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A B S T R A C T

Effects of highly dispersed Alumina Nanofibers (ANF) on the mechanical, rheological, and stability performances
in oil well cement were investigated in this study. The cement sheath possesses a vital role in maintaining zonal
isolation in the wellbore, supporting the casing, and preventing external casing corrosion. This research focuses
on using ANF to improve these functions. Cement class “H” composed of various concentrations of ANF, 0.2%
cement friction reducer (CFR), and distilled water were used in this experimental study. The nanofiber dosage
consisted of 0.1%–0.4% ANF in increments of 0.1% by weight of cementitious materials. The nanomaterials were
dispersed at various times using an ultrasonic batch to ensure uniform dispersion in the cement class “H” matrix.
A pre-dispersed version was also provided. The most highly dispersed solution was used in all the cement test
analysis. The results indicate the pre-dispersed solution at 0.1% ANF greatly increased the compressive strength
by 28% after 8 h of curing and 50% after 24 h of curing at 82.2 °C (180 °F) and 34.47MPa (5000 psi). Conversely,
the tensile strength increased by 9% and 53% after 8 h and 24 h curing, at the same temperature and pressure
conditions. Lastly, the differences in rheological, stability performance, and thickening time using cement
slurries without ANF compared to slurries with ANF proved insignificant.

1. Introduction

Oil well cementing operations involve placing cement around the
casing to ensure complete zonal isolation (i.e., restricting fluid move-
ment across various zones within formations) along with wellbore in-
tegrity. During the life of the well, the cement sheath will experience
various stresses. Stresses include relatively high fluid pressures and/or
temperatures inside of pipe cemented in the wellbore during testing,
perforating, completion, hydraulic fracturing, production, Enhanced
Oil Recovery (EOR) activities, formation shifting, overburden stress,
harsh subsurface temperature conditions, and remedial treatments
during the well's life. Adequate cementing is paramount to oil field
development which ensures environmental safety and favorable well
economics. To achieve successful zonal isolation, the cement sheath
should possess important properties including low permeability, high
early compressive strength and good tensile strength provided adequate
hole cleaning (Deshpande and Patil, 2017; Busahmin et al., 2017).
Failure of the cement sheath can result in the loss of zonal isolation,
which can lead to sustained casing pressure. Despite recent technolo-
gical 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 (Jafariesfad et al., 2017).

Nanotechnology is being increasingly introduced to improve the
well cementing process. Conventional cement-based materials are
naturally brittle, display low tensile strength and bulk shrinkage. These
features result in poor performance in bottom hole conditions and fi-
nally, costly repair operations, reduction in production capacity, en-
vironmental issues, and in worst case loss of the well (Jafariesfad et al.,
2017).

In recent times, there has been considerable efforts to improve the
mechanical properties of cement beginning on the nanoscale. Cracks in
cement-based materials initiate from the nanoscale where macrofibres
and microfibers are not effective (Metaxa et al., 2010). Thus, inclusion
of nanotubes and nanofibers in cement-based composites has attributed
considerable research efforts (Li et al., 2015a,b; Chaipanich et al., 2017;
Ahmed et al., 2018). Among fibers in nanoscale, carbon nanotubes
(CNTs) and nanofibers (CNFs) have attracted the most interest due to
their extraordinary strength with Young's modulus in the order of ter-
apascal (TPa) and tensile strength in the range of (gigapascal) GPa
(Sanchez and Sobolev, 2010). Albeit, reinforcing oil well cements with
alumina nanofibers (ANF) hasn't received such ubiquitous research in-
terest despite the potential upsides.

