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Abstract: This study investigates the contribution of nano-alumina (nA: 1-3 wt.% binder) to the
performance of silica fume (SF-10%) and ordinary Portland cement (OPC) binary blended mortar.
Microstructural analysis and qualitative characterizations examined the fresh (workability, setting
time) and hardened (compressive strength and thermal resistance; 300 degrees C for 1 h) properties.
Nano alumina (nA) contributed positively to the consistency of SF blended mortar but negatively to
that of OPC mortar. The presence of nA retarded the reactivity of calcium and the fluid absorption
capacity of SF in the fresh mortar. The initial (180 min) and final (220 min) setting times in SF blended
mortar were reduced by 18.4 and 21.8%, respectively, upon adding up to 3% nA. The optimum nA
was 2% in the SFnA ternary blended mortar with 3-d and 28-d compressive strengths of 28 and
43.2 MPa, respectively. These values were reduced by 14.3% and 29.4% in SF-OPC (binary) and
25.2% and 16.7% in OPC mortar, respectively. The nepheline and tobermorite in the SF-nA ternary
blended binder provided a denser microstructural density than in SF-OPC and OPC mortars. Finally,
SF—nA ternary mortar was more susceptible to carbonation due to the presence of aluminum and
calcium carbonates, despite its superior performance in thermal resistance and strength compared to
SF blended and OPC mortars.

Keywords: strength; supplementary cementitious materials; silica fume binder; nano alumina
particle; thermal resistance; microstructural characterization

1. Introduction

Supplementary cementitious materials (SCMs) are commonly used in mortar and
concrete production to achieve cost efficiency, improvement in strength, enhancement in
durability performances, and reduction of solid waste and air pollution. Moreover, the
production of carbon dioxide due to the disintegration of limestone during the manufactur-
ing process of ordinary Portland cement (OPC) is of environmental concern owing to its
effect on global warming. Meanwhile, SCMs, such as fly ash, silica fume (SF), and other
pozzolanic or hydraulic materials, can reduce the volume of disintegrated limestone associ-
ated with OPC manufacturing. Pozzolanic materials enhance the strength and durability of
concrete due to their fineness and ability to undergo secondary hydration characteristics.
Adding SF or nano-silica [1-3] to blended concrete causes lower early strength development
and consistency due to its fineness and dilution effect in the nucleation sites. Recently,
the incorporation of nano-additives such as titanium oxide, nano-silica, zinc oxide, or
nano alumina (nA), has gained prominence in facilitating the production of binders with
different strength and durability performances [4-7]. However, it is necessary to further
improve the characteristics of silica fume (SF) blended mortar by investigating the effect of
nA on the setting time, workability, strength, and thermal resistance.

Moreover, alumina is a very reactive oxide that can react with silica to produce
a binder with good strength, improved morphology [4], and thermal and chemical re-
sistant characteristics due to its refractory properties [8]. Aluminum shavings were re-
cently applied in small quantities to achieve significant thermal resistance, reduction

Sustainability 2023, 15, 14615. https:/ /doi.org/10.3390/su151914615

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su151914615
https://doi.org/10.3390/su151914615
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-8134-5435
https://doi.org/10.3390/su151914615
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su151914615?type=check_update&version=1

Sustainability 2023, 15, 14615

20f15

in apparent porosity, and attainment of lightweight mortar due to the effervescence
of hydrogen gas [9]. Moreover, the use of nA in OPC-based binders reportedly en-
hances early strength and reduces porosity, particularly in the presence of lime (CaO),
such as in GGBEFS, due to the possible formation of calcium aluminosilicate hydrate
(CASH) [4] and low ettringite [CagAl(SO4)3(OH)12-26H,0] composition [10]. Ashok
et al. [7] also reported improved fresh and hardened properties of concrete of different
grades following the incorporation of nA. In 2022, Prabaharan et al. [11] introduced 2%
nA into sillimanite-containing concrete and reported an increase in density. Furthermore,
Shao et al. [12] found that alumina dissolution in pore solution induces the formation of
ettringite, monosulfate aluminate (MSA—CasAl;O4(SO4)-14H,0]), and monocarbonalu-
minates (MCA—CayAl,O7(CO;)-11H0]). Ettringite is formed by the reaction of MSA
with excess sulfate (gypsum), leading to microstructural expansion. If such a sample
undergoes carbonation, ettringite shrinks, leading to a reduction in compressive strength
due to internal stresses that accompany the formation of aluminum hydroxide (AHj3) [13].
Meanwhile, excess CaO results in MSA and AHj being the dominant products rather than
expansive ettringite [10]. Moreover, AH3 within the sample matrix reportedly causes a
potential danger due to its propensity to form late ettringite upon reacting with any possible
sulfate ingress into the matrix [14,15].

