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Phase Evolution of Oil Well Cements with Nano-Additive at
Elevated Temperature/Pressure
by Siwei Ma, Tony Yu, Yanbin Wang, Mohend Chaouche, and Shiho Kawashima

Phase characterization of Class A oil well cement slurries was
performed through synchrotron X-ray diffraction technique. This
allowed for real-time, in-place measurements of X-ray diffraction
patterns to be obtained and, subsequently, the continuous forma-
tion and decomposition of select phases over time (up to 8 hours).
Phases of interest included alite, ferrite, portlandite, ettringite,
monosulfate, and jaffeite (crystalline form of calcium silicate
hydrate). The effects of elevated temperatures (140, 185, and 300°F
[60, 85, and 149°C]) at elevated pressure (up to approximately
15 ksi [100 MPaj), as well as the effect of nanomaterial addition
were investigated. Rate of conversion of ettringite to monosulfate
increased with increasing temperature, and monosulfate became
unstable when temperatures reached 185°F (85°C). The results
of synchrotron X-ray diffraction provided evidence of a seeding
effect introduced by nano-sized attapulgite clays at 0.5% addition
by mass of cement, where acceleration in the rate of formation
of portlandite and jaffeite was observed. This was supported by
isothermal calorimetry results.

Keywords: high pressure; high temperature; nanomaterials; oil well
cement; synchrotron; X-ray diffraction.

INTRODUCTION

For the application of oil well cementing, it is necessary to
understand the phase evolution of the cement slurry during
and after placement under down-hole conditions, as this has
implications on the eventual sealing ability of the cement
sheath. For deep-water applications, downhole tempera-
tures and depths can reach (and exceed) 350°F (180°C) and
20,000 ft (6000 m), respectively. There is also hydrostatic
pressure and pumping pressure being exerted onto the mate-
rial, which can reach up to 22 ksi (150 MPa). Therefore, it is
necessary to perform characterization under elevated pres-
sure and temperature conditions. As this presents a signif-
icant experimental challenge, especially in-place and real-
time, information on phase development of oil well cement
slurries at such conditions is still lacking. Synchrotron X-ray
diffraction (XRD) has been employed in several studies on
cement-based systems to characterize the early stages of
hydration,' the influence of additives on select phases,**
and alternate cements.®® Some studies have investigated
oil well cement slurries with different mixture designs and
additives, including silica, retarding agents, calcium chlo-
ride, and white cement, at different temperatures and pres-
sures.” '3 Fundamental hardened properties of oil well cement
systems, including tensile strength, density, and shrinkage
properties, under elevated temperature and pressure curing
conditions, have been investigated in previous works.'*!?
Further, researchers have demonstrated the coupled effect of
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pressure and temperature on cement hydration kinetics and
phase evolution. Jupe et al.!® examined phase evolution at
0 ksi to 8.7 ksi (0 to 60 MPa), < 176°F (80°C), and Pang et
al.'”!® investigated hydration kinetics under pressure < 7.5 ksi
(51.7 MPa) and temperature < 140°F (60°C).

Numerous studies have demonstrated the potential of
nanomaterials to enhance various properties of cement-based
systems, including mechanical, rheological, and durability,
as summarized in this review paper.!® As understanding of
the effects and mechanisms of nanomaterials on the perfor-
mance and microstructural properties of cement-based
materials increases, researchers have begun to explore its
use in specialized applications. These applications include
nanosilica for impermeable coating,?’ titanium dioxide
nanoparticles for self-cleaning,?! carbon nanotubes for self-
sensing,”??* and nanoclays as rheological modifiers.?>%
It is possible to use nanomaterials for oil well cementing
applications to tailor the flow and setting properties during
the cementing process and reduce permeability to enhance
sealing ability. To explore the suitability of nanomaterials in
oil well cements, information on their impact on the phase
evolution at elevated temperatures and pressures is needed.
It is well accepted that nanomaterials have seeding effects
that accelerate and promote the hydration of cement.?83°
How this seeding effect influences the phase evolution at
elevated pressure and temperature conditions has not been
investigated thus far and was the focus of the present study.

