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� NA increases the water of consistency and shortens the initial and final setting times.
� 1 mass% NA improves the compressive strength of NA–OPC pastes by 27.22%.
� NA acts as nano-filler accelerates the rate of hydration.
� SEM micrograph reveals formation of compact dense matrix.
� It can be concluded that 1 mass% NA improves the fire resistance of NA–OPC pastes.
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This article aims to study the physico-mechanical and fire resistance of cement pastes containing Al2O3

nano-particles. The results show that the water of consistency increases as well as the initial and final
setting times accelerated with NA content up to 6 mass%, indicating that NA enhances the hydration
reaction of OPC cement phases. The compressive strength increases with 0%, 27.22% and 11.07% for
unsuperplasticizered NA–OPC pastes, whereas with superplasticizered NA–OPC pastes increase by
10.89%, 30.67% and 16.70% with the increase of NA contents from 0, 1 and 2 mass%. The results show that
1 mass% of NA gives a higher value of compressive strength, bulk density, chemically combined water
content and gel/space ratio than OPC paste. 1 mass% NA acts as nano-filler which accelerates the rate
of hydration. SEM micrograph reveals the formation of much denser nano-structure with nano-Al2O3

addition. The structure was found to be denser compact matrix. The increase of thermally treated
temperature from 25 to 450 �C, the compressive strength increases by 10.89%, 31.03% and 20.33% with
the increase of NA contents from 0, 1 and 2 mass% for unsuperplasticizered NA–OPC pastes, whereas with
superplasticizered OPC–NA increases by 25.22%, 45.74% and 28.49% with the increase of NA contents
from 0, 1 and 2 mass%. It can be concluded that NA–OPC pastes containing 1 mass% NA has an optimum
mix composition, which having a good firing resistance than those of other pastes.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction materials within nano-scale will generate durable and stronger
Nano-science has a great impact in the development chemistry,
physics and construction materials [1]. Nano-technology is one of
the most novel science and useful applications in the previous
years. It is the creation of materials and devices by controlling of
matter at the level of atoms, molecules and supermolecular struc-
ture. Understanding the engineering characteristics of building
cement based-materials with smart properties [2]. Nano-particles
have become a focus in the development of new accelerators for
cement hydration. Nano-particles like Al2O3 were used to improve
the physico-mechanical and durability of cement and concrete
materials [3,4]. They act as nucleation centers, contributing to
the development the cement hydration, due to the high specific
surface area with the development of strong attractive properties,
which act as a nucleation site and thereby stimulate nucleation
reactions. They also have a large potential to accelerating effects
of these particles are induced by surface area or particles size,
which are the main factors to control the cement hydration
kinetics. The model which describes the influence of nanoparticles
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Fig. 1. XRD of NA.

Fig. 2. TEM of NA.

Table 2
The properties of NA.

Diameter (nm) Surface volume ratio (m2/g) Density (g/cm3) Purity (%)

15 ± 3 165 ± 12 <0.1 >99.9
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on cement hydration distinguishes between two methods of
stimulation of nano-particles cement hydration [5]. Nano-particles
have the best potential as accelerators for cement hydration
and therefore are most suitable for further investigations.
Interestingly, nano-particles which have a retarding effect on
cement hydration were also found [6].

Nano-particles enhancement of cement hydration kinetics is not
only formed on the surface of the cement grains as in pure cement
but are also formed at the particles surface in the pore space of the
cement paste. The products of cement hydration later are formed by
crystal growth of these nuclei, the pore space between the cement
grains is filled faster with hydration phases and thereby accelerates
compressive strength development as well as the reduction of cap-
illary porosity [7–9]. The influence of nano-silica addition and dura-
bility of cement pastes was found to be much higher, this is
attributed to increase the high stiffness C–S–H gel in the pastes
are well documented [10–12]. Only a limited number of studies
have been carried out on other oxides like Al2O3 [9,11], Fe2O3 [10]
and, Fe3O4 [13,14]. It was found that a slight increase in the early
compressive strength could be determined for NA addition with
concentration up to 3 mass% of cement. At higher concentration
the compressive strength decreased compared to that of neat
cement [13–17]. Metal oxide nano-particle addition accelerates
chemical reactions during the initial hydration thus strengthening
cement compositions, thereby not only decreasing permeability
but also improving the mechanical properties [17]. It has been
found that the use of NA has no change in compressive strength,
but its use can increase the elastic modulus of cement mortar as
well as densification of the ITZ during cement hydration [18]. The
effect of NA on the microstructural of cement paste at early age
was reported [19]. No changes were noticed in the early age com-
pressive strength with NA addition and decreases in workability
and reduction in setting time with NA addition [20]. SEM study
reveals the formation of much dense microstructure with larger
crystals of portlandite within the cement matrix. Ali and Shadi
[21] studied the heat of hydration for 70 h in the presence of
0–4 mass% NA. Addition of NA to cement pastes was found to
accelerate the peak times and drop the heat release.

