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� Nanosilica significantly increases oil-well cement’s early compressive strength.
� The improvement in strength relied on the particle sizes of nanosilica.
� Medium-sized nanosilica with a particle size of 40 nm was the best result in a pozzolanic activity.
� Microscopic analysis tests are in good agreement with hardened cement paste compressive strength results.
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This study evaluates the early compressive strength of oil-well cement pastes containing nanosilica (NS)
with different particle sizes of 10, 20 and 40 nm. The NS particles were chosen at proportions correspond-
ing to 1, 2, 3 and 4% by weight of cement. Test results indicated that NS significantly enhanced the early
compressive strength of the oil-well cement. The results also revealed that the strength enhancement
was reliant on the NS particle sizes. The specimens containing NS 40 nm received greater early compres-
sive strength and higher pozzolanic activity due to better dispersion, resulting in improved microstruc-
tures compared with specimens containing 10 and 20 nm. By fluctuating the NS dosages, the optimal
replacement dosage was 3% for all particle sizes. This implies that the particle size did not affect the opti-
mal dosage of NS, it influenced the compressive strength of cement paste. The microscopic analysis tests
confirmed the findings of the compressive strength of the hardened cement paste.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Formation fluid leakage has been proclaimed as a major chal-
lenge problem in oil and gas wells for a long period. The fluid leak-
ing is correlated with the fluid movement through the wellbore’s
cemented annulus section. Implications of fluid leakages into the
wellbore include increased costs of remedy and production, as well
as environmental consequences [1,2]. Some experiments have
shown that poor interaction between cement and rock leads to
the leakage of fluids from the formation. Cement performance
and properties therefore need to be improved to obtain a high
strength bond between cement and formation. According to Nelson
and Guillot [3], a well lacking a good cement job could never
accomplish its total production potential. Therefore, to gain maxi-
mum turnover from the well, it is necessary to establish high
strength and durable cement structures for long-term zonal isola-
tion. In addition, Nelson and Guillot [3] proposed changing oil-well
cement to improve its functionalities. In that regard, various
researchers in recent years have concentrated on the use of mate-
rials that can provide high performance to boost the useful lifespan
of the well and to reduce costs interrelated with the renovation or
losses due to failures in the cement sheath. One of these materials
is nanosilica (NS), currently used extensively throughout the world
in cement-related research.

Because of its nano-scale size, NS has exceptional properties
that fundamentally vary with its macro-sized counterparts [4]. In
addition to their size influence, NS has special characteristics,
including enormous surface area per volume ratio and higher
chemical reactivity, which triggers their ability to modify cement
properties [5-8]. Many literature reports suggest that the introduc-
tion of NS into oil-well cement affects both fresh and hardened
cement properties. In Pang et al.’s work, it was reported that the
use of NS powders of 4–6 nm particle size would increase the com-
pressive strength of oil-well cement by 30% and 136% within 2 and
7 days of curing respectively. The impact of nanomaterials in
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oil-well cement hydration and mechanical strength was demon-
strated by Santra et al.[9] after adding NS and nanoalumina with
the particle size of 30 and 140 nm respectively. They revealed that
nanoparticles could stimulate the cement hydration and heighten
the strength of the sheath of cement for an extended well life. In
addition, NS has been found by many authors to be the best accel-
erator for hydration of cement and adjustment of strength [10-15].

Many researchers have grounded the effect of NS on oil-well
cement properties such as setting time, compressive strength and
microstructure [4,14,16,17]. These investigations acknowledged
that inclusion of NS to cement slurry reduced the thickening time,
increased early and late compressive strength, and refined the
hardened cement microstructure by depressing porosity and per-
meability. Additionally, adding nanoparticles to cement speeds
up the hydration process, which decreases the wait on cement
(WOC) time and thus saves the hours of the rig [4,9,18]. Harue-
hansapong et al. recorded one of the interesting observations on
nanoparticles [19]. This probe revealed that cement mortar com-
prising of 40 nm particle size NS showed powerful results in com-
pressive strength compared to a test containing 12 nm particle size
NS under similar curing conditions. It has been stated that 40 nm
NS enhanced the strength by 54.4% compared to the control sam-
ples, while 12 nm NS particles improved the strength by 23.4%.