In the present study, a deformation-DIA (D-DIA) appa-
ratus was used that allowed XRD to be performed at
temperatures up to 300°F (149°C) and pressures reaching up
to approximately 15 ksi (100 MPa), for structural character-
ization. Fresh cement slurry was placed in the D-DIA with
a synchrotron XRD setup and scanned every few minutes,
thereby allowing real-time, in-place measurements up to
and shortly beyond setting. From the XRD patterns, the
formation and decomposition of select crystalline phases
were tracked over time—namely, alite (C;S), tetracalcium
alumino ferrite (C4AF), portlandite (CH), ettringite, mono-
sulfate, and jaffeite. The influence of temperature and the
addition of nanomaterial on the evolution of various phases
was investigated. Nano-sized attapulgite clay was investi-
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Table 1—Chemical composition of Class A oil well
cement

SiO,, % 20.1
ALOs, % 4.5
Fe,0s, % 4.9
SOs, % 23
CaO, % 63
MgO, % 25
Na,O, % —
K50, % _
Loss of ignition, % 0.51
Total, % 97.3
CsS, % 60
CA, % 4
CLAF +2C3A, % 22

gated in this study, considering the potential benefits it can
introduce to the cementing process as a rheological modifier.

RESEARCH SIGNIFICANCE

Information on the phase evolution of oil well cement
systems at elevated pressures and temperatures is still lacking
due to experimental challenges in characterization, but this
information is critical to improve the cementing process in
terms of efficiency and safety during these operations. Also,
to explore the potential use of nanomaterials to enhance
cementing performance, characterization on the effect of
seeding on the microstructural properties of the setting
oil well cement slurry is needed. This study implements a
synchrotron-based D-DIA setup that can capture the changes
in the phase evolution at early age (shortly after mixing) due
to elevated pressures and temperatures that simulate down-
hole conditions, as well as nanomaterial addition.

EXPERIMENTAL PROCEDURE

Materials

Class A oil well cement (OWC) and tap water were used
in all mixtures. Class A OWC is considered ordinary grade,
where the chemical composition is comparable to that of
ASTM Type 1 portland cement.’' The Blaine fineness is
314 m*/kg as measured through the ASTM C204 method,
and its chemical composition is presented in Table 1.

Highly-purified attapulgite clays were added to select
mixtures at 0.5% by mass of cement. They were commer-
cially available clays that were chemically exfoliated from
bulk attapulgite to remove all impurities.’> When dispersed,
they were needle-like with an average length of 69.0 pin.
(1.75 pm) and a diameter of 0.118 pin. (3 nm). Therefore,
it can be considered a nanomaterial and will be referred to
as “nanoclay” herein. In separate studies, these clays have
been demonstrated to greatly enhance the level of thixotropy
of cements and concretes for specialized applications.’*33
Thixotropic slurries that exhibit high flowability during
pumping but then rapidly gel at rest can be beneficial for
oil well cementing applications. Such properties would
enable the material to effectively resist gas penetration from
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Fig. 1—Schematic of cubic sample cell assembly. Both the
cube and the inner plugs are made of PEEK.

the adjacent formations during the cementing process. This
period between the placement and setting of the cement
sheath, known as transition time, is considered to be one of
the states when the well is most vulnerable to gas migra-
tion.>%7 Although primarily used as a rheological modifier,
it is necessary to investigate the effect of the clays on other
performance properties at the addition levels of interest.
Previous studies have investigated compressive strength®
and shrinkage.?” In the present study, the focus is on phase
evolution under elevated temperature and pressure.

Cement pastes were prepared by hand-stirring for 3 minutes
in a 0.85 fl. 0z. (25 cm®) beaker with a metal spatula. When
nanoclay was added, it was first blended with the mixing
water in a blender for 2 minutes then added as a suspension
to the cement.

High-pressure, high-temperature synchrotron
XRD setup

Monochromatic synchrotron XRD tests were performed
at the Advanced Photon Source (APS) in Argonne National
Laboratory (ANL) on bending magnet beamline in a defor-
mation-DIA (D-DIA) apparatus. The D-DIA allowed for
elevated pressures and temperatures to be applied to the
sample during testing. A brief description of the exper-
imental setup will be given herein, but the details can be
found elsewhere 3837

The fresh slurry was loaded into the D-DIA within a cubic
assembly, the schematic of which is shown in Fig. 1. After
mixing, the slurry was castina 0.12 x 0.12 in. (3 x 3 mm) PEEK
cylindrical capsule. The capsule was vertically centered
in the cubic assembly with PEEK plugs placed above and
below. A layer of sodium chloride was added within to

ACI Materials Journal/September-October 2016



Fig. 2—Sample loading in D-DIA. The cube (with thermo-
couple wires protruding to the right) in the center is the
assembly in which the sample was located. Some of the
square-tipped anvils can also be seen.

serve as a pressure marker. A graphite heater surrounded the
capsule and plugs, through which electrical resistive heating
was applied. In all test runs, pressure was applied first,
followed by temperature.