The combined use of nA with other compatible materials could alter the mechanical
properties and durability of the binder [13]. More specifically, this could produce concrete
or mortar with improved characteristics with far-reaching applications in kitchens, furnaces,
ceramics and other heat-resistant structures, especially in the Middle East where the tem-
perature during summer can reach 49 °C [16]. Li et al. [17] utilized nA in the range of 3-7%
(optimum: 5%) to enhance the elastic modulus by 143%. Meanwhile, Nazari et al. [18,19]
utilized 0.5-2% nA in OPC concrete and reported the optimum strength was achieved with
1% nA. Carmo et al. [20] asserted that 2% nA contributed to the bond strength of steel
fiber-reinforced concrete. In addition, Peerzada et al. [4] affirmed that the incorporation of
nA increased the strength of concrete by enhancing alite hydration (not belite), however,
interfered with the efficiency of the superplasticizer, such that 0.3% nA together with 0.6%
superplasticizer (SP) could reduce the workability by 31%. Moreover, Atiq Orakzai [5]
reported that the presence of nA and nano titanium oxide provided favorable nucleation
sites for calcium silicate hydrate (CSH), controlled the growth of portlandite, and enhance
the microstructural density. Krishnaveni et al. [6,21] reported that 1-7% nA in concrete
improved the microstructural density through boundary nucleation growth effects thereby
accelerating the hydration process. Zhan et al. [22] noted that nA enhanced the reaction of
silicate to form mullite, and consequently reduced the micropores.

The performance of alumina in binders depends on its level of crystallinity. Alpha-
alumina is reportedly more crystalline than y-alumina, and the former has more detrimental
effects on OPC in a sulfate environment than the latter [13]. Shao et al. [12] reported the
possibility of the formation of carbon-based ettringite due to interaction of MSA with
atmospheric CO, [12]. Besides, Shabbar et al. [23] reported that incorporating aluminum in
OPC produces aerated concrete with good sound and heat insulation, as well as high-level
fire resistance at densities of 1000-2000 kg/m?>. Younus et al. [24] recently incorporated
nA with slag and fly ash in geopolymer self-compacting concrete, in which the optimum
mixture that provided the best mechanical properties comprised 1-1.5% nA and 100% fly
ash, however, the workability and setting were reportedly decreased.

Hence, the use of powdered additives and nano-scaled materials can work synergisti-
cally with OPC to improve the fresh and mechanical properties of a binder. Despite the
numerous studies on using alumina in OPC binder and concrete, the data regarding the
impact of nA on SF in ternary blended mortar is limited. In particular, a detailed analy-
sis of its microstructure and qualitative characterization of the binder is lacking. This is
necessary to understand the alumina-silica interaction in ternary blended mortar in terms
of workability, mechanical characteristics, and thermal resistance. This study provides
insights with regards to development of a new stronger and heat-resistant binder for struc-
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tural retrofitting and construction applications. Ultimately, this can reduce the frequency
of repair and the required amount of OPC in reinforced concrete structures. Hence, the
findings of this study will provide a sustainable solution to concrete repair in the Middle
East due to the significant rise in temperature during the summer.

2. Materials and Methods
2.1. Materials
2.1.1. Nano Aluminum Oxide

Nano aluminum oxide was commercially obtained from Aluminium Supplier Com-
pany in Saudi Arabia, comprising 99.87% gamma-nano alumina with other oxides in trace
amounts (Table 1 and Figure 1). The specific gravity (water) was 3.38, its loss on ignition was
1.05%. while the boiling and melting points were 2977 °C and 2072 °C, respectively. The
X-ray diffractogram (XRD) of the nA (Figure 2) indicates that the prominent peaks defining
its crystalline phases were mainly y-alumina, together with f-alumina and a-alumina.

