and Discussion

3.1. Characterization of Nanosilica. TEM analysis showed
that the diameter of the LnS particles ranged from 8 nm to
50nm (Figure 3(a)) and that they were homogenously
dispersed and highly concentrated layers of nS on top of
other layers of nS (Figure 3(b)). The diameter of the GnS
particles was about 5-8 nm, and images can be found in the
literature [10].

A 5 x5 matrix of spectra was collected for GnS and LnS
in each elemental analysis (SEM/EDX). In Figure 4, the
comparison of the elemental compositions of the two
different nS dispersions shows that GnS exhibits traces of
Si0, and over 70% (normalized atomic) carbon content,
confirming the presence of polycarboxylates. It should be
noted that, in GnS, the hydrocarbon present is more prone
than the nS itself to have significant effects in the cement
pastes. LnS, however, comprises of almost pure SiO, and
therefore expected to perform as a pure, aqueous nS
dispersion, exploiting the benefits of nanoparticles dis-
cussed before such as the high surface area or due to the
high SiO, increase in the C-S-H, when added to cement
paste formulations.

3.2. Compressive Strength

3.2.1. Quaternary Cementitious Nanocomposite Pastes.
Research on ternary nanocomposite binders comprising of
Portland cement, limestone, and nano-SiO, has shown
immediate reactivity of the nanoparticles with a simulta-
neous effect in strength gain, at day 1 [8, 9]. The strength
development of the LnS quaternary cementitious nano-
composite binders is presented in Figure 5(a).

It can be seen that LnS did not offer early strength gain
(day 1). Adding to that, the reference paste reached a
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FIGUre 3: TEM micrograph of LnS at (a) 500,000x and (b) 15,0000x magnification.
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FiGUure 4: Comparison of the elemental composition of GnS and
LnS.

compressive strength of approximately 40 MPa at day 28,
which was stagnant thereafter. This could be attributed to
delayed PC and FA hydration, a hypothesis revisited and
elaborated upon after the thermal analyses. Furthermore,
neither did the two lower LnS contents (0.1 and 0.2% by
mass) offer improvements in the compressive strength. The
highest LnS (1%) leads to strength reduction at later ages,
possibly attributed to the agglomeration of particles and/or
some other mechanism discussed in detail below. To assess
this hypothesis, SEM imaging was carried out at the 0.5%
and the 1% nS binders, as well, as shown in Section 3.6.
In terms of determining the optimum amount of LnS
particles for cementitious nanocomposite binders with PC/
FA ratio of 1.16, the 0.5% by mass addition seemed to have
the most favourable effect. Moreover, there is a pattern

observed for the LnS additions; all four formulations
compared to the reference binder exhibit:

(i) Lower 1-day strength

(ii) Marginal strength gain between day 1 and 28, still
lower than that of the reference binder

(iii) Gradual increase between day 28 and 56, but lower
than that of the reference binder

(iv) Drastic increase between day 56 and 90, with 0.5%
LnS surpassing the strength of the reference
binder

As discussed by Calabria-Holley et al. [39], Papatzani
et al. [7], and Kawashima et al. [16], it is possible that, at
higher nS concentrations, the hydration products formed by
the immediate reactivity of the nS have higher C/S ratio in
the C-S-H, creating dense wrapping around the FA par-
ticles, which are found in abundance in the paste. The
C-S-H formed in presence of FA has a lower C/S ratio [40];
therefore, these “pockets” of dense C-S-H and ettringite
may perform as ion penetration barriers, delaying even
further the reaction of a part of the FA. It is the authors’
opinion that, in low PC/FA ratio composite cement pastes,
the presence of high contents of nS managed to “deactivate”
part of the FA. In support to this argument, a number of
unreacted FA particles surrounded be the “pockets” were
identified by the SEM analyses and are presented in Section
3.6. This could be the reason why the specific binders de-
livered reduced compressive strength. For the lower LnS
content pastes, their compressive strength is expected to
increase further with age, mainly because with the ad-
vancement of time the contribution of FA to strength gain,
and densification of the LnS-modified pastes will be more
prominent.

