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Abstract: This study evaluated the effect of carbon nanofibers (CNFs) coated by aluminum oxide
Al,O3 as a reinforcement on compressive strength, frost resistance, and drying shrinkage of cement
mortars. Three weight ratios of 0.125%, 0.25%, and 0.5% of Al,O3/CNFs and bare CNF cement
mortars were compared with reference cement mortar samples. The reactive porous and high surface
area layer of alumina induced the hydration reaction and promoted the production of well-distributed
hydration gel. Derivative thermal analysis—differential thermogravimetric (TGA-DTG) and X-ray
powder diffraction (XRD) characterization showed that Al,O3/CNFs reinforcement led to greater
hydration gel production than bare CNFs. Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) were performed to study the coating and microstructure of the cement
mortars evaluated in this paper. The results show that the optimum enhancement of the cement
mortar properties was obtained at ratios of 0.125% for Al;O3/CNFs and 0.25% for CNFs. This
enhancement was greater with Al,O3/CNFs-reinforced specimens in terms of high compressive
strength, less compressive strength degradation after 150 cycles, and less drying shrinkage. The
low use of the CNFs in Al,O3/CNFs samples indicates the coating is an economical and promising
approach for improving the performance of cement mortars.

Keywords: carbon nanofibers; nanocoating; alumina; durability

1. Introduction

Cementitious materials are the most prevalent construction materials nowadays, but
they suffer from low tensile strength and are highly susceptible to cracking. Therefore,
several research efforts have been devoted to enhancing the cement structure with macro-
level or micro-level reinforcements [1-4] However, internal voids and cracks generally
start from a nano size as embryos, then grow to a micro size, leading to a destructive level.
If the voids” population is largely present in the cementitious structure, the water easily
penetrates and precipitates them, which can lead to freeze-thaw damage [5]. Exposing the
cementitious materials to repetitive freeze—thaw cycles severely deteriorates their structure.
Therefore, nano-scale reinforcements are used to prevent voids’ initiation as an effective
way to protect the inherent mechanical and durability properties [6-9]. Researchers have
found that nanomaterials are highly reactive to cementitious materials as they can act as
seeding sites for the hydration products [10,11]. The hydration reaction is catalyzed by
either oxygen functional groups (-OH, -COOH, -C=0) on carbon nanomaterials or the
pozzolanic reactivity associated with some metal oxide nanoparticles (5iO;, Al,O3) [12].
This mainly serves for porosity refinement, water impermeability, and structure bridging.

Recently, there has been a growing interest in integrating carbon nanomaterials, such
as carbon nanotubes (CNTs), carbon nanofibers (CNFs), and graphene [13-15], in cement
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composites to increase their frost resistance. The efforts have focused on either eliminat-
ing the void formation or refining them to small sizes to reduce the permeability of the
cementitious material, hence improving the durability. Others have reported allowing
extra space for ice to expand by incorporating air bubbles in the composites [12]. Limited
studies have explicitly reported on using CNFs in enhancing the cement frost resistance.
Cwirzen et al. [16] studied the effect of the CNFs on the strength and residual cumulative
strain of cement mortars after freeze-thaw cycles with a high water-to-cement ratio of 0.5.
They found that the higher the content of the CNF composites, the lower the ultimate strain
and the internal damage. Their study showed the bridging ability of CNFs with higher
water ratios. Wang et al. [9] comparatively investigated the different CNFs’ loading effect
on frost resistance. They found a 0.3% CNF dosage to be an optimum choice that refined
the microstructures, which promoted the durability. Metaxa et al. [17] demonstrated the
ability of the CNFs to arrest crack growth in the cement matrix. According to their results,
the CNFs performed well in reducing the crack propagation by a bridging phenomenon
that provided a load transfer mechanism across cracks and pores. However, the above-
mentioned properties of the addition of the CNFs to the cementitious materials are limited
by the dispersion of CNFs [18] and by the bonding with the cement matrix. Therefore,
surface treatment is essential to improve the solubility as well as the bonding with cement
hydration products.

