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Date of Degree: DECEMBER 2021

Title of Study: GRAPHENE NANO PLATELETS REINFORCED WELLBORE
CEMENT

Major Field: PETROLEUM ENGINEERING

Abstract: To improve the mechanical performance of wellbore cement under subsurface
environments, graphene nanoplatelets (GNPs) are added in various percentages to Class-H
cement slurry. Microstructural characterization of cement slurry cured at 90°C and 95%RH
indicates GNP modifies the microstructure of hydrated cement by reinforcing pore spaces.
As an apparent result, the axial strength increases up to 27%, elastic stiffness decreases as
much as 25% when 0.008% to 0.1%bwoc (by weight of cement) of graphene is added to
the cement. Furthermore, the overall behavior of GNP- Portland cement paste is more
ductile when compared to neat cement paste. From our observations, graphene enhances
the flexibility of cement. The improvements would potentially reduce the risks associated
with wellbore leakage primarily in plugging and abandonment but potential in other areas
such as fossil fuel production, geothermal energy production, and CO2 storage.
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CHAPTER I

INTRODUCTION

Wellbore cement is an integral part of wellbore construction that ensures zonal
isolation, holds casing in place, maintains wellbore integrity, prevents loss circulation, and
serves as a primary material for Plugging and Abandonment (P&A) of depleted oil and gas
wells. Cement integrity and durability are required throughout the lifetime of the well.
However, this is not always achieved, especially with wells where hydraulic fracturing and
chemically aggressive fluids in the wellbore can lead to cement failure. For P&A, cement
plugs should mimic the properties of the original caprock and seal the depleted reservoir
for an indefinite length of time, as subsurface fluids could migrate to contaminate water
aquifers, agriculture soils, and ultimately the air, causing an overall negative impact on the
environment.

To illustrate the relevance of the topic of this study, some of the key published
numbers are listed below and supported by Figure 1, indicating the increasing number of
wells to be abandoned and methane emissions from 2000-2018:

1. 281 kilotons of methane released by 3.2 million abandoned wells in 2018 (Groom,

2020).



2. Methane gas leakage of oil and gas wells are 60-100% > U.S. Environmental
Protection Agency Greenhouse Gas Inventory (GHGI) (Alvarez et al., 2018;
Gorchov Negron et al., 2020).

3. Bipartisan senate bill: ~$4.7 billion for P& A projects and clean-up (Gardner, 2021).

4. 2021 infrastructure plan: $8 billion towards P&A (Gardner, 2021)

ABANDONED WELLS IN THE U.S. METHANE EMMISSIONS FROM
Oil W Gas ABANDONED WELLS IN THE U.S.

4 million 8 million metric tor
0! )2 equivalents

i, —
)0 05 1( 15 18 )( 0! 10 1f

Source: Environmental Protection Agency

Staflt, 4/6,2020 (-7 REUTERS

Figure 1 - EPA Published report included charts on oil and gas leaky wellbores, on

the left and the conversion of methane emissions to CO2 equivalent (Frazier, 2020).

From a survey of current literature, the use of graphene and its derivatives have
shown to provided increased mechanical properties in cementitious materials such as
concrete, mortar, and paste. The objective of the study is to investigate the impact of
graphene nanoplatelets, as an additive, on wellbore cement mechanical and microstructural
properties that translate to the required field performance. Experiments were carried out to

evaluate the effects of graphene nano-reinforcement on Young’s modulus, shear strength,

2



and indirect reduction of brittleness. Prior to mechanical testing as well as in post-triaxial
load testing, samples were evaluated using materials characterization protocol, which
included pore-scale measurement and imaging is carried out to propose micromechanical

origins of the observed impacts for GNP on cement properties.



CHAPTER II

REVIEW OF LITERATURE

Ordinary Portland cement (OPC) is the predominant material used to secure the
wellbore in primary cementing and for P&A (Rios and Ars, 2021). Approximately 3.7
million wells have been drilled in the United States alone since 1859, and historical records
of these wells are not always documented (Allison and Mandeler, 2019). For P&A, cement
plugs should mimic the properties of the original caprock and seal the depleted reservoir
for an indefinite length of time, as subsurface fluids could migrate to contaminate water
aquifers, agriculture soils, and ultimately the air, causing an overall negative impact on the
Health, Safety, and Environment (HSE) agenda (Achang et al., 2020). Current P&A cement
plugs do not meet the expected geologic seal standards of long-term sealing capacity,
currently discussed as 10,000yrs or more. Based on industry field specialists’ experiences
and the limited report studies, leaky wellbores are evidently one of the problems. The
leakage can be present as a result of inadequate primary cementing, its persistence leading
to ineffective P&A jobs, causing greenhouse gas emissions and aquifer contamination to a
scale that is possibly much larger than is currently reported (Wisen et al., 2020; Alvarez et
al., 2018; Gorchov Negron et al., 2020). Leakage can also result from fracturing due to

changes in earth stresses as subsurface pressure is altered during subsurface fluids



production or injection. In 2018, it was observed that over 3.2 million leaking wells had
released 281 kilotons of methane into the atmosphere (Groom, 2020). Most failure
mechanisms of wellbore cement result in fracturing, permeation, and debonding either
between the formation-cement or cement-casing interfaces, which would result in micro-

annulus leakage (Nelson and Guillot, 2006; Petty et al., 2003; Vrélstad et al., 2019).

2.1. ORDINARY PORTLAND CEMENT
Cement is mankind’s solution for developing artificial rock by breaking down
natural materials and forming components that will react and harden in the presence of

water.

COMPOUND m SHORT FORM | % BY WEIGHT'
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Figure 2 - Cement composition expressed in conventional terminology, chemical
formulas and short version used by cement chemists, only representative weights.
Actual weight varies with the type of cement (Chemistry and Quality Control

Formulas in the Cement Industry, 2020).

Firstly, rocks rich with calcium and silicon, such as limestone and clays, are mined
from quarries to be ground, mixed, and burned to manufacture the reactant compounds
necessary as ingredients. Cement chemists use abbreviations and shortened notations, such
as letters, to indicate oxides abundantly found in cement: CaO=C, SiO>=S, ALO3;=A,
Fe;O3=F, and similarly HoO=H. These compounds are primarily, but not limited to,
tricalcium silicate (alite, C3S), dicalcium silicate (belite, C>S), tricalcium aluminate
(aluminate, C3A), calcium sulfate (anhydrite, gypsum), and tetracalcium aluminoferrite
(ferrite, C4AF) (Neville and Brooks, 2010; Fink, 2012). Other compounds or ratios of these
may be changed in the mixing process to alter the properties of the final cement product.
When water is added to this mixture, an exothermic chemical reaction takes place called
cement hydration that results in a hardening and strengthening of the material that can be
used in a variety of applications. In the beginning of the hydration process, water begins to
break down the compounds where calcium ions and silicon ions are pull into solution. New
compounds form these ions begin to nucleate on the surface of remaining particles.
Calcium silicate hydrate (CSH) and calcium hydroxide (portlandite, CH) form primarily
from C3S and C,S. C3A and gypsum react together to form small needle-like ettringite
crystals. More chemical products are formed and grow on the grain surfaces as water

diffuses into and reacts with the unhydrated particles. CSH and ettringite begin to form a



matrix as they grow to connect all the particles together, forming a solid mass that can

begin to hold strength (Barnes and Bensted, 2002), as shown in Figure 3.

Real microstructure evolution

@ Initial mix of cement and water @ Growth of inner C-S-H @ Rl)‘r) ::nrs;ea(l:;rp:)li:&es available

@ First contacts, set @ Growth of C-S-H needles @ Densification

Figure 3 - OPC hydration shown schematically, and not to scale for clarity of

mechanisms (Dunant et al., 2020).

Cement and concrete terminology are generally based on what is mixed in with
addition to cement and water, also referred to as cement paste. Fine aggregates can be
added and are referred to as particles typically larger than 75 microns but smaller than
4.75mm, such as sand, to form what is called cement mortar. Furthermore, coarse
aggregates, such as gravel and crushed stones, are typically particles larger than 4.75mm
to create the abundantly used material of concrete (Mehta and Monteiro, 2006). The use of
these similar materials is highly dependent on the application and desired properties.
Construction of buildings, bridges, and other structures are commonly made of concrete
due to the workability, durability, and strength of the material as well as the available space.
Whereas cement paste is generally used in wellbore construction and P&A for its
pumpability and sealing the confining micro annuli due to its minimum particle sizes.

Wellbore cement slurries usually contain various additives or admixtures that can

be used to modify the slurry or hardened cement characteristics or properties such as
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rheology, hydration time, fluid loss, density, strength, chemical resistance, and more
(Bensted and Barnes, 2008). Pozzolans are commonly used in cement and concrete mixing
and can be derived from naturally forming deposits of volcanic ash or produced artificially
as fly ash and blast furnace slag that industrial waste products. These are referred under the
category of supplementary cementitious materials (SCM) as they are rich in silicates and
aluminates and provide a means to maintain or aid the hydration reactions in cement while
reducing the amount of cement powder used.

