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Highly dispersed Alumina Nanofibers (ANF’s) were utilized in oil well cement class ‘‘H” to investigate
effects of ANF’s on the cement’s mechanical and microstructural properties under simulated wellbore
conditions. Cement composites consisted of a reference (Ref) sample containing no ANF’s and three addi-
tional formulations with 0.1%, 0.2%, and 0.3% ANF’s by weight of cement (BWOC) incorporated in cement
formulations with various common additives. The provided producing liquid dispersion methodology
was assessed using a Transmission Electron Microscope (TEM) with each composite formulation under-
going permeability and elastic property testing under simulated cyclic confining wellbore pressures. The
compressive strength was also measured along with a microstructural assessment. The microstructural
assessment consisted of measuring the formation of hydration products using an X-ray diffractogram
(XRD) and thermogravimetric analyzer (TGA). The results indicate that 0.1% of ANF provides the greatest
increase in mechanical properties and possesses the lowest permeability through all pressure cycles.
Additionally, the amount of Calcium Silicate Hydrate (C-S-H) and Degree of Hydration (DOH) was max-
imized for 0.1% ANF compared to other composite formulations.

Published by Elsevier Ltd.
1. Introduction

The oil well cementing operation involves placing cement slurry
several thousands of feet below the surface of the earth in order to
provide structural support for the casing and wellbore. The cement
sheath is also designed to provide complete zonal isolation, pre-
venting uncontrolled flow of reservoir fluids. Cement sheath failure
can severely impede the ability of the well to produce efficiently
leading to lost revenue from production, hazardous rig and produc-
ing operations, and deleterious environmental issues [1]. Begin-
ning from the drilling phase, to the plug and abandonment (P&A)
phase, the cement sheath is constantly exposed to various thermal
and cyclic mechanical loading. In-situ conditions of various stres-
ses, elevated temperatures, and pressures are the primary cause
of weakening and failure of the cement sheath [2,1]. The fluctuat-
ing conditions can also potentially cause cracks and micro-annuli.
This is particularly problematic in cement sheaths, allowing a
pathway for gas to migrate to surface [3]. A study examining the
number of wells reported worldwide (Australia, Austria, Bahrain,
Brazil, Canada, the Netherlands, Poland, the UK and the USA) indi-
cate that up to 75% of wells have had some form of well barrier or
integrity failure [4].

The search for alternative materials to improve mechanical per-
formance, in the oil well cementing operation, has continued for
decades [5]. Currently, nanotechnology is continually being imple-
mented to improve the oil well cementing process. Utilization of
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nanomaterials in oil well cements is a promising methodology to
alter conventional cement systems into multifunctional, durable
composites capable of withstanding stressful conditions for the
entire life of the well [6]. Cement failure initiates from the nanos-
cale where macrofibers and microfibers are not effective [7].
Among composite nanoscale reinforcement material, graphene
ring-based materials have received majority of research efforts
[8]. Most notably, carbon nanotubes (CNTs) and nanofibers (CNFs)
have attracted substantial attention due to their extraordinary
strength properties in terms of tensile strength (Giga Pascal
(GPa)) and modulus of elasticity (Tetra Pascal (TPa)) [9–13]. How-
ever due to the high hydrophobicity and the tendency of graphene
material to agglomerate, owing to Van der Waals forces, obtaining
an adequate dispersion is an arduous task and the cost of such
material is substantially high [5,14]. Nanofiber agglomeration infa-
mously diminishes the mechanical properties of fiber-reinforced
composite materials [15]. This can be catastrophic in wellbores
considering the cement sheath, between the formation and casing,
is subjected to various loads [16]. Goodwin and Crook concluded
cement sheaths with high compressive strength provided better
casing support but lacked zonal isolation capabilities with exces-
sive internal casing pressure [17]. They also concluded cement
sheaths with a higher Young’s Modulus (MOE) undergoing pres-
sure and temperature fluctuations, are more susceptible to damage
than cement sheaths with a lower MOE [17]. Zhaoguang Yuan
examined cyclic confining pressure of class ‘‘G” cement and con-
cluded a higher Poisson’s ratio exhibits better cycle fatigue behav-
ior [18]. Although, examination of one parameter (compressive
strength, MOE, Poisson’s ratio, etc.) is insufficient information in
order to characterize a cement system subjected to cyclic loading
and unloading [19]. Despite recent technological advancement in
smart polymeric materials, fibers and self-healing materials, it is
still a big challenge to provide adequate long-term zonal isolation
in severe oil well conditions [6]. Nanomaterials considered nas-
cent, when utilized to improve long-term zonal isolation, have
therefore continually increased in concerted research efforts. For
example, cellulose nanocrystal (CNC) were combined with Type
G oil well cement to favorably transform the internal air-void net-
work while increasing the compressive and tensile strength of the
cementitious formulation [20].