Numerous authors [4,20-23] have posited some potential NS
mechanisms in cement. Firstly, the nano-scale size allows the use
of NS as filler material by sealing the gaps in the cement matrix,
creating a dense and compact structure with lessened capillary
porosity. Secondly, NS powders have higher pozzolanic activity,
making them the strongest cement hydration accelerators. Singh
et al.[23] examined the effect of NS during hydration of cement
and conclusively argued that the blending of NS into cement grains
creates H2SiO4

2- that reacts with the existing Ca2+ to produce an
excess calcium silicate hydrate (C-S-H). Such C-S-H gelatin spreads
in the water between the cement grains and serves as germs for
further compacted C-S-H gel development. Thus, NS powders cause
pozzolanic reaction.

Nonetheless, the use of NS in cement-based materials has two
specific challenges. One of these problems is the dispersal of NS
particles in a cement mixture. Some earlier researchers have
reported that NS powders’ dispersion affects the workability of
cement pastes, the degree of hydration of cement and the mechan-
ical properties of hardened cement. The preceding works con-
cluded that the optimal NS content must be small (1–5% by
weight of cement (BWOC)) to avoid agglomeration of NS particles
during blending. Some researchers, however, opined that cement
output can also be enhanced with higher NS replacement up to
almost 10% BWOC, if NS particles are effectively dispersed in the
cement. Another issue of NS particles in a cement mixture is the
reduction of its slurry fluidity due to its enormous surface area
and the high water demand. Several authors who investigated
the contact with cement containing NS powders from dispersing
agents, discovered that the form and concentration of dispersing
agents together with NS particle sizes affected the rheology of
the cement slurries.

As explained earlier, the strength enhancement of the speci-
mens with NS particle size of 40 nm was considerably greater than
the strength progression in samples with NS particle size of 12 nm.
Thus NS particle size has conceivable effects on hardened cement’s
mechanical properties.

Despite extensive research on cement properties with nanopar-
ticles over the past few years, studies on the effect of nano-scale
materials of various sizes are infrequently found. The modification
of properties in cement slurry containing nanoparticles of a single
particle dimension has been examined by numerous researchers.
Therefore, the thrust of this study is set on inspecting the effect
of nanoparticle size on the early compressive strength of cement
for improved oil-well integrity. In oil-well cementing, early com-
pressive strength is significant because it precludes the leakage
of formation fluids into the wellbore during the cement setting.
Three different dimensions of silica nanoparticles were used. The
findings produced were related to the non-NS control specimens.
The scanning electron microscope, X-ray diffraction and thermo-
gravimetric techniques were used to perform the microscopic anal-
ysis tests.

2. Experimental program

2.1. Materials

The materials used in this work were: Class G oil-well cement,
corresponding to American Petroleum Institute (API) Specification
10A, (produced by Jiahua Enterprises Corp., Sichuan China, its clin-
ker compositions are presented in Table 1), NS particles and disper-
sant (purchased from Guangzhou Probing Fine Chemical Co., Ltd,
China. The technical specifications of the silica particles are pro-
vided in Table 2.

2.2. Experimental methods

2.2.1. Slurry preparation
The concept of cement pastes followed the API [24]. The

nanoparticles (1, 2, 3 and 4% by weight of cement) were combined
with the Class G Oil-well cement, and the water-to-cement ratio
(W/C) was 0.45. The cement pastes were blended at a high-speed
mixer (4000 r/min for 15 sec, then 12,000 r/min for 35 sec accord-
ing to AP1 10A standards) [24]. An adequate amount of dispersants
was added to the mixtures, in order to attain the slurry’s preferred
flowability. The rheological test was then conducted to determine
the flowing nature of the design slurry. For this experimental work,
two sets of mixtures were made. The blend CO was prepared as
control samples while the NS series were produced with various
contents of silica particles. The details of the cement slurry’s mix-
ing proportions are given in Table 3.