To further improve the performance of cementitious materials, other materials can
be used to create an overall composite that primarily improves mechanical and durability
properties. This is seen on large scale with the common use of steel rods or bars being
placed within concrete. This can also be observed at a smaller scale with the use of fibers
as reinforcement. These fibers can be composed of steel, plastic, glass, or even materials
from nature (Mehta and Monteiro, 2006; Neville and Brooks, 2010). The addition of these
can allow for higher early strength and toughness of the material, while also reducing or
slowing of the fracture propagations once failure occurs (Brown et al., 2002).

The advances in the ability and availability to examine and manufacture
nanomaterials within the last few decades has swept the scientific research community. As
a result, the use of various nanomaterials have and are currently being investigated for the
use in cement and concrete to enhance the performance of the materials. A few of the
nanomaterials that have shown high potential in this field are nano-silica, nano-CSH, and

nano-carbons (Zhao et al., 2020; Sobolev et al., 2006).



2.2. SHALE CAPROCK

To understand the potential natural problems and engineering solutions for P&A,
the downhole formations must firstly be understood. As cementing is a method to
artificially produce rock-like materials, for P&A this in turn means evaluating the shale
caprock that had originally sealed the formation for thousands of years. Engineering the
cement plug to perform similarly and mimic the caprock is a possible direction toward

promising results.

Figure 4 - Visualization of segmented (A) pores, (B) organic matter, and (C) mineral phases
present within digital rock 3D model reconstructed from (D) FIB-SEM nano-tomography

image dataset, from Goral et al. (2020).

The mechanical properties are the first key aspect to observe, as wellbore conditions

consist of high temperatures and pressures that cause stresses and potentially fractures in

9



any material within the environment. Shale caprocks are relatively ductile with lower
elastic moduli in relation to other formations. From data and sampling of multiple wells
from the Draupne and Heather shale formations in the North Sea, Rahman et al. (2020) had
characterized the mechanical properties of elastic modulus and poissons ratio to
approximate range of 5-40 GPa and 0.27-0.41, respectively.

Likely, using micromechanical tool of micro indentation the elastic modulus of
Marcellus and Pottsville shales showed a range of measured values from 0-70 GPa in softer
regions, and greater than 120 GPa in harder regions (Du et al., 2020). These variations were
largely to do with the material microstructure and composition such as number of rigid
grains, grain size and distribution, and clay and organic content. Liu et al. (2020)
additionally observed the bedding angle dip of the formation had altered the strength and
fracture patterns while under triaxial loading and reported an ultimate stress range of
approximately 125-227 MPa and 200-290 MPa for unconfined and confining pressure of
30 MPa, respectively. Shales with lower clay content and higher combined contents of
quarts, feldspar, and carbonates are typically of interest for hydraulic fracturing. This is
because more clay and organic content within the formation lower the brittleness and
elastic modulus of these rocks (Sone, 2012; Jamilur Rahman et al., 2020).

Petrophysics in the wellbore environment is another important characteristic of the
formation and downhole environment. The sealing caprock has prevented the migration of
subsurface fluids for thousands of years to maintain the reservoir, which can consist of oil,
natural gas, and brine. Any leaking or permeation through this barrier would cause fluid
and pressure loss, resulting in no reservoir to produce from. To prevent this the caprock is

tight with low pore connectivity and the sealing capacity is generally controlled by the
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porosity, permeability, and thickness (Schowalter, 1979; Downey, 1984; Vavra et al.,
1992). The pore size distribution shale caprock formations are typically measured with
mercury intrusion to be in the nanoscale range with pore sizes 0.025 microns or less
(Olabode and Radonjic, 2014, Chen et al., 2014). For pore connectivity and fluid
penetration, the permeability and hydraulic conductivity of shale is less than 1 millidarcy
and 10712 m/s, respectively (Shipton et al., 2005; Kvamme and Liu, 2009; Chen et al., 2014).

To evaluate why the shale caprock behaves this way and has the mechanical and
petrophysical properties that can withstand harsh downhole conditions, analysis at the
microscale must be achieved. The microstructure and minerology can explain the low
brittleness and permeability used for sealing of the reservoir. As many natural occurring
formations, shales are heterogeneous that consist of three notable categories: clays and
organic material, quartz and feldspar, and calcium carbonates. These heterogenous rocks
are tightly packed formations with fine grain sizes, ranging from 10-200 microns in quartz,
feldspar, calcite, and illite down to less than 2-micron grains with clay minerals (Du et al.,
2020).

The most effective shale caprocks are formations containing fine grain clay-based
siliciclastic, anhydrites, gypsum, halites, and/or organic rich are usually selected as the
caprocks to ensure the effectiveness. (Olabode, A., & Radonjic, M. 2013). Shales seen as
caprocks generally have a higher clay and organic content that creates a tight, soft pore
media, whereas hydraulic fracturing shales have higher contents of quartz, feldspar, and
calcium carbonates (Na et al., 2017). These clays have been found to decrease the

brittleness and elastic modulus of the overall material (Sone et al., 2012; Jamilur Rahman

et al., 2020).
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2.3. PLUGGING AND ABANDONMENT OF OIL AND GAS WELLS

An ideally permanent wellbore cement should provide long term integrity through
providing a non-shrinking material that is ductile, chemically resistant to the wellbore
fluids, and exhibits good bonding to the casing and the rock formations (Aasnes, 2017).
Studies have been conducted on well integrity on an international scale and concluded that
integrity failures are of low risk for a few decades (O’Kane, 2014), but little research has
been aimed at a timespan more than this and it has been observed that harmful gases or
fluids will continue to leak into the environment (King and King, 2013). Current and past
P&A cement plugs may not meet the expected geologic seal standards of long-term sealing
capacity, and in some cases, leakage is present as a result of inadequate primary cementing
and can persist and prevent effective P&A jobs. This is an increasing problem as a large
number of oil and gas wells will be decommissioned due to their productive and economic
inefficiency (Warne, 2004; Liversidge et al., 2006; Kaiser, 2015). Out of approximately
15,500 wells in the Gulf of Mexico between the years of 1973-2003, the United States
Minerals Management Service data had reported 43% of those wells had sustained casing
pressure (high pressurization due to subsurface fluids leakage by the cement sheath and
into the well annulus) that poses a threat to safety, the environment, and the well itself
(Brufatto et al., 2003; Rusch et al., 2004; Bois et al., 2011).

Leakage can also result from fracturing due to changes in earth stresses as
subsurface pressure is altered during subsurface fluids production or injection. Most failure
mechanisms of wellbore cement, result in fracturing, permeation, and debonding either
between the formation-cement or cement-casing interfaces, which would result in micro-

annulus leakage (Nelson and Guillot, 2006; Vralstad et al., 2019; Petty et al., 2003), as

12



shown in Figure 5. Many offshore wells can experience more extreme conditions than
typical conventional wells, such as high pressures and high temperatures (HPHT) that
require thicker slurries and higher quality control, imposing additional problems for P&A
(North et al., 2000). These conditions can cause mechanical stress and strain on the cement
plug that could lead to a progressively greater leakage even with an adequately initial

cementing (Lecampion et al., 2013; Zeng et al., 2019; Wise et al., 2020).

0O&eIil

1. Inner 2. Outer

debonding debonding 3. Shear failure 4. Radial cracking 5. Disking

Figure 5 - Annular wellbore cement leakage mechanisms indicated by red. (1)
debonding between cement and outside of the casing (2) debonding between cement
and the formation rock (3) shear failure through the cement plug (4) radial cracking
from the casing through the plug, to the rock (5) cement horizontal fractures known

as disking. Modified from Petty et al., (2003).

Wells in the Gulf of Mexico region reach depths greater than 4300 ft (1300m) and
generally see and bottomhole pressures of 7000-7500psi (Pakulski et al., 2005) and
temperatures ranging from 90 to 200+°C (194 to 392+°F) (Bello, 2014), although deeper
and more harsh wellbore conditions are not unlikely. Cement slurries of densities ranging
between 16 and 18.5 pounds per gallon (ppg) with water to cement ratios between 0.38 and
0.46 (Fink, 2012) are typically used to create plugs that are between 300-900 ft (90-275 m)
in thickness (Olutimehin and Odunuga, 2012; Bogaerts et al., 2013) to ensure a proper

13



barrier. Plugs outside of these bounds could have a higher possibility to failure due to
contamination of the spacing fluid if shorter, and extended setting time if longer (Moraes

etal., 2013).