c-alumina nanofibers (ANF’s) is a relatively new type of rein-
forcement nanomaterial functionalized by aluminum, zirconium,
nickel, and copper oxides [21]. ANF’s have drawn noteworthy
attention, in various industries, as a low cost 1D nanofiber possess-
ing high strength, stability at 1200 �C, low thermal conductivity,
and corrosion resistance. Beyond 1200 �C the c structure changes
drastically resulting in the formation of the a phase. ANF’s have
aspect ratios (length-to-diameter ratio) of 18–120:1, allowing
effective bonding with various hydration products in cement
[22]. Utilizing c-alumina nanofibers rather than traditional partic-
ulate c-alumina is of great cement technological application [21].
Despite the potential upside, research of ANF’s in oil well cement
has not been thoroughly investigated.

The present work first focused on assessing the quality of ANF’s
dispersed in deionized water. Next, the permeability of the cemen-
titious composites was studied under cyclic confining pressure.
The solution was also incorporated in the cement mixture at vari-
ous ANF concentrations and compressive strength tests were per-
formed. Additionally, the two mostly commonly referenced
elastic properties [23] MOE and Poisson’s Ratio were also mea-
sured dynamically under the same cyclic confining pressure sched-
ule. The microstructural analysis (physical or chemical interaction)
between the ANF’s and the cement paste were also examined and
discussed. Lastly, a brief discussion on the operational costs were
discussed based upon conditions in the Permian Basin.
2. Experimental program

2.1. Raw materials

Aluminum oxide (c-Al2O3) nanofibers synthesized by oxidizing
aluminum in controlled liquid phase, were purchased from ANF
technology (Europe). Highly bundled ANF’s were purchased, as
well as a 2% pre-dispersed solution. The physical properties of
ANF’s are shown in Table 1.

Class ‘‘H” oil well cement, which is used by nearly 80% of oil
drilling companies [5,24], was used as the binder material. The
chemical composition consists of 52% C3S, 25% C2S, 12% C4AF, 5%
C3A, and 3.3% CaSO4. Bentonite, a colloidal clay mineral primarily
composed of the mineral (smectite) NaAl2(AlSi3O10)(OH)2, was
used as an extender. Bentonite is the most commonly used additive
to lower cement slurry density [25–27]. CFR-3 (Cement friction
reducing) agent, which is a sulfonic acid salt, with a specific gravity
of 1.17, bulk density of 0.61 g/cm3, and ph of 7–9 was used as a
dispersant.
2.2. Pre-dispersion assessment

The 2% pre-dispersed ANF solution was prepared by using a dis-
integrator to break the fibers into smaller particles representative
of Table 1. The fibers are then incorporated into deionized water
according to the target percentage loading. The mixture is placed
in a dispersion container where the maximum ultrasonic sono-
trode strength is 1000 W. It should be mentioned the exact
methodology of producing the 2% pre-dispersed solution is absent
due to the company’s trademark restriction.

In order to assess the efficacy of the 2% pre-dispersed solution,
the same sample concentration was prepared differently to
observe differentiations. A ball milling device (8000 M Mixer/Mill)
set to pulverize samples at 1080 cycles per minute, was used to
grind 1 g of ANF bundles into the appropriate size range (Table 1)
for a total of 25 min. The fibers are then placed in a dispersion con-
tainer containing 50 g of deionized water. The container is placed
in an ultrasonication bath (Cole-Parmer 8891) with an energy
delivery set at 210 W for 10 min. A built-in temperature sensor
prevents overheating, automatically halting the ultrasonication
process for a brief period.

For testing, both samples are diluted with deionized water by a
factor of 25 and each sample is sonicated for 10 min before obser-
vations. The diluted samples are drop cast onto carbon coated cop-
per grids to dry. Transmission electron microscope (TEM) images
are taken by Hitachi H8100 at an accelerating voltage of 200 kV.
Two samples were prepared to observe the pre-dispersed solu-
tion’s efficacy and to determine if there is any noticeable difference
between the dispersibility of ANF’s in aqueous solutions with vary-
ing dispersive methodologies.
2.3. Cementitious composite preparation

50.8 mm cube specimens were utilized for compressive testing
while cylindrical specimens had a size of 38.1 mm diameter � 50.
8 mm length for testing dynamic elastic properties and permeabil-
ity under stepwise loading and unloading schedules. All cement
slurry specimens were prepared with a water-to-cement ratio of
0.55. The dosage of ANF’s varied for each mixture, (Table 2) dis-
plays the experimental cement compositions.

Plain cement batches, without any ANF’s, were cast as a refer-
ence. Three different batches of varying ANF concentrations con-
sisting of 0.10%, 0.20%, and 0.30% by weight of cement were also
prepared. Four replicates were prepared for each batch of cement



Table 2
ANF reinforced cementitious composite compositions.