However, a detailed study on the effects of NA on the
microstructure and changes in quality and quantity of hydration
product is missing in the literature. This experimental study
focuses on the microstructural properties of cement pastes with
NA addition. This is needed for better understanding the effects
of NA addition in cement.

Nano-modified cements were prepared by partial replacement
of OPC with 1, 2, 4 and 6 mass% NA. The physico-chemical and
mechanical properties of the prepared nano-cements were studied
by the determination of the required water of standard consis-
tency, setting times, Wn%, FL%, bulk density, gel/space ratio and
compressive strength. Some selected pastes were identified by
using XRD, DTA/TGA and SEM techniques.
2. Materials and experimental techniques

The starting materials used were ordinary Portland cement (OPC),
nano-alumina (NA) and polycarboxylate based superplasticizer. The cement used
in this study was the ASTM Type (I) ordinary Portland cement (OPC) provided from
Lafarge Cement Company, Egypt. The chemical analysis is given in Table 1. The
Blaine surface area of OPC was 305 m2/kg.
Table 1
Chemical composition of raw materials, mass%.

SiO2 Al2O3 Fe2O3 CaO MgO

OPC 20.41 4.94 3.40 63.00 1.90
Nano-Al2O3 (NA) was supplied from Nano-technology lab, Faculty of Science,
Beni-Suief University, Beni-Suief, Egypt. The average particle size was ffi 15 nm.
The mineralogical composition, crystal structure and micro-structure of NA were
investigated by XRD and TEM as shown in Figs. 1 and 2. The properties of NA
particles are shown in Table 2.

Superplasticizer (SP) based on polycarboxylate obtained from Sika Company,
El-Abor City, Egypt. Table 3 shows some of the physical and chemical properties
of polycarboxylate admixture.

The cement blends were mixed in a rotary mixer. The mixing was performed as
follows; NA particles were stirred with the required water of standard consistency
at high speed (120 rpm) for 1 min. The cement is added to the mixer and mixed at
medium speed (80 rpm) for another 30 s. The superplasticizer was added and stir-
red at high speed for additional 30 s. The mixture was allowed to rest for 90 s and
then mixed for 1 min at high speed. The mix composition of the prepared cement
blends is given in Table 4. The required water of standard consistency and setting
times were measured according to ASTM specification [22]. The pastes were
SO3 Na2O K2O TiO2 L.O.I. Total

2.62 0.40 0.22 0.57 2.65 100



Table 3
Physical and chemical properties of polycarboxylate superplasticizer.

Appearance Yellow–brown liquid
Solid residue (%) Approximately 36%
pH 5.2–5.3
Specific gravity (kg/l) Approximately 1.06%
Rotational viscosity (MPa) 79.30
Carbon-content (C%) 52.25

Table 4
Mix compositions of the prepared composite cements, mass%.

Mix No. OPC% NA% SP% Consistency (%) Setting times (min)

Initial set Final set

M0 100 0 0 26.5 190 345
M1 99 1 0 31.0 90 260
M2 98 2 0 32.3 80 255
M3 96 4 0 34.5 75 245
M4 94 6 0 36.0 65 230
MS0 100 0 1 20.0 65 220
MS1 99 1 1 22.0 60 240
MS2 98 2 1 22.3 80 250
MS3 96 4 1 22.7 90 255
MS4 94 6 1 23.3 95 280
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molded in one inch cubic molds, then strong manually pressed into the molds. The
specimens were cured at a constant temperature 25 ± 1 �C for the first 24 h in 100%
RH chamber, then immersed under tap water at 3, 7, 28 and 90 days. The hydration
of cement pastes was stopped using 1:1 methanol–acetone mixture. The mixture
was filtered, then dried at 70 �C for 2 h, then collected in polyethylene bags; sealed
and stored in desiccators for analysis [23].