Alumina, Al2O3, is a ceramic metal oxide of great importance as
building material, refractory material, electrical and heat insulator,
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attributed to its high strength, corrosion resistance, chemical stability,
and low thermal conductivity. Alumina nanofibers (ANF) are one di-
mensional nano-structured fibers made from aluminum metal or alu-
minum containing materials. The fibers range in size from 1 to 100
(nm) in diameter and can be up to several micrometers in length;
possessing a high aspect ratio (length-to-diameter ratio) in length of
1000:1 (Noordin and Liew, 2010). High aspect ratios result in a large
surface area which allows ANF to effectively bond with various hy-
drates in the cement. Consequently, this allows for a nearly homo-
genous spacing at the nano-scale, which provides the ability to stop
crack growth at the micro-scale level by physically interrupting pro-
pagation (Sbia et al., 2014). Additionally, including nanometric mate-
rials to the calcium silicate hydrate (C-S-H) structure increases the
ductility and strength of the cement matrix (Paula et al., 2014). Es-
sentially, ANF behave as bridges embedded in the C-S-H structure that
transfer various stresses (Muzenski et al., 2019; Rahman et al., 2018).
Proper implementation of ANF in oil well cementing operations could
greatly diminish cement failure by providing reinforcement against
various stresses.

The objectives of this study encompass effectively characterizing the
dispersibility of ANF in the solvent (deionized water). Upon char-
acterization the ANF solution is dispersed throughout the cement class
“H” matrix to assess the mechanical properties, workability, stability
performance, and thickening time of the cement slurries. ANF were
effectively embedded in the nanopores of the class “H” cement matrix
resulting in a significant increase in mechanical properties. The me-
chanical properties essentially characterize the response of cement to
mechanical loads and deformation. The compressive strength and ten-
sile strength are prominent indicators of such phenomenon (Lavrov and
Torsaeter, 2016; Li et al., 2015a,b). The significant strength increase is
largely due to an effective dispersion. An effective dispersion of fiber
admixture is imperative for improving the structural or functional
properties of cement-based materials (Chung, 2005). The workability of
the cement composite was assessed by examining the rheological be-
havior. Testing of the rheological properties is vital for simulating
pump profiles and flow regimes. It is also important for measuring the
viscosity which should provide good pumpability to reduce the horse-
power necessary to overcome friction losses during the cement job
(Sarmah et al., 2016; Nelson and Guillot, 2006). Stability testing en-
compassing free fluid (free water) and sedimentation tests were also
conducted. Lastly, the thickening time was also studied. To predict the
performance of the cement composites in simulated wellbore condi-
tions, all cement samples were formulated based upon the (American
Petroleum Institute, 2013). A flowchart indicating the overall workflow
of the experiments is provided in Appendix A, although the experi-
mental procedures will be discussed in detail throughout the article.

2. Materials

Aluminum oxide (Al2O3) exists in several polymorphs, such as γ-, δ-,
η-, θ-, κ-, and α- phases. Among the transition aluminas, γ-alumina is
one of the most important. Boehmite or γ-alumina forms through de-
hydration of aluminum hydroxide when heated at elevated tempera-
tures (~500 °C). The applicability of γ-Al2O3 is traced to a unique
combination of its structural properties (e.g. pore size and distribution,
high surface area, specific acid/base features), (Aghayan et al., 2013).

In this research as received γ-Al2O3 (99.9% purity) nanofibers,
along with as received pre-dispersed ANF solution, were characterized
in order to test the applicability in class “H” cement under simulated in-
situ wellbore conditions. Class “H” cement was selected due to its usage
by nearly 80% of oil well drilling companies (Sun et al., 2016; Guner
and Ozturk, 2015). The typical chemical composition of class “H” ce-
ment is presented in Table 1 below. The primary constituent, Tri-
calcium Silicate (C3S), is the principal strength-producing material re-
sponsible for early strength development (Halliburton Services, 1972;
Piklowska, 2017).

As received ANF appear as large fiber bundles and must be con-
verted to powder form. Ensuing the powder conversion, there is an
infamous issue of nanofiber agglomeration. Due to the attractive van
der Waals forces of nanoelements, agglomerates readily form among
nanofibers; especially those possessing high aspect ratios. Thus, it is an
arduous task to formulate a cementitious composite that has a uniform
dispersion of nanoelements throughout the cement matrix. Although,
there are various techniques utilized by researchers for obtaining a
homogenous nanofiber admixture dispersion. The four most common
methods are chemical surface modification, physical surface modifica-
tion (through surfactants or polymer wrappings), and mechanical
methods of ultrasonication and stirring (Bastos et al., 2016). Among
these, ultrasonication is the most frequently used technique for nano-
material dispersion (Gkikas et al., 2012). In this research, ultrasonica-
tion was utilized to characterize ANF dispersions.