With respect to the GnS addition, the long-term
performance seems to be enhanced by the 0.5% by
mass GnS addition. The presence of significant quantities
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FiGure 5: Cylinder compressive strength of (a) LnS and (b) GnS nanocomposite binders based on PC43LS20FA37.

of carbon seemed to have played a role in the performance
of the GnS-modified pastes, as analyzed in the following
sections. It should be mentioned that, during the pro-
duction of the specimens, the ones with the higher w/b
ratio exhibited prolonged setting, possibly because the
polycarboxylates traced in the solution act as water re-
ducing agents and therefore lower water quantities could
have been added [10]. This, however, would have rendered
the formulations incomparable amongst them and was,
therefore, avoided.

The highest GnS addition (1% by mass) was proven the
least favourable and the lowest (0.1% by mass) was beneficial
for the early age compressive strength (Figure 5(b)). Overall,
however, the 0.5% addition although at the early ages
performed similar to the reference binder, at later ages it
outperformed it.

After testing, the samples were examined for bad
compaction and visual porosity. It can be observed that all
LnS and GnS enhanced binders were well compacted for the
lower nS addition and presented limited visual pores
compared to those of the reference paste (Figure 6).

Further Comparisons. The following two graphs serve as a
summary and comparison of the mechanical performance
of the 0.1% and 0.5% nS modifications of PC43FA20LS37 at
different ages (Figure 7). The stagnant compressive
strength of the reference paste after day 28 was surpassed by
both GnS additions, the 0.5% addition being the most
advantageous. The 0.1% LnS addition delayed the strength
gain, which was eventually enhanced only at the 0.5% LnS
addition.

3.2.2. Quinary Cementitious Nanocomposite Pastes. The
compressive strength of two sets of quinary binders are
presented, both based on PC43LS20FA37. The first was

modified by the addition of S and LnS and the second of uS
and GnS. The addition of micro- and nanosized silica has
been reported to reduce porosity and improve mechanical
properties of cementitious nanocomposites, although the
possibility of use of superplasticizers has also been ac-
knowledged [41]. In this series, GnS is acknowledged to
perform as a superplasticizer on its own [10]. The results are
presented in Figure 7.

Once again, the specimens containing 0.5% nS by mass
performed better than those containing 1% nS by mass. As
shown in Figure 8, LnS exhibited greater potentials with the
higher content of uS (5% by mass). However, the strength
gain was delayed until day 90.

For the GnS-modified pastes, the specimens con-
taining 0.5% GnS by mass performed better than those
containing 1% GnS by mass. As shown in Figure 8(b), GnS
performed better in combination with the lower uS
content (2.5% by mass). However, even in the case of GnS,
strength gain was only achieved after day 56. The FA, uS,
and nS particles in these quinary formulations compete
for the consumption of the Ca(OH), produced by cement
hydration. Hence, the pozzolanic reactions must have
been delayed.

After testing, the samples were examined for bad
compaction and visual porosity. It can be observed that
all LnS- and GnS-enhanced binders were well compacted
for the lower uS+nS addition and presented limited
visual pores compared to those of the reference paste
(Figure 9).

3.3. Thermal Gravimetric Analyses

3.3.1. Quaternary Cementitious Nanocomposite Pastes.
The results of the TG analyses on the four different
combinations of LnS on PC43LS20FA37 are shown in
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Cylinders crushed by compression at 90 days-

Quaternary binders

(i) Visual porosity
(ii) Compaction issues

(iii) Fracture mode: typical for reference paste and brittle for

nanocomposite binders
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GnS
PC43LS19.8FA37 + 0.2% GnS PC43LS19.5FA37 + 0.5% GnS

/

F1GURE 6: Crushed cylinders of LnS or GnS nanocomposite binders based on PC43LS20FA37.
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Ficure 7: Comparison of the (a) 0.1% GnS or 0.1% LnS and (b) 0.5% GnS or 0.5% LnS modification of cementitious nanocomposite binders

based on PC43LS20FA37.