Table 1. Oxide compositions of the raw materials.

Oxide Composition orcC SF Nano Alumina
510, 19.01 95.85 0.00
AL, O3 4.68 0.26 99.87
Fep O3 3.20 0.05 0.03
CaO 66.89 0.21 0.07
MgO 0.81 0.45 0.03
Na,O 0.09 04 -
TiO, 0.22 - -
KO 1.17 1.22 -
P,05 0.08 - -
SO3 3.66 1.00 -
MnO 0.19 0.00 -
SiO; + Al O3 + Fep O3 26.89 96.16 99.90
SG 3.14 2.25 3.38
LOI (%) 2.80 248 1.05
Surface area (m?/g) 0.33 22.8 440

Nano-alumina Silica fume

Figure 1. Nano alumina and silica fume.



Sustainability 2023, 15, 14615 40f 15

Alite (C55)
Belite (C;S)
) Tetracalcium aluminoferrite (C,AF)
CS Tricaleium aluminate (C5A)
GS G Bassanite (B) - 2CaS0,-H,0
C;S G
cc
cc Gs
B C:s s GS| s |
p ‘ s b
e A, A
10 20 30 40 50 60 70
20 angle Cu K-alpha
', TR e T 1 L i,
10 20 30 40 50 60 70 80

2-theta angle (Cu K-alpha)

8-l Al

y-Al |

y-Al

o 10 20 30 40 50 60 70 80 S0
2-theta (Cu)

Figure 2. XRD diffractograms of cement (top), silica fume (middle), and nano alumina (bottom).

2.1.2. Cement

Type 1 OPC in compliance with ASTM C 150 with a specific gravity (by water) of
3.15 was used in this study (Table 1). The oxide composition primarily comprised silica,
alumina, lime, iron oxide, and potassium oxide. Other oxides in trace amounts included
sodium, phosphorus, manganese, and sulfite. Its surface area was 0.329 m2/ g, while the
loss on ignition (LOI) was 2.8 with the combustion of 28% SiO, + Al,O3 + Fe;O3. The OPC
XRD in Figure 2 presents the peaks of the component compounds that define its crystalline
phases, namely: alite, belite, tetracalcium aluminoferrite, and gypsum.
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2.1.3. Silica Fume

Silica fume (SF) was commercially obtained with a relative density of 2.25, LOI of 2.48,
and surface area of 22.8 m?/ g with §5iO; + Al,O3 + Fe;O3 of 96.2% (Table 1). The XRD
diffractogram (Figure 2) shows that the SF was primarily amorphous with a diffractive
halo at a 2-theta angle of 20°.

2.1.4. Aggregates:

The fine aggregate was natural sand in saturated surface dry (SSD) conditions. The
absorption and moisture content were 6.14 and 3.43%, respectively. All the sample passed
through a sieve no. 2.36 mm (No. 8) in accordance with ASTM C 157/C 157M—08 [25]. The
fineness modulus of the fine aggregate was 2.8, while its specific gravity (water) was 2.75.

2.1.5. Superplasticizer

A high-range water-reducing superplasticizer (SP), namely, Glenium®, produced
by BASF company was used at 1 wt% of all the binders (OPC, SE, and nA) to reduce the
amount of water required to achieve an adequate consistency.

2.1.6. Water

Potable water with a pH of 7.4 was used to prevent contamination by harmful sub-
stances. The water-to-binder ratio was maintained at 0.45.

2.2. Experimental Design
2.2.1. Mix Design

The mix design of the samples is presented in Table 2. The total binder mass was
350 kg /m? of mortar and was produced with a water-to-binder ratio of 0.45. The nA-to-binder
ratio (nA/b) varied from 0 to 3% at a 1% interval while the SF was maintained at 10%.

Table 2. Mixture proportion of alumina blended mortar.

