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ABSTRACT: Introduction. Portland cement slurries (suspensions) used for well cementing have high water-cement ratios 
(0.45–0.6). They also contain a minimum amount of inert fillers, must have zero water separation and controlled hardening with a 
minimum time between the start and end of setting. Literature review. Most of the scientific work on the use of nano-additives 
in binder systems relates to the construction industry. Nanosilicon, nanotitanium, nanocarbonate, nanoclays, carbon nanofibers, 
etc. were widely used as modifiers of cement systems, which showed an increase in the strength characteristics of the result-
ing concretes. Literature review showed that there is a very wide range of concentrations of nanoadditives in cement systems 
from 0.001 to 10.0%. An increase in the strength of cement with high concentrations of additives in a number of publications 
is explained by a decrease in its capillary porosity due to clogging of the pore space. However, nanoadditives should not play 
the role of microfillers in the hardened stone. They should work in cement slurry at the stage of cement hydration and cement 
structure formation at concentrations less than 1.0%. Results and Discussion. The paper presents the results of experimental 
studies of the rheological properties and early strength of stone based on Portland cement with additives (0.01%) of nanocar-
bonate and nanoiron. The role of nanoadditives is to increase the rate of cement hydration by reducing the activation energy, 
and accelerating the dissolution of the solid phase in the liquid. Nanoadditives can be a “substrate” on which two-dimensional 
nuclei of a new phase are formed. The probability of the appearance of two-dimensional nuclei on the substrate is much higher 
than for the formation of three-dimensional nuclei of a new phase in the bulk of the solution. Conclusion. The results show an 
ambiguous effect of additives on the tested parameters, which indicates the need to optimize the amount of additives. One of 
the reasons for the ambiguity of the results may be high water-cement ratios, which reduce the likelihood of the formation of 
“constrained” conditions in cement slurries. At the same time, the effects of accelerated cement hydration are “levelled” and 
the number of contacts between hydration products is reduced.
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INTRODUCTION

The quality of cementing materials is one of the main 
factors affecting the quality of well completion, since 

the tightness and reliability of the cement sheath depends 
on the cement stone obtained in the well [1, 2].

The variety of geological and technical conditions for 
well construction determines the use of a wide range of 
modifying substances in plugging materials and solutions 
(hardening accelerators or retarders, plasticizers, fluid 
loss reducers, gas blockers, expanding and reinforcing 
substances, etc.) [3–5].

It is very important that additives of nanomaterials can 
significantly improve the quality of cements.

LITERATURE REVIEW

Features of the use of Portland cement in well cement-
ing are that the applied slurries (suspensions) have high 
water-cement ratios (0.45–0.6). Oil well cements con-
tain a minimum amount of inert fillers, but the resulting 
slurries must have zero water separation and controlled 
hardening with a minimum interval between the start and 
end of setting.

Among the first works devoted to the use of nano-ad-
ditives in oil-well cements is the scientific work [6], which 
presents the results of using nano-iron in an amount of 
0.01%, and shows an increase in the strength of the result-
ing cement stone by 25–35%.
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B.A. Suleimanov and E.F. Veliyev [7] studied the ef-
fect of particle size distribution of nanosized additives on 
the quality of cementing. They showed the superiority of 
nanoadditives SiO2 (0.3–1.5%) and TiO2 (0.5–2.0%) in 
terms of their effect on the strength of the stone compared 
to increasing the fineness of Portland cement.

The articles [8, 9, 11] should also be noted. In particu-
lar, in [8], the use of nanoclay in an amount of 1–3% in 
cement slurries for casing wells at high temperatures was 
discussed, and it was shown that the strength increases 
in compression and improves the rheological properties 
of the slurry. The article [9] considered the possibility 
of using a patented nanoadditive to increase the elastic-
ity of the stone. The authors believe that nanoadditives 
contribute to the creation of long acicular crystalline 
structures. These structures crosslink, block capillary 
pores, increase the flexural strength of the cement stone, 
and also enhance the dynamics of cement hydration. The 
“modification of the cement hydration process” should 
take place during the first 48 hours of thickening. This is 
consistent with the results of a study of expanding cements 
[10]. This article shows that the processes of hydration of 
expanding additives must occur during the period of the 
“elastic” structure of the stone, capable of healing the 
formed defects.