Figure 10. The drastic reduction in the Ca(OH), content
observed at day 56 in Figure 10 could be related to the
marginal increase in CaCOj; observed at the same age,
implying the occurrence of carbonation rather than
chemical reactivity of the LS present in the paste. On the
contrary, the TGA curves, covering 0-1000°C, presented in

Figure 11 showed a significant increase in the C-S-H and
ettringite directly linked with the consumption of Ca(OH),
content from day 28 to day 56 and, consequently, the
strength gain observed at these ages for specific pastes.
Additionally, the following can be observed in the graphs
that follow:
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FiGUre 9: Crushed cylinders of 4S and LnS or yS and GnS nanocomposite binders based on PC43LS20FA37.

(i) Significant increase in the Ca(OH), content from
day 1 until day 7 in agreement with the results on
PC65LS05FA30 presented by De Weerdt et al. [42]

(ii) From day 7 to 28, there were subtle changes in the
Ca(OH), content

It is

approximated that, when PC hydrates produces

about 20-25% by mass Ca(OH), at day 28 [43]. Also, in the
same research, the degree of FA reaction has been identified

as approximately 13% of the total FA content at day 28,
reaching about 25% at day 90; therefore, of the 37% FA,
4.81% is expected to have reacted at day 28.

Moreover, at day 28, 43% by mass PC alone should have
produced approximately 10.75% (43 x 25%) Ca(OH),. The TG
analyses, at day 28, detected 6% Ca(OH),; therefore, a very
small amount of the reactive by day 28 FA (summing up to 1/4
of the total FA content) was left to react after day 28. Theo-
retically, at day 56, the Ca(OH), content detected in the
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Ficure 10: Ca(OH), and CaCOj; content of (a) LnS and (b) GnS nanocomposite binders based on PC43LS20FA37.

reference paste was expected to be lower than that of day 28. If
it is assumed that another 5.5% of FA has reacted by day 56,
then the Ca(OH), content detected in the reference paste
PC43LS20FA37 should have been equal to 6-5.5=0.5%. The
TG analyses showed that there was 1.5% of Ca(OH),, in-
dicating further hydration of PC and possible delayed reactivity
of the FA, certainly, though, there was no indication of de-
pletion of Ca(OH), by the FA. Lastly, it should be acknowl-
edged that some carbonation of the reference paste may have
taken place, since a mass loss was detected after 860°C in
Figure 11. However, the same evidence was present for almost
all pastes at day 28 as displayed in Figure 11; therefore, relative
comparisons are valid.

It is the author’s opinion that the evolution of strength
gain for these series of pastes could be described in the
following chronological scenario.

By day 1, the hydration of PC had started and the LnS
particles, being highly reactive, as shown in the less
complex pastes in literature [7, 8], were immediately
engaged in reactions consuming Ca(OH), formed by the
hydration of cement. The C-S-H produced by LnS re-
activity has a lower C/S ratio and a denser nature than the
reference paste [39].

Between day 1 and day 7, PC had further hydrated; the
remaining LnS particles were completing their participa-
tion expanding the C-S-H network around particles of PC,
LS, and FA. Moreover, a part of the FA particles had started
feeding from the Ca(OH), formed by PC hydration. An-
other part was yet to react, but remained covered by the
dense C-S-H formed by LnS. Additionally, the abrupt
lowering of the pH by the catalytic reactions of LnS may not
have allowed the vitreous phase of a part of the FA particles
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Figure 11: Differential mass loss of LnS nanocomposite binders based on PC43LS20FA37 (a) at day 28 and (b) at day 56.

to decompose and subsequently engage in additional
pozzolanic reactions [10].

At day 7, the TG analyses inferred that, in such pastes
with high FA content, the pozzolanic reactions were the
primary consumers of Ca(OH),, particularly since most of
the LnS had already reacted in the lower LnS content
nanocomposite binders.

By day 28, the lower LnS content nanocomposite binders
did not consume any more Ca(OH),, but neither did the FA
particles due to the ion barriers set by the LnS hydration
products.

However, as age advanced, possibly lowering the pH of the
hydrating paste, the FA attraction of Ca(OH),, exceeded the
strength of the bonds surrounding the FA particles another part
of which started to react, consuming the available Ca(OH),.