Cement Silica Fume  Alumina Sand Water 3 .
Samples (Kg/m?) (Kg/m?) (Kg/m?) (Kg/m?) (Kg/m?) SP (Kg/m?) Wet Density
C100S0A0 350.00 0.00 0.00 1809.84 157.50 3.50 2320.84
C90S10A0 315.00 35.00 0.00 1798.64 157.50 3.50 2309.64
C89S10A1 311.50 35.00 3.50 1798.84 157.50 3.50 2309.84
C88S10A2 308.00 35.00 7.00 1799.04 157.50 3.50 2310.04
C87S10A3 304.50 35.00 10.50 1799.24 157.50 3.50 2310.24

2.2.2. Sample Designation

The samples comprised OPC (88-100%), nA (0, 1, 2, and 3%), and a constant SF
proportion (10%). For instance, the ternary blended sample was described as Cgp.<S10Ax
such that 88% OPC, 10% SF, and 1% nA were designated as Cg9S19A1. The binary blend
containing SF and OPC only was designated CgpS19Ao, while the control sample comprising
only OPC was CygoSFpAy.

2.2.3. Mixing Procedure

OPC and SF were mixed before adding nA, after which 50% of the liquid (mixture of
water and superplasticizers) was added for ~3 min. Subsequently, sand and 25% of the
liquid was added for another 3 min. The remaining water was added, and the mixture
was continuously mixed for an additional 2 min to achieve homogeneity. The flow table
test was then conducted as a measure of workability before the samples were cast into the
molds. The samples were covered with a polythene sheet and then cured in a water tank at
room temperature (25 °C).
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2.3. Experimental Tests
2.3.1. Setting Time

The initial and final setting times for all samples were determined using paste speci-
mens according to ASTMC 191 [26] with an OPC-mortar only served as the control. Using
Vicat’s apparatus, the nA percentage varied from 0 to 3% at a 1% interval, while SF was
maintained at 10%.

2.3.2. Workability

The consistency of the mortar was assessed using the flow table in accordance with
ASTM C 1437-20 [27]. The diameter of the flow was recorded in each mix.

2.3.3. Compressive Strength

The compressive strength of the samples (50 mm cube) was determined in accordance
with ASTM C 109 [28]. In brief, a universal testing machine was used at different timepoints
(7,14, 21, and 28 days) under a 2.4 kN/s loading rate; the average of triplicate samples
was recorded.

2.3.4. Residual Compressive Strength after Thermal Exposure

The residual thermal strengths were determined by exposing the 28-day samples to
300 °C for 1 h. Thereafter, the residual strength of the nA-SF ternary blended mortar was
compared to that of SF binary blended samples and the control (OPC only).

2.3.5. Characterization and Morphology of the Specimens

The crystallinity of the sample was determined using the XRD Bruker apparatus
model d2-Phaser with Cu Ka radiation (40 kV, 30 mA). In this way, the compounds present
in the OPC, SF binary blended, and SF—nA ternary blended mortar were determined by
applying a scanning speed of 2.5° /min and continuous scanning with a 2-theta angle range
of 5-80°. Fourier transform infrared (FTIR) spectroscopy analysis of the paste samples was
conducted using the Perkin Elmer 880 spectrometer [29]. The morphology and elemental
compositions of the powder materials were determined via a scanning electron microscopy
and energy dispersive spectroscopy (SEM + EDS) instrument (JEOL, model 5800 LV) at an
accelerating voltage of 20 kV.

3. Discussion of Results
3.1. Workability of Nano Alumina/Silica Fume Ternary Blended Mortar

Introducing SF into OPC mortar reduced its workability due to its fineness and
interparticle frictional resistance, negatively affecting the consistency (Figure 3). Binders
with SF exhibit a loss of fluidity compared to those without SF. The flow recorded in the
OPC mortar (Cy99SpAg) was 270 mm, which was reduced by 31.5, 14.8, 7.4, and 11.1% upon
adding 0, 1, 2, and 3% nA with 10% SF (Cgoslvo, C89810A1, C88810A2, and C87810A3),
respectively, in the ternary blend. Meanwhile, the consistency of the SF blended mortar
(C99S10A0) upon adding 1, 2, and 3% nA increased by 24.3, 35.1, and 62.2%, respectively.
This implies that nA significantly improved the interparticle lubrication and workability of
SF blended mortar significantly. Hence, the loss of fluidity in SF blended binders could be
improved by incorporating nA.

