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Introduction
Researchers and scientists encounter many challenges during their 

studies for the oil industry. In the past, the decisions were made in a 
simple and intuitive way due to the availability of large reservoirs of 
oil and gas [1]. The construction of a research aimed to the structuring 
of the oil industry, more precisely regarding well cementation, have 
a fundamental importance for the economy of nations that have 
oil production as main profit source. Cementation is an extremely 
important work for the drilling and oil well completion phases, 
resulting in a major impact on the well productivity.

A special Portland cement is used for deep well cementations, 
steam injection wells or geothermal wells are known for present 
a regression force behavior in the paste when exposed to critical 
temperatures above 230° F (~110° C). This regression force reduces 
the cement compressive strength over time and increases its porosity 
and permeability of the paste. The cyclic steam injection is an efficient 
process used for production of heavy oil and bitumen.

According to Costa et al. [2] (2017) the method of steam injection 
is applied to reduce the viscosity, increase mobility and subsequently 
increase heavy oil production. Thermal methods have been widely 
used in many projects of heavy oil recovery around the globe, as for 
example: Kern Field in California, USA; Mene Grande in Venezuela; 
Athabasca Oil Sands in Alberta, Canada; Surplacul of Barcau in 
Romania and in the Northeast region of Brazil). [3] (apud Curtis et 
al., 2002; PanaitPatricia et al., 2006)

In an oil well, right after the drilling phase, a liner pipe is set up and 
the annular space between it and the rock formation is filled with 
cement, forming a sheath. This cement sheath has a major role in the oil 
well, promoting stability, liner support and corrosion protection, also 
preventing fluid communication between zones. The oil well integrity 
is an essential connection and a key point on the development and 
exploitation of heavy oil reservoirs. According to Bu et al. [4] (2017), 
the cement sheath integrity is crucial to the well integrity and zonal 

isolation, preventing the flow of unwanted fluids, such as oil, gas or 
steam to the well.

Most components of the Portland cement are tricalcium silicate 
(C3S mineral) and dicalcium silicate (C2S). When water is add to the 
cement, it forms a moisturized slurry denominated C-S-H phase, 
which is the initial product of hydration.

However, when exposed to temperatures that exceed 110° C, the 
physical and chemical properties of the common Portland cement 
used to build the sheath suffer significant changes. If the material 
is not properly designed to withstand high temperatures, the 
cement strength and permeability can be reduced or increased, this 
phenomenon occurs in the C-S-H phase and it was described and 
denominated retrogression by Swayze in 1954 [5].

The retrogression problem can be prevented by the adding 35% up 
to 40% of silica in the cement slurry. However, some works such as 
[6-8] presented the appearance of fissures in the cement sheath even 
using pastes with silica contents,, generated due to tension resulted by 
the application of steam and the variation of pressure inside the well.

The behavior investigation of Portland cement at high temperatures 
through the development of cement pastes that have properties to 
support such conditions has a fundamental importance. Some studies 
performed in works of [2,9-11] (BALOCH, 2006) studied the addition 
of numerous kinds of additives, such as artificial and mineral fibers, 
different proportions of silica, polymers, latex and others to cement 
slurries withstand high temperatures.
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When exposed to high temperature condition, the hydrated Portland 
cement products undergo a process of chemical and microstructural 
transformation. Therefore, the identification of the chemically 
crystallographic phases, microstructure and pore distribution in 
these extreme temperature conditions become essential to the 
understanding of the cementitious materials behavior.

Therefore, the objective of this work is to study the effect of different 
polymer concentrations (polyurethane foam-PU) and 40% of silica in 
cement pastes submitted to high temperature, 300° C. Analyses such 
as X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM-
FEG ZEIZZ) were performed in cement slurries that were prepared 
and cured for 14 days in the Well Cementation Laboratory at the 
Federal University of Rio Grande do Norte-UFRN.

Materials and methods
Calculations and formulations of cement pastes

Based on the materials concentration preset and water/cement ratio 
of the mixture, the cement slurries compositions were made. In order 
to obtain various properties of the paste, its specific gravity and the 
solid and liquid additives concentrations were fixed.

It is important to highlight that all calculations were performed in 
accordance with the API RP 10B standard.