The samples subjected to thermally treated temperature were demoulded after
24 h, cured for 28 days under tap water, dried for 24 h at 105 �C, and then subjected
to thermal treatment for 3 h at 250, 450, 600, 800 and 1000 �C with heating rate
5 �C/min, then cooled to room temperature in the furnace atmosphere. Bulk density
and compressive strength of thermally treated cement pastes were determined
after immersing the pastes overnight under kerosene according to ISO-50/8, 1983.

The combined water content is the percent of ignition loss of the pre-dried sam-
ple. The results of combined water contents were corrected for the water of free
lime present in each sample [24]. Free lime contents of the hydrated cement pastes
can be determined. About 0.5 g of the sample is placed in small conical flask with
25 ml of ethylene glycol and a pinch of clean quartz grains. The flask is closed with
air reflux and shaken on a water bath at 60–70 �C for 1 h. The sample is filtered
through filter paper then washed three times with 15 mL ethylene glycol. The fil-
trate is titrated with standardized 0.1 N aqueous HCl by using phenolphthalein as
indicator till the pink color disappeared (end point) [25].
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Fig. 3. Water of standard consistency, initial and final setting times of cement pastes co
Bulk density was measured before the specimens subjected to compressive
strength determination. Each measurement was conducted on at least three similar
cubes of the same mix composition and curing time [25]. Compressive strength was
determined according to ASTM Designation: C-150, 2007 [26]. The gel/space ratio
(X) was represented as shown [25,27–29]:

X ¼ 2:06Vca
VcaþWo=C

where C = mass of the cement, Vc = specific volume of cement = 0.319 c.c./gm,
Wo = mass of mixing water and a = the degree of the hydration. The degree of hydra-
tion is defined as:

a ¼ Wn

W1
n

where W1
n is the chemically combined water content after complete hydration, Wn

is the chemically combined water content at any time of hydration.
The crystalline phases of cement pastes were identified using XRD technique of

BRUXER, Axs D8 ADVANCE A8, and GERMANY Diffractometer. The samples were
finely ground to pass a 200-mesh sieve. The identification of all samples was con-
firmed by computer-aided search of the PDF database obtained from the Joint
Committee on Powder Diffraction Standards-International Center for Diffraction
Data (JCPDA-ICDD), 2001.

Thermal gravimetric analysis (DTA/TGA) was carried out using DTA-50 Thermal
Analyzer (Schimadzu Co., Tokyo, Japan). A dried sample of about 50 mg (�53 lm)
was used at heating rate 10 �C/min under nitrogen atmosphere.

The scanning electron microscope (SEM) was investigated with Inspect S (FEI
Company, Holland) equipped with an energy dispersive X-ray analyzer (EDX).
SEM was used to examine the microstructure of the fractured composites at the
accelerating voltage of 200–30 kV and Power zoom magnification up to 300,000�.
3. Results and discussion

3.1. Physico-mechanical characteristics of cement pastes containing
NA

3.1.1. Water of standard consistency and setting times
The required water of standard consistency and setting times of

the investigated NA–OPC cement pastes are graphically plotted in
Fig. 3. The results show that the water of consistency increases
with the NA content up to 6 mass%. The increase in the required
of water of standard consistency is mainly attributed to the
increase of surface area of NA particles [30,31]. The specimens con-
taining nano-sized Al2O3 required more amounts of water of con-
sistency; this is due to the rapid forming of hydrated products
[21,31]. Fig. 3A shows that the increase of NA content; the initial
and final setting times shorten indicating that NA has a faster
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ntaining NA: (A) in absence of superplasticizer; (B) in presence of superplasticizer.
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hydration reaction than neat OPC paste due to its unique surface
effects, smaller particle sizes, and higher surface energy.
Nano-particle sizes allow a rapid increase in surface area leading
to a fast rise in the number of surface atoms. Highly active surface
atoms are unstable, and results in a faster reaction speed. In the
presence of 1 mass% superplasticizer, the required water of stan-
dard consistency and setting times of NA–OPC cement pastes are
given in Fig. 3B. The results show that water of consistency is lower
than those without superplasticizer [32]. The superplasticizer
decreases the required water of standard consistency. As the NA
content increases the initial and final setting times were elongated.
The elongation of setting times is mainly due to the presence of
superplasticizer, which retards the setting times.