24. GRAPHENE NANOPLATELETS AND GRAPHENE DERIVATIVES
Graphene is made of carbon atoms in a flat two-dimensional hexagonal lattice that
link up to create a honeycomb-like sheet structure that is thinnest and the strongest material
known at this time (Horst et al., 2018). The International Union of Pure and Applied
Chemistry defines graphene as “a single carbon layer of the graphite structure, analogous
to a polycyclic aromatic hydrocarbon of quasi-infinite size” (McNaught and Wilkinson,
1997), and has Young’s modulus of approximately 1 TPa (Lee et al., 2008). The term
graphene has been used for various compositions up until 1985 in a publication where
Boehm et al.,, 1985, began a standardization to distinguish it from other graphite
intercalation compounds (GICs). They initiated the distinction of GICs graphite, graphene,
graphene oxide (GO), and reduced graphene oxide (rGO). Pure graphene has impressive
intrinsic mechanical, thermal, electrical, and optical properties that have high amounts of

potential in a large range of applications.
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Figure 6 - Conceptual models of graphene and derivatives structures (Han et al.,

2021).

Graphene oxide has a lower carbon percentage as it is derived from oxygenated
graphite while graphene has the largest carbon content. The increased percentage of oxygen
in GO causes imperfections and defects on the sheets that lead to weakness and reduced
properties, but it is more cost-effective in large-scale synthesis (Zhu et al., 2010). In
attempts to reduce these impurities, GO sheets are treated by chemical, thermal, or
electrochemical reduction to minimize the defects thus creating rGO (Tiwari et al., 2020;
Botas et al., 2012; Gadgil et al., 2016). rGO sheets still show reduced properties such as
strength and conductivity when compared to pure carbon graphene. For example, GO and
rGo can exhibit a reduction in Young’s modulus of 250 GPa when compared to pristine
graphene’s modulus of 1TPa (Kong et al., 2019). For the last 25 years, the scientific
community has shown great interest in this material and researchers are investigating the

applications in different fields.
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2.5. GRAPHENE AND DERIVATIVES IN CEMENTITIOUS MATERIALS
Graphene in the oil and gas field is being researched as an additive in drilling fluids
to enhance lubrication, in anti-corrosion coating of metal, and in enhancing cement
properties (Neuberger et al., 2018). Mokhtar et al., 2017 have shown that the addition of
graphene nanosheets and their derivatives increases the rate and heat of hydration
translating to more complete hydration of clinker and improved pore structure, thermal
stability, and mechanical properties of the cement. A study conducted by Baomin and
Shuang, 2019 on the mechanisms of graphene nanoplatelets (GNP) in cement hydration
and pore structure suggests a 0.06%bwoc addition reduces compressive and flexural
strength to 11.0% and 27.8% respectively, after 28 days of hydration when added to
ordinary Portland cement. They used X-ray diffraction (XRD) and thermal analysis
(TG/DTG) and demonstrated that the GNP could accelerate the degree of hydration and
increase the number of hydration products, especially at an early age. Other studies state
that GO acts as a template for cement hydration to occur on and produce flower-like crystal
growth on the platelet surface (Lv et al., 2013; Lv et al., 2014; Yang et al., 2017). Pan et
al., 2015 suggest that the GO sheets increase mechanical properties by blocking crack

propagations.
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The addition of graphene, one of the strongest materials known today, with high
tensile strength, Young’s modulus, electrical and thermal conductivity, low density, and
hydrophobic nature (Dreyer et al., 2010; Tiwari et al., 2020), has the potential to improve
wellbore cement properties based on its impact on other composite materials. To be
implemented in the field, new additives to wellbore cement have to be investigated and
verified using microstructural characterization and mechanical testing at reservoir
conditions, as well as rheological properties that are critical for effective downhole
placement. One objective of this paper is to report the findings on the impact of graphene
nanoplatelets on the wellbore cement properties such as strength and modulus of elasticity
with the ultimate goal to understand the mechanisms of how graphene nanoplatelets
contribute to cementing hydration and overall micro-architecture of the matrix. These
properties are critical for challenging well environments found in high-pressure/high-
temperature (HPHT) environments, offshore deep-water wells, or onshore horizontal
unconventional wells, in both primary cementing and P&A. Similar demands are expected
from geothermal wellbore cement, where low pH and more extreme temperature variations

are expected.
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CHAPTER III

METHODOLOGY

Graphene was firstly received in 3 different types or grades with names of Platinum,
Black, and Diamond with descriptions provided by the material data sheet and provider as
follows. Platinum consists of graphene nanoplatelets by inert graphite exfoliation of fewer
than 7 layers with 87% between one to three layers, with greater than 95.5% carbon content
and less than two percent oxygen content. These platelets are specified at a particle size
range of 100nm to 10um. Black is formed from the refinement of biochar consisting of
single and multi-layer nanoplatelets as well as amorphous carbon. Carbon content
consisting of greater than 91% and less than eight percent oxygen content. Diamond was
described similarly to Black in processing, with further stages to refine the product. These
graphene materials were examined as received for microstructure, chemical composition,
and stability by methods of transmission electron microscopy (TEM), scanning electron
microscopy (SEM), and energy-dispersive x-ray spectroscopy (EDS). After this analysis,
the graphene chosen for use in this study and to be added to the wellbore cement was
Platinum. It was added to Class-H cement in 0% (referred to as neat or control), 0.008%,
0.016%, 0.05%, and 0.1% by weight of cement (bwoc), along with D-air 5000, dispersant

CFR-3, and bentonite to make cement at a slurry of density 16.4ppg (1.94g/cm®) and water
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to cement ratio of 0.38. Tests conducted on the cement samples to evaluate cement
microstructural and mechanical properties include strength, as well as microstructural
characterization, using Scanning Electron Microscope (SEM), Energy Dispersive

Spectroscopy (EDS), and Micro/Nano Indenter.

3.1. TRANSMISSION ELECTRON MICROSCOPE

TEM images were taken of the graphene as received to investigate the
microstructure of thin individual sections. This was done by suspending a small quantity,
approximately 0.1gr, of GNP in isopropyl alcohol and sonicating for approximately 2
minutes. A very small amount of 8uL was then dropped onto a holey carbon grid using a
micropipette, waiting 60 seconds, and soaking up the excess alcohol. The holey grid with
graphene is then imaged with the Model JEM-2100 TEM microscope at 200kV and a

magnification of 25,000x.

3.2. SCANNING ELECTRON MICROSCOPE

Graphene was prepared for SEM imaging by attaching carbon tape on SEM stubs
and depositing approximately 0.1gram of graphene onto the adhering tape. No coating was
used as the graphene is composed primarily of carbon and had no issues with sample
charging. Imaging with Thermofisher Scios2 SEM, using secondary electron (SE),
backscatter electron (BSE), and EDS, between 5-25keV and acquisition time of

approximately 10-30 minutes for elemental maps.
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3.3. CEMENT MIX DESIGN, PREPARATION, AND CURING

Portland cement-based Class-H wellbore cement was used as the dominantly used
API cement for HPHT in the Gulf of Mexico. Defoamer, D-Air 5000, cement friction
reducer CFR-3, bentonite, cement, and deionized water were all measured to make a
calculated 16.4ppg (1.94 g/cm?) slurry. Following API Standard RP-10B procedures for
mixing of well cement slurries, the measured quantity of water was poured into the
blending container and a Waring model CB15N blender then turned on to a rotational speed
of approximately 4,000RPM setting, where graphene was added and dispersed in the water
for 1 minute. The measured Class-H cement powder, D-Air 5000, CFR-3, and bentonite
had been dry blended by hand and added, in a span of 15s, to the water at the 4,000 RPM
inside the blender. After these 15s, the blender speed was steadily but quickly increased to
a setting of 12,000RPM, where the slurry was then mixed for 35s. With the mixing finished,
the blender was then turned off and the slurry immediately poured into the curing molds.

Brass molds of diameter and length 2.54 x 7.62 ¢cm (1 x 3 inch) and 3.05 x 6.10 cm
(1.2 x 2.4 inch) sizes were prepared by lubricating the interior with WD-40 water-resistant
silicone lubricant and letting it soak for at least 5 minutes before flipping the molds over
and letting excess lubricant drain out for approximately 5-10 minutes. Once slurry mixing
had been completed, it was poured into each mold by use of an icing pouring bag with an
attached pointed tip to reduce air bubbles poured into molds as well as reduce wasted slurry.
Molds were shaken while cement slurry was poured to reduce air bubbles trapped in the
cement. After molds were filled, they were further shaken and prodded with a slim metal
rod to promote any trapped air bubbles to rise to the surface, as such defects would have

significant consequences on materials characterization and testing results.
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The molds were covered with clingfilm wrap to prevent any fluid loss by
evaporation and set to hydrate at ambient conditions for 24 hours. After 24 hours, they
were demolded and immediately submerged in calcium hydroxide solution of ~pH13 and
covered with aluminum foil and sealed with saran wrap. The samples in solution were
placed in an ESPEC Global-N environmental chamber and cured at 90°C and 95% relative
humidity to simulate subsurface wellbore conditions. Samples that had been dried after this
curing had resulted in a dry density of 14.9 ppg hardened cement.