Composite Identifier Cement (g) Water (g) ANF (g) CFR-3 (g) Bentonite (g) ANF/cement wt%

Ref 800 440 0 1.50 20.0 0
ANF-1 800 440 0.80 1.50 20.0 0.10
ANF-2 800 440 1.60 1.50 20.0 0.20
ANF-3 800 440 2.40 1.50 20.0 0.30

Table 1
Properties of ANF’s.

Type OD Length Purity SA pH TS Density

c-Al2O3-OH 2.7–10 nm 100–900 nm 99.9% 150–160 m2/g 6.4–6.8 1100 �C 3.89 g/cm3

Note: OD-Outer Diameter; SA-Surface area; ph-Potential of Hydrogen; TS-Thermal Stability.
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and the experiment was conducted at least twice for repeatability
purposes.

Mix water was placed in the constant speed blender and
blended at a constant rotational speed of 419 rad/s for 15 s. The
dry blended solids were uniformly added to the water during the
15 s duration, afterwards the rotational speed is automatically
increased to 1257 rad/s for an additional 35 s. The mixture was
then poured into four previously thinly greased 50.8 mm cube
molds, at approximately one-half of the mold’s depth. Each speci-
men was puddled 25 times and stirred to eliminate segregation
and dislodge any air bubbles. The remaining one-half of the mold
was filled and the puddling operation was repeated. The specimens
were placed in a high temperature high pressure (HTHP) curing
chamber, to emulate wellbore conditions, and demolded after cur-
ing at 82.2 �C with 20.68 MPa for 24 h. All procedures were done in
accordance with API 10B-2 [28].

Conversely, after specimens were demolded 38.1 mm diameter
cement cores were sub sectioned using a Wilton variable speed
drill press with a 38.1 mm diamond-tipped core drill bit producing
cylindrical specimens. Specimens were then placed in a vacuum
oven at 100 �C until there was �0.1% weight variation over 24 h,
a commonly used technique [29–31].
2.4. Cementitious composite characterization tests

2.4.1. Permeability measurements
NER AutoLab 1500 (New England Research, Inc., White River

Junction, VT, USA) (Fig. 1), equipped with a data acquisition sys-
tem, was used to calculate the permeability of all composite for-
mulations under cyclic confining pressure schedules [32]. After
sample jacketing and preparation (Fig. 2), the sample was placed
in the high pressure (HP) vessel mounted on a base plug. An elec-
tronic console along with three pressure intensifiers were used to
accurately control confining pressure.

The confining pressure was initiated at 6.89 MPa using the
panel mode on the electronic console. The vent valve was opened
with nitrogen, an inert gas, allowing the pore pressure intensifier
to be loaded with gas. The permeability specifications were loaded
into the data acquisition system and the panel mode was diverted
to computer mode, allowing better control of the confining and
pore pressures. The pore pressure valve was opened allowing gas
to flow in the sample from the upstream side. After the down-
stream pressure is equal to the upstream pressure (approximately
3.45 MPa) the permeability measurements commenced.

The permeability was measured using the transient step
method developed by Brace [33]. During every measurement the
confining pressure was maintained at a specified value in order
to simulate wellbore conditions. A pressure pulse, Eq. (1) was
introduced into the upstream volume and the pressure in the
downstream volume, Eq. (2) is recorded. Based upon the down-
stream pressure pulse the permeability can be derived. Eq. (3) is
the partial differential equation that governs pressure changes as
a function of distance and time through the composite material.
p is the pressure within the sample (MPa),x is the axial distance
measured from the upstream face of the sample (m), t is the time
(s), Q is the flow rate through the sample (m3/s), b is the compress-
ibility of the fluid (N�1�m2), V is the downstream volume (m3), b

0
is

the lumped compressibility (N�1�m2), l is the pore fluid viscosity
(Pa�s), and k is the permeability (Darcy). Only a brief mathematical
description of the transient step method is provided. The mathe-
matical details can be found elsewhere [33–36]. Beginning at
6.89 MPa the confining pressure was increased to 20.68 MPa in
3.45 MPa increments and finally decreased in the same manner
with the permeability measured at each step. This was done twice,
totaling two full pressure cycles.
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2.4.2. Mechanical properties
Compressive strength (Pc) tests were conducted according to

(API-10B) using a uniaxial load frame with a constant load rate
of 72 kN per minute. This test is usually done because it often
resembles radial stress acting perpendicular to the axis of the well-
bore outward toward the formation [37]. A software was used to
calculate the compressive strength. Eq. (4) displays the calculation
where F (Newton) is the instantaneous maximum force of the spec-
imen at failure, L (m) is the length of the specimen, and W (m) is
the width of the specimen.