2.2.2. Early compressive strength
This research was carried out in compliance with the require-

ments of the API [25]. The slurry was poured into a copper mold
(5 � 5 � 5 cm3) and healed for 8, 24 and 36 h at 50 �C in an atmo-
spheric pressure curing bath. Eventually, a pressure measurement
instrument (YES-300B) was used to measure the mechanical
strengths at a loading rate of 1.2 kN/s. Three specimen readings
were taken to produce perfect results, and the average value was
determined. Standard deviation (SD) and the Coefficients of varia-
tion (CV) were also calculated and presented with the results to
ensure the quality control of the data. The lower CV indicates more
accurate results while the higher CV indicates less accurate results.
We calculated SD and the CV by;

S:D ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

Xi � X
�� �2

n� 1

vuuut
ð1Þ

C:V ¼ S:D

X
� � 100% ð2Þ

Where; xi is one sample value; X
�
is the sample mean; n is the sample

size

2.2.3. Rheological test
Using a ZNN-D6 rotational viscometer, manufactured by Qing-

dao Haitongda Equipment Corp., China, the effect of nanoparticles



Table 3
Mixing proportions for each experimental test.

Batch Water Cement Nanoparticles Total weight W/C
(g) (g) (g) (g) Ratio

CO 0% 354 792 0 792 0.45
NS 1% 354 784.08 7.92 792 0.45
NS 2% 354 776.16 15.84 792 0.45
NS 3% 354 768.24 23.76 792 0.45
NS 4% 354 760.32 31.68 792 0.45

Table 2
Properties of nanoparticles.

Species Average diameter (nm) Color Surface volume Ratio (m2/g) pH Purity value (%)

SiO2 10 White 220 5.7 99.9
SiO2 20 White 90 5.7 99.9
SiO2 40 White 50 5.7 99.9

Table 1
Chemical and mineral composition of Class G oil-well cement used.

Composition of Class G oil-well cement (wt %)

SiO2 Al2O3 Fe2O3 CaO MgO SO3 C3S C2S C4AF C3A

23.056 2.86 3.52 65.2 1.79 2.12 59.890 16.756 10.70 1.63
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on the slurry rheological properties were determined. The dial
readings were recorded under different rotational speeds (h) of
600, 300, 200, 100, 6 and 3 rpm respectively. The flow behavior
index (n) and consistency coefficient (K) of the slurry was calcu-
lated as follows;

n ¼ 2:096log
h300
h100

� �
ð3Þ
K ¼ 0:511h300
511n ð4Þ

Where h300 is the reading at a shear rate of 300 rpm, and h100 is the
reading at the shear rate of 100 rpm. A larger ‘n’ indicates a better
slurry fluidity while a larger ‘K’ indicates a thicker slurry.
2.2.4. Scanning electron microscopy (SEM)
The research followed SEM to analyze the hydration products

and microstructures in order to investigate the morphology of
the cement samples being studied. SEM analysis was performed
on a Quanta200 instrument manufactured by Holland FEI (Hong
Kong) Co Ltd. The back-scattered electron (BSE) imaging technique
was used to analyze the specimens, which were tested under the
situation to ensure their subsequent analytical capability.
2.2.5. Thermogravimetric (TG) analysis
The TG analysis was conducted using the thermal analyzer

instrument’s detailed STA 409 PC model. The specimens were
heated in an inert atmosphere of nitrogen gas from 20 to 1000 �C
with a heating rate of 20 �C/min.
2.2.6. X-ray diffraction (XRD)
To determine the phase of cement samples, a D8-Focus X-ray

diffractometer (produced by Bruker AXS GmbH, Germany) was
used. XRD was used to test the reduction of Portlandite during
the pozzolanic activity.
3. Results and discussion