Pressure was introduced through a hydraulic press. Load
was applied by a uniaxial hydraulic ram to the D-DIA, within
which six anvils were configured to convert the uniaxial
load into three orthogonal directions, thereby applying equal
load to each face of the cubic assembly (Fig. 2), achieving
quasi-hydrostatic pressure. A constant load of 11 tons was
maintained for all samples. Calibration was performed using
the sodium chloride pressure marker to obtain a measure
of the pressure experienced by the slurry sample. For each
run, sodium chloride’s lattice constant was obtained from
its XRD patterns. The pressure was then determined from
the lattice parameter of sodium chloride using Brown’s
equation of state.** Pressure can increase with temperature
as the sample undergoes thermal expansion, or pressure
can decrease with temperature as the material surrounding
the sample—that is, PEEK capsule—softens and relaxes.
Therefore, pressure marker measurements were taken in the
middle and at the end of each run. Average marker readings
indicated that the pressure of the sample was within 15 ksi
(100 MPa) for all tests, with a standard deviation of 6.3 ksi
(43.4 MPa). Due to this uncertainty, the effect of pressure
was not the focus of this paper. Development of the experi-
mental setup to improve pressure control is ongoing.

Heat was introduced to the sample by applying an elec-
trical power through the top and bottom anvils. Once suffi-
cient contact was made during loading, current passed
through the graphite heater in the assembly and effectively
heated the sample. Calibration was performed to obtain a
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Table 2—Diffraction peaks used in data analysis

Phase Selected peak, hkl | d-spacing, A | ICDD card no.
CsS 201 5.93 42-551
C,AF 001 ~7.25 30-226
Portlandite 001 4.9 4-733
Ettringite 100 or 110 9.72 or 5.61 41-1451
Monosulfate 006 4.78 42-62
Jaffeite 100 8.69 77-0960
Katoite 211 5.05 77-1713

relationship between applied power and temperature of the
sample, where the latter was measured through thermocou-
ples. In all subsequent tests, temperature was calculated
based on the calibration.

From initial cement and water contact, it took approxi-
mately 1 hour to load the assembly into the D-DIA and reach
the targeted temperature and pressure levels. Once these
levels were met, continuous XRD scans using a charge-couple
area detector (approximately once every 200 seconds) were
performed on the sample up to around 8 hours. Due to limita-
tions, beamline access, and relatively long duration of each
test run, one sample per mixture and temperature was tested.

Isothermal calorimetry

Rate of hydration was measured through isothermal calo-
rimetry based on the ASTM C1679 method. A amount
of 0.18 oz. (5 g) of cement paste, prepared using the same
mixing protocol as the synchrotron XRD test, was cast in
glass vials and loaded in the calorimeter set at target tempera-
ture. The sample was loaded into the calorimeter at the same
age at which heat was introduced to reach the target tempera-
ture during the synchrotron XRD tests—approximately
1 hour after initial cement and water contact. As the heating
rate was relatively fast in the synchrotron XRD test, within
5 minutes, it was assumed that the temperature history was
consistent between the two test setups. Isothermal calorim-
etry was performed at atmospheric pressure and tempera-
tures of 140 and 185°F (60 and 85°C). At least three spec-
imens were tested per mixture and temperature condition,
and the average was taken to be the representative value.

Data analysis

The wavelength of X-ray used in this work was 0.3097 A
(E = 40.00 keV) and the incident beam was collimated to
0.012 x 0.012 in. (0.3 x 0.3 mm). The raw images were
converted to intensity versus d-spacing using FIT2D.*' In
selecting diffraction peaks for phase identification, the main
criterion was that there was no significant overlap with other
peaks. The d-spacing range between approximately 4.8 A
to 11 A, which includes all phases of interest, was chosen.
The peaks that were used are presented in Table 2. The area
of a single peak from each phase of interest was estimated
by curve fitting with a mixture of Gaussian and Lorentzian
functions. This integrated intensity (peak area) represents
the amount of the phase as detected by the X-ray beam. The
rapid time-resolved XRD pattern is presented in Fig. 3 to
show how the relative amounts of each phase vary during
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Fig. 3—X-ray diffraction patterns collected over 8 hours.

hydration. The high brilliance of the X-ray source at APS
allowed for XRD patterns to be collected at a fine time reso-
lution (approximately every 200 seconds). Also, because the
slurry sample was loaded into the setup while in the fresh
state, it was effectively cured in the D-DIA. Therefore, it
was possible to track the crystalline phases in-place and in
real-time from very early ages to beyond setting. Scans were
performed on each sample for approximately 8 hours.