Pc ¼ F
L�W

ð4Þ

NER AutoLab 1500 was also used to calculate the dynamic elas-
tic properties MOE (E) and Poisson’s Ratio (mÞ under cyclic confin-
ing pressure. An ultrasonic system generated shear pulses (Vs

waves) and compressional pulses (Vp waves) propagating through
the specimen jacketed in a HTHP rubber sleeve using a source and
receiver transducer with wired connections (Fig. 3).

After calculating the bulk density (qÞ (g/cm3) Eq. (5) where m is
the mass (g), r is the radius (cm), and h is the height measured in
(cm). The specimen was assembled in the high pressure (HP) vessel
mounted on a base plug. The confining pressure was initiated at
6.89 MPa then increased to 20.68 MPa in 3.45 MPa increments
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and finally decreased in the same manner for two cycles. Both
velocities (VP and Vs) (m/s) were measured at each confining pres-
sure resulting in the final calculation of MOE Eq. (6) and Poisson’s
Ratio Eq. (7) [38].

q ¼ m
pr2h

ð5Þ
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qV2

S 3V2
P � 4V2
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ð6Þ

m ¼ 1� 2 VS=VPð Þ2

2 1� VS=VPð Þ2
h i ð7Þ
2.4.3. Phase transformation evaluation
X-ray diffraction (XRD) analysis was conducted to identify poly-

crystalline phases of hardened cementitious composites through
the recognition of X-ray patterns that are unique to cement crys-
talline phases [39]. At the conclusion of uniaxial compression tests,
cement fragments were taken from the centroid and ground into
fine powder (10–20 lm) using a mortar and pestle. Cement hydra-
tion was arrested by grounding in an organic solvent (isopropyl
alcohol) and rinsing with diethyl ether, afterwards samples were
dried in a vacuum oven at 105 �C [40–42]. A powder X-ray diffrac-
tion analysis was performed immediately afterwards using a
Rigaku Ultima III powder diffractometer in a h� 2h configuration
with CuΚa (1.5418 Å) radiation (anode voltage 40 kV and
44 mA). The incident X-ray beam was modified using the Rigaku
Cross Beam Optics system to create a parallel beam geometry.
Diffraction intensities were recorded on a scintillation detector
after being filtered through a Ge monochromator. The patterns
were obtained for specimens using a 2h range of 3–90�. In all
instances the data collection rate was set at 3.5 min/� with a step
width of 0.02�. The diffraction patterns were analyzed using the
software JADE v9.1 in combination with PDF 4+ (2019 version).
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2.4.4. Degree of hydration analysis
The thermogravimetric analysis (TGA) was executed using the

Mettler Toledo TGA/SDTA851e Module in order to calculate the
degree of hydration (DOH). At the conclusion of uniaxial compres-
sion tests, cement fragments were taken from the centroid and
ground into fine powders with a mortar and pestle while evapora-
tion was minimized. Approximately 30 mg of powder was trans-
ferred into the TGA chamber for measurement. The experiment
was conducted by placing the specimen in the chamber at ambient
temperature then increasing the temperature to 140 �C by
20 �C/min in a purged nitrogen environment. This is the critical
temperature for evaporable water as reported in the literature
[43]. This temperature was held constant for a total of 25 min to
remove evaporable water in the specimen. Afterwards, the speci-
men was heated from 140 �C to 1100 �C at a rate of 20 �C/min
which is necessary to extract all chemically bound water (CBW).
The data was normalized with the samples weight at 140 �C taken
as the baseline for measurements.

3. Experimental results and discussions

3.1. Morphological characterization of ANF suspensions

When ANF’s are introduced to cement paste during the mixing
process, a uniform distribution of fibers in the cementitious matrix
cannot be expected if they were not previously dispersed well in
deionized water. Deagglomeration of nanofibers is essential in
obtaining homogeneous dispersions that essentially enhance the
mechanical performance of composite materials [44]. Transmis-
sion electron microscope (TEM) images, which is one of three com-
mon methods used to assess nanomaterial morphology and
dispersibility [45], were taken to assess ANF dispersion in water.
Fig. 4 displays the ball milled ANF dispersion prepared according
to Section 2.2. It is evident there are various zones of nanofiber
agglomeration throughout the dispersion, examples are enclosed
in hashed red shapes. It is also evident that the ball milling proce-
dure was not effective in producing ANF’s in the appropriate size
Fig. 4. Ball milled dispersion solution.
range Table 1 in various areas, examples are enclosed in yellow cir-
cles. However, in Fig. 5 the 2% pre-dispersed solution displays the
well dispersed solution with ANF’s indicative of the size in Table 1.
These results indicate the ball milling procedure is chaotic and
modifications are necessary to achieve the appropriate size range.
Furthermore, without proper sonication ANF’s can easily agglom-
erate, meaning the ultrasonication process should also be modi-
fied. Yonathan Reches [46] also experienced suspended c-Al2O3

nanoparticle agglomeration without proper sonication. These
results affirm the notation that without proper preparation and
ultrasonication methods, nanofibers with large aspect ratios and
Van der Waals forces cause significant agglomeration [47]. Essen-
tially the 2% pre-dispersed solution displayed an exceptional dis-
persibility and was used for the remainder of the cement
experiments.