Two batches of cement samples had been made and tested throughout the duration
of this research study. The first batch, Batchl, was made with graphene at percentages of
0%, 0.05%, and 0.1%bwoc. Samples were cured at the above conditions for 21 days prior
to testing. The second batch, Batch2, was with the purpose to investigate how lower
quantities of graphene at percentages of 0%, 0.008%, 0.016%, and 0.05%bwoc perform at

28 days in the simulated environmental conditions.

Table 2 - Summary of slurry designs for the addition of 0-0.1% graphene
nanoplatelets to cement slurry at 16.4ppg.

Materials Neat cement 0.008% 0.016%GNPs 0.05% 0.1% GNPs

used (grams) GNPs (grams) GNPs (grams)
(grams) (grams)

Class-H 1255.06 1254.98 1254.90 1254.55 1254.05
cement
Water 481.57 481.56 481.54 481.46 481.36
Graphene 0.00 0.10 0.20 0.63 1.25
D-Air 3.14 3.14 3.14 3.14 3.14
5000
CFR-3 3.77 3.76 3.76 3.76 3.76
Bentonite 25.10 25.10 25.10 25.09 25.08
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3.4. SCANNING ELECTRON MICROSCOPY OF HYDRATED CEMENT

Hydrated (set) cement cores were first wet cut using deionized water and a band
saw to trim uneven edges and create flat parallel ends. 1x3 inch samples were cut to a
length of approximately 0.5 inches and used for SEM and indentation were polished
starting with a 600-grit silicon carbide (SIC) abrasive disc used for grinding to remove
initial deformations. After each step, the surfaces are inspected under the microscope to
ensure a uniform scratch pattern. Grinding induced deformation is removed using 6 um
diamond suspension on Gold Label polishing cloth and 1 um diamond suspension on White
Label polishing cloth, with Purple-Lube. Samples are sonicated with isopropyl alcohol in
a tabletop sonicating bath for five minutes at the end of each step to remove fragmented
cement, residual diamond suspension, and colloidal silica. The polished samples are then
dried overnight in a drying oven at 50°C, and further water removal is done prior to
indentation, SEM, and EDS.

Polished and fractured cement, were characterized with SEM and EDS. A flat and
smooth surface for the polished samples of cement was achieved by following the polishing
procedure listed above. Polished and fractured cement surfaces were iridium-coated to
prevent charging effects before imaging with Thermofisher Scios2 SEM, using secondary
electron (SE) at 20keV and backscatter electron (BSE) at 12keV, and EDS, using 12keV

and acquisition time of approximately 30 minutes.

3.5. X-RAY FLOURESCENSE
The raw material samples were analyzed for chemical composition of cement

powder and additional additives before being mixed. A plastic cylinder of approximate size
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1-inch diameter and 0.5-inch height was filled with each raw material. Samples were placed
inside the Edax/Ametek Orbis PC XRF and test setting of 50kV, 1000pA, and 5 iterations

were used.

3.6. X-RAY DIFFRACTION

Hydrated cement samples were crushed and powdered and sieved through a 95-
micron sieve. Testing was conducted on a Bruker D8 Advance x-ray diffractometer at a
voltage of 40kV and current of 40mA. Step rate was conducted at 0.5 seconds per step and

a step size of 0.01 degrees.

3.7. RAMAN MICROSCOPE

Raman spectroscopy provided information on material chemical composition and
phase identification and can be used as a nondestructive technique regardless of the
condition of physical state of the samples. Chemical bonds within the material interact with
the laser light and emit unique signatures that can be observed as peaks within the spectrum.
Spectrums for graphene and neat cement were obtained using a Witec alpha300R
containing both 532nm green and 785nm red lasers. Approximately 0.1gram of as received
graphene nanoplatelets were placed on a glass slide and analyzed using a the 532nm laser
with a power of 2volts and an integration time of ls. Polished cement samples were

analyzed using the same laser at a power of 4.2volts and an integration time of 2s.
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3.8. COMPUTED X-RAY TOMOGRAPHY SCANNING

The samples used for triaxial compression testing were scanned to observe the
fracture patterns and behavior for each sample set using a North Star Imaging M-5000
Industrial Computed Tomography (CT) scanner. The samples were received at the National
Energy Technology Laboratory submerged in the hydraulic oil that they were tested in, and
they were not removed from the oil for scanning. 2D radiographs were captured with the
Feinfocus FXE source at 185 kV and 200 mA, with 12 frames averaged for each
radiograph. A 360-degree rotation of the sample was performed with 1440 images
captured. These scans were reconstructed with North Star Imaging efX-CT® software and
the resultant 3D images had a voxel resolution of (32.9 mm)3. Image segmentation of the
open voids and fractures from the cement matrix was performed using pixel segmentation
with ilastik (Berg et al., 2019). Further post-processing of the images and visualization was

performed using ImageJ/F1JI (Schindelin et al., 2012).

3.9. POROSIMETRY

Within the subsurface environment, petrophysical properties such as porosimetry
are important to understand solid material interactions with wellbore fluids. The porosity
indicates the amount or volume percentage a fluid may occupy within a sample. Other
observations such as pore radius and distribution can also be measured. Corelab™ Ultra-
pore porosimeter was used to find the porosity of the 1 x 3 inch samples. Cement samples
were placed in the matrix cup along with any calibrated disks needed to fill the remaining
volume. Helium gas flows into a tank of known volume and pressure of a specified

~200psi. Once this new pressure is stabilized, the pressure difference in pressure is used
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along with the known respective sample dimensions to find the pore volume of the sample
using Boyle’s law, with the assumption of an ideal gas, to calculate porosity, grain volume,
and bulk density.

Porosimetry of neat and 0.05%GNP cement had then been conducted using
mercury intrusion porosimetry (MIP), a test conducted by Corelab™. Samples were cut to
a length of 2.54cm (1lin) and were then cleaned and dried. Samples were immersed in
mercury in a pressure-sealed chamber with the pressure of the surrounding mercury
gradually increased from 5 up to 55,000psia. The relationship of injection pressure to
mercury saturation was used to calculate parameters of porosity and pore throat size

distribution.

3.10. PERMEABILITY

Another important petrophysical property is permeability. This is a measurement
of the ability of a fluid to penetrate and flow through the interconnected pores in a material.
The samples for the helium gas porosimeter were then used to evaluate gas permeability
using a Corelab™ Nano-K™ permeameter. The measured length and the diameter of the
cement cores were recorded, and the sample was placed in the confining pressure cell. A
confining pressure of 2000psi was applied and helium gas with an upstream pressure of 1,
2, and 3psi were applied to the core system. Time taken for outlet pressure to reach
4.5mmHg were used to find the intrinsic permeability coefficient, k, by using Darcy’s Law

modified for a compressible gas or fluid.
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3.11. INDENTATION

The mechanical performance of wellbore cement is one of the most crucial aspects
when in consideration of the stresses created by downhole pressure. Micro-indentation was
first used to evaluate the mechanical properties at the microscale. Hydrated cement core
samples were cut and polished using the procedure in Section 3.4. After the cutting and
polishing procedures, the resulting dimensions were 1in squares and approximately 0.25in
height. Indentation of samples was conducted on a Nanovea PB1000 Hardness Tester using
the micro indentation option. A micro-Vickers diamond tip with a tip angle of 90 degrees,
the elastic modulus (E;) = 1140 GPa, and Poisson’s ratio (vi) = 0.07 was used and
calibration of the system in accordance with ASTM Standard E2546 using a finely polished
stainless-steel calibration sample with known properties. For this experiment, 25
indentations were taken per sample in a 5x5 matrix configuration each with a spacing of
400um and tested at a maximum load of 5 N, loading, and unloading rate of 10 N/min, and
creep time of 300s were used. The load vs depth was then plotted and analyzed using the
loading and unloading curves according to ASTM E2546. Young’s modulus was calculated

using the 10-50% portion of the unloading curve.