3.2. Setting Time of the SF Blended and Nano Alumina Silica Fume Blended Mortar

Figure 4 shows the setting time of SF blended mortar with the initial setting time of the
control sample (OPC only: C109SpAg) set to 90 min. Upon adding 10% SF, the setting time
of the OPC binder doubled, while the SF-nA ternary blended paste increased it by 84, 67,
and 63% in CggS1pA1, CggS10A2, and CgyS19As3, respectively, compared to the control. The
SF blend (CgpS19A¢) had an initial setting time of 180 min, which was reduced by 8, 17, and
18% upon adding nA in CggS19A1, CgsS10A2, and Cg7S19A3, respectively. The final setting
time of the OPC binder (C109SpAo) was 120 min, which increased by 83% upon adding 10%
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SF (C9pS10A0). The synergy of 10% SF and 1-3% nA paste increased the setting time of OPC
by 66, 57, and 43%, respectively. However, SF blended paste (C99S10Ap) containing 1-3 wt.%
nA reduced the setting time by 10, 15, and 22%, respectively. No significant differences
were observed in the initial setting time for CggS1pAs and CgyS19A3, while the decreasing
trend was relatively linear in initial and final setting times (Figure 4). This implies that nA
can be used in ternary blending to accelerate the delayed setting of SF blended binders. The
presence of nA reportedly increases the heat of hydration, inducing flash setting [30]. Hence,
mechanistically, the setting time was reduced due to the dual consumption of gypsum by
tricalcium aluminate (C3A) and gamma nA to form early ettringite (Equation (1)), and the
monosulfoaluminate compound due to rapid consumption of the gypsum component [30]
in the presence of more alumina compound (C3A), as depicted in Equation (2):

C3A + 3[CS.2H,0] + 26H,0 — C4AS3.32H,0 1)
C3A + C4AS3.32H,O — 3 C4AS 12H20 2)
31
m Flow {cm)
29
27,00
E 27
= 25/00
E% 2
23{00
23
2
19 18]50
17
15
C100S0AD C90510A0 CB9S10A1 CB8510A2 CB7510A3

Sample designation

Figure 3. Consistency of silica fume with alumina in OPC blended mortar.
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Figure 4. Setting time of silica fume alumina blended mortar.
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3.3. Compressive Strength of SF-nA Ternary Blended Mortar

Figure 5 shows strength development in OPC, SF blended, and SF-nA ternary blended
mortar. The incorporation of 10% SF significantly diminished the early compressive strength
of the mortar, while infusing nA in synergistic ternary blending had the opposite effect. The
early (3-d) strength of OPC was 20 MPa, which increased by 20% in SF binary (CggS19Ao)
and by 38.1% and 59% in CggS10A; and CgyS1pA3, respectively. A significant strength
development was observed between 3 and 7 days in OPC mortar, whereas no concomitant
strength development was detected in SF blended mortar. This indicated that no sponta-
neous pozzolanic reaction occurred within one week in SF blended mortar, as secondary
hydration begins after forming portlandite as a product of primary hydration. The absence
of calcium aluminate or mayenite (COD: #2102957, Al4Caj,033) in the SF blended mortar
could be responsible for the observable low-early strength.
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Sample designations

Figure 5. Effect of silica fume addition to OPC mortar.

With the incorporation of 1% nA (CggSipA;1), there was no significant increase in
the compressive strength. However, when nA increased to 2% or 3% (Cgy/38510A2-3), the
strength increased by 36.5 and 37.2%, respectively, compared to C9yS10Ag. The reaction
between nA and silica, as observed in CggS10Ax, led to the formation of aluminosilicate
crystalline phases (dickite: Al,OsSi or nepheline: NaAlO45i) with COD#10111062 and
COD#1008755, respectively (Figure 6).