Ultrasonication is essentially a method that applies ultrasound en-
ergy to agitate particles in a solution. Researchers typically use an ul-
trasonic bath or an ultrasonic probe/horn, known as a sonicator to
accomplish this task. Essentially, ultrasound propagates via compres-
sion which results in attenuated waves that pass through the molecules
of the medium. These shock waves promote the “peeling off” of each
nanoparticle located at the outer portion of the nanoparticle bundle, or
agglomerate, which induces separation of each nanoparticle from the
bundles. In this research, an ultrasonic bath (8891, Cole-Parmer) was
used to disperse ANF throughout the solution.

Essentially, ANF powder is dispersed with deionized water using
ultrasonication and the dispersion was compared against the pre-dis-
persed 2% concentrated ANF solution. The dispersion basis for the pre-
dispersed solution is deionized water along with a disintegrator used to
formulate the solution. The intent was to compare the highly utilized
sonicated method of dispersing ANF to the pre-dispersed ANF provided
by the manufacturer to achieve optimum cement results.

The optimum solution, between the sonicated ANF and the pre-
dispersed ANF, was selected as the nanofiber admixture for oil well
cement testing. A cement friction reducing dispersant (CFR) and class
“H” cement were used to formulate cement slurries. Distilled water was
used as the cement mixing water since water from different field
sources vary and to avoid any ion interference (American Petroleum
Institute, 2013). Cement rheology was measured using a coaxial cy-
linder rotational viscometer. All cement slurry formulations were done
according to (American Petroleum Institute, 2013).

3. Methods

3.1. ANF functionalization

As previously mentioned, as received ANF appear as large bundles
of fiber and must be reduced to powdered form. For many applications,
ANF should be functionalized in order to improve their mechanical
properties and chemical stability for processing of specific functional
materials (Aghayan et al., 2013). An SEM image of as received ANF is
shown in Fig. 1. ANF are one dimensional materials with high aspect
ratios of length to diameter of 1000:1 and diameter of 1–100 nm. The
desired ANF particulates size consist of 10–20 μm (μm) in length with
individual fiber diameters of about 10–20 nm (nm) (Noordin and Liew,
2010; Wu and Koo, 2015). In order to achieve this size to properly
facilitate ANF dispersion throughout the cement matrix, the fibers were
balled milled using an 8000M, Mixer/Mill for a total of 15min. Fig. 2
displays the results of this process.

3.2. ANF ultrasonication

In order to allow the analysis and comparisons of results, all ultra-
sonicated bath solutions were done so at the same concentrations. One
gram (1 g) of ANF was placed in a 50 g solution of deionized water
producing a 2% ANF aqueous concentration. Three different samples
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were ultrasonicated for 10min, 30min, and 60min. The pre-dispersed
solution was not sonicated. Afterwards, samples were collected in order
to conduct a characterization analysis. Fig. 3 shows the opacity of the
samples after conducting the procedure.

3.3. Characterization of aqueous ANF suspensions through UV–Vis
spectroscopy

ANF aqueous suspensions were characterized by ultraviolet–visible
spectrophotometry (UV–Vis) (after 24 h of preparation) to measure the
absorption intensity of prepared suspensions. UV–Vis is an effective
means to characterize the dispersibility of nanomaterials in aqueous
solutions. Essentially, a UV–Vis light is passed through a sample and the
transmittance of light by a sample is measured. The Beer-Lambert law
Eq. (1), is used to calculate the (decadic) absorption intensity of the
nanofluid.