3.1.2. Compressive strength
The effect of NA contents on the compressive strength of

hydrated cement pastes hydrated up to 90 days is graphically rep-
resented in Fig. 4. The compressive strength increases with the cur-
ing time for all hydrated cement pastes; this is due to the
continuous hydration and formation of successive amounts of
hydrated products namely C–S–H, C–A–H and C–A–S–H. The
results show that 1 mass% NA gives higher compressive strength
values than those of OPC paste and other cement pastes containing
NA (2–6 mass%) as shown in Fig. 4A from 3 to 90 days. Obviously,
1 mass% NA addition gives lower compressive strength than that of
OPC pastes, due to the formation of C4AH13 at early ages (1 day)
having weak hydraulic character. As the hydration proceeds, the
NA–OPC cement pastes show higher compressive strength values
than those of OPC pastes due to the formation of nano-sized
hydrates products with compact structure and higher strength.
The increase of NA content more than 2 mass% up to 6 mass% leads
to a decrease in compressive strength values, but is still higher
than of neat cement paste mix (M0).

The effect of NA contents in the presence of superplasticizer on
the compressive strength of hydrated cement pastes up to 90 days
is given in Fig. 4B. It is found that the compressive strength for
superplasticized OPC–NA cement pastes is higher than that of
unsuperplasticized cement pastes. Superplasticizer forms a coating
layer on the surfaces of cement particles, causing mutual repulsion,
001011

Curing time, days

0

200

400

600

800

1000

C
o

m
p

re
ss

iv
e 

st
re

n
g

th
, k

g
/c

m
2 2

(A)

M0

M1

M2

M3

M4

Fig. 4. Compressive strength of the hydrated NA–OPC cement pastes: (A
leading to high degree of dispersion and break up flocks causing
release of the trapped water. Therefore the workability increases
at lower values of the required water of standard consistency; this
indicates that the addition of superplasticizer improves the
mechanical properties of composite cement pastes.

The compressive strength increases by 0%, 27.22% and 11.07%
for unsuperplasticizered NA–OPC pastes, whereas with superplas-
ticizered NA–OPC increases by 10.89%, 30.67% and 16.70% with the
increase of NA contents from 0, 1 and 2 mass% respectively.

3.1.3. Bulk density
The bulk density of NA–OPC cement pastes hydrated up to

90 days is graphically represented in Fig. 5. The bulk density
increases with curing time for all hydrated cement pastes. This is
due to the continuous hydration of cement phases, leading to the
formation and accumulation of excessive amounts of more dense
structure of hydrated products such as C–S–H, C–A–H and C–A–
S–H, which tends to increase the gel/space ratio as well as the bulk
density [29,33]. The bulk density decreases with the increase of NA
content (Fig. 5A). This is in agreement with the results of Wn and
free lime content as shown below.

The bulk density of NA–OPC cement pastes containing NA in the
presence of superplacticizer hydrated up to 90 days are graphically
represented in Fig. 5B. The results of bulk density of composite
cement pastes in the presence of superplasticizer are higher than
those without superplasticizer. This is due to the decrease of water
of standard consistency and the total porosity which are adversely
proportional to the bulk density. As the amount of mixing water
increases, the initial porosity increases, leading to the decrease of
the bulk density.