By day 56, further strength gain was achieved by the LnS
contents up to 0.5% by mass and significant amounts of

Ca(OH), were still noticeable. Therefore, the theory pre-
sented by other researches on the depletion of Ca(OH), in
such pastes was not confirmed in this research. For example,
Kawashima et al. [16] who studied ternary nanomodified
Portland cement binders of high PC/FA ratio equal to 1.5
found that water cured at 60°C samples showed signs of
Ca(OH), depletion at day 7.

In contrast to this, the chronological scenario is shedding
more light in the complex processes taking place in ce-
mentitious nanocomposite binders and is by no means
dogmatic. Evidences rendered the theory of competition
between FA and nS particles in such binders more adequate
to explain the complex phenomena [10, 31, 39, 44].

The suggestions should be investigated by the
nanoindentation method, which can provide information
on the C/S ratio and stiffness moduli [45]. Furthermore,
a series of X-ray tomography (CT) scans could also
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FiGure 12: Differential mass loss of GnS nanocomposite binders based on PC43LS20FA37 at (a) day 28 and (b) day 56.

bridge the relationship between densification of C-S-H
in the presence of lower LnS contents and probable in-
crease in porosity due to the presence of excessive LnS
particles.

A short reference to the ettringite formation should also
be made. Knowing that the specific FA used contained
impurities and sulfates, it was no surprise that greater
quantities of ettringite were formed [46], as can be observed
in Figure 11.

As shown in Figure 12, the addition of GnS affected the
consumption of the Ca(OH), content at day 1 and 7, for the
two higher GnS concentrations, whereas its effect was more
evident after day 28. The 1% GnS dosage seemed to be
creating more carbonate formations with the mass loss in the
decarboxylation temperature range between 650 and 800°C,
showing an increase with respect to the other specimens.

However, as discussed earlier, the presence of high contents
of polycarboxylates in the dispersion could be responsible
for this response.

3.3.2. Quinary Cementitious Nanocomposite Pastes. It is
interesting to note the similarities between the graph
depicting the Ca(OH), consumption in the LnS-modified
pastes (Figure 10) and the one for the 4S- and LnS-modified
pastes (Figure 13). The only difference between the two is
the slightly greater consumption of the latter, attributed to
uS. Once again, the 0.5% LnS combination showed better
performance by consuming more Ca(OH), at later ages.
The samples did not show signs of carbonation (Figure 13).
In fact, for the first two samples at the lower uS content, the
LS content was reduced to 17% by mass, and the CaCO;
detected was of this order. The same was valid for the other



18
7
26t
<
=]
E5}
X
Z4r
=]
5 3
il
T2
o
6 1
0 " " " " "
0 10 20 30 40 50 60
Time (days)
-&- PC43LS20FA37
—m— PC43LS17FA37 + 2.5% uS + 0.5% LnS
—4— PC43LS17FA37 + 2.0% uS + 1.0% LnS
—— PC43LS14FA37 + 5.5% uS + 0.5% LnS
—%— PC43LS14FA37 + 5.0% uS + 1.0% LnS
7

Ca(OH), content (% by mass)

30 40 50 60

Time (days)

10 20

(=}

PC43LS20FA37

PC43LS17FA37 + 2.5% uS + 0.5% GnS
PC43LS17FA37 + 2.0% uS + 1.0% GnS
PC43LS14FA37 + 5.5% uS + 0.5% GnS
PC43LS14FA37 + 5.0% uS + 1.0% GnS

—o-

-
—A—
-
—*%—

CaCOj; content (% by mass)

—~
o
=

CaCOj content (% by mass)

(®)