= =A I
I

lclog o
(1)

In Eq. (1), A is the absorbance, Io is the initial light intensity, I is the
light intensity after it passes through the sample, is the molar ab-
sorptivity, l is the optical path length of the cuvette in which the sample
is contained, and c is the concentration of the nanomaterials in sus-
pension. Suspensions with lower absorbance indicate a lower amount of
dispersed nanomaterials due to reagglomeration and settling issues.
However, suspensions with higher absorbance indicates a more thor-
ough dispersion with a higher deagglomeration of nanomaterials
(Alshaghel et al., 2018). The Agilent 8453 UV–Visible spectro-
photometer with a wavelength range of 190–1100 nm was used to
conduct the analysis. Cuvettes were thoroughly cleaned before con-
ducting the experiment. The cuvette was filled with the solvent and a
blank reading was measured to ensure minimal absorbance. Due to the
large opacity of the ANF samples, serial dilutions were conducted on all
samples. Without diluting the sample, all the light was absorbed
causing a transmittance of zero and an infinite absorption. Samples
must be diluted to ensure a low concentration of ANF since the Beer-
Lambert law is only well-obeyed at lower concentrations (Elkashef
et al., 2015). Hence, it was confirmed that samples diluted by a factor of
25 result in ANF contents that are suitable for UV–vis measurements.
Dilutions lower than this value resulted in a transmittance of zero while
higher dilutions were examined to validate the dependence of absor-
bance on the ANF concentrations.

3.4. Cement slurry formulation

Class “H” cement slurry was prepared in a blade-type mixer ac-
cording to (American Petroleum Institute, 2013) to ensure a constant
density of 1.87 g/cm3 (15.6 lb/gal). A constant (CFR) dosage of 0.2% by
weight of cement (BWOC) was utilized for all samples. Cement for-
mulations were analyzed at varying ANF concentrations consisting of
0.1%, 0.2%, 0.3%, and 0.4% (BWOC). There was also a batch of cement
prepared with no ANF having (CFR) as the only additive. This was done
in order to conduct a parametric analysis.

3.5. Cement slurry rheological behavior

Rheological tests were performed to verify the effects of ANF on
cement slurry workability. Tests were performed at 21.6 °C (71 °F) and

Table 1
Cement Class H principal compounds.

Tricalcium Silicate (C3S) Dicalcium Silicate (C2S) Tricalcium Aluminate (C3A) Tetracalcium Aluminoferrite (C4AF) Calcium Sulfate (CaSO4)

52% 25% 5% 12% 3.3%

Plus free lime, alkali (Sodium (Na), Potassium (K), Magnesium (Mg)).

Fig. 1. SEM image of as received ANF bundles.

Fig. 2. SEM image of functionalized ANF bundles after ball milling.

Fig. 3. ANF ultrasonication samples from left to right: 10min, 30min, 60min,
pre-dispersed solution.

P. McElroy, et al. Journal of Petroleum Science and Engineering 183 (2019) 106415

3



atmospheric pressure. Tests were conducted according to (American
Petroleum Institute, 2013). The cement slurry is represented by the
Bingham plastic model presented below in Eq. (2).

= + µy p (2)

In Eq. (2), is the shear stress (Pa), y is the yield point (Pa), µp is
the plastic viscosity (Pa·s), and is the shear rate (s−1). The yield point
is defined as the minimum stress required to deform the fluid flow.
Below the yield point the fluid behaves as an elastic solid and above the
yield point fluid flows with a plastic viscosity. The plastic viscosity is
essentially the resistance of fluid flow once the yield point is exceeded
(Clark et al., 1990). The gel strength was also tested which is a measure
of the attractive forces between particles in a fluid under static or non-
flow conditions (Nehdi and Shahriar, 2012). The slurry was precondi-
tioned at 511.5 s−1 for 1min to disperse the gel already formed.
Afterwards, the slurry remained static for 10 s and the maximum de-
flection was recorded by applying a shear rate of 5.1 s−1. The reading
was used to calculate the 10 s gel strength. Subsequently, the slurry
remained static for 10min with the shear rate again applied at 5.1 s−1

after the elapsed time. The reading was used to calculate the 10min gel
strength. The measurements were taken using a couette coaxial cylinder
rotational viscometer equipped with a transducer to measure the in-
duced angle of rotation of the bob by the fluid sample as shown in
(Fig. 4). All procedures were repeated three times with a freshly pre-
pared cement slurry and the results were averaged.