3.2. Hydration characteristics of cement pastes containing NA

3.2.1. Chemically combined water contents
The chemically combined water contents of NA–OPC cement

pastes hydrated up to 90 days as a function of NA dosages, these
values are graphically plotted in Fig. 6. The Wn% increases with
curing time for all hydrated NA–OPC cement pastes. Chemically
combined water content increases with the replacement of OPC
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Fig. 5. Bulk density of NA–OPC cement pastes as a function of curing: (A) in absence of superplasticizer; (B) in presence of superplasticizer.
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Fig. 6. Chemically combined water contents of composite cement pastes containing nano-Al2O3: (A) in absence of superplasticizer; (B) in presence of superplasticizer.
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with 1 mass% NA as shows in Fig. 6A. 1 mass% NA acts as
nano-filler which accelerates the rate of the hydration, and then
combined water increases. Increase of NA dosage the chemically
combined water content decreases from 2 to 6 mass% NA, but is
still higher than that of neat OPC paste. The results also, show that
1 mass% NA gives the higher chemically combined water contents
than OPC and other composite cement pastes. This is due to the
rapid consuming of Ca(OH)2 which is formed during hydration of
Portland cement phases, especially at early ages. 1 mass% of NA
acts as nucleating agent which acceleration the hydration charac-
teristics. The decrease of the chemically combined water of cement
paste with NA content may be due to the coating effect on the
grains of cement pastes. This can be also explained the a-NA is pre-
pared at high temperature (1000 �C) with refractory material and
cannot act as cementing materials.

The variations of Wn% of NA–OPC cement pastes in the pres-
ence of superplasticizer hydrated up to 90 days as a function of
NA dosages and graphically represented in Fig. 6B. The increases
of the content of nano-Al2O3 particles from 2 up to 6 mass%
decreases the Wn%, because of the decrease of its hydraulic charac-
ter. It is found that the chemically combined contents water for
superplasticized cement pastes is less than those of cement pastes
without superplasticizer, this is due to the reduction of water of
consistency in the presence of superplasticizer. OPC pastes give
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lower values of combined water in presence of superplasticizer.
This indicates that nano-materials activate the hydration of
cement pastes in absence or presence of superplasticizer.

3.2.2. Gel/space ratio
Gel/space ratio of composite cement pastes containing NA are

given in Fig. 7. The results indicate that, gel/space ratio increases
with curing time for all hydrated composite cement pastes. This
is due to the continuous hydration of cement phases, leading to
the formation and accumulation of excessive amounts of more
dense closed hydrated products (C–S–H, C–A–H and C–A–S–H),
which increase the gel/space ratio [23,29]. Gel/space ratio of unsu-
perplasticized OPC–NA pastes increases with NA content from
0 mass% up to 1 mass% of NA (Fig. 7A) and then decreases up to
1 10 100
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2–6 mass%. This result is in a good agreement with the results of
combined water and free lime contents.

The gel/space ratio of superplasticized NA–OPC cement pastes is
shown in Fig. 7B. The results indicate that gel/space ratio increases
in the presence of superplasticizer. This is attributed to the effect of
polycarboxylate superplasticizer on the reduction of the required
water of standard consistency, which is accompanied by the
increase of the bulk density as well as gel/space ratio values [33].

3.2.3. Free lime contents
The free lime contents (FL, %) of NA–OPC cement pastes with 1%,

2%, 4% and 6% NA hydrated up to 90 days is graphically represented
in Fig. 8. The results show that the free lime content of OPC paste
increases with curing time up to 90 days. The addition of NA tends
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Fig. 9. (A) XRD diffraction patterns of hardened composite cement pastes contain-
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to decrease the residual portlandite, this is due to the pozzolanic
reaction of NA with CH forming calcium aluminate hydrate
C4AH13. Fig. 8 shows that the cement paste containing 1 mass%
nano-Al2O3 gives lower values of free lime contents than those of
OPC pastes and other composite cement pastes. It can be said that
1 mass% NA is the optimum replacement level of OPC with NA.
1 mass% NA acts as a nucleating agent which acceleration the rate
of hydration and consumption of free lime with NA to form C–S–H,
C–A–H and C–A–S–H hydrated products. As nano-Al2O3 content
increases from 2 up to 6 mass%, the free lime content increases.
This is mainly due to the coating of nano-Al2O3 leading to the retar-
dation of the reaction nano-Al2O3 with Ca(OH)2 or the increase of
Ca(OH)2 content.

The free lime contents of NA–OPC cement pastes in the pres-
ence of superplacticizer hydrated up to 90 days as a function of
nano-Al2O3 and curing time is represented in Fig. 8B. It is found
that the results of free lime of superplasticized cement pastes are
lower than those of unsuperplasticized cement pastes. Generally,
the free lime of OPC pastes increase with curing time up to 90 days
due to continuous hydration of alite (C3S) and belite (b-C2S) phases
giving Ca(OH)2. On the other hand the free lime of NA-cement
pastes decreases with curing time up to 90 days due to the
pozzolanic reaction of NA with liberated Ca(OH)2.