3.1. Early compressive strength

3.1.1. Effect of NS particle size on early compressive strength
Tables 4-6 summarize the early compressive strength of oil-

well cement with different proportions of NS particles relative to
the control specimens without NS. The effect of NS particle sizes
on early compressive strength is addressed by adjusting the NS
dosages. Visibly, all NS dosages strengthened the early compres-
sive strength. The results clearly indicate that when larger sized
particles were introduced into the mix, greater early compressive
strength was reached. The size of NS particles therefore directly
affects the early compressive strength of hardened cement. The
specimens made up of 40 nm particle size NS powder provided
powerful results comparable to samples containing NS particles
of 10 and 20 nm. It can therefore be inferred, based on the results,
that small particles of NS (10 and 20 nm) are not favorable for fill-
ing efficiency. These are conceivably glazed on the surface of the
cement grains instead of the particles filling the openings within
the cement grains, thereby lowering the reactivity of the cement
hydration.

In addition, very tiny NS particles (10 and 20 nm) are capable of
producing agglomeration and poor distribution because of their
huge specific surface area. In the works of [15,19,23], these trends
were established. The authors declared that the biggest challenge
for all nanomaterial applications, is to obtain effective dispersion
of NS into cement slurry.

The specimens made up of 40 nm particle size NS were the
main early compressive power. This is because 40 nm particle
dimension is an average size, an appropriate size that is very
effectual in pozzolanic activation-filling effect and even distribu-
tion of particles. Therefore, early strength improvement is a
result of all the effects. These discoveries also agree with the
prior findings, which established that the cement composed of
NS with a particle size of 10 nm, demonstrated a lower develop-
ment of strength than that of cement with 40 nm particle NS
dimension [19].



Table 4
Early compressive strength of hardened cement containing 10 nm NS cured at 50 �C.

Slurry batch NS (%) 8-hours curing time 24-hours curing time 36-hours curing time

Mean (MPa) SD CV (%) Mean (MPa) SD CV (%) Mean (MPa) SD CV (%)

CO 0 9.67 0.44 5.0 22.66 1.76 8.0 27.02 1.02 5.0
NS10 1 11.88 0.95 10.0 25.61 1.83 9.0 28.17 1.31 6.0
NS10 2 12.94 0.92 9.0 27.33 0.99 4.0 27.60 1.03 5.0
NS10 3 13.24 1.10 10.0 28.79 1.03 4.0 32.65 0.90 3.0
NS10 4 13.15 0.62 6.0 27.98 0.69 3.0 31.58 1.55 6.0

Table 5
Early compressive strength of hardened cement containing 20 nm NS cured at 50 �C.

Slurry batch NS (%) 8-hours curing time 24-hours curing time 36-hours curing time

Mean (MPa) SD CV (%) Mean (MPa) SD CV (%) Mean (MPa) SD CV (%)

CO 0 9.67 0.44 5.0 22.66 1.76 8.0 27.02 1.02 5.0
NS20 1 12.66 0.45 4.0 29.55 0.62 3.0 32.96 1.88 7.0
NS20 2 12.97 0.89 8.0 32.56 1.17 4.0 34.85 1.37 5.0
NS20 3 13.71 1.11 7.0 35.59 0.74 3.0 39.47 1.36 4.0
NS20 4 13.34 1.01 9.0 33.63 0.85 3.0 34.82 1.01 4.0

Table 6
Early compressive strength of hardened cement containing 40 nm NS cured at 50 �C.