It is essential to know the absolute densities of the materials that 
are going to be used in the formulations, in order to perform the 
calculations. An experimental planning flowchart in presented Figure 
1.

The slurries were prepared for a number of components, in order 
to obtain a final volume of 600 cm3, which is the necessary value to 
perform the laboratory tests, according to API standards for oil wells. 
The materials used in the preparation of the pastes were weighted on a 
digital scale with a resolution of 0.01 g.

Four formulations of cement pastes were evaluated: a standard 
slurry (PU0), and another three with the addition of polyurethane: 
PU1 (1gpc), PU2 (2gpc) and PU3 (3gpc) with a vertical depth of 350 
m. The initial formulations were made with the aid of the program 
Schedule assuming a density of 15.6 lb/gal and geothermal gradient 
of 2.2 °F/100 ft, the BHCT and BHST values were adjusted to a depth 
of 350 meters.

The concentrations of the cement main additives that were add to 
the formulated slurry are listed in Table 1. It is noticed that the water/
cement ratio decreased as the concentration of PU increased in the 
formulations.

The slurries with 1 gpc (gallon per cubic foot), 2 gpc and 3 gpc of 
Polyurethane (PU), as well as the formulation without PU, were 
analyzed at 300° C, a typical temperature in the process of steam 
injection.

Sample preparation and mixture

During preparation, the cement slurries samples were subjected to 
a process of particle size classification, using a standard mesh sieve, 
aimed to remove thick particles that could cause trouble on the tests, as 
well as to determine the presence of contaminants and early hydrated 
grains. All materials used in the pastes preparation were weighted 
using an analytical balance.

To the admixture, a mixer Chandler 80-60 model, as shown in Figure 
2, was used. The polyurethane was previously mixed with the special 
Portland cement samples through manual stirring. The admixtures 
were performed by turning on the mixer, containing water, at low 
speed (4000 rpm ± 200 rpm), placing the Portland cement and 
silica content of each sample using a short neck funnel, through the 
lid central opening in 15s, keeping the rotation speed constant. The 
time control was made with the mixer timer. After the solid part had 
been continuously added to the water, the mixing continue at high 
speed (rpm 12000 ± 500 rpm) during 35 s, turning off the mixer after 
this period. This rotation values and times are defined in order to 
reproduce in the laboratory the mixing energy values achieved in field 
operations.

 
Figure 1: Experimental planning flow chart.

Formulations

Formulation material (Gramas) Water/
Cement

ratio
Cement Silica 

(40%) Water Antifoam Polyurethane 
(PU)

PU0 561,33g 224,53g 334,92g 0,76g 0 59,67
PU1 559,03g 223,61g 286,53g 0,76g 52,62g 51,25
PU2 556,74g 222,7g 238,52g 0,76g 102,83g 42,84
PU3 554,48g 221,79g 190,91g 0,76g 153,61g 34,43

Table 1: Concentration of the material used in the formulations of cement pastes.

 
Figure 2: Chandler Mixer 80-60 model.
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The Figure 3 presents the molds preparation (Fig. 3a), material 
weighing (Fig. 3b), molding stage of the slurries (Fig. 3 c) and the heat 
bath at 38° C during 11 days (Fig. 3d and 3e). 

Cement pastes curing period

Immediately after the preparation of the cementitious material, the 
slurries were reallocated into molds and then, they were submitted 
to heat bath at 38°C for 11 days for the formulations. They were 
submitted to 3 days of curing inside of a curing chamber at 300° C 
after this. Figure 4.

Proposed laboratory tests

In this experimental study, the following laboratory tests were 
conducted using Portland cement additivated slurries, polyurethane 
(PU) and 40% of Silicon: X-ray Diffraction (XRD) and Scanning 
Electron Microscopy (SEM-FEG ZEIZZ).

Results and discussion
X-ray Diffraction (XRD)

The silica content in all the formulations was 40%. The standard slurry 
(PU0) did not received any concentration of PU, the samples PU1, 
PU2 and PU3 received 1gpc, 2gpc and 3gpc of PU respectively. These 
samples were subjected to 14 days of curing, being removed from the 
thermal bath at 38° C on day 11 and placed into a curing chamber for 
3 days at 300° C (572° F). Then the cured cement formulations were 
ground into fine particles using a mortar and pestle, and dried inside 
a laboratory stove for 2 hours at 48° C. The dried cement powders 
were analyzed by XRD in continuous mode using a D8 ADVANCE 
equipment from Bruker ranging from 0 to 80 degrees with a power 
of 1000 W and copper anode (Cu), using a nickel (Ni) filter detector.