3.12. TRIAXIAL COMPRESSION TEST

Triaxial testing was used to determine the axial stress and stiffness of the cement
in relation to its application of the wellbore environment under conditions of both
temperature and pressure. The triaxial tests are performed in a temperature-controlled
Hoek-type triaxial compression cell, which consists of three main parts: axial loading

system, confining stress system, and temperature-control system. Cement cylinders of 1.2-
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inch diameter and 2.4-inch length were used. The experimental approach entails applying
confining pressure and temperature replicating downhole conditions while simultaneously
imposing the increasing axial (deviatoric) load until the specimen fails. The deviatoric
loading is controlled by an INSTRON-600DX load frame, which can provide up to 600KN.
The confining stress is maintained by a high-pressure syringe pump (ISCO-260D), which
is also allowing precise measurement of the volume change of the specimen associated
with a given confining stress up to 70 MPa. The temperature is provided by wrapping the
Hoek cell with the heating tape that can provide a controlled temperature up to 180°C. In
the experimental procedure for performing the triaxial tests, the cylindrical specimen is
kept in fully saturated conditions until the test starts. Then the core specimen is placed into
the membrane/core holder, which is specially designed to attach to the cell so that the whole
system remains airtight. After the core holder with a specimen is placed into the Hoek cell,
hydraulic oil is pumped into the space between membrane and cell so the lateral pressure
can be provided. The specimen is axially enclosed by two steel loading plates (top-loading
plate and bottom spacer). The top vertical piston of the load frame will directly contact the
top-loading plate so the deviatoric load can be applied to the specimen.

By using heating tape wrapped around the Hoek cell, the temperature of the cell
can be slowly increased to the targeted temperature, i.e., 90°C, over two to three hours at a
low hydrostatic pressure of 1.4 MPa. Note that by requiring hours for the heating process,
it is possible to drive some evaporation of pore fluid so that the specimen deviates from
fully saturated conditions. Furthermore, pore pressure might be increased during
confinement due to coupling between the pore fluid and solid skeleton (so-called Skepton

effect). However, it will be shown that for this material, testing at various loading rates
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indicates that the strain-stress curve will not be much influenced by potential pore pressure
incurred during loading. After the desired system temperature is achieved and stabilized,
the confining pressure and vertical load are increased to the targeted downhole pressure
value, so the specimen is initially loaded isotropically, and then the deviatoric load is
increased until the specimen fails. Following ASTM-D7012, the specimen is tested at a
constant rate (3.3 X 107® m/sec) so that specimen fails in approximately 10 to 15 minutes.
During the test, the load frame records the axial position of the top piston. These data are
used to derive the axial strain (e,) of the specimen. It is important to note that Batchl
samples were not cut and polished on the cylinder ends. Batch2 had received this sample
preparation prior to testing for to allow analysis at earlier stages of the stress-strain graph
without the effects of surface defects. In addition, a new loading cell was needed, and
replacement occurred between Batchl and Batch2. The testing results of Batchl are still
reported in this study but caution should be used when comparing the results to other testing

groups.
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CHAPTER IV

RESULTS
This chapter displays the results measured and collected in this research study.
Microscopy techniques are firstly used to evaluate microscale characteristics of chemical
composition and microstructure in graphene and cement used in this study. Macroscopic
properties important to well cement performance such as petrophysical and mechanical

properties are then evaluated.

4.1. CHEMISTRY and COMPOSITION
4.1.1. ENERGY DISPERSIVE X-RAY SPECTROSCOPY

Energy dispersive x-ray spectroscopy of graphene samples provided elemental
analysis used to indicate the quality and carbon content of each. Black shows the highest
carbon content of ~95% and carbon to oxygen ratio. Platinum grade indicates a comparable
quality to the previous, with minimum counts of residual elements. Diamond is observed
to have the lowest carbon to oxygen content, but still of quality graphene with 88% carbon

content and low counts of residual elements.
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Figure 7 - The elemental compositions of three received graphene’s were conducted
to examine the EDS elemental compositions of each to be compared. Similar
compositions are seen in Platinum and Black grade as both have carbon percentages
of greater than 90% with minimal residual elements, while Diamond grade has a

slightly lower carbon percentage while higher in oxygen and other elements.

Elemental mapping of the polished cement samples was taken to examine the
composition of cement grains and matrix, along with observing any impact of GNPs on
cement hydration chemistry. These two-dimensional maps of the cement surface were
taken after indentation had occurred on the sample, to further characterize and correlate the
micro-mechanical properties to chemistry. Figure 8 shows comparable elemental
compositions and grain structures between neat and 0.05%GNPs hydrated cement. Some
changes in high intensity silicon grains are observed in neat cement but are less apparent
in the graphene cement. Very small but intense concentrations of carbon are observed only
in graphene cement that could indicate grouping or clusters of GNPs within the matrix. In
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order to be able to detect carbon phases, image and mapping acquisitions are done at a high
magnification, due to the graphene nanoplatelet size and low percent dosage of GNP within
the cement. EDS maps phase analysis was conducted in such regions at high magnification
and observed the highlighted regions to have approximately 30% more carbon content than
surrounding areas (Figure 9). These high carbon areas indicate graphene platelets clustered

near fracture regions and the grain boundary of a partially hydrated cement clinker particle.

Neat cement

WD HV * | HFW pressure mag O
mm 12.00kV 276 pm 3.86E-6 Torr 1500 x —100 pm —|

%, | cur det ' mode WD pressure mag O
64nA T1 A+B 7.0 3.86E-6 Torr | 1500 x —100 pm —{
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Figure 8 — Backscatter electron (BSE) image and EDS mapping of basic elements
expected in cement of both polished neat and graphene cement samples. The dotted
diamond shape shows the indentation made from the micro-Vicker’s diamond tip,
1) Large unhydrated cement grains. 2) Low density calcium silicate hydrate (CSH)
gel forms the matrix in-between grains. 3) Areas of high density consisting of
primarily aluminum and iron. 4) Cement grains containing high concentration of
mostly silicon. 5) Areas of relatively higher carbon content that could signify

clustering of graphene nanoplatelets.

GNP cement
Weight Atomic
Element Percent Percent
C 35.7 53.7
(0] 20.7 23.4
F 2.7 2.6
Mg 0.6 0.5
Al 0.9 0.6
Si 9.6 6.2
S 0.64 0.44
Ca 28.1 12.6
Fe 1.6 0.5

Figure 9 - EDS phase map in carbon rich hydrated cement highlighted regions near
fracture regions and the grain boundary of a partially hydrated cement clinker

particle, indicating possible graphene nanoplatelet clusters.

4.1.2. X-RAY FLOURECENSE
X-ray Fluorescence (XRF) was conducted on raw materials before cement mixing

to analyze the chemical composition of cement powder and additional additives. As
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expected, Class-H cement used in this study had large amounts of calcium and silicon

oxides that are the basis of cement hydration.

Table 3 — Oxides present in the raw materials used for creating cement

samples in this study.

Oxide Formula Class-H ) \ir 5000 CFR-3 Bentonite
cement
ALO; 1.47 N/A N/A 12.03
SiO; 16.28 1.52 N/A 78.79
SO; 6.97 61.47 98.81 N/A
K;0 0.53 N/A N/A 0.60
Ca0 68.08 36.62 0.33 2.20
TiO; 0.23 N/A N/A 0.26
MnO 0.10 N/A N/A 0.06
Fe;03 5.93 N/A N/A 5.72
ZnO 0.14 N/A N/A N/A
SrO 0.28 0.15 N/A 0.04
RhO N/A 0.23 0.43 0.32
PdO N/A N/A 0.43 N/A

4.1.3. X-RAY DIFFRACTION

X-ray diffraction (XRD) was conducted to identify reacted hydration compounds

and remaining unhydrated clinker in both neat and 0.1%GNP cement, the highest

quantity graphene used in this study. 2-theta angle peaks are used to identify major

phases within the hydrated cement and the CSH hump can be seen elevated from the

baseline between 25° and 35° (Hunnicutt, 2013; Stutzman, 2011 ;Stutzman et al., 2016),
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Little to no change in peaks or intensity in major cement compounds indicates that the

addition of graphene does not chemically react or significantly affect the hydration

process.
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Figure 10 —Chemical composition is crushed and powdered hydrated cement using

XRD to identify phases of hydration products and unhydrated remanence.

4.1.4. RAMAN SPECTROSCOPY

Spectrums obtained from Raman microscopy were used to evaluate the as-received
GNP as well as graphene enhanced cement samples. The spectrum of GNPs in Figure
11shows the 3 peaks associated with graphene or graphene derivatives, D, G, and 2D at
approximately 1350, 1580, and 2670 cm, respectively (Wang et al., 2008). The low ratio
of D-peak to G-peak counts indicate a low level of impurities are observed within the

powder.
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Figure 11 - Spectrum of graphene nanoplatelets before adding to cement. High G-
peak in relation to D-peak indicates a high content of carbon chains with less

impurities.