Slurry batch NS (%) 8-hours curing time 24-hours curing time 36-hours curing time

Mean (MPa) SD CV (%) Mean (MPa) SD CV (%) Mean (MPa) SD CV (%)

CO 0 9.67 0.44 5.0 22.66 1.76 8.0 27.02 1.02 5.0
NS40 1 13.78 0.82 8.0 32.64 0.89 3.0 35.14 1.43 5.0
NS40 2 15.07 0.57 4.0 35.02 0.85 4.0 37.04 1.36 4.0
NS40 3 15.37 0.76 6.0 36.85 0.85 3.0 39.82 138 4.0
NS40 4 15.00 0.48 3.0 36.04 0.92 3.0 37.22 1.76 6.0
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In summary, all of the obtained results were generally in good
order. As presented in Tables 4-6, the calculated CV was within
an acceptable range. Nevertheless, the results show that the lowest
CV was obtained from the samples containing 40 nm NS (3–8%),
while the 10 nm and 20 nm particle size specimens had a CV of
3–10%. The uniform distribution of the particles in the cement
slurry could be the reason why the results in the specimens with
a particle size of 40 nm NS are more consistent than 10 and
20 nm NS counterparts.
Fig. 1. Early compressive strength of hardened cement containing NS particle size
of 10 nm.
3.1.2. Effect of NS particle size on the optimal dosage
Figs. 1-3 indicate the tendency of early compressive strength by

correspondingly fluctuating the NS dosage for 10, 20 and 40 nm
nanomaterial sizes. It describes the effect of particle size of NS
on the optimal dosage. For all particle sizes and curing times of
hardened cement (8, 24 and 36 h), the early compressive strength
of hardened cement containing NS has been increased by the
cumulative NS contents. The early compressive strength was stea-
dily increased up to the 3% NS dose. However, after adding 4% NS,
Fig. 2. Early compressive strength of hardened cement containing NS particle size
of 20 nm.



Fig. 3. Early compressive strength of hardened cement containing NS particle size
of 40 nm.
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the strength slightly decreased. The results of this study suggest
that, the optimal amount of NS to replace the cement was 3%. This
means that incorporating more or less quantity than the optimal
dosage (3%) can really lessen the early strength instead of boosting
it. In addition, the lower doses of NS (1 and 2%) are not sufficient to
stimulate the pozzolanic reaction.

Therefore, their corresponding compressive strengths are
slightly enhanced. By incorporating nano-powders in oil-well
cement with extreme content (4%), the pozzolanic action will con-
ceivably be promoted. However, the real mass of cement in the
combination will concurrently be diminished, leading to inactive
cement hydration. The decrease in hydration activity may have
been greater than the pozzolanic reaction progressions. Therefore,
lower early compressive strengths were eventually attained. The
study also discovered that the overuse of NS powder in cement
precludes uniform dispersal of the particles. However, the determi-
nation of the optimal content of NS in cement cannot be fixed with
a definite proportion. The optimal replacement dosage of NS in
cement depends on multiple factors including the type of NS which
could either be dry powder or colloidal [23].

3.1.3. Effect of NS particle size on rheological properties
Tables 7-9 show the effects of NS dosages on the rheology of the

oil-well cement slurry. The measurements are reported as an aver-
age of the ramp-up and ramp-down readings. The readings were
reported at different rotational speeds, first in ascending order
and then in descending order, and the readings showed good con-
sistency. The results indicate that after adding NS into the cement,
the apparent viscosities of the slurry at all shear rates had a slight
variation. The results show that the consistency coefficient K rises
and the fluidity index n declines. This indicates that the cement
slurry becomes poorer after incorporating NS. The cement slurry
Table 7
Effect of NS (10 nm) on the rheological properties.

NS (%) W/C (%) Shear rate (rev/min)

300 200 100 6 3

0 0.45 91 78 62 21 15
1 0.45 112 87 85 19 16
2 0.45 153 124 107 25 18
3 0.45 167 137 115 29 23
4 0.45 168 140 117 32 25
becomes much heavier with the addition of NS. The results
revealed that NS particles with higher surface area (10 and
20 nm) made the slurry much thicker than that of particle size of
40 nm.