EXPERIMENTAL RESULTS AND DISCUSSION
Effect of temperature

XRD patterns of the samples were collected at tempera-
tures of 140, 185, and 300°F (60, 85, and 149°C). The effect
of temperature on the presence of various phases in plain
OWC pastes will be discussed herein. All plots, including
calorimetry results, were zeroed to the time shortly after the
target temperature was met—approximately 1 hour after
initial cement-water contact for all mixtures. It is assumed
that any changes in hydration may be considered negligible
prior to this point. Generally, the XRD results capture the
consumption of C;S, ferrite, and gypsum, the conversion
from ettringite to monosulfate, and the formation of portlan-
dite and jaffeite.

Figure 4 shows the evolution of phases C;S, ferrite, and
gypsum at 140°F (60°C), each of which decrease over time
due to the progression of hydration. The curves for these
phases were very similar at 185°F (85°C) and so are not
presented herein. The decrease in gypsum was detectable
from the beginning and a slight plateau was observed, in
agreement with other studies,'®* around 60 minutes. This
deceleration is attributed to a layer on the surface of unhy-
drated cement grains that initially prevents the ingress of
dissolved sulfates. The plateau was then followed by a
rapid decrease until gypsum was completely consumed
by 125 minutes. Although no significant differences in C;S,
ferrite, and gypsum were observed as an effect of increasing
the temperature from 140 to 185°F (60 to 85°C), there was
an apparent change in phases ettringite and monosulfate.

The evolution of ettringite, monosulfate, and portlandite
at 140 and 185°F (60 and 85°C) are presented in Fig. 5
and Fig. 6, respectively. Synchrotron XRD tests were
supplemented with isothermal calorimetry tests, where the
heat-of-hydration curves are superimposed with the XRD
results, and will be discussed later. As shown in Fig. 5, at
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Fig. 4—Evolution of CsS, ferrite, and gypsum in plain OWC
at 140°F (60°C).
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Fig. 5—FEvolution of ettringite, monosulfate, and portlan-
dite in plain OWC at 140°F (60°C), superimposed with
heat-of-hydration curve.
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Fig. 6—FEvolution of ettringite, monosulfate, and portlan-
dite in plain OWC at 185°F (85°C), superimposed with
heat-of-hydration curve.
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140°F (60°C), the decline of ettringite occurred simulta-
neously with the formation of monosulfate over time, up
to 450 minutes, which marks the transformation of phase
ettringite to phase monosulfate. This conversion did not
begin immediately after gypsum was exhausted, in agree-
ment with the observations of Jupe et al.!* This indicates
that after the disappearance of solid gypsum, there was still
SO4* left in the sample. Monosulfate then remained stable
until the end of the experiment. In comparison, at 185°F
(85°C) (Fig. 6), ettringite-monosulfate conversion occurred
much more sharply, between 150 and 200 minutes, whereas
at 140°F (60°C), it occurred over a period of approximately
300 mintues. The kinetics of ettringite decomposition and
monosulfate formation are highly dependent on temperature
and pressure.*’ Then, the intensity of monosulfate decreased,
which is associated with the destabilization of monosulfate
at 185°F (85°C).

The occurrence of this conversion between ettringite to
monosulfate is detectable through isothermal calorimetry, as
well. Heat-of-hydration curves can exhibit two peaks. The
first peak indicates silicate reaction, where the main prod-
ucts are C-S-H and CH. The second peak indicates alumi-
nate reaction—namely, conversion from ettringite to mono-
sulfate. Therefore, the rate of conversion detected by XRD
can be correlated to the second peak observed by calorim-
etry. At 185°F (85°C), shown in Fig. 6, the second peak is
very prominent and occurs at approximately the same time
as the ettringite-monosulfate transformation measured by
XRD. On the other hand, at 140°F (60°C), shown in Fig. 5,
there is no apparent second peak. Instead, there is a decrease
in rate of deceleration, or a shoulder, that follows the first
peak. This agrees with the XRD results, as the transforma-
tion from ettringite to monosulfate was found to occur much
more gradually than it does at 185°F (85°C). It should be
noted that the difference in the duration and occurrence of
the conversion may be attributed to the difference in pres-
sures and heating rates between the two test setups. Still,
correlations were observable and the agreement between the
XRD results and calorimetry results was good.