Calcium aluminate hydrate (CAH) or calcium aluminosilicate hydrate (CASH) could
have been created, which could serve as a skeletal framework with calcium silicate hydrate
(COD ID #1519934: CSH-Caz32,H,0O4Siy) as demonstrated by Equation (3). Additionally,
due to the presence of silica, lime, and nA in an alkaline pore solution, tobermorite (COD
ID: 9013974: CasSig(O, OH)155H,0), a form of C-S-H with a lower Ca/Si ratio, could also
simultaneously form, as represented by Equation (4):

2Al + 3Ca(OH); + SiO; + 6H,0 — 3Ca0.Al,05.5i0,.6H,0 + 3H, 3)

C3S+H — CSH + CH ()
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Calcite CSH

Kyanite Alite Alite

——Cement-alumina

——Silica alumina blended

; ; M nsiatean - o ——Cement-silica
Tobermorite Tobermorite Tobermorite
Dickite Nephline Dickite ——Cement

Dickite Tobermorite
Dickite
M—L " l A oAt
0 10 20 30 40 50 60 70 80 90
2-Theta Angle (Cu)
(a
cH Alite ——Silica fume-alumina blended paste

Alite
—Silica fume blended paste

Dickite
Alite

Dickite ~ Gypsum CSH Alite

Tobermaorite

10 20 30 40 50 60 70 80 90
Cu-2-Theta Angle

(b)

Figure 6. (a) XRD diffractogram of OPC, OPC-nA, OPC-SF bended, and OPC-SF—nA blended paste.
(b) XRD diffractogram of SF-OPC blended and SF-nA-OPC blended pastes.

Unlike other sources of alumina, such as aluminum shaving [9], where hydrogen
gas is liberated, resulting in loss of weight, no noticeable hydrogen gas effervescence was
observed following the use of 1-3 wt.% nA.

The dual presence of CSH and tobermorite with calcium aluminate hydrate could
significantly contribute to the compressive strength of the ternary (SF-nA) blended mortar.
This assertion is corroborated by the presence of calcium aluminate in the XRD diffrac-
togram shown in Figure 6. Therefore, compounds like tobermorite, nepheline, calcium
aluminate hydrate, and dickite could be responsible for the observed additional strength.
That is, portlandite is readily available to react with alumina to produce free calcium
aluminate in the presence of SE, which could induce the formation of additional calcium
silicate hydrate. Meanwhile, the 28-d compressive strength of 43.2 MPa was achieved with
2% nA, beyond which led to reduced strength due to microstructural porosity. Hence, the
optimum nA proportion in the ternary blended mortar was 2% (Figures 7 and 8).
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s+ 20kv,

Figure 8. Morphology of samples containing OPC only, OPC + alumina, and OPC + alumina + silica.

The strength development in the nA and SF ternary system could also be due to
microfilling or micro reinforcement of the micropores (capillary pores) within the nucleation
site during the hydration process [5]. Upon adding 2% nA, the microstructure became
denser, culminating in increased compressive strength within the SFnA ternary blended
mortar (Figure 7). The denser microstructure in SE-nA mortar might have also been due to
Al displacing Ca from Portlandite (CH) to form hydroxide that could later react with CO; to
form aluminum carbonate and calcium carbonate, as represented by Equations (5) and (6):

ALO; + 3Ca(OH), + 3CO, — 3CaCO; + 2A1(OH); + 3H, ()
2A1(OH)3 +3CO; — Alz(C03)3 + 3H,O (6)

The XRD diffractogram also showed that the SF blended binder might be less suscepti-
ble to carbonation based on the presence of a calcite peak (COD ID: #1010962, CaCO3) in
Figure 6; however, this peak was conspicuous in the SF-nA blended sample. The presence
of pores in the morphology of the OPC-SF-3% alumina sample compared to OPC-SF-2%
alumina corroborated this assertion (Figure 8). Based on Equation (5), AI(OH)3; could
react with hydroxy ions to form 2[AI(OH)¢ ]3>~ [31], which in turn would react with cap-
illary water and Ca ions to produce calcium aluminate hydroxide, as demonstrated in
Equation (7):

2[ALI(OH)¢J>~ + 6Ca®t + 24H,0 — {Cag[Al(OH)g],.24H,0}°* 7)

The product could also react with silica to produce calcium aluminosilicate hydrate
or react with other cations present in the matrix to produce a biotite-like mineral (COD:
#1000038, AlFeH,KMg»O1,5i3), as shown in Figure 6. Additionally, other peaks of unre-
acted particles, including alite (COD: #1540704, Ca3SiOs) and gypsum (COD: #1010981,
CaH404S), were among the prominent peaks in Figure 6.