3.3. Phase composition of cement pastes containing NA

3.3.1. XRD diffraction patterns
Fig. 9A illustrates the XRD diffraction patterns of composite

cement paste containing 1% NA without superplacticizer hydrated
for 1, 28, 90 days. The diffraction patterns show the presence of
diffraction lines corresponding to hydrated and anhydrated
cement phases namely, CH, b-C2S, C3S, CaCO3 (C�C) and C–S–H.
The XRD diffraction patterns show the peak intensity of C–S–H
and C�C increases, whereas the peak intensity of CH decreases with
curing time. This is due to the pozzolanic reaction of NA with lib-
erated CH during the hydration of OPC leading to consumption of
some portlandite and formation of additional C–S–H, C–A–H and
C–A–S–H hydrated products.

Fig. 9B shows that the diffraction patterns of mix MS1 exhibits
lower intensity of the peak characteristic to portlandite and higher
peak intensity characteristics for C–S–H in comparison with those
of mix M1. The presence of superplasticizer retards the hydration
of cement phases as shown in mix M1, the peak intensity of anhy-
drous phases decrease than those of mix MS1. On the other hand
the increase of peaks intensity of portlandite in absence of super-
plasticizer (M1) was observed.

3.3.2. Differential thermal analysis
Fig. 10 illustrates DTA/TGA thermograms of NA–OPC cement

pastes containing 1 mass% NA. The weight losses at 1000 �C were
found to be 12.51%, 18.29% and 20.48% corresponding to M1 mix
hydrated for 1, 28 and 90 days respectively. DTA/TGA thermo-
grams of M1 mix show three endothermic peaks and one exother-
mic peak. The first peak located at 100–125 �C, corresponding to
the decomposition of C–S–H, C–A–H and C–A–S–H hydrated prod-
ucts. The second endothermic peak located at 456–463 �C, is attrib-
uted to the dehydroxylation of CH [34,35]. The third and fourth
peaks were observed at 685 and 725 �C, due to the decomposition
of amorphous and crystalline calcium carbonate [36,37].

The main features of the thermograms are characterized by an
increase in the peak area of C–S–H with curing time due to contin-
uous hydration of the cement pastes. The losses of endothermic
peak below 250 �C were 4.479%, 8.109% and 8.794% respectively,
which corresponding to the decomposition of C–S–H, C–A–H and
C–A–S–H hydrated products, whereas the weight losses of
endothermic peak located at 456–463 �C, were 3.232%, 6.003%
and 5.718% respectively, which corresponding to the decomposi-
tion of portlandite. From the endothermic peak located at 456–
463 �C, it is clear that the peak area increases from 1 day up to
28 days, then decreases at 90 days due to the pozzolanic reaction
of NA with liberated lime. As the curing time increases the exother-
mic peak located at 850–870 �C shows an increase in the areas and
intensities of the crystallization of the pseudo-wollastonite phase.
It is clear that the areas and intensities of the peak characteristic
for C–S–H, C–A–H and C–A–S–H hydrated products increase with
age of hydration from 1 day up to 90 days as shown from the
weight losses in Fig. 10.

3.4. Morphology and microstructure of cement pastes containing NA

Figs. 11 and 12 represent the SEM images of 1 mass% NA con-
tents (mixes M1 and MS1) cured up to 28 days in the absence
and presence of 1% polycarboxylate superplasticizer. Fig. 11 shows
SEM micrograph of mix M1, the micrograph represented the for-
mation of C–S–H, CH and ettringite hydrated products.

SEM micrograph reveals formation of much denser microstruc-
ture with nano-Al2O3 addition. The structure was found to be a
compact dense matrix. The micrograph deposits the absence of
hexagonal Ca(OH)2 crystals as shown in Fig. 12. The pore structure
of superplasticized composite cement pastes containing 1%
nano-Al2O3 particles was improved. Nano-Al2O3 particles as a



Fig. 10. DTA/TGA thermograms of NA–OPC cement pastes containing 1 mass% NA cured at 1, 28 and 90 days.