Advances in Materials Science and Engineering

30
25
-
15} _ _—
10
5
0 1 1 1 1 1
0 10 20 30 40 50 60
Time (days)
-&- PC43LS20FA37
—m— PC43LS17FA37 + 2.5% uS + 0.5% LnS
—4— PC43LS17FA37 + 2.0% uS + 1.0% LnS
—x— PC43LS14FA37 + 5.5% uS + 0.5% LnS
—%— PC43LS14FA37 + 5.0% uS + 1.0% LnS
30
25
20 -
15
10
5
0 1 1 1 1 1
0 10 20 30 40 50 60
Time (days)
-&- PC43LS20FA37
—m— PC43LS17FA37 + 2.5% uS + 0.5% GnS
—4— PC43LS17FA37 + 2.0% uS + 1.0% GnS
—»— PC43LS14FA37 + 5.5% uS + 0.5% GnS
—x— PC43LS14FA37 + 5.0% uS + 1.0% GnS

FIGURE 13: Ca(OH), and CaCOj; content of S and (a) LnS or (b) GnS nanocomposite binders based on PC43LS20FA37.

two samples at the higher uS content, in which LS was
reduced to 14% by mass. Furthermore, the differences in
the TG analyses of the 28-day old and 56-day old uS/nS
binders can be observed in Figure 14. The consumption of
Ca(OH), is evident with simultaneous production of ad-
ditional C-S-H.

The trend in Ca(OH), consumption in the yS- and GnS-
modified pastes is almost identical to the one delivered by the
GnS-modified quaternary binders (Figure 15). The overall
consumption is slightly lower, though, due to the reactivity of
uS. Two things should be noted: (i) the 0.5% GnS with 2.5% uS
binder consumed greater quantities of Ca(OH), and (ii) it was
this paste that exhibited the best compressive strength per-
formance. Furthermore, there were no indications of car-
bonation having taken place.

3.4. Crystallographic Analyses of Quaternary Cementitious
Nanocomposite Binders. The X-ray diffraction analyses
shown in Figure 16 confirmed all the above findings:

(i) Production of additional ettringite from day 1
(ii) Production of additional C-S-H from day 1

(iii) Increase of Ca(OH), content at day 1 with sub-
sequent reduction at later ages, leading to elimi-
nation of the detectable (non-encapsulated by C-S-
H) Ca(OH), by day 56

(iv) Absence of carboaluminate hydrates (expected to
give diffractions at 10.8" 26, for hemicarbonate, and
11.7° 26 for calcium monocarbonate hydrate [42],
even by day 56, a finding which was not totally clear
by the TG analyses).
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F1GURE 14: Differential mass loss of LnS and S nanocomposite binders based on PC43LS20FA37 between 0 and 1000°C at (a) day 28 and (b)

day 56.

3.5. Correlation of Microscopic with Macroscale Results

3.5.1. Quaternary Cementitious Nanocomposite Binders.
Lastly, the theory presented elsewhere [10] on the corre-
lation of microscopic results of Ca(OH), content with
macroscale results of compressive strength tests was ver-
ified in the LnS-modified series, as well as shown in
Figure 17(a), confirming at one glance that the 0.5% LnS
modification was the most effective of all, overall, exhib-
iting the greatest Ca(OH), consumption. Moreover, this
relationship was verified in the GnS-modified series on
PC43LS20FA37, as shown in Figure 17(b), confirming at
one glance that the 0.5% GnS modification was the most
effective of all, overall.

3.5.2. Quinary Cementitious Nanocomposite Binders.
Lastly, the abovementioned relationship was further tested
in the 4S- and GnS-modified quinary series, as well as shown

in Figure 18, confirming at one glance that it is the GnS
content the primary factor influencing the performance
rather than the uS contents. Moreover, the 0.5% GnS
modification offered more effective pastes.

3.6. Microstructural Investigation of PC/FA=1.16 LnS-
Modified Quaternary Cementitious Nanocomposite Binders.
Backscattered (BSC) SEM micrographs of day 1, day 28,
and day 56 are presented. With respect to the reference
paste, PC43LS20FA37, the following can be observed in
Figure 19:

(i) Densification of the paste has taken place by day 28
accompanied by reduction in microcracks. In other
words, capillary porosity and microcracks reduce
with nS content and age advancement.