The XRD made it possible to identify different phases of the samples, 
noticing in all difratograms the formation of a highly stable crystal 
phase at high temperatures, the xonotlite (composed of a high 
calcium/silicon ratio), that can be confirmed in Figure 5.

According to Roderick & Santra [12-15], xonotlite is a product 
from the alteration of tobermorite. This is the predominant usual 
phase formed at temperatures below 300° F (148.9° C). Based on 
the identification of the crystal phase, analyzing the Fig. 5 in the 
formulations PU1, PU2 and PU3, it is confirmed a small amount of 
tobermorite and if a longer curing period was applied probably it 
would eliminated totally the xonotlite formation [16-18].

It is important to notice that the hydration product, specially the 
tobermorite, is formed from cementing systems that contain silica, 
zeolite or a combination of both. Some Synchrotron studies suggest 
the use of a two-step mechanism, in order to form a highly ordered 
crystalline formation of tobermorite or xonotlite from a low crystalline 
C-S-H gel phase at 300° F (148.9° C) and 590° F (310° C).

No PU was identified during the XRD analysis, since the equipment 
used in this work only identifies the crystallographic phases in the 
samples compositions. However, there is a hypothesis that those 
different PU concentrations may have altered the formation process 
of xonotlite in the specimens, Fig. 5, once that a small amount of 
tobermorite was identified in the samples with PU and it was not 
identified in sample PU0. Although, Roderick & Santra [12] research 
showed that the difratograms did not identified tobermorite in the 
formulations with 40% silica that were subjected to high temperatures 
during the same curing time and without PU addition [19].

In Fig. 8 it is observed the behavior of the peaks in the formulations 
highlighted by the vertical dotted line. The dotted line shows the 
existence of a correlation between the peaks of xonotlite, a crystalline 
product formed when the tobermorite is subjected to 150°C. In Figure 
6, the temperature range where the xonotlite is formed in calcium 
silicate materials is highlighted.

The work of Costa et al. [2] also evaluated the xonotlite formation 
at extreme temperature, 300° C, in slurries with 40% of silica during 
two periods of curring, 7 and 28 days [20-22]. The Figure 7 shows the 
verification of the xonotlite crystalline at 300° C, the results of Costa 
et al. [2] did not found tobermorite results in any samples. Figure 8.

Scanning Electron Microscopy (SEM)

The samples were placed in desiccator for 2 days before the SEM-
FEG ZEIZZ test, in order to meet the equipment conditions. A high 

 
Figure 3: Molds preparation, material weighing, molding stage and heat bath of the 
cement slurries.

 
Figure 4: Samples that were removed from the heating bath after 11 days (Fig. 4a), 
catalogued (Figs. 4b and 4 c) and placed inside the curing chamber for 3 days at 300° 
C (Fig. 4 d).

 Figure 5: X-ray difratograms of the formulations (PU0, PU1, PU2 and PU3) of cement 
slurries with a 14 days cure (11 days into a bath at 38° C and 3 days inside curing chamber 
at 300° C).
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Figure 6: Formation conditions of various calcium silicates. (Nelson and Guillot, 2006).

Figure 7: (a) XRD analyses of 0%, 30%, 35% and 40% of SiO2samples with 7 days of 
curing at 300°C. (b) XRD analyses of 0%, 30%, 35% and 40% of SiO2 samples with 28 
days of curing at 300°C. Adapted from Costa et al. (2017).

efficiency annular type secondary electron detector equipment model 
Auriga from ZEIZZ was used in this work.

The SEM-FEG analysis enable to perform observations regarding the 
C-S-H gel crystalline phases, microstructure and pore distribution of 
a sample collected from the inner part of each cylindrical specimen, 
with 2 cm x 4cm.