3.2. Permeability measurements

Figs. 6–9 displays the permeability measurements during cyclic
loading and unloading at each confining pressure value for all
cement formulations. The experiments were performed under cyc-
lic confining pressure beginning at 6.89 MPa, increased to
20.68 MPa in 3.45 MPa increments, and finally decreased in the
same manner for two cycles. All cement formulations undertake
the most irreversible change to the pore structure during the first
pressure cycle. This irreversible change indicates the closing of
microcracks due to increasing the confining pressure. All cement
formulations also showed the ability to endure confining pressure
fluctuations since there was no sudden increase in permeability
which would indicate internal cement failure. Although subtle,
there are minor changes in permeability between cement formula-
tions. The Ref cement sample had an average permeability of 1.83
micro Darcy (lD), ANF-1 had an average permeability of 1.44 lD,
ANF-2 had an average permeability of 1.92 lD, and ANF-3 had
an average permeability of 2.25 lD. The increase of permeability
between the Ref cement paste and the ANF-1 cement paste is
due to the characteristics of ANF’s. ANF’s possess high aqueous
Fig. 5. 2% pre-dispersed solution.



Fig. 6. Permeability measurement of Ref cement composite under cyclic confining
pressure.

Fig. 7. Permeability measurement of ANF-1 cement composite under cyclic
confining pressure.

Fig. 8. Permeability measurement of ANF-2 cement composite under cyclic
confining pressure.

Fig. 9. Permeability measurement of ANF-3 cement composite under cyclic
confining pressure.
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adsorption capacity. This allows cement particles to hydrate
around ANF’s, which creates a denser microstructure filling nano-
pores and bridging nano-cracks. ANF’s essentially provide nuclei
for cement phases to promote degree of hydration (DOH). The
inclusion of ANF’s also increases the amount of calcium silicate
hydrate (C-S-H) within the cement composite, this will be further
discussed in the XRD analysis section. Thus, the amount of binder
is increased which reduces the permeability of the cement and
densifies the structure. However, after ANF-1 the permeability of
composites steadily increases with the increase of ANF’s. This
increase of permeability is due to nanofilament agglomeration
and clustering due to increased loading. This leads to irregularities
in the microstructure during the hydration process which
increases the permeability. These irregularities in the microstruc-
ture can easily cause nano or microcracks in the composite which
can be enhanced by the simulated downhole curing temperature.
Mahmoud [48] experienced a similar phenomenon stating that
after increasing the nanoclay content past 3%, the permeability of
cement increased.
3.3. Mechanical properties

3.3.1. Compressive strength
Fig. 10 illustrates the variation of compressive strength values

with formulations presented in Table 2 after curing at 82.2 �C with
20.68 MPa for 24 h. According to the graph it is evident that com-
position ANF-1, containing 0.1% ANF by weight of cement (BWOC),
possesses superior strength gain at 25.6 MPa compared to the Ref
composite at 17.8 MPa. This estimates to a 44% increase in uniaxial
compressive strength. This dramatic increase is crucial considering
the fleeting wait on cement (WOC) time. The strength gain from all
the experimental composites is primarily a result of the hydration
products at elevated temperatures. Hydration is a function of tem-
perature which affects the kinetics and mechanisms of hydration.
Cement slurries cured at temperatures above ambient conditions
result in a hydration acceleration effect leading to a higher hydra-
tion degree and subsequently, producing a more condensed com-
posite with higher compressive strength. The difference is ANF’s
act as a nucleation site in cement composites, with hydration prod-
ucts (mainly calcium silicate hydrate (C-S-H)) forming around the
nanofibers providing nano-reinforcement [49]. Essentially when
nanocracks begin to form at the C-S-H level, ANF’s can impede
their progression due to the ‘‘bridging effect” in the elastic region.
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Fig. 10 also illustrates a decrease in strength gain, compared to
ANF-1, with composites ANF-2 and ANF-3 at 23.7 MPa and
22.7 MPa respectively. This strength decrease is due to nanofiber
clustering with higher dosages of nanomaterial [50]. This result
affirms the belief that at high loading of nanofibers, there is diffi-
culty in dispersing the material uniformly throughout the compos-
ite material due to Van der Waals forces.
3.3.2. Elastic properties
The dynamic elastic properties, MOE and Poisson’s ratio, were