Fig. 11. SEM of unsuperplasticized M1 mix cured for 28 days.
Fig. 12. SEM of superplasticized MS1 mix cured for 28 days.
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partial replacement of cement accelerate the formation of C–S–H,
C–A–H and C–A–S–H, hence the compressive strength of compos-
ite cement was improved [38].

3.5. Fire resistance of cement pastes containing NA

3.5.1. Compressive strength
Cement pastes made with Al2O3 nano-particles as a partial

replacement of OPC pastes are more sensitive when exposed to
fire. The higher strength of NA–OPC cement pastes was found espe-
cially at a temperature of 450 �C when they were compared with
neat OPC paste. The values of compressive strength of the hard-
ened NA–OPC cement pastes as a function of treatment tempera-
ture up to 1000 �C is graphically plotted in Fig. 13. The
compressive strength increases with thermally treated tempera-
ture up to 450 �C then decrease for all cement pastes up to
1000 �C. The compressive strength of NA–OPC pastes containing
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1 mass% NA shows the highest values at all thermally treated tem-
perature up to 1000 �C. Compressive strength of all specimens
shows an increase in the temperature range from 250 �C to
450 �C, this may be caused by transformation of crystal phase of
C–S–H (tobermorite) at around 450 �C [25,39,40]. It can be seen
from Fig. 13 that NA–OPC cement specimen containing 1% NA
showed better heat resistance compared to other samples. The
compressive strength of NA–OPC pastes increases as a result of
enhancing the hydration of unhydrated cement clinker, this is
due to the internal or self-autoclaving effect result from flow of
the steam production from the elimination of capillary and/or
physically adsorbed as well as bound water in NA–OPC pastes at
high temperature, which forms internal autoclaving reaction form-
ing more hydration products from anhydrous cement fractions as
well as improvement of pozzolanic reaction of NA with CH to form
additional C–S–A–H having high strength [25,41,42]. The compres-
sive strength of the superplasticized NA–OPC shows higher values
in comparison with those unsuperplasticized pastes. Substitution
of OPC with 1–2% Al2O3 nano-particles improve the thermal resis-
tance of composite cement pastes up to 450 �C, this is due to higher
consumption of liberated CH with the formation of additional
hydrated products, which fill the open pores to form interlocking
close structure [25,43]. As the treatment temperature increases
up to 1000 �C, the compressive strength shows a decrease at
650–1000 �C, it may be ascribed to the increase in the porosity of
cement pastes due to the coarsening of the pore size distribution.
The decomposition of these hydrates takes place to form crys-
talline structure similar to C2S and gehlenite and wallastonite crys-
talline phases at thermally treatment temperature up to 1000 �C.
The formation of crystalline phases opening the pore system lead-
ing to increase the porosity and decreases the compressive
strength.

The increase of thermally treated temperature from 25 to
450 �C, the compressive strength increases by 10.89%, 31.03% and
20.33% for unsuperplasticizered NA–OPC pastes, whereas with
superplasticizered OPC-SF increases by 25.22%, 45.74% and
28.49% with the increase of NA contents from 0, 1 and 2 mass%,
respectively.

The compressive strength of the superplasticized NS–OPC
pastes shows a higher value up to 1000 �C in comparison with
those OPC paste as shown in Fig. 13. Generally, the partial
substitution of OPC by 1 mass% NA improves the compressive
strength of cement pastes at thermally treated temperature up to
1000 �C. It can be included that 1 mass% NA in the presence of
1 mass% superplasticizer has a higher resistance to fire than all
NS-OPC pastes.

3.5.2. Bulk density
Bulk density of thermally treated temperature NS–OPC pastes

containing different amounts of NA were represented in Fig. 14.
The variations of bulk density of NA–OPC pastes with thermally
treated temperature show different stages; first stag, the bulk den-
sity increases up to 250 �C, due to self-internal autoclaving reac-
tion forming more hydration products from anhydrous cement in
addition to the pozzolanic reaction of NA with CH to form addi-
tional C–A–H and C–A–S–H hydrated products. Second stage, the
bulk density decreases up to 450 �C due to the removal of free,
adsorbed and chemically combined water of C–S–H, C–A–H, and
calcium aluminosilicate hydrates. Within the temperature range
from 450 up to 600 �C (third stage), the bulk density values
increase due to the decomposition of C�C to CaO and CO2 as shown
in Fig. 14. Increase of the thermally treated temperature from 600
to 1000 �C caused a significant coarsening of the pore size distribu-
tion [43–45], to form dens structure associated shrinkage as well as
total porosity increases as well as bulk density increases. The
increase in the bulk density is due to solid state sintering to give
dense matter.