3.6. Cement mechanical properties

Compressive and tensile strength tests were conducted on all the
cement samples. All samples were cured in the ultrasonic cement ana-
lyzer (UCA) at 82.2 °C (180 °F) and 34.47MPa (5000 psi). With average
well depths at approximately 3596.64m (11,800 feet) according to
Reliant Energy (Cookson, 2013), these pressure and temperature con-
ditions are indicative of the Permian Basin. The Permian Basin is the
second largest onshore oil field in the world and the largest in the U.S.
Samples were cured for a duration of 8 h and 24 h to assess strength
development.

Strength test were performed according to (American Petroleum
Institute, 2013). Due to the dimensions of the UCA curing chamber, the

cement sample was wet cut into a 101.6mm2 (4 in.2) sample surface
with a height of 48mm (1.9 in.) after curing (Fig. 5 and Fig. 6). These
dimensions are acceptable according to (American Petroleum Institute,
2013) when determining uniaxial compressive strength. Samples were
surfaced grinded to ensure a level surface. The loading rate was
maintained at 72 kN/min (16,000 lbf/min) until failure.

Since there is no API procedure for determining tensile strength, the
dimensions recommended by the (American Society for Testing and
Materials (ASTM), 2016) were utilized. The splitting tensile strength
(Brazilian tensile test) was performed by wet coring 50.8×25.4mm2

(2×1 in.2) from specimens also cured in the UCA. A loading rate of
20.68MPa/min (3000 psi/min) was used, which failed the specimen
between 1 and 10min which is a requirement according to (American
Society for Testing and Materials (ASTM), 2016). Fig. 7 displays a result
of the process. Three specimens were prepared for each test to ensure
repeatability and the results were averaged.

3.7. Stability tests

Free fluid and sedimentation tests were conducted at 21.6 °C (71 °F)
at atmospheric pressure (101.35 KPa (14.7 psi)) in order to measure the
stability of alumina nanofibers in class “H” cement slurry. Free fluid can
develop with minimal sedimentation, and sedimentation can occur
without free fluid forming. Therefore, both free fluid and sedimentation
values are measured (Fig. 8 and Fig. 9). Excessive free fluid and sedi-
mentation are considered injurious to the quality of the cement sheathFig. 4. Couette coaxial cylinder rotational viscometer.

Fig. 5. Retrieved cement sample from UCA.

Fig. 6. Wet cut UCA sample.
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(American Petroleum Institute, 2013).
The free fluid test requires pouring a freshly mixed cement slurry

into a graduated cylinder at 250ml. The cylinder is then sealed to
prevent evaporation and the amount of free fluid is measured after 2 h.
The test was conducted three times with the average of the experi-
mental values reported.

The sedimentation test requires placing freshly mixed cement slurry
inside a tube length of 200mm with an inner diameter of 25mm. The
slurry is first poured 20mm from the top of the tube in which the slurry
is paddled to dislodge any air bubbles. Afterwards, the tube is com-
pletely filled. A top cover is placed on the test tube to prevent eva-
poration. After a 24-h curing period, a mark is placed 20mm from the
top and bottom of the sample. The sample is then divided into four
equal sections (Fig. 10). The samples are then wet cut at each of the
marks. Using Archimedes Principle, the relative density of each of the
four sections are calculated by dividing the dry mass of each specimen
by the mass of the specimen submerged in a beaker of water. The first
specimen is used as the reference density and the remaining percent
density differences are calculated thereof. This process was conducted
three times with the average of the experimental values reported.

3.8. Thickening time tests

The thickening time provides an indication of the length of time that
a cement slurry will remain pumpable in a well. The consistency or
pumpability of the slurry is measured in Bearden units of consistency
(Bc). Each slurry sample is placed in a slurry cup assembly which is then
placed in the Automated HTHP consistometer Fig. 11. The slurry cup
assembly is rotated at a speed of 150 r/min at elevated temperature and
pressure conditions. The torque required to rotate the paddle is mea-
sured, the time at which the torque reaches 70 (Bc) units is taken as the
thickening (Umeokafor and Joel, 2010). The HTHP consistometer
software was used to facilitate the test in which the static bottom hole
temperature and static bottom hole pressure was set to 82.2 °C (180 °F)
and 34.47MPa (5000 psi), respectively. The experiment was conducted
three times with the average value reported.