Chithra et al. [21] established that the incorporation of NS in
cement-based materials lessens the workability because part of
the blending water is absorbed by NS particles. Molecules of water
are freely drawn towards the NS powders due to huge surface area
and higher reactivity. In addition, Bera et al. [26] examined the rhe-
ology of cement slurries and noted that the blending of NS into
cement significantly raises the water requirement in the mix to
maintain its workability. Such behavior indicates that the incorpo-
ration of enormous surface area particles into cement results in the
high demand for water to maintain the workability of the slurry.
Some authors reported that when the content of water in the mix-
ture is preserved, increasing the content of NS would facilitate the
packing of the materials.
3.2. Material characterization techniques

3.2.1. SEM analysis
Fig. 4 displays the microstructure of the control specimen with-

out NS particles at a curing age of 14 days, where the main compo-
nents are the C–H-S gels and voids with little connection between
the hydration materials. The C-S-H gelation appears like a honey-
comb structure, which is indeed unlike the normal C-S-H gels. As
observed from the SEM image, the honeycomb gels cannot create
a compact and dense cement matrix. The loose microstructure cor-
responds with the poor early compressive strength results, com-
pared to samples containing NS.

Figs. 5-7 present SEMmicrographs of the hardened cement with
3% NS at a curative age of 14 days, using NS particle dimensions of
10, 20 and 40 nm respectively. The images indicate that the parti-
cle dimensions of NS considerably affects the microstructure of the
hardened cement. It can be visibly seen that after adding 3% of NS
the main product of cement hydration is C-S-H gels in the flaky,
needle and rod-like structures. The SEM images indicate that the
grains of hydration products of the cement composed of 10 and
20 nm particle sizes were less uniform, compact and denser than
that of NS with 40 nm particle dimension. It must be noted that
particle sizes of 10 and 20 nm are excessively low for filling effect.
Instead of the particles plugging the gaps between cement grains,
it is plausible that they create a coat on the surface of the cement
grains. This affects the hydration mechanism of the cement.

Due to the plugging effect of nano-sized particles, it was
expected that a large part of the pores would be filled especially
at optimal ratios of NS. However, as the SEMmicrograph of cement
shows, lots of voids still exist within the structure comparable to
the 40 nm SEM image. The reason for this may be due to the large
surface area of 10 and 20 nm particles that leads to agglomeration,
preventing the uniform distribution of the particles with the
cement.

As displayed in Fig. 7, the spatial structures of the hardened
cement are more uniform, dense and compact, revealing the
improvement of the microstructure of the hardened cement with
SDb300 CV (%) SDb100 CV (%) n K

3.0 5.0 3.0 7.0 0.349 5.275
5.0 6.0 6.0 10.0 0.306 8.489
5.0 5.0 5.0 7.0 0.325 10.300
7.0 6.0 5.0 6.0 0.339 10.303
7.0 6.0 7.0 6.0 0.329 11.032



Fig. 5. SEM photograph of hardened cement having NS of 10 nm particle size at a
curing age of 14 days. 1 = needle-like C-S-H gel, 2 = Ca(OH)2, 3 = flaky C-S-H gel,
4 = NS particles, 5 = pores.

Fig. 4. SEM photograph of hardened cement without NS at a curing age of 14 days.
1 = honeycomb C-S-H gel, 2 = Ca(OH)2, 3 = pores, 4 = fracture.

Table 9
Effect of NS (40 nm) on the rheological properties.

NS (%) W/C (%) Shear rate (rev/min) SDb300 CV (%) SDb100 CV (%) n K

300 200 100 6 3

0 0.45 91 78 62 21 15 3.0 5.0 1.0 2.0 0.349 5.275
1 0.45 96 80 66 19 16 2.0 3.0 2.0 3.0 0.341 5.849
2 0.45 91 81 64 21 16 2.0 3.0 2.0 4.0 0.320 6.321
3 0.45 89 75 63 28 18 1.0 2.0 2.0 4.0 0.314 6.417
4 0.45 90 73 64 29 20 2.0 3.0 2.0 4.0 0.310 6.654

Table 8
Effect of NS (20 nm) on the rheological properties.