According to article [11], an increase of the corrosion 
resistance (acid resistance) of a cement stone containing 
1% nanosilica was experimentally proved.

At the same time, nanoadditives have not yet found 
wide application in well cementing. In our opinion, this 
is due to the specific conditions of the work. There is also 
a large uncertainty in the evaluation of the results obtained 
regarding the quality of the resulting stone in downhole 
conditions. The technology of using nanoadditives limits 
their widespread use in production.

It should be noted that the bulk of research work on 
the use of nano-additives in binder systems relates to the 
construction industry.

The most complete review of works of the using of 
nanoadditives in binder systems used for the preparation 
of concrete is given in reviews [12–14].

Among the nanomaterials used in the modification of 
cement systems, nanosilicon [15–16], nanotitanium [17], 
nanoiron [15, 16, 18], nanocarbonate [19–21], nanoclays 
[8, 13], carbon nanofibers [22] and some others.

At the same time, most authors noted an increase in 
the strength parameters of the resulting concretes.

While analyzing of works devoted to the using of nano-
sized additives in cement systems, there is the question 
about the mechanism of their action and their rational 
amount.

Some papers present the results of studies using nano-
additives in the amount of 3.0–10.0% [15, 19, 21]. Ex-
plaining the improvement of stone properties by reduc-
ing its capillary porosity, the authors are actually talking 

about microadditives that perform the specified role in 
concrete. It seems to us that nanoadditives should work 
at the stage of hydration and structure formation of ce-
ments, and the amount of additives should be tenths or 
hundredths of a percent.

The effect of nanoadditives on the hydration kinetics 
of cements was discussed in [23, 24], in which these ad-
ditives were considered as seeds for activating the process 
of cement hydration.

When studying the effect of various nano-additives 
on cement hydration, it was shown that many of them 
accelerate cement hydration by 10–30 times due to a de-
crease in activation energy by approximately 2–3 times. 
At the same time, a stone made from modified cement 
at a concentration of (0.01%) after 28 days of hardening 
had an increase in strength characteristics by 45–65%, 
depending on the type of additives. The use of SiO2 as 
a nanomodifier ensured the completion of the harden-
ing process on the first day due to the crystallochemical 
structure of the neoplasms [25].

The article [19] describes the acceleration of the hy-
dration process of binders in the presence of additives of 
nanomaterials. The products of cement hydration settle 
on nanoparticles due to their high surface energy and 
begin to grow. In this case, a conglomerate containing 
nanoparticles as a “core” is formed. The earlier such 
nuclei form, the sooner they can grow to larger hydra-
tion crystals and accelerate the hydration of the cement. 
Due to the high dispersity, nanoparticles have a very large 
specific surface area, are highly reactive, and can act as 
crystallization centers.

To control the kinetics of hydration, the calorimetry 
method was used, which showed a significant accelera-
tion of the hydration of Portland cement by the addition 
of nanocalcium carbonate. At the same time, according 
to the data of thermogravimetric analysis, the amount 
of CaCO3 decreased with hydration, although no new 
products were detected by XRF.

The process of hydration of Portland cement consists 
of two opposite processes – dissolution of the cement 
substance in a dispersed mixture and crystallization of 
solid products from a supersaturated solution [26, 27]. 
The formation and crystallization of hydration products 
occurs spontaneously and is due to the chaotic move-
ment of molecules in solution, as well as the release of 
“constrained” conditions [28, 29].

Based on the consideration of articles [28, 29, 30], 
a possible mechanism of action of nanoadditives on the 
processes of structure formation of cement mortars seems 
to be as follows.

The probability of the appearance of a new phase 
nucleus is described by the Folmer formula: 

,
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где w0– pre-exponential factor; Ai– energy of for-
mation of a nucleus of a new phase; k – Boltzmann’s 
constant; T – absolute temperature.

To increase the probability of the emergence of a new 
phase, ceteris paribus, it is necessary to reduce the energy 
of formation of nuclei in the volume, which is propor-
tional to the surface area of the nucleus and the specific 
surface energy of the neoplasm:

,

где S – surface area of the nucleus; σ – specific surface 
energy of neoplasm.