The bulk density of superplasticized NA–OPC pastes having 1–
2 mass% NA shows the highest values of bulk density (Fig. 14).
Superplasticizer improves the dispersion of both NS and OPC grains
to form more efficient hydration and higher degree of compaction
leading to relatively homogeneous composites.

3.5.3. Total porosity
Fig. 15 shows the change of total porosity of NA–OPC pastes as a

function of thermally treated temperature. The porosity of NA–OPC
decreases with 1 mass% NA content then shows an increase with
2 mass% NA. Total porosity decreases with thermally treatment
temperature up to 250 �C. The decreases in the total porosity is
due to that the thermally treated temperature enhances the hydra-
tion of unhydrated cement phases as well as the reaction of NA
with CH to form additional hydration. The total porosity increases
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sharply with thermally treated temperature from 250 �C up to
1000 �C. The increase of total porosity with thermally treated tem-
perature is due to the formation and enlargement of microcracks
and/or increase of degree of crystallinity of the formed hydrates
leading to assort of opening of the pore system of cement pastes
[46].

3.5.4. Mass loss
The relation between the mass loss of cement pastes and ther-

mal treated temperature was shown in Fig. 16. The mass loss
increases with the thermally treatment temperature. This is due
to the chemical processes stimulated by treatment temperature
in the different phases of cement pastes. The Moisture was
removed at 105 �C, a partial decomposition of calcium silicate, cal-
cium aluminate, calcium alumino silicate and calcium sulfoalumi-
nate hydrates occurred around 200 �C. The decomposition of
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Fig. 16. Mass loss of hardened NA–OPC pastes as a function of thermally treated
temperature up to 1000 �C in the presence and the absence of superplasticizer.
gehlenite like hydrate (C2ASH8) above 200 �C, the dehydration of
calcium hydroxide at thermally treatment temperatures above
450 �C and decarbonation of calcium carbonate at 650–750 �C also
occurred. The mass loss of the superplasticized NA–OPC shows
higher values in comparison with those unsuperplasticized pastes.
Substitution of OPC with 1% NA increases the mass loss of cement
pastes up to 1000 �C, this is due to higher consumption of liberated
CH with the formation of additional hydra rated products, which
fill the open pores forming interlocking close and compact
nanostructure [25,43].
4. Conclusions

From the above findings it can be concluded that:

(1) The water of consistency increases, whereas the initial and
final setting times were shorten with the increase of NA con-
tent up to 6 mass%, indicating that NA enhances the hydra-
tion reaction of OPC phases due to its unique surface
effects, smaller particle sizes, and higher surface energy.

(2) 1 mass% Al2O3 nano-particle is the suitable amount, which
improves the compressive strength of OPC paste with
27.22%.

(3) The compressive strength increases by 0%, 27.22% and
11.07% for unsuperplasticizered NA–OPC pastes, whereas
with superplasticizered OPC–NA increases by 10.89%,
30.67% and 16.70% with the increase of NA contents from
0, 1 and 2 mass%.

(4) The results show that 1 mass% NA gives the highest value of
compressive strength, bulk density, chemically combined
water content, gel/space ratio than OPC paste. 1 mass% NA
acts as nano-filler which accelerates the rate of hydration.

(5) SEM micrograph reveals formation of much denser
microstructure with nano-Al2O3 addition. The structure
was found to be a compact dense matrix.

(6) The increase of thermally treated temperature from 25 to
450 �C, the compressive strength increases by 10.89%,
31.03% and 20.33% for unsuperplasticizered NA–OPC pastes,
whereas with superplasticizered OPC–NA increases by
25.22%, 45.74% and 28.49% with the increase of NA contents
from 0, 1 and 2 mass%.

(7) 1 mass% NA in the presence of superplasticizer has the high-
est resistance to fire than all other pastes.
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