NS (%) W/C (%) Shear rate (rev/min) SDb300 CV (%) SDb100 CV (%) n K

300 200 100 6 3

0 0.45 91 78 62 21 15 3.0 5.0 3.0 7.0 0.349 5.275
1 0.45 123 108 85 28 19 4.0 5.0 2.0 3.0 0.336 7.732
2 0.45 107 95 76 28 21 4.0 5.0 2.0 4.0 0.311 7.861
3 0.45 103 92 74 30 24 1.5 2.0 2.0 4.0 0.301 8.054
4 0.45 91 89 67 34 22 2.0 3.0 2.0 4.0 0.279 8.162
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3% of 40 nm NS particles. It could be found that 40 nm silica nano-
powders are ideal measurements for plugging gaps in the cement
grains, resulting in a more compact and dense texture. Due to its
surface area, 40 nm NS powders can promote the development of
C-S-H gels that gather cement particles together and create stable
closed structures compared to 10 and 20 nm particle sizes. There-
fore, adding NS powders may increase the compressive strength of
the hardened cement while altering the cement matrix
microstructure.
3.2.2. TG analysis
Fig. 8 presents the TG curves of the cement incorporated with

10, 20 and 40 nm NS respectively, at a curing age of 14 days. The
TG graphs indicate the usual reactions in the cement paste when
exposed to a progressive thermal condition ranging from room
temperature to 1000 �C. The weight loss in the cement paste
specimens, occurred predominantly in three phases when exposed
to rising temperatures. Firstly, at room temperature to 200 �C, the
loss in mass was due to the dehydration of water molecules in
cement hydration materials such as C-S-H and ettringite (calcium
sulphoaluminate hydrate) [27-29]. As observed in Fig. 8, the per-
centage increase in weight loss indicates the increasing amount
of the generated hydration materials. The effect of NS and NS par-
ticle size in stimulating cement hydration reaction was confirmed.
Because of the pozzolanic nature of NS, specimens containing NS
presented higher mass loss compared to control samples, indicat-
ing that more C-S-H gels were produced in samples containing
NS. Nevertheless, specimens containing trivial NS particle size
(10 and 20 nm) provided less mass loss compared to samples with
a particle size of 40 nm. Based on the results, NS with 40 nm par-
ticle dimension, is medium-sized and very effectual in the case of



Fig. 6. SEM photograph of hardened cement having NS of 20 nm particle size at a
curing age of 14 days. 1 = needle-like C-S-H gel, 2 = Ca(OH)2, 3 = flaky C-S-H gel,
4 = NS particles, 5 = pores.

Fig. 7. SEM photograph of hardened cement having NS of 40 nm particle size at a
curing age of 14 days. 1 = rod-like C-S-H gel, 2 = Ca(OH)2, 3 = pores.

Fig. 8. TG curves of the hardened cement composed of 3% NS at a curing age of
14 days.
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pozzolanic activity. This corresponds with the results of the
compressive strength obtained.

The second thermal decomposition appeared between 325 and
550 �C. The corresponding weight loss in this range of temperature
was due to the thermal degradation of Ca(OH)2 [30-32]. The great-
est mass loss at this step was seen in the control samples compared
to specimens with NS. This scenario describes the role of NS as a
pozzolanic agent. The pozzolanic reaction of Ca(OH)2 with NS, gen-
erates additional C-S-H which is the main component of strength
development in cementitious materials. In other words, this reac-
tion converts Ca(OH)2 into C-S-H gels. Therefore, the reason for
the control samples to have higher percentage mass loss at this
interval, is because pozzolanic reaction which reduces the level
of Ca(OH)2 in the hardened cement occurred only in the samples
containing NS. On the other hand, due to efficient pozzolanic
action, the specimens containing NS with a particle size of 40 nm
provided the least percentage in mass loss.