The work of nucleation on the substrate is much 
smaller and equal to 1/2 of the peripheral energy:

,

где U – nucleus perimeter; δ – thickness of the mono-
molecular layer; �~δσ – specific edge energy.

Due to the lower expenditure of energy for the forma-
tion of nuclei at the phase boundary, the probability of 
their formation on the substrate is higher than when they 
are formed in the volume of the slurry.

The size of a stable nucleus of a new phase is deter-
mined by the Thomson-Kelvin equation:

,

где rkp– stable critical size of the nucleus; M – molar 
mass; σ – surface tension at the interface; R – universal 
gas constant; T – temperature; α – degree of supersatura-
tion of the solution.

For the formation and further existence of smaller 
nuclei on the “substrate”, it is necessary to reduce the 
interfacial energy between them. It will be minimal if the 
surface of the interfaces is large and its energy unsatura-
tion, as well as if the crystal chemical characteristics of 
the material that creates these boundaries are identical to 
the precipitated phase [30].

According to Polak A.F. [29] the measure of crystal 
chemical congruence between the substrate and the new 
phase can be the coefficient of physicochemical inho-
mogeneity:

.

If the substrate and neoplasm are completely congru-
ent, i.e. σ1 = σ2, then σ1–2 = 0, hence x = 0. If no bonds 
arise between them, then the interfacial energy is calcu-
lated as the sum of the interfacial energies of the substrate 
and the new phase in the contact area, i.e. σ1–2 = σ1+σ2, 
and x = 2. The work of nucleation directly depends on 
the coefficient of physicochemical inhomogeneity (A~x), 
and even a insignificant decrease in the energy intensity of 

the process leads to the probability of the appearance of 
a new phase nucleus by tens and hundreds of thousands 
of times [29].

When the structure of the cement slurry is gaining 
strength, the formation of a coagulation structure ini-
tially occurs, followed by the intergrowth of crystalline 
hydrates and the formation of a structure from calcium 
hydrosilicates [26].

The addition of nanopowders to this system makes 
it possible to increase the number of “substrates” (crys-
tallization centers) due to the appearance of particles 
related in structure and composition. This mechanism 
is observed in the first hours of hardening – from 8 to 
24 hours. This is due to the high chemical activity and 
the mechanism associated with the direct participation of 
particles in the processes of phase formation of hydrates.

Exceeding of the concentration of nanoadditives in 
the cementing system can lead to the opposite effect – 
a slowdown in the rate of hardening and a decrease in 
strength characteristics. This is due to the fact that with 
an increase in the specific surface area and, consequently, 
chemical activity, nanoparticles similar in composition to 
Portland cement bind water with the creation of sparingly 
soluble crystalline hydrates, reducing the amount of water 
for cement hydration [31].

METHODS AND MATERIALS

During the scientific study, measurement methods 
were used in accordance with ISO-10426-2-2003. In par-
ticular, the measurement of the rheology of solutions and 
compressive strength.

The rheological characteristics were measured at 24, 
30 and 60оС on a Fann viscometer model 35SA-SR12. 
Measurements on a Fann 420ATC ultrasonic strength 
analyzer were performed with similar temperature condi-
tions and a pressure of 3000 psi.

The compressive strength of the mortar and stone 
structure was measured using an ultrasonic strength ana-
lyzer Fann 420 ATC.

The study was carried out using Portland cement 1-G-
CC-1 manufactured by Dyckerhoff LLC with the addi-
tion of calcium carbonate and iron nanopowders. The 
particle size of the carbonate nanopowder is 60–80 nm, 
the CaCO3 content is ≥ 98%. The particle size of the iron 
nanopowder is 50–110 nm, the Fe content is ≥ 99.8%, 
the content is 0.01% by weight of dry cement.

The choice of these powders is due to the possibility of 
participating in the hydration process as hardening initia-
tors. Also, these additives can serve as a substrate for the 
formation of nuclei of a new phase [28, 29].

The water-cement ratio of the solutions was 0.45. The 
density of cement mortars was 1.87 g/cm3. A surfactant 
and a defoamer were also added to the solution in an 
amount of 0.01% by weight of dry cement.
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RESULTS

With the addition of calcium nanocarbonate, a slight 
increase in rheological parameters was observed. When 
nanoiron was added, the parameters were almost identical 
at different temperature conditions (Table 1).