3.4. Morphology of SF Blended Binary and SF-nA Ternary Blended Pastes

Figure 8 shows the different morphologies of nA-treated binders with and without SE.
The morphology of OPC (OPC only) is very weak, with excessive needle-like ettringite for-
mation. Meanwhile, nA blocked the pores, forming a denser texture with visible ettringite
formation (Aft). Upon combined SF and nA addition in ternary blending with OPC, the
microstructural density was more pronounced with a complete loss of Aft. Meanwhile, the
transition interface zone of the SF particle and cement matrix might have been filled by nA.

This microstructural density contributed significantly to the compressive strength of
the ternary blended (SF and nA) mortar. However, increasing the nA content beyond 2% led
to the formation of more micropores, as evident in the SF-3%Al morphology (Figure 7). The
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reduction in strength could be due to the internal pores in Cg7S19A3 compared to CggS19A».
The presence of pores within the microstructure enhanced the interconnectivity of the micro-
cracks (Figure 7), reducing the sample’s compressive strength. Moreover, the presence
of these interconnected pores (Figure 7) in samples with high nA could compromise the
thermal resistance of the sample exposed to higher temperatures, as discussed in Section 3.6.
Hence, the residual thermal strength in 2% nA samples was superior to those containing
3% nA.

From the EDS results shown in Table 3 for OPC (CqppSpAg), SF + OPC (CgyS10A0),
SF + 2% nA + OPC (CggS19A3), and OPC + nA (without SF), it is apparent that compared
to the SF blended sample, introducing nA to SF-nA increases the Ca/Al and Ca/Si ratios,
while reducing the Si/ Al ratio. These three parameters (Ca/Al, Ca/Si, and Si/Al) were
lower in SFnA compared to the OPC binder. Therefore, the formation of tobermorite in
the SF-nA ternary binder (Figure 6) is associated with reduced Ca/Si and Si/ Al ratios.

Table 3. Elemental composition of different microstructures.

Element OPC SF + OPC SF + OPC + nA OPC + nA
C 8.8 15.1 11.1 15.5
(@] 49.9 44.6 442 44.6
Al 1.04 14 1.6 1.7
Si 6.4 10.8 8.2 9.7
K 1.6 0 1.6 0
Ca 30.8 26.5 32.2 27.1
Fe 1.1 1.7 2.1 15
Ca/Si 4.8 2.5 3.9 2.8
Ca/Al 29.6 18.9 20.1 15.9
Si/Al 6.2 7.7 5.1 5.7

3.5. FTIR of SF Binary and SF-nA Ternary Binder

The FTIR spectroscopy in Figure 9 shows that the prominent peaks distinguishing
the SF blended and SFnA blended binder samples include those at 3642, 2074, 1780,
874, and 714 cm~1. The octahedral stretching O-A-O band corresponds to 463 cm~ 1.
Meanwhile, the Si-O-T (T: Si or Al) vibrations at 1123 cm™! that originated from CSH
and C/NASH [29], [32] appeared identical due to the overlapping spectra in the range of
1100 to 1150 cm~!. Similarly, the hydroxyl bond (-OH) vibration was similar at 3409 cm~!.
The asymmetric stretching of CO—from a calcite source—had a stronger peak in SF-nA
blended binder at 1414 cm~! and 1780 cm~!. The out-of-plane and in-plane bending
vibrations corresponded to peaks at 874 cm ! and 714 cm ™!, respectively [31]. This further
supports the strong calcite peak in Figure 6 and the ternary blended binder containing nA
could be more prone to carbonation. Meanwhile, the H-O-H vibration was represented
by the 3642 cm™~! peak in the SF blended binder; however, this was absent in the SF-nA
blended mortar. This might be due to the penetration of nA into the gel and capillary
pores following the interaction of CH with SF and nA during the primary and secondary
hydration reactions. This assertion requires further verification through advanced cement
chemistry and quantitative FTIR analysis that are beyond the scope of this study.