Spectrums were also gathered for neat and GNP cement polished samples for
cement phases and profilometry of the sample surface (Figure 12). Raman shift
approximate values for unhydrated cement phases are observed at 850cm! for tricalcium
silicate (C3S) and 1350cm™! for tricalcium aluminate (C3A), while hydrated phases are
observed at 970-1100cm! for amorphous silica/calcium silicate hydrate (CSH), 1200cm™!
for gypsum, and 1570cm! for calcium hydroxide (CH) (Yarwood et al., 2009; Dunant et
al., 2020). Spot spectrums were taken on cement clinker grains and the gel matrix to

observe potential changes in chemical compounds during hydration.
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Figure 12 - Raman normalized spectrums of GNP cement A) point spectrums of
three areas in the cement matrix. Al spectrum of large cement clinker grain
primarily of C3S at 853cm™. A2 indicates a smaller clinker grain with higher

amorphous silica content at 968cm™'. A3 spot of some matrix gel and small grains

shows mixture of silica along with gypsum, C3A, and Ca(OH)2 at 1200, 1340, and
1560cm™! respectively. B) Optical microscope image at 20x magnification with
indicated spectrum spots. C) Surface profilometry of the polished sample shows
elevated clinker grains indicated by lighter regions, and lower matrix and pores

shown by darker colors.
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4.2. MICROSTRUCTURE
4.2.1. TRANSMISSION ELECTRON MICROSCOPY

Transmission electron microscope (TEM) reveals the presence of multi-layered
platelet stacking as observed. The smooth edges represent one atom thick graphene. The
inserted arrows point to the boundaries between the different layers while the light regions
indicate the less dense material where a greater number of electrons beam are transmitted,
and darker areas are denser. The resolution of TEM is suitable to identify how individual

platelets are arranged, and it provides a foundation for a larger field of view imaging using

SEM.

rade grapheno. 1, — platinum grade graphene.25k.002.tit
rade graphene platinum grade graphene
print Mag: 52100x ¥ SLon HV=200kv Print Mag: 52100x ¥ 5Lon NY=200kV
Cirect Mag: 35000x Direct Mag: 25000x

Figure 13 - Graphene Platinum as received was onto a mesh grid for TEM imaging.
(Left) Multiple layers of nanosheets are stacked across each other by indication of
the defined lines in every direction. Possible folding of sheets indicated by the arrow
shown. (Right) Clean edge of an orderly thin layering of sheets with edges going in

the same direction.
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4.2.2. SCANNING ELECTRON MICROSCOPY

From scanning electron microscopy (SEM) analysis, the three graphene grades
were observed to view the morphology and microstructure. Platinum is observed to be
composed of thin individual platelets that can be seen layered together and the multilayer
platelets cluster together has layers with identifiable boundaries. Both Black and Diamond
samples were observed to have few graphene platelets structures, but majorly composed of
amorphous carbon structures. Platinum was the graphene chosen for use in this study due
to its thin nanoplatelet structures and high carbon content, both of which were the desired

properties and can be observed in other literature studies.
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Figure 14 - Graphene as received in 3 different types, each different in quality and
form. Secondary electron SEM and EDS show each type of structure and atomic
composition. A) Platinum is high grade graphene composed of approximately 93%
carbon and 7% oxygen in the form of thin nanoplatelets layered together. B) Black
is also high grade composed of 94% carbon and 5% oxygen with some platelets but
mostly irregular shape and some possible biomaterial remnants. C) Diamond is a
lower grade graphene composed of approximately 88% carbon, 10% oxygen, and

less than 1% of other elements such as sodium, magnesium, aluminum, silicon,
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calcium, etc. This type also takes the form of mostly irregular shapes with few

platelets.

SEM of GNP enhanced Portland cement polished surfaces are seen to have
graphene in pore spaces and crevices. The platelets appear to aggregate to these spaces and
protrude from the pore walls. The clusters of platelets appear to be broken up into mono or
multi-layered platelets during the slurry mixing or hydration process. Figure 15, all show
graphene in different pore spaces, occupying a variety of volumes and displaying a
different degree of aggregation/morphologies. shows a fractured surface of graphene
enhanced cement sample which confirms GNP preference for pores and crevices, as

observed in polished samples.
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T

Figure 15 - SEM secondary electron images of graphene nanoplatelets on A)
polished surface of graphene enhanced cement where platelets can be seen as thin
and nearly transparent protruding out from the pore wall into open pore spaces B)
fractured surface where clusters and grouping of graphene platelets are seen within

a crevice.

4.2.3. COMPUTED TOMOGRAPHY SCANNING
Computed tomography (CT) scanning was conducted on post failure samples after

triaxial testing to view how the failure occurred and what fracture patterns are observed.
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Cylinders were removed from confinement and placed into an industrial CT scanner. Neat
cement has a dense fracture network that propagates down through more than half the
sample length. 0.05% and 0.1%GNPs exhibit less void space and fracture networks after
failure (Figure 16). This toughness and resistance to fracturing are important to prevent
permeability and fluid leakage even after mechanical failure. In sample Batch2, the same
behavior was observed (Figure 17) with as little as 0.008% graphene addition to the
cement. Total failure of the neat cement sample had resulted in the separation of fractured
pieces when removed from confinement and CT scan of neat in Figure 17 would not be
representative of the fracture thickness at simulated condition. Regardless, the addition of
graphene improved the resistance to fracturing and separation, that would be beneficial to

maintain zonal isolation after the failure of the cement plug.
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Figure 16 — Three-dimensional CT scan rendering of cement cylinders after
confined compression testing showing fracture networks within the samples of neat

(Top), 0.05%GNPs (Middle), and 0.1% GNPs (Bottom).
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Neat 0.008%GNP 0.016%GNP 0.05%GNP

Figure 17 - CT scanning slice of post triaxial mechanical testing illustrating the
fracture pattern of the failed samples. A reduced fracture network and conductivity

is observed at failure when graphene is added.

4.3. PETROPHYSICS
4.3.1. POROSITY and GAS PERMEABILITY

Porosity and permeability measurements were taken to compare any potential
changes in the cement petrophysical properties due to graphene nanoplatelets addition.
Porosity, measured with helium gas and mercury injection showed no significant change
along with pore throat distribution when graphene was added. Permeability measurements
using the helium gas and simulated confining pressure of 13.7 MPa (2,000psi) show small
variations in the gas permeability of less than 10 micro-Darcy’s when graphene is added

to the cement (Figure 18).
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Figure 18 — Helium gas porosity and permeability measurements obtained for
samples neat, 0.008%, 0.016%, and 0.05% GNPs cement. Permeability tested at

simulated confining pressure of 13.7 MPa (2,000psi).

4.3.2. PORE STRUCTURE

Petrophysical properties were also evaluated using MIP with the increasing
pressure gradually forced the mercury to intrude into the sample pore spaces and the
amount of mercury injected, expressed as a fraction of the sample pore volume. Addition
of graphene had not significantly altered the porosity, 1% increase, and pore throat radii,
5% reduction (Figure 19). In Figure 20, a higher frequency of 0.025um pore is observed in
0.05%GNP as opposed to greater frequency of other pore throat sizes, such as 0.075 along

with 0.0075 and smaller, in the nano range seen in neat cement.
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Figure 19 - Porosity and median pore throat radius obtained through MIP of

cement samples.
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Figure 20 - A narrower pore size distribution around 0.025pm is seen in 0.05% GNP
cement when compared to neat cement that has a higher frequency of 0.075 and

<0.010 pore throats.
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44. MECHANICAL PROPERTIES
4.4.1. INDENTATION

The Young’s modulus and microhardness for hydrated samples of neat cement and
GNP cement were calculated for each indent using ASTM E2546 using the loading and
unloading and averaged for the respective sample. Table 4 shows a reduced average
rebound Young’s modulus in the microstructure with graphene added to the cement at
0.008% but no significant change in other concentrations compared to neat cement. The
hardness of the cement is shown to be reduced by approximately 15% in the lower two
graphene concentrations but neat and 0.05%GNP are observed to have approximately the

same hardness values.

Table 4 — Summary of micro-indentation results of elasticity and hardness of

cement microstructure.

Neat 0.008% GNP 0.016% GNP 0.05%GNP
Elastic
11.95 GPa 8.74 GPa 13.22 GPa 11.67 GPa
Modulus
Hardness 0.33 GPa 0.27 GPa 0.27 GPa 0.32 GPa

SEM was taken of indentations made on both Neat and 0.05%GNP polished
samples. High magnification images show fractures propagate through some indentation
sites while others propagate around the perimeter, and Vicker’s diamond imprints measure

approximately 120-160 microns in diameter (Figure 21).
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Figure 21 - Secondary electron SEM images of indentation matrix made in polished
(Left) neat and (Right) 0.05%GNPs samples. Low to high magnification images
show global indentation matrix to single indent marks where some relatively large
unhydrated or partially hydrated cement grains (UHC) within the matrix and the

local fracture network tracing the indentation outline.
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4.4.2. TRIAXIAL LOAD TESTING

In this study triaxial load testing is conducted to evaluate the cement mechanical
performance with the addition of GNPs at simulating reservoir conditions for its
application, specifically when the testing conditions are 13.7-41.3 MPa confining pressure
and 90°C temperatures. For Batchl at a confining pressure of 41.3 MPa, the maximum
axial stress of 0.05%GNPs is 14.3% and is 22.7% for 0.1%GNPs greater compared to neat
cement. At a confining pressure of 13.7 MPa, the maximum axial stress of 0.008%GNP is
15.56%, 0.016%GNP is 17.23%, and for 0.05%bwoc is 25.04% greater compared to neat
cement. Graphene overall enhances the strength of the cement when tested at simulating
downhole conditions of pressure and temperature. The strain values at failure for each
sample are 0.0083,0.0119, 0.0108, and 0.0112 for neat, 0.008%, 0.016%, and 0.05%GNPs,
respectfully.