Graphs of changes in the strength of cement stone, 
which were obtained on an ultrasonic strength analyzer, 
are shown in Fig. 1–6 and Table 2.

Table 3 shows the relative change in the strength of ce-
ment stone with nano additives relative to cement without 
additives.

Table 1 
Rheological characteristics of cement slurries

№ Additive Temperature PV, mPa*s YP, Па
1-to-10-min gel 

strength ratio, Pa

1 Without additives 
24 18 15.3 7/12
30 36 11.5 6/7
60 24 22 7/9

2 Nano CaCO3 0.01%
24 29.3 11 7/10
30 27.8 13.9 6/10
60 27.8 23.9 7/18

3 Nano Fe 0.01%
24 27.8 10.5 8/47
30 29.3 12.5 5/7
60 31.5 15.3 7/9

Fig. 1. Change in compressive strength of stone from additive-free Portland cement at 30оС 
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Fig. 2. Change in compressive strength of Portland cement stone with 0.01% calcium carbonate nanopowder at 30оС 

Fig. 3. Change in compressive strength of Portland cement stone with 0.01% nano iron powder at 30оС 
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Fig. 4. Change in compressive strength of stone from additive-free Portland cement at 60оС 

Fig. 5. Change in compressive strength of Portland cement stone with 0.01% calcium carbonate nanopowder at 60оС 
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Fig. 6. Change in compressive strength of Portland cement stone with 0.01% nano iron powder at 60оС 

Table 2 
Strength of cement stone with nano additives

№ Additive Т, оС
Сompressive strength, MPa in an hour

12 hour 16 hour 24 hour

1 Without additives 
30 6.76 10.5 16.24
60 17.7 20.4 23.7

2 Nano CaCO3 0.01%
30 3.82 6.25 10.82
60 21.93 24.89 28.28

3 Nano Fe 0.01%
30 6.98 10.9 16.83
60 18.28 20.87 23.97

Table 3 
Relative change in cement stone strength

№ Additive Т, оС
Сompressive strength, MPa in an hour

12 hour 16 hour 24 hour

1 Nano CaCO3 0.01%
30 –43.5 –40.4 –33.3
60 23.9 22.0 19.3

2 Nano Fe 0.01%
30 3.3 3.8 3.64
60 3.3 2.3 1.1
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ANALYSIS

According to the results of rheological studies, an in-
crease in plastic viscosity with increasing temperature is 
observed, while the yield point decreases.

The addition of nanocarbonate content in an amount 
of 0.01% had a negative effect on the increase in compres-
sive strength at 30oС (–33.35% after 24 hours), however, 
at a given temperature up to 60oС, the increase in strength 
was positive (+19, 28% after 24 hours). Similar results have 
been observed by other researchers. A possible reason is the 
formation of calcium hydrocarboaluminate, which adverse-
ly affected the strength in the initial period of hardening.

On the contrary, the addition of iron nanopowder in 
the amount of 0.01% shows a slight positive increase in 
strength both at 30 and 60oС (3.64% and 1.1%, respec-
tively, in 24 hours).

CONCLUSIONS

1. It is efficient to provide experiments for optimiza-
tion of cement with nanoadditives.

2. After identifying the optimal concentration (which 
shows the most level of increase in compressive strength) 
of nanoadditives it is necessary to conduct testing to clar-
ify the sedimentation stability of the solution.

3. Changes in the rheological properties of cement 
slurries modified with nanoadditives are insignificant 
compared to the reference slurry.

4. The dynamics of changes in the strength of the 
cement slurry with the addition of iron nanopowder at 
30 and 60oC is insignificant. Therefore, this additive does 
not participate in the hydration process and can only af-
fect the reduction in the porosity of the cement stone, 
filling the voids in the crystal lattice, making it more uni-
form and dense.

5. The decrease in the strength of cement stone with 
the addition of calcium carbonate nanopowder at 30oC is 
explained by insufficient energy for activation. At a tem-
perature of 60oC, the dynamics is positive, which indicates 
that an increase in temperature increases the probability 
of the emergence of a new phase nucleus. In this case, 
the formation of nuclei occurs on “substrates” related to 
hydration products.
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