At 300°F (149°C), ettringite and monosulfate were not
detectable. This is because their formation and decompo-
sition occurred very rapidly during the heating period, as
shown in Fig. 7. There was also the appearance of phase
katoite, which has been reported to result from the decom-
position of monosulfate.** The integrated peak intensities of
jaffeite, ferrite, portlandite, and C;S at 300°F (149°C) are
presented in Fig. 8. The accelerating effect of temperature on
alite consumption was much greater at 300°F (149°C) than
at 140 and 185°F (60 and 85°C). Also, a marked difference
from the other two temperature conditions was the presence
of jaffeite. The dramatic decline of alite occurred simultane-
ously with the formation of jaffeite, which continued steadily
over time. Jaffeite is a crystalline form of calcium silicate
hydrate (C-S-H), which has lower mechanical strength and
higher permeability than amorphous C-S-H, and its forma-
tion is generally considered to be unfavorable.*> However, it
is possible to mitigate with silica addition.!!
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Fig. 7—X-ray diffraction patterns of plain OWC before
and after heating to 300°F (149°C). (Note: 1. Ettringite;
2. Gypsum, and 3. Katoite.)
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Fig. 8—Evolution of jaffeite, ferrite, portlandite, and C;S in
plain OWC at 300°F (149°C).

Effect of nano-addition

OWC slurries with 0.5% addition of nanoclay by mass of
cement were tested at temperatures of 140 and 300°F (60 and
149°C). At 140°F (60°C), no measurable effect by the nano-
clay was observed. This may have been due to the poorly
defined peaks in the XRD patterns for the phases of interest,
which made it difficult to observe any subtle differences.
Figure 9 shows the heat-of-hydration curves of the cement
pastes with and without clay at this temperature. The age
and time of loading of the paste samples were kept consis-
tent—loaded 15 minutes after mixing—to capture the effect
of the clays. Comparing the two curves, slight differences
can be observed—the first peak and subsequent shoulder
are higher and occur sooner for the paste with clay than the
control by approximately 15 minutes. The synchrotron XRD
results showed that the ettringite-monosulfate conversion
occurred at the same rate. The acceleration in rate of hydra-
tion in the paste with clay this is captured through isothermal
calorimetry would not have been detectable in the XRD
results. However, it does provide evidence that the clays are
introducing a seeding effect, although more investigation is
needed to confirm.
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Fig. 9—Heat-of-hydration curves at 140°F (60°C) in OWC
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Fig. 10—Formation of portlandite at 300°F (149°C) in
OWC with 0 and 0.5% nanoclay addition.

Jaffeite, which formed at 300°F (149°C), had a very
well-defined peak and the relative amounts were readily
computed. The integrated peak intensities of portlandite
and jaffeite at 300°F (149°C) are shown in Fig. 10 and 11,
respectively, comparing slurries with and without nanoclay.
As shown in Fig. 10, the nanoclay led to a higher rate of
portlandite formation very early on, indicating that it had an
accelerating effect on hydration. Similarly, the XRD results
presented in Fig. 11 show that the nanoclay accelerated the
formation of jaffeite. This may potentially be attributed to a
seeding effect. As aforementioned, the formation of jaffeite
is not desirable and the addition of silica may mitigate its
formation; these ternary systems will be the topic of future
work.

FURTHER RESEARCH
A limitation of the setup used in this study was the uncer-
tainty in the pressure exerted on the slurry sample. Continued
developmental work on the setup is planned to improve
pressure control. Also, slurries incorporating silica, other
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classes of OWC, and other types of nanomaterials would be
of interest, to see if the formation of jaffeite that is caused
by the nanomaterial addition can be mitigated to improve
mechanical properties.

CONCLUSIONS

This study investigated the influence of temperature and
addition of nano-sized attapulgite clay on the phase evolu-
tion of Class A OWC slurries. From the synchrotron XRD
and isothermal calorimetry tests, the following conclusions
can be drawn:

1. The synchrotron XRD test setup effectively captures
the consumption of C;S, ferrite, and gypsum, the conversion
from ettringite to monosulfate, and the formation of portlan-
dite and jaffeite of fresh cement slurries. Increasing tempera-
ture from 140 to 300°F (60 to 149°C) leads to acceleration
in portlandite formation and ettringite-monosulfate conver-
sion. At 300°F (149°C), the formation of jaffeite occurs.

2. The ettringite-monosulfate conversion at 140 and 300°F
(60 and 149°C) in the XRD results agreed well with the
appearance of the second peak in heat-of-hydration curves
measured by isothermal calorimetry. Discrepancies between
the results can be attributed to the difference in pressure and
heating rate between the two test setups.

3. The nanoclay led to measurable acceleration in jaffeite
and portlandite formation at 300°F (149°C). This can
potentially be due to a seeding effect, which is commonly
observed when incorporating nanomaterials into cemen-
titious systems. As jaffeite is undesirable, leading to an
increase in permeability, this is an important mixture design
consideration when incorporating attapulgite clays or other
nanomaterials for oil well cementing applications. Incor-
porating silica to mitigate jaffeite formation and promote
amorphous C-S-H growth in systems modified with nano-
materials warrants investigation.
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