Also, Young’s modulus of neat cement obtained from triaxial testing is maintained
between 13.6 to 16.0 GPa (Batch2) when tested at these simulated conditions. However, a
higher modulus value of 6.38% and 13.64% than the control (neat) is observed for 0.016%
and 0.05% graphene addition, respectively. The lowest percentage of GNPs addition,
0.008%, showed the lowest Young’s modulus with a value of 13.6 GPa, indicating a higher

compliance.
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Figure 22 - Strain-stress curve of Batchl neat cement, 0.05%bwoc graphene cement,
and 0.1%bwoc graphene cement tested at 13.7 and 41.3 MPa and 90°C. The initial
linear regime is shown in a magnified scale in the inset and the slope of this initial

linear regime is used to calculate the Young’s Modulus.

Table S — Summary of average Batchl sample triaxial testing results

Neat cement 0.05% GNP- cement 0.1% GNP- cement
Ultimate Young’s Ultimate Young’s Ultimate Young’s

Axial  modulus Axial modulus Axial modulus
Strength Strength Strength

Confining
pressure at
13.7 MPa 53.5MPa 3.4GPa 59.5MPa 29GPa 683MPa 2.5GPa
Percentage
change at 11.2% 14.7% 27.7% 26.5%
13.7 MPa
Confining
pressure at
41.3 MPa 77.5MPa 32GPa 88.6MPa 32GPa 95.1MPa 2.1 GPa
Percentage
change at o . . .
41.3 MPa 14.3% 0.0% 22.7% 34.4%
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Figure 23 - Strain-stress curve of Batch2 neat cement, 0.008%, 0.016%, and

0.05%GNP cement tested at 13.7 MPa and 90°C. The initial linear regime is shown

in a magnified scale in the inset and the slope of this initial linear regime is used to

calculate the Young’s Modulus.

Table 6 — Summary of average Batch2 sample triaxial testing results

Neat 0.008%GNP
Ultimate = Young’s Ultimate Young’s
Axial modulus Axial modulus
Strength Strength
Confining
pressure at  55.72 14.1 64.39 13.6
13.7 MPa MPa GPa MPa GPa
Percentage
change at ContrOI ContrOI 15.56 -3.83
13.7 MPa group  group % %
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Ultimate Young’s Ultimate Young’s

Axial modulus Axial modulus
Strength Strength

65.32 15.0 69.67 16.0

MPa GPa MPa GPa

17.23 6.38 25.04 13.64
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CHAPTER V

DISCUSSION, CONCLUSION AND FUTURE WORK

5.1. DISCUSSION

Based on the evidence of microstructural and chemical composition results, the
graphene nanoplatelets addition to wellbore cement had shown little to no significant
impact on cement hydration for slurry designs and curing conditions tested in this study.
A potential explanation for this is the low percentage of graphene added (between 0 and
0.1%), the chemically unreactive nature of GNPs in highly alkaline cement pore water,
and its hydrophobic nature. However, improvements in mechanical properties of hydrated
Portland cement GNPs added in small amounts could be explained by the occupation of
the GNPs in micro pore and fracture walls indicating that the weakest or failing points of
the cement has mechanical reinforcement by the strongest material.

As per graphene oxide platelets reported in several publications, atypical hydration
product crystals were obtained in SEM images with shapes similar to that of a “lotus-
flower” by Lv et al. (2014). The atypical shape of these crystals, when compared to typical
cement hydration products, growing on the graphene platelets, with a lower length to
width aspect ratio than CSH needles, could be a potential reason for the improvement in
the strength of the cement. Dunant et al. (2020) have demonstrated that the length to width

of CSH crystal structures correlate with Young’s Modulus as longer-thinner crystals, such
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as needles, have a higher modulus and a more brittle nature whereas the lattice like
structures would behave in a more ductile manner. The formation of these atypical crystal
morphologies of cement hydration products and their aspect ratio as reported by Lv et al.
(2014) and Dunant et al. (2020), is a plausible explanation for a triaxial test higher shear
strength for graphene cement compared to neat cement under the same testing conditions.
This study provides evidence that the shear strength increases with an increase in the
percentage of graphene when samples are tested at reservoir like conditions. Specifically,
as shown in Figure 23, when the testing conditions are 13.7 MPa confining pressure and
90°C, the maximum axial stress of 0.008%GNP is 15.56%, 0.016%GNP is 17.23%, and
for 0.05%bwoc is 25.04% greater compared to neat cement. Compare mechanical results
to that seen in literature, Qureshi and Panesar (2020) conducted a study of the effects of
GO, rGO, and graphene on cement properties when added to Portland cement.
Mechanical tests for compressive and flexural strength had been conducted on various
percentages of the three graphene-based materials. After 28 days of hydration, they
viewed that the graphene composite had the greatest increase in compressive strength,
39% at 0.02%bwoc compared to neat, with rGO and GO increasing the compressive
strength by 30% at 0.04%bwoc and 28% at 0.04%bwoc, respectively. Furthermore, all
their mechanical testing of both compressive and flexural strength testing for the three
additives showed an increase in strength compared to neat Portland cement when
hydrated at 14 and 28 days. Although they are different mechanical tests, an increase in
cement shear strength observed in our study when graphene is added to cement is in
agreement with published data which suggest improved mechanical properties due to the

addition of GNP. While simulating downhole-like conditions, triaxial loading tests at
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relevant T are the most relevant, and in this study, resistance to stress of cement samples
had increased by 15%-26% with the addition of 0.008, 0.016, 0.05, and 0.1%GNPs
(Figure 22 and Figure 23).

Similarly, to the triaxial load tests, the micro-indentation of 0.008%GNP resulted
in the lowest Young’s modulus with a decrease of 26.86% compared to neat cement.
Further comparing to the control sample, 0.016%GNP shows an increased microstructure
modulus by 10.63% but no significant reduction in 0.05%GNP (Table 4). Even though
the moduli from triaxial testing and micro indentation have different values due to
confinement/lack thereof, similar elastic behavior is observed when graphene is added to
the cement. Also, Young’s modulus of the wellbore cement obtained from triaxial testing
is maintained between 13.6 to 16.0 GPa when tested at these simulated conditions.
However, a higher modulus value of 6.38% and 13.64% than the control (neat) is
observed for 0.016% and 0.05% graphene addition, respectively. The lowest percentage
of GNP addition, 0.008%, showed the lowest Young’s modulus with a value of 13.6 GPa,
indicating a higher compliance. It is worth noting that most cement strength testing
reported in published studies is achieved by unconfined compression or flexural strength
tests, which are following the API standards. However, these testing standards are no
longer fit into the situation where high temperature and high pressure are prevailing at in-
situ conditions. Thus, in this study, strength testing is at wellbore conditions of pressure,
temperature, and confining stress. As such, Young’s modulus values obtained from
triaxial testing (Table 6) are falling into the ranges which are previously reported as 13.1
GPa by Katende et al. (2020). As well, Al-Rub et al. (2012) observed an elastic modulus

of 13-15 MPa from flexural strength testing of carbon nanotubes cement composites. This
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differentiation can be due to the cement’s water saturation and its effects during triaxial
loading (Macecot et al., 2019).