Fig. 7. Cement sample after splitting tensile strength failure.

Fig. 8. Free water development in cement.

Fig. 9. Sedimentation development in cement.

Fig. 10. Sedimentation cement sample before wet cutting.
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4. Results and discussions

4.1. UV–vis spectra characterization

Fig. 12 shows the absorption spectra of deionized water, as a solvent,
with suspended ANF samples sonicated at 60min, 30min, 10min, and the
pre-dispersed sample all diluted by a factor of 25. It is evident the pre-
dispersed solution has the highest absorption among the other samples.

To validate the dependence of the absorbance on the ANF concentra-
tion, the ANF pre-dispersed solution was diluted with deionized water at
various concentrations. “C” is the initial concentration with variations
consisting of C/25, C/50, C/100, and C/200. Fig. 13 displays the results of
the aforementioned process. For each concentration, an absorption peak
around 227 nm wavelength is identified through the spectra pattern. After
the absorption peak is reached, the absorbance decreases as the wave-
length increases as a monotonic sequence. The peak wavelength and the
spectra pattern correspond to the results previously obtained by
(Piriyawong et al., 2012; Adio et al., 2016) whereby γ-Al2O3 nanoparticles
where dispersed in deionized water by pulsed laser ablation and the effect
of ultrasonication energy on Al2O3-glycerol nanofluids was observed.

It can be concluded that ANF absorbance decreases when the dilu-
tion factor increases, affirming Beer-Lambert's Law. Fig. 14 shows the
plot between ANF concentration versus the absorbance. The standard
deviation (SDx) of the data is presented in Table 2. Similar results were
also obtained for sonicated samples at 60min, 30min, and 10min.
Thus, the pre-dispersed ANF formulation was utilized for the remainder
of the experimental study.

4.2. Cement slurry rheological behavior

Table 3 displays the cement batch compositions and the identifiers
thereof, which will be referred to for the remainder of the paper. Fig. 15
shows the rheology for all prepared batches of cement. There is low
disparity of the rheological performance between cement batches and
the flow curves almost resemble a straight line. The yield point, plastic
viscosity, and linear regression value for each cement batch is shown in
Table 4. The intercept of the linear regression line corresponds to the
yield point while the slope represents the plastic viscosity (Shahriar and

Fig. 11. Automated HTHP consistometer.

Fig. 12. Absorption spectra of sonicated samples at 10min, 30min, 60min, and
the pre-dispersed solution.

Fig. 13. Typical absorption spectra of deionized water with different suspended
ANF concentrations for the pre-dispersed solution.

Fig. 14. Linear relationship between the absorbance and the concentration at
wavelength 227 nm.

Table 2
Standard deviation of the data presented in Fig. 14.

Concentration (a.u.) SDx

C/25 9.63E-04
C/50 9.22E-05
C/100 5.50E-05
C/200 4.20E-05
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Nehdi, 2012). Essentially, the results indicate there are no significant
alterations in rheology when well dispersed ANF is added in the cement
matrix. Additionally, Table 4 also indicates that as the concentration of
ANF increases the gel strength also slightly increases. This is true for
both the 5 s and 10min gel strength tests. This is likely due to the in-
creased solids ratio of ANF which possess van der Waals attraction. The
SDx of the experimental data is displayed in Table 5.

4.3. Strength properties

Fig. 16 displays the results of the compressive strength of cement
batches at 8 and 24 h. It can be observed that the compressive strength
significantly increases after the addition of 0.1% ANF (CFR02PDANF01) at
8 and 24 h. Indeed, the addition of 0.1% ANF possesses the greatest
compressive strength among all the prepared cement batches at both time

frames. Cement sample (CFR02) has an average compressive strength of
17.1MPa at 8 h and 21.6MPa at 24 h. Cement sample (CFR02PDANF01)
has an average compressive strength of 21.9MPa at 8 h and 32.5MPa at
24 h. Conversely, there is a 28% and 50% increase in compressive strength
at 8 h and 24 h between batches with no ANF and 0.1% ANF.