also measured under the same cyclic confining pressure schedule
as the permeability tests. The MOE data is shown in Fig. 11.
According to the results, it is evident all cement formulations
either experienced insignificant or no change in MOE. Specimens
are experiencing a low inelastic deformation (the closing of micro-
cracks), as the MOE values are mostly able to return to its original
value after pressure cycling. These values are similar to Spaulding
[51], who reported MOE values of class ‘‘H” cement between
5.5 GPa to 11.1 GPa with varying cement class ‘‘H” formulations.
The Ref cement composite displays the highest elastic modulus,
which does not contain any ANF while the ANF-1 displays the low-
est elastic modulus from all other cement formulations. It is inter-
esting to note that ANF-2 and ANF-3 display similar values as the
Ref material. A possible explanation is that the cements are expe-
riencing nanofiber clustering which reduce the mechanical proper-
ties, thereby lowering elasticity. This is essential because cements
with lower MOE are more resistant to common mechanical stres-
ses associated in well operations [52].
Fig. 11. YM results for each cement composite at the correspon
It is also worth noting that as confining pressure increases, the
Vp and Vs waves also increase. Essentially the confining pressure is
causing microfractures to close, thereby increasing the velocity
which causes the specimens to exhibit plastic behavior. This
explains the increase of MOE for each cement composition. In
order to effectively illustrate this phenomenon all MOE values at
the corresponding pressure increment were averaged and plotted
(Fig. 12). The values were averaged because the YM at the corre-
sponding pressure increment differed minimally across cycles.
The standard deviations (SDx) along with the percentage increase
between each averaged pressure increment is also displayed in
Fig. 12.

According to Fig. 12, the change in MOE across all pressure fluc-
tuations is the lowest for the ANF-1 sample at 1.23%. Followed by
the Ref sample at 1.43%, ANF-2 at 2.93%, and ANF-3 at 3.27%. This is
indication that there is more pore volume in the Ref, ANF-2, and
ANF-3 cement formulations than the ANF-1 formulation. These
results coincide with the permeability results discussed earlier.
The ANF-1 sample essentially contains the least amount of pore
spaces with an almost constant YM throughout pressure cycling.

Fig. 13 displays the Poisson’s ratio values under the same cyclic
loading schedule. At each confining pressure increment ANF-1 pos-
sesses the highest Poisson’s ratio compared to the other cement
formulations. Again, the Ref material does not contain ANF which
explains the low Poisson’s ratio. ANF-2 and ANF-3 however possess
slightly lower values of Poisson’s ratio than ANF-1. This is possibly
due to nanofiber clustering, which lowers the mechanical proper-
ties. It is advantageous to increase the Poisson’s ratio because this
reduces the compressibility of the cement allowing better wellbore
integrity. Again, the Poisson’s ratio values differed minimally
across corresponding pressure cycles, so the values were averaged.
The standard deviations (SDx) along with the percentage change
for each averaged pressure increment is also displayed in Fig. 14.
Unlike MOE, Poisson’s ratio does not display any significant trend
as the values slightly increase and decrease between pressure fluc-
tuations. Therefore, it is observed the Poisson’s ratio is mostly
unaffected by the pressure fluctuations.
3.4. Microstructural analysis

3.4.1. XRD analysis
In order to investigate the phase identification and crystalline

phase changes of cement composites cured with ANF’s, XRD anal-
ysis was conducted with varying dosages of ANF’s. Fig. 15 displays
ding confining pressure increment for both pressure cycles.
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Fig. 12. Average values of Young’s Modulus, the percentage increase, and standard deviations of cement composites under cyclic pressure increments. (a) Ref sample (b) ANF-
1 (c) ANF-2 (d) ANF-3.

Fig. 13. PR results for each cement composite at the corresponding confining pressure increment for both pressure cycles.
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the diffraction patterns of hydrated cement composites listed in
Table 2. The XRD patterns reveal that all cement composite formu-
lations experience the same diffraction patterns and trends.
Although, there are slightly noticeable differences in the peak
intensities. The anhydrous hydration products (Brownmillerite
(Ca2FeAlO5), Portlandite (Ca(OH)2), Quartz (SiO2), Calcite (Ca
(CO3)), and Larnite (Ca2(SiO4))) are crystalline, therefore their
detection by X-ray diffraction (XRD) was possible. However, major-
ity of the hydration products was indistinguishable by XRD due to
the ill-defined hydrated calcium silicate hydrate gel. This phase is
usually referred to as C-S-H which is partially crystalline or amor-
phous and is structurally related to tobermorite and jennite (with
approximate stoichiometry of C5S6H5 and C9S6H11 respectively).
Due to the peak overlapping, it is difficult to conduct a quantitative
analysis based upon the peak intensities. However, the weight per-
centage of hydration products for each cement composite was
obtained (Table 3). Table 3 was calculated using the semi-
quantitative analysis through Rietveld refinements.