Furthermore, the addition of graphene nanoplatelets to Portland cement-based
slurry significantly changes the strain-stress behavior in the triaxial load test and provides
much more ductility. For example, as summarized in Figure 23, when the 0.05%GNP
reached its peak axial stress at the testing conditions of 13.7 MPa confining pressure and
90°C, the corresponding strain is 0.0048. However, when the neat cement reached its peak
strength under the same testing conditions, the corresponding strain is 0.0034, resulting
in lower strength and deformation. More importantly, in all cases of graphene addition to
cement, significant ductile deformation followed the peak stress, and the duration of the
ductile stage lasted until the end of the test. However, in neat cement, peak stress was
briefly followed by an abrupt stress drop of a 10-15 MPa, which marks the end of a brief
ductile deformation and progression to permanent deformation and the ultimate failure.
This indicates that there is a reduced brittle behavior prior to the failure of the graphene
cement. With the increased mechanical properties of wellbore cement seen in this study,
it is possible to assume that the addition of graphene nanoplatelets would maintain or
improve cement strength while reducing the amount of cement used. This is important as
cement is mass produced and used all over the world, generating large CO, emissions and
the implementation of more efficient use of ordinary Portland cement is needed (UN
Environment, 2018). Even more importantly, enhanced ductility of wellbore cements,
either in primary wellbore construction or in plugging and abandonment of wellbores,

would prolong durability and prevent leakage due to failure under increased pressure.
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The more brittle-like strain stress behavior of neat cement was also captured by the
macroscopic fracture patterns observed after the mechanical testing at conditions of 13.7
MPa confining pressure and 90°C using CT scanning. Figure 16 shows a rotating montage
of 3-dimensional reconstruction of slices imaged through each cement: (Top) Neat
cement, (Middle) 0.05%bwoc, and (Bottom) 0.1%bwoc graphene cement. As shown in
Figure 16 (Top), a network of fractures formed and propagated through the whole neat
cement specimen with a complete failure of the cement core by significant fracturing at
the top of the sample. Fewer fractures were observed in 0.05%bwoc graphene cement,
with more distributed propagation of the fractures, Figure 16 (Middle). However, as
shown in Figure 16 (Bottom), the fracture network is still tightly connected with fewer
void spaces in the 0.1% graphene cement and the fewest fractures were observed, with
fractures primarily propagating from the periphery of the cylinder. Similar results are
seen when the amount of graphene is reduced to 0.008%GNPs and no apparent total
failure of the cement sample (Figure 17). The length and width of this fracture are
relatively small when compared with the fracture observed on the neat cement, which
means its propagation was arrested during the test and that fewer fracture propagations
with increased graphene content resulted in an increased ductility and resistance to
fracture initiation and reduced fracture propagation, which is also observed in the axial

stress-strain data.
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Figure 24 - A) Profilometry of polished cement surface show larger clinker grains
raised above the darker CSH gel matrix. B) Looking below the surface, graphene
nanoplatelets (GNPs) within the cement matrix tend to bridge fractures and inhibit
fracture propagation. C) Schematic interpretation of potential mechanism how
graphene platelets slide under load within the CSH, resembling a deck of cards,
resulting in reinforcing the matrix and ductile behavior due to the relatively weak
Van der Waals forces between the platelets. D) Graphene lines the pore walls within
the cement. These three mechanisms result in ductile behavior and reduction of
fracturing, rather than the typical brittle nature of hydrated Portland cement paste
when subject to loading. Images not to scale in order to achieve clarity of

mechanism, GNP is drawn much larger than in reality.
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Potential mechanism of how graphene enhances ductility and reduces Young’s
modulus in cement. “Graphene is a material that brings out the best in every other material
that it is added to” (personal communication, G. King) and does so with the addition of
very minimal amounts of <1%. The mechanism by which this is accomplished is not
completely resolved. As earlier stated, some of it is driven by the strategic positioning of
very strong GNP in micropores, as well as a potential change of CSH morphology, which
leads to an increased Youngs modulus. However, the transition from brittle to a more
ductile nature of cement in the triaxial loading test is the most likely result of the GNP
sliding like a deck of cards within the cement matrix, and has been seen in other matrices
as well (Alexopoulos et al., 2017). This is similar to the mechanism of lubrication in which
stacked layers of graphene are attached by weak Vander Waals forces and can easily slide
over one another. Berman et al. (2014) in a review on graphene as an emerging lubricant
demonstrated lubrication depends on stacking, structural features, and the nature of the
sliding surfaces. In our samples, we observed thin layers of graphene stacked together
under TEM (Figure 13). SEM images of graphene cement (Figure 15) indicate that most
of the graphene is distributed within the pore spaces or weakest parts of the material, which
facilitate fracture initiation and propagation during loading. An increase in the ductility and
axial strength of graphene cement (Figure 23) could result from the sliding of graphene in
the weak areas as opposed to breakage in the neat cement upon loading. The higher strain
values observed in graphene cement compared to neat further supports this sliding
mechanism. Graphene also renders the material less brittle as seen by a decrease in Young’s
modulus with 0.008%GNP but no alteration to hardness observed from micro-indentation

hardness analysis (Table 4). Wang et al. (2020) have shown that 5% rGO added to ceramics
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bridges fractures and undergoes folding after unloading a tensile load and unfolding during
reloading and is a unique deformation property of multi-layer graphene material. The study
also showed that toughening of the rGO material occurs at cracks where thick rGO is pulled
out represents a 200% improvement in fracture toughness over reference A>O3 ceramic.
The modification of Young’s modulus, ultimate axial stress, and increased strain are
depicted by the conceptual model shown in Figure 24. Graphene occupies the pores spaces
in the cement matrix, Figure 24D, reinforcing the pore structures, the strongest material
adds strength to the weakest point in cement. The graphene layers are held by weak Vander
Waals forces (Figure 24C) which are easily displaced when the sample is loaded. Upon
loading, the cement properties are modified as described above. When the cement begins
to fail and fracturing occurs, graphene platelets block the propagation of fractures (Figure

24B) and prevents the formation of a large fracture network and total failure of the cement.

5.2.  CONCLUSIONS

The addition of graphene nanoplatelets to a Class-H wellbore cement slurry
increases the ultimate axial stress by up to 25% under triaxial loading with just
0.05%bwoc added. Furthermore, the addition of GNP decreases Young’s modulus 3 to
26 percent with 0.008%bwoc added and therefore reduces the stiffness of the hydrated
cement. Hence GNP creates the most desirable combination of increased strength and
increased flexibility in wellbore cement. This combination will enable improved cement
performance and its mechanical failure because the higher strength increases resistance

to breakage and the reduction of brittle failure decreases the tendency for large stresses
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to develop as the cement is subjected to drivers such as the casing and/or surrounding
rock expanding and contracting due to temperature and pressure changes.

Providing further support to the observation of GNP additive improving the
resistance of cement to failure, in the triaxial tests at reservoir-relevant temperature and
pressures used in this study of 90°C and 13.7MPa, the cement with GNP additive exhibits
the ability to sustain larger strain at failure. The GNP-cement also does not exhibit brittle
failure observed in neat cement, as the strain at failure increases from 30.1 to 43.3% when
graphene is added, with strain failure values of 0.0083, 0.0119, 0.0108, and 0.0112 for
neat, 0.008%, 0.016%, and 0.05%GNPs, respectfully. As well, a sharp drop in axial stress
was observed in neat cement after failure whereas GNP cement had held stress for a
prolonged strain period. Indeed, post-testing CT scans show development of a
pronounced set of fractures for the neat cement with void areas reaching ~65 mm? in the
densely fractured region. The presence of distinct fractures is reduced to a maximum of
~35mm? in the case of 0.1% graphene addition.

Besides impacts on strength and flexibility, the addition of GNPs additive exhibited
little to no effect on cement porosity and permeability as results with the addition of
graphene are within range of the neat cement.

While ongoing efforts are required to more fully grasp both the chemical and
physical mechanism(s) by which GNP impact wellbore cement properties, the potential
for improving performance is clearly shown. Additionally, while it remains to understand
and quantify impacts of other details of cement chemistry, including contamination by
drilling fluid during cement placement, the clear impact is possible even with additive

rations as low as 0.008%bwoc to 0.05%bwoc. Finally, microstructural analysis
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systematically observing GNP placement in the pore structure as a function of physio-
chemical conditions during hydration is necessary to better connect GNP-cement
chemistry, microstructure, and macroscopic properties. However, the present work makes
clear for a hypothesis that GNPs migrate to discontinuities within the cement matrix
during hydration, such as pore throats and fractures, resulting in increased strength and
higher flexibility, all of which drive wellbore cement technology toward greater cement

resistance to failure from physical loading.

5.3. FUTURE WORK

There is a high potential in the future pairing of graphene nanoplatelets and
cementitious material that can build off this and other research studies. One such future is
the need for cement service life over 10,000 years as a recent stress test on graphene shows,
not only is this material comparable to Earths core in terms of pressure/stress it can
withstand (100 GPa), but more importantly, it demonstrates that the monolayer of graphene
can endure a fatigue life of 10° cycles at mean stress of 71 GPa (Cui et al 2020). Aiding in
cement fatigue life could possibly provide a one-and-done long lasting plug capable of
withstanding the underground cyclic pressures and temperature seen in many current
wellbores.

Another addition to this study is the possibility for simulating full reservoir
conditions directly after it is mixed. Using an environmental chamber of pressure,
temperature, and humidity could provide information on the potential difference in the role
that graphene may take at during hydration at HTHPs within the wellbore, whether it be

chemical, physical, or thermal.
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