The third interval of thermal decomposition occurred between
550 and 740 �C, which was due to the degradation of calcium car-
bonate (CaCO3) and escape of carbon dioxide gas (CO2) from the
cement body. It has been established that during curing of cement,
Ca(OH)2 generated in the cement combine progressively with CO2

from the surrounding to form CaCO3 [33]. In this temperature
range, the control samples also showed higher contents of CO2,
in comparison with the specimens composed of NS.

3.2.3. The Ca(OH)2 consumption
Fig. 9 shows XRD diffractograms for NS modified cement spec-

imens composed of 10, 20 and 40 nm particle sizes and the control
samples. The consumption of Portlandite Ca(OH)2 was confirmed
by a 14-day XRD study following a 3% NS cement replacement.
The occurrence of Ca(OH)2 (CH) shows that there has been a hydra-
tion reaction, i.e. calcium silicate mixes with water to give C-S-H
gel and CH. From the diffractograms, it can be seen that pure
cement contains 100% of CH, and this CH content decreases
depending on the size of NS in cement.

In addition, the diffractograms indicate that pozzolanic activity
is significantly affected by NS particle sizes. The higher the NS sur-
face area, the lower the Ca(OH)2 consumption. The specimens con-
taining 10, 20 and 40 nm particle sizes reduced the content of Ca
(OH)2 by 19.1%, 25.82% and 30.34%, respectively, at similar cement
replacement (3%).

Possibly the presence of agglomerates of very small NS particles
within the cement matrix, is responsible for the weak pozzolanic
reactivity of the 10 and 20 nm NS particles. Since pozzolanic action
can only be influenced by the outside surface of the agglomerates
yet the passage of the material within the conglomerates ’ thin
pores is very slow, the pozzolanic reaction of the NS powders can
be limited. Therefore, the clustering of nanoparticles in the cement
paste is likely to be the reason for the low pozzolanic reactivity of
the 10 and 20 nm specimens.

Therefore, the XRD investigation shows that NS powder with
40 nm particle size has a greater pozzolanic property than a com-
parable nano-powder percentage (3%) with particle sizes of 10 and
20 nm particle sizes. The XRD test results are in good agreement
with the compressive strength data of the hardened cement paste.



Fig. 9. XRD cement diffractograms showing CH consumption with and without NS at a curing age of 14 days.
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4. Conclusions

In this study, NS with dissimilar particle sizes (10, 20 and
40 nm) was selected to investigate the influence of nanoparticle
sizes on early compressive strength of oil-well cement. Based on
the results, the following statements are drawn;

1. The findings demonstrate that particle size affects the early
compressive strength of oil-well cement. The 40 nm particle
size provided the highest compressive strength equivalent to
10 and 20 nm particle size NS specimens. The plausible reason
is poor distribution and agglomeration of very tiny particles in
cement.

2. NS powders stimulate the cement hydration by generating C-S-
H gels through the reaction with Ca(OH)2. Therefore, NS pro-
vides both pozzolanic activity and filling capabilities.

3. The optimal dosage of NS particles in cement was found to be
3% for this study. Overuse of NS results in particle agglomera-
tion and reduction in early compressive strength.

4. SEM images revealed that NS powders can modify the
microstructure of hardened cement, making the structure more
compact and denser, on condition that the content of NS is
appropriate and evenly distributed.
5. The pozzolanic reactivity of NS was confirmed by monitoring
the variation of the quantity of Ca(OH)2 and CaCO3 from the
second and third intervals of the TG analyses. The pozzolanicity
test was also presented by the XRD report. NS with 40 nm par-
ticle size was medium-sized; and provided the best results in
terms of pozzolanic activity.
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