Most notable in Table 3 is the amount of C-S-H in each cement
formulation. The C-S-H phase is the most vital phase due to its
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Fig. 14. Average values of Poisson’s ratio, the percentage change, and standard deviations of cement composites under corresponding cyclic pressure increments: (a) Ref
sample (b) ANF-1 (c) ANF-2 (d) ANF-3.

Fig. 15. Diffraction patterns of ANF-cement composites.

Table 3
Weight percentage of hydration products in cement composites.

Cement Identifier Portlandite Quartz Ca

Ref 32.8 2.4 1.
ANF-1 29.7 3.3 0.
ANF-2 28.9 3.1 0.
ANF-3 29.7 4.2 0.
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binding ability which is responsible for majority of strength gain in
hydrated cement specimens. According to Table 3 the largest
increase in the C-S-H phase occurred between the Ref and ANF-1
sample. Additionally, the total weight percentage of hydration
products ANF-2 and ANF-3 slightly varied from ANF-1. There are
two different phenomena that could explain the increase in the
C-S-H phase from the Ref sample to the other ANF composite for-
mulations. (1) There is a nucleation effect of ANF’s in the cement
composite which accelerate the formation of hydrate phases. In
other words, there is a seeding effect that is commonly associated
with the use of nanomaterials that effectively accelerates hydra-
tion. Essentially the seeding effect provides additional surface area
which offers more nucleation sites for C-S-H formation. Muzenski
[53] utilized ANF’s in ultra-high strength cement-based composites
in which ANF’s were found to act as seeds to promote the forma-
tion of hydration products along the fibers. It was concluded that
C-S-H formed around nanofibers establishing a ‘‘shish kebab”
effect. According to the results in this research, the seeding affect
phenomena is likely affirmed. (2) The additional presence of
Al2O3 may also promote the formation of tobermorite. Meller
lcite Brownmillerite Larnite C-S-H

9 10.3 16.6 35.9
8 11.2 16.3 38.7
9 11.5 17.9 37.7
9 10.4 16.7 38.0
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[54] conducted experiments on API Class ‘‘G” oil well cements were
the addition of alumina promoted the formation of tobermorite,
thereby, improving the engineering properties of the cementitious
composite material. The Al3+ ions support the anomalous 1.1 nm
tobermorite at high curing conditions which encourages its forma-
tion. Likewise, a similar phenomenon is possibly occurring with
the addition of ANF promoting the increase of C-S-H owing to
the Al3+ ions. Since there is such a small additional amount of
ANF introduced in the cement composite all the hydration prod-
ucts had a relatively small difference between ANF-1, ANF-2, and
ANF-3.

It is also worth noting in situations where sulfate resistance is
required, the quantities of tricalcium aluminate are typically
reduced or almost eliminated due to its susceptibility of sulfate
attack. According to the Ref. sample of Fig. 15, the exclusion of
ettringite from the diffraction pattern ascribes to low amounts of
tricalcium aluminate. Thus, it seems reasonable that the inclusion
of ANF could be deleterious to the cement sheath. However, once
ANF is included in the cement composition for samples ANF-1,
ANF-2, and ANF-3, there is almost no change in the diffraction pat-
tern. Therefore, the results suggest a low dosage of ANF does not
conduce sulfate attacks. Additionally, ANF are considered to be
anti-corrosive materials [50]. Thus, it is observed an insignificant
amount of alumina is reintroduced into the cement composition
negating the formation of ettringite. Although, longer curing dura-
tions or increased ANF dosages may deem different results.
3.4.2. TGA analysis
The degree of hydration (DOH) was calculated by measuring the

total mass of chemically bound water (CBW) in each of the cement
formulations. Fig. 16 displays the weight loss with the mass at
140 �C normalized at 100%. There is also a zoomed in plot of the
figure to provide greater details of the weight losses. The dramatic
increase in weight loss between 440 �C and 520 �C is attributed to
the decomposition of Portlandite (Ca(OH)2) [43] for all samples.
Fig. 16. TGA results from 140 to 1100 �C wit
The weight of (CBW) is quantified in Table 4 as (wb), which indi-
cates there is a slight increase in the weight loss for ANF cement
composites compared to the reference sample. The total DOH for
each cement formulation is also calculated and presented in
Table 4. The DOH was calculated by dividing the weight of CBW,
in the region between 140 and 1100 �C, by 0.23 which is the
assumed gram per unit gram of cement when fully hydrated
[55]. It should be mentioned the value of 0.23 is typical for type I
Portland cement, although it has also been used in previous studies
to calculate the degree of hydration for class ‘‘H” oil well cement
[56]. Considering its intended use, there is a possibility of slight
systematic calculational error. Additionally, because of the various
cement phases that act at different rates, the degree of hydration
may relate either to individual clinker phases or the entire cement
composition rendering a definitive solution problematic. Therefore,
the degree of hydration is considered an overall and approximate
measurement of the reacted mass fraction of cement irrespective
of the phase [57]. The results show that more water reacts with
cement when ANF’s are present. These experiments, together with
XRD, prove the fact that ANF indeed slightly increases the DOH due
primarily to the nucleation effect of ANF which accelerates the for-
mation of hydration products.