Similarly, Fig. 17 displays the addition of 0.1% ANF
(CFR02PDANF01) at 8 and 24 h increases the tensile strength of the
cement composite most effectively. Cement sample (CFR02) has an
average tensile strength of 2.392MPa at 8 h and 2.66MPa at 24 h. Ce-
ment sample (CFR02PDANF01) has an average tensile strength of
2.609MPa at 8 h and 4.08MPa at 24 h. There is a 9% and 53% increase
in tensile strength at 8 h and 24 h between batches with no ANF and
0.1% ANF. 0.1% ANF is effective at increasing the mechanical strength
of both compressive and tensile failure due to the effective embedment
of fibers in the cement matrix. Nanofibers essentially bridge the gap
between pores and nanocracks, thereby transferring much of the load
that would be applied to the cement matrix to the fibers. This essen-
tially delays the formation of cracks coalescing into microcracks and
macrocracks which eventually results in ultimate failure.

Increasing the amount of ANF beyond 0.1% for both the compressive
and tensile failure tests introduces ANF clustering throughout the cement
matrix. ANF is not effectively bonding to the cement particles because
there is an excess amount of nanomaterial that leads to clumping. Noordin
and Liew (2010) discussed a similar phenomenon when a high loading
rate of alumina nanofibers decreased the strength properties of the
polymer polyaniline due to clustering. Essentially, entangled clumps of
nanomaterial form in the cement nanopores that create weak zones in the
cementitious matrix. Cement is not able to bond to other cement hydration
products or ANF's due to the blockage caused by ANF clustering. This
ultimately lowers the strength properties of the cement.

4.4. Stability tests results

Table 6 and Table 7 display the results for the free fluid and sedi-
mentation tests. As can be seen in Table 6, the amount of free fluid
continues to decrease as the amount of ANF is increased. A previous
study was conducted utilizing Thermogravimetric analysis (TGA) to
evaluate the existence of surface coatings on ANF (Saunders et al.,
2015). Based upon this study it was concluded that ANF possesses a
high water adsorption capacity. This affinity to water reduces the
amount of water in the cement hydration process. This phenomenon
explains the reduction of free water as the amount of ANF is increased.
For each ANF cement formulation, the amount of free water is below
the maximum amount of “5.9%” when using class “H” cement
(American Petroleum Institute, 2015). There is also not a significant
increase in sedimentation between different alumina nanofiber con-
centrations according to Table 7. This is an indication that highly dis-
persed alumina nanofibers are highly stable.

4.5. Thickening time tests

According to Table 8, there is minimal discrepancies in the thick-
ening time between the various cement samples. As the amount of ANF
is increased the thickening time slightly reduces. This slight reduction is
caused by the loss of water in the slurry due to the strongly bound water
on ANF's. The largest discrepancy in thickening time is between the

Table 3
Cement batch compositions.

Cement batch identifier Composition

CFR02 Cement + water +0.2% CFR
CFR02PDANF01 Cement + water +0.2% CFR +0.1% Pre-Dispersed ANF
CFR02PDANF02 Cement + water +0.2% CFR +0.2% Pre-Dispersed ANF
CFR02PDANF03 Cement + water +0.2% CFR +0.3% Pre-Dispersed ANF
CFR02PDANF04 Cement + water +0.2% CFR +0.4% Pre-Dispersed ANF

Fig. 15. Rheological flow curves for the cement batches.

Table 4
Cement batch rheological properties.

Cement batch
identifier

Yield
Point
(Pa)

Plastic
Viscosity
(Pa·s)

r2 value 5 s. Gel
strength
(Pa)

10min. Gel
Strength
(Pa)

CFR02 5.1 0.0262 0.99 2.04 3.17
CFR02PDANF01 1.6 0.0269 0.99 4.09 5.02
CFR02PDANF02 3.5 0.0317 0.99 4.38 5.23
CFR02PDANF03 4.6 0.0344 0.98 4.63 5.50
CFR02PDANF04 4.7 0.0345 0.98 4.84 5.76

Table 5
Standard deviation of the data presented in Fig. 15.