3.6. Thermal Performance of SF Binary and SF-nA Ternary Blended Mortar

Following exposure of all samples to 300 °C for 1 h, SE-nA ternary mortar exhibited
significant thermal stability and resistance compared to SF binary and OPC binders. Upon
exposure of the binders to thermal conditions, OPC lost 33.33% of its 28-d compressive
strength while the SF binary binder (CgpS19Ay) lost ~8.85% (Figure 10). Incorporating 1, 2,
and 3% nA in the SF—nA ternary binder resulted in 14.9, 3.70, and 9.84% losses of strength
respectively. This implies that the mortar synthesized using 10% SF and 2% nA (CggS1pA3)
exhibited significant thermal resistance due to the refractory properties of alumina. The
samples also showed no physical deterioration upon visual examination.



Sustainability 2023, 15, 14615

13 of 15

4000

Compressive strength, MPa

28-day pre-thermal
B 28-day Post thermal

3500

50.0
45.0
40.0
35.0
30.0
25.0
20.0
15.0
10.0

5.0

0.0

—Silica fume-alumina blended paste

—Silica fume blended paste

414

3409

3000 2500 2000 1500 1000
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Figure 10. Thermal performance of SF binary and SFnA ternary mortar.

More specifically, the 28-day residual thermal strengths in the 2-3% nA-SF ternary mor-
tars were 73.3% and 60.4% of that for OPC, respectively, and 49.6% and 38.5% greater than
that for SF-OPC binary mortar (without nA). Moreover, there was a marginal difference in
the residual thermal strength of OPC, SF-OPC binary, and SF-1% nA + OPC ternary blended
mortars. Hence, this binder could have direct applications in fire-resistant structures, such
as kitchens, furnaces, and ceramic tiles. Moreover, this fire resistance characteristic could
enhance the reduction in concrete cover to meet the minimum requirement in the design of
reinforced concrete structures.
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4. Conclusions

This study investigates the fresh and hardened properties of SF-nA ternary blended
mortar incorporating nA within the range of 1-3% at a constant SF value of 10 wt.% by
the total mass of the binder. Subsequently, the workability, initial and final setting times,
compressive strength, and thermal resistance to 300 °C for 1 h were evaluated. The main
conclusions of this study are as follows:

1.  The SF-nA ternary blended binder (Cgp.«S10Ax) had a better consistency than SF-OPC
binary blended paste. Nano-alumina improved the interparticle lubrication and the
workability of SF blended mortar.

2. SF delayed the setting time of OPC due to the dilution effect, however, the more nA
in Cgg.xS1pAx, the shorter the setting time. Hence, nA can be used to accelerate the
delayed setting of SF blended binder (CgpS;1pAy).

3. The early compressive strength of SF blended mortar (CgpS19A¢) was lower than that
of OPC (C10pSpAy), while incorporation of nA significantly enhanced early and 28-d
compressive strength; CSH, CASH, tobermorite (CSH of lower Ca/Si ratio), calcite,
and mayenite dominated the SF-nA ternary binder phases as noted in the XRD.

4. Introducing nA to the SF blended binder caused a reduction in Ca/Al and Si/ Al ratios
compared to those in the OPC binder.

5. The calcite peak and CO vibration peak in the XRD and FTIRS indicate that the SF-nA
ternary blended binder was more prone to carbonation compared to SF blended
concrete due to the possible dual formation of aluminum and calcium carbonates.

6.  The optimum microstructural density and maximum 28-day compressive strength of
43.2 MPa were achieved in the 10% SF and 2% nA (CggS19A») mixture, whereas 36 and
30.5 MPa were recorded in OPC (Cqp9SgAg) and 10% SF blended mortar (CggS19Ap),
respectively.

7. The SF—nA ternary blended binder (CggS19A2) had the best thermal resistance—with a
3.7% loss of its 28-day strength, which became 8.85 and 33.3% in the SF binary blended
binder (CgpS19A¢) and OPC binder (C109SpAp), respectively.
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