(ii) A number of unreacted FA (denoted by uFA)
particles, surrounded by “pockets” as discussed in
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the previous sections, identified by their light colour (v) Ca(OH), crystals (denoted by P) participating in the
and spherical shape are still visible by day 56, seeding effects in agreement with other studies [46].

forci i . . .
enforcing previous arguments Furthermore, the optimal LnS-modified paste,

(iii) Reac'ted FA (denoted b}’ rFA) parFicles creaFed PC43LS19.5FA37 +0.5% LnS, and the less favourable one,
seeding effe.cti: by. attracting needlg—hkfe hydration  pcy31§19FA37 + 1% LnS, were also examined at the three
products reinforcing the hypothesis of greater FA  g;pe o ages. With respect to PC43LS19.5FA37 + 0.5% LnS,

activation by day 56. the following can be noted:
(iv) Dense areas of what seems to be C-S-H (denoted

by CSH on the micrographs) were distinguished. (i) A highly-densified morphology by day 56 can be
The dark rim around the formation was clearly observed, possibly denser than that of the reference
visible. paste. The presence of microcracks seemed eliminated.
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FIGURE 18: Relating microscale characteristics to macroscale performance of 4S and (a) LnS- or (b) GnS-modified nanocomposite binders

based on PC43LS20FA37.
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FiGUure 19: BSC micrograph of PC43LS20FA37 at low magnification at (al) 1 day, (a2) 28 days, and (a3) 56 days; PC43LS19.5FA37 + 0.5%
LnS at (bl) 1day, (b2) 28 days, and (b3) 56 days; and PC43LS19FA37 + 1% LnS at (cl) 1day, (c2) 28 days, and (c3) 56 days.

(ii) Prevalent reacted and unreacted FA particles and Lastly, PC43LS19FA37 +1% LnS bore resemblance to
Ca(OH), crystals exist. the optimal binder in terms of hydration products, mor-
(iii) Extended patches of dense areas of C-S-H can be ~ phology, and pozzolanic activity of the constituents. Qual-
distinguished. itative differences were difficult to be identified by SEM,
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however, more unreacted FA particles with dense rims
surrounding them were spotted.

4. Conclusions

In this paper, a literature review was presented on recent
research on the temperature ranges in which hydrates of
nanocomposites decompose. Sixteen different novel ce-
mentitious nanocomposite binders were compared with two
different reference binders, forming quaternary (PC, LS, FA,
and nS) and quinary (PC, LS, FA, 4S, and nS) combinations.
The mechanical performance was determined in terms of
cylinder compressive strength. The evolution of strength
gain was described in a chronological scenario, and the
thermal performance was assessed by thermal gravimetric
analyses. Crystallographic and microstructural characteris-
tics were also compared with the help of XRD and SEM,
respectively. The following main outcomes can be drawn
from the experimental results presented:

(i) TGA can be used to assess the pozzolanic activity
of nanocomposite binders comprising of PC, LS,
FA, nS, and/or S, offering an approximation of
the C-S-H produced

(ii) The clinker in cementitious binders can be lowered
beyond the currently permissible limits set by the
EU standards, with the use of nanoparticles of silica,
which can deliver superior compressive strength
and thermal and microstructural enhancement

(iii) The dispersion medium of nanoparticles in aqueous
suspensions plays a significant role in the perfor-
mance of the binders, and aqueous suspensions
seem to exhibit a more predictable behaviour

(iv) Nanosilica competes with fly ash and silica fume,
delaying pozzolanic reactions

(v) XRD confirmed the production of additional C-S-
H from day 1 and the absence of carboaluminate
hydrates

(vi) The direct correlation of microscopic results of
Ca(OH), content with macroscale results of
compressive strength tests was verified in all
quaternary and quinary formulations

(vii) Densification and microcracks reduction with nS
content and age advancement were observed via
SEM imaging.

(viii) Unreacted FA particles were found to be surrounded
by “pockets” of hydrates not allowing them to
participate in the pozzolanic reactions until the pH
was elevated at later ages, and dense areas of what
seems to be C-S-H (denoted by CSH on the mi-
crographs) were also distinguished

(ix) As a conclusion, the optimal dosage was de-
termined to be 0.5% nS by mass of the binder.
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