Cement batch
identifier

Yield
Point
SDx

Plastic
Viscosity SDx

5 s. Gel
strength SDx

10min. Gel
Strength SDx

CFR02 0.09 9.54E-04 0.10 0.10
CFR02PDANF01 0.06 1.15E-04 0.05 0.03
CFR02PDANF02 0.04 1.01E-03 0.06 0.08
CFR02PDANF03 0.18 1.31E-03 0.06 0.03
CFR02PDANF04 0.12 6.24E-04 0.06 0.03
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CFR02 and CFR02PDANF04 cement formulation (10min). These two
cement formulations also have the largest discrepancy in the amount of
free fluid according to Table 6, which was previously mentioned. The
combination of these two results affirm the notion that loss of water
from the slurry accelerates the setting time.

5. Conclusions

Essentially, the inclusion of ANF in cement class “H” enhanced the
cementitious properties of the composite material. The UV–vis spec-
trometer effectively characterized the dispersibility of ANF in aqueous
solutions using different methods. The provided pre-dispersed ANF
solution possessed the greatest amount of dispersibility over the soni-
cated solutions. Beer-Lambert's Law was affirmed with the increase in
the dilution factor causing a decrease in ANF absorbance.

The CFR02PDANF01 cement formulation provided the greatest en-
hancement to cementitious properties compared to all other cement
formulations. The incorporation of pre-dispersed 0.1% ANF by weight
of cementitious material increased the compressive strength of class
“H” cement compared to the formulation without ANF by 28% after
curing for 8 h and 50% after curing for 24 h. The tensile strength,
performed using the splitting tensile test method, increased by 9% after
curing class “H” cement for 8 h and 53% after curing class “H” cement
for 24 h. The increase in mechanical strength is largely due to the

Fig. 16. Compressive strengths at 8 and 24 h.

Fig. 17. Tensile strengths at 8 and 24 h.

Table 6
Free fluid test for different cement batches.

Cement batch identifier % Volume Fraction of Free Fluid

CFR02 2.83
CFR02PDANF01 2.19
CFR02PDANF02 1.89
CFR02PDANF03 1.76
CFR02PDANF04 1.68
API Limit < 5.9

Table 7
Sedimentation test for different cement batches.

Cement batch
identifier

Segment 1
(Base)

Segment 2%
change in
density Δƿ

Segment 3%
change in
density Δƿ

Segment 4%
change in
density Δƿ

CFR02 – 0.15 0.33 0.50
CFR02PDANF01 – 0.26 0.39 1.11
CFR02PDANF02 – 0.46 0.59 1.12
CFR02PDANF03 – 0.51 0.59 1.11
CFR02PDANF04 – 0.54 0.52 1.14

Table 8
Thickening time tests.

Cement batch identifier Thickening Time (Hrs:Min)

CFR02 2:18
CFR02PDANF01 2:16
CFR02PDANF02 2:14
CFR02PDANF03 2:10
CFR02PDANF04 2:08
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effectiveness of nanofibers to bridge the nanopores which transfers the
load to the fibers. Additional loading of nanofiber materials past 0.1%
ANF tends to reduce the strength properties of the cementitious sam-
ples. This is due to the tendency of fibers to cluster together impeding
cement from bonding to other cement hydration products or ANF. Thus,
the mechanical properties are ultimately reduced.

Additionally, ANF does not significantly affect the rheological
properties, free fluid, sedimentation, and thickening time for all do-
sages of nanofibers used in this study considering the use of dispersant
is employed. According to the literature, the workability of cement
paste is typically reduced when nanomaterials possessing large surface
areas are incorporated. However, the experimental results show an
insignificant change in the rheological properties, free fluid, sedi-
mentation, and thickening time.

Future work utilizing ANF in oil well cements include testing at high
temperature (greater than 110 °C (230 °F)) which promote strength
retrogression and high pressure (greater than 68.95MPa (10,000 psi))

conditions. The compatibility with common additives such as accel-
erators, retarders, defoamers, and extenders should also be assessed.
Characteristics such as the elastic properties, microstructural phases,
permeability alterations should also be studied. Lastly, the development
of numerical mathematical models using ANF could vastly reduce costly
and time-consuming experimental procedures.
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