To illustrate this phenomenon, once cement particles are com-
bined with water, hydration products begin to form in the matrix
(Fig. 17). Considering ANF is added and embedded into the cement
matrix (Fig. 18), additional hydration products form (seeding
effect) and the fibers can bridge nanopores thereby distributing
various stresses.
3.5. Construction cost

Depending upon the type of wellbore drilled and cemented, the
operational cost will vary. However, in this article, it is considered
the well is drilled in the Permian Basin which is the second largest
onshore oil field in the world and the largest in the U.S. A typical
h the mass at 140 �C as the base (100%).



Table 4
wb and DOH analyzed per gram of cement paste with different ANF weight fractions.

Analysis Ref ANF-1 ANF-2 ANF-3

wb 11.76 12.01 11.92 11.87
DOH 51.1 52.2 51.8 51.6

wb: Weight of CBW per g cement; DOH: Degree of Hydration.

Fig. 17. Schematic representation of cement hydration.

Fig. 18. Schematic representation of cement hydration with ANF.

Fig. 19. Schematic of horizontal wellbore trajectory.

Fig. 20. Compressive strength of specimens.
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wellbore trajectory is shown in Fig. 19. Typically, the wellbore is
cemented with specialized light weight cement (such as foam
cement) until the end of curve (EOC). After the end of curve, the
remaining section (lateral section) is cemented with higher density
cement. A cross-sectional view of the cemented lateral section is
presented in Fig. 20. The cost of ANF is US$1.17/g, which is consid-
erably lower than other nanomaterials such as CNT which can cost
upwards of US$750/g. Considering the hole diameter is 215.9 mm
and the casing diameter is 177.8 mm, the cost to cement the lateral
section with the ANF-1 formulation in Table 2 will cost US$23,780.
Considering the improved wellbore integrity ANF can provide, this
is a beneficial long-term investment.
3.6. Conclusion

The article presents the results of ANF reinforced cementitious
composites at different concentrations of ANFs (0, 0.1, 0.2, and
0.3 wt%) subjected to various simulated wellbore testing and
microstructural analysis. The conclusions of these investigations
are summarized as follows:

(1) Proper dispersion of nanofilaments is a requirement when
the intent is to enhance mechanical properties and improve
microstructural behavior. According to the TEM images, the
pre-dispersed solution had a better dispersion than the ball
milled solution due to varying dispersive methodologies.

(2) All cement composite formulations were able to withstand
confining pressure cycling considering there was no dra-
matic increase in permeability. Although, the ANF-1 formu-
lation possessed the lowest permeability at 1.44 lD. This is
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essentially due to the high aqueous adsorption capacity to
water, allowing the formation of C-S-H around ANF’s creat-
ing a denser microstructure with lower permeability than
the Ref sample. The permeability, however, gradually
increases with higher dosages of ANF’s causing the forma-
tion of nano and microcracks due to irregularities in the pore
structures.

(3) The compressive strength was the highest for the ANF-1 for-
mulation at 25.6 MPa compared to Ref. at 17.8 MPa. This is
largely due to the ‘‘bridging effect” of nanofilaments and
the increase in C-S-H. However, at higher dosage of ANF’s,
the compressive strength decreases due to nanofiber
clustering.

(4) All cement formulations experienced low inelastic deforma-
tion during confining pressure cycling. ANF-1 possessed the
lowest MOE among all the formulations and the lowest dis-
crepancy between the Vp and Vs waves during pressure
cycling. This is further indication that the ANF-1 formulation
contained the least amount of pore spaces after hydration.
ANF-1 also possesses the highest Poisson’s ratio among all
cement formulations. The low MOE and high Poisson’s Ratio
essentially indicated better ductility and thus a higher prob-
ability of resisting deformation due to casing
expansion/contraction.

(5) All cement formulation experienced the same XRD pattern
with only variations in the diffraction peaks. ANF-1 pos-
sessed the highest amount of C-S-H due primarily to the
nucleation effect (seeding effect) which provides additional
surface area for nucleation sites of C-S-H formation.

(6) The DOH was the highest for the ANF-1 formulation due to
the seeding effect, which effectively enhances hydration.
This increase in hydration essentially improves the mechan-
ical performance and microstructural properties of the
cement composites.

(7) ANF is a relatively inexpensive material, with substantial
potential to be utilized in the oil well cement industry.
Essentially, ANF can help to avoid secondary cement jobs
and improve the overall wellbore integrity.
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