The Figure 9 shows a picture of the standard sample (PU0) and it 
is possible to observe the existence of a pores microstructure on the 
surface of Fig. 1 (a), with 2 µm in diameter due to a 3000 times zoom. 
As the zoom increases 6 (Fig. 9b), 9 (Fig. 9c) 10 (Fig. 9d), 15 (Fig. 9e) 
and 20 (Fig. 9f) thousand times the resolution of the image, is possible 
to observe the existence of a pore distribution in the images of Fig. 9.

With the addition of polyurethane in the formulations PU1, 
PU2 and PU3, following the concentrations previously cited, it is 
possible to notice in Figures 10-12 a decrease in the microstructure 
and distribution of pores along the specimens surfaces that were 
investigated. This evidence is confirmed when the resolution of 
these images is increased. The porosity reduction certainly made the 
Polyurethane (PU) additivated formulations less permeable, i.e., the 
permeability decreased as the concentration of PU increased.

Conclusion
The investigation of Portland cement slurries with Polyurethane 

(PU) additives in the formulations PU1, PU2 and PU3 in different 
concentrations and with 40% of silica allowed to perform a study with 
satisfactory results. Pastes with Silica additive, for example, showed 
results that confirm and corroborate with several studies found in 
the literature. Almost all researches reported the use of SiO2 enriched 

 
Figure 8: Extended difratogram highlighting the correlation of xonotlite peaks in the 
formulations.

 
Figure 9: Scanning Electron Microscopy (SEM-FEG) of the formulation PU0 in different 
diameters and resolutions. In Fig. 1 (a), the image has 2 µm of diameter and zoom of 3.0 k. 
(b) It has 2 µm of diameter and zoom of 6.0 k. (c) It has 2 µm in diameter and zoom of 9.0 
k times. (d) The image has 1 µm of diameter and zoom of 10.0 k times. (e) It has 1 µm of 
diameter and 15.0 k times zoom. (f) It has 200 µm of diameter and zoom of 20.0 k times.
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materials as compulsory in cementation project of oil wells when 
Portland cement paste is subjected to temperatures above 110° C.

With the XRD technique, it was possible to verify the presence 
of xonotlite, a stable C-S-H phase that is responsible for strength 
gain, in all the formulations. In papers published in literature, the 
presence of tobermorite at 300° C was not identified, however, in this 
study it was verified the presence of tobermorite in the samples with 
PU. It is believed that the polyurethane interfered in the xonotlite 
crystallographic formation process, once that this crystal is formed by 
tobermorite in high temperatures.

Through scanning electronic microscopy (SEM-FEG ZEIZZ), it was 
found that with the addition of polyurethane in PU1, PU2 and PU3 

in the studied concentration, there was reduced pore microstructure 
and distribution. This evidence is confirmed by increasing the 
resolution in the images and also for check the distributed pores in the 
microstructure of PU0 formulation. So, with the decrease of porosity 
certainly also reduced permeability on the bodies-of-proof with PU 
additives concentrations.
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Figure 10: Scanning Electron Microscopy (SEM-FEG) of the formulation PU1 in 
different diameters and sizes. In Fig. 1 (a) the image has 2 µm in diameter and zoom of 
3.0 k. (b) It has 2 µm in diameter and zoom of 6.0 k times. (c) It has 2 µm in diameter 
and zoom of 9.0 k times. (d) The image has 1 µm in diameter and zoom of 15.0 k times.

 
Figure 11: Scanning Electron Microscopy (SEM-FEG) of the formulation PU2 in 
different diameters and sizes. In Fig. 1 (a) the image has 2 µm in diameter and zoom of 
3.0 k. (b) It has 2 µm in diameter and zoom of 6.0 k times. (c) It has 2 µm in diameter 
and zoom of 9.0 k times. (d) The image has 1 µm in diameter and zoom of 15.0 k times.

 Figure 12: Scanning Electron Microscopy (SEM-FEG) of the formulation PU3 in 
different diameters and sizes. In Fig. 1 (a) the image has 2 µm in diameter and zoom of 
3.0 k. (b) It has 2 µm in diameter and zoom of 6.0 k times. (c) It has 2 µm in diameter 
and zoom of 9.0 k times. (d) The image has 1 µm in diameter and zoom of 15.0 k times.
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