Metal oxide nanoparticles (MNPs) have been vastly utilized in reducing the porosity
of cement composites. These materials possess a high surface area that makes them
reactive, strengthening the microstructure of the cement with less porosity [19,20], especially
those that possess a pozzolanic property, such as silica and alumina nanoparticles [20-23].
Those materials react with calcium hydroxide Ca (OH),, which has portlandite, forming
a secondary reaction producing gels of calcium-silicate-hydrate (C-S5-H) and calcium—
aluminum-hydrate (C-A-H). The rate of such a reaction is controlled by the available
surface area and the surface nucleation sites. Behfarnia et al. [21] discussed the feasibility
of using both SiO, and Al,O3; nanoparticles in enhancing the frost resistance of the concrete
mixes due to the pozzolanic and refining effects. Muzenski et al. [24] reported that using
0.25 wt.% of aluminum oxide nanofibers increased the compressive strength by 30%.

However, an inhomogeneous dispersion of these nanoparticles could devolve their
functions, such as forming aggregates and inducing formation of large-size voids. Unlike
CNFs or CNTs, MNPs lack a bridging phenomenon, which is highly needed to compact
the cement microstructure. Another issue with MINPs is their cost, which prohibits it from
being scaled up. Therefore, an innovative design for metal oxide nanoparticles with a high
surface area, hydrophilicity, and low cost is needed.

Drying shrinkage is another property the community has sought to practically solve.
Different nanomaterials have been applied, aiming to reduce shrinkage. The aforemen-
tioned nanomaterials have also been used to improve drying shrinkage response resulting
from many effects, such as surface hydrophilicity of CNF [25], fast hydration reaction of
5i0O; [26], and formation of the secondary moieties of C-5-H and C-A-H [27].

Limited research exists on combining carbon nanomaterials and metal oxides as a
promising approach in enhancing the mechanical properties and the durability of cement
through improving the interfacial interaction of the carbon materials with cement, enhanc-
ing the dispersion and retaining the bridging [28-34]. Such combinations are achieved by
incorporating nanoparticles or metal oxide nanocoating. Sanchez et al. [28] used silicon
powder with CNFs to improve the dispersion of CNFs and promote the interfacial interac-
tion between the cement paste and the CNFs. Kim et al. [33] reported an improvement in
the CNTs’ dispersion and in enhancing the cement mechanical properties by incorporating
silica fumes with CNTs. Garg and Das [32] showed a significant improvement in carbon
nanotubes’ dispersion and bonding due to a pozzolanic reaction after silica nanoparticles’
incorporation. Sikora et al. [31] has reported a comparison between CNTs and CNT/NS
on the compressive strength of cement pastes under elevated temperatures. They found
that adding silica in the form of a nanocoating with a dense layer has a favorable effect on



Materials 2022, 15, 2768

30f19

increasing the bond and protecting the CNTs from being oxidized at high temperatures.
Dong et al. [34] have reported a study on coating the CNTs with nickel nanoparticles and
their role in the concrete. They studied different aspect ratios and volume loadings in the
cement microstructure. They found coupling Ni/CNTs increased the dispersion and the
compressive and flexural strength.

To our knowledge, no study has reported using aluminum oxide as a coating layer to
improve mechanical properties and durability of cement mortars. Therefore, this paper
reports on a core—shell structure of carbon nanofibers (CNFs) as the core and a porous,
fluffy alumina Al,Os as the shell, denoted Al,O3/CNFs, at a by-weight loading of 42% and
58% of Al,O3 and CNFs, respectively. The advantages of using such materials are a low
cost, high specific surface area, high dispersion with pozzolanic property, and a bridging
property. This study investigated the compressive strength, the freeze-thaw resistance,
and drying shrinkage of the cement mortar. Three ratios of 0.125%, 0.25%, and 0.5% of
Al,O3/CNFs and bare CNFs were compared with a standard sample. Our results show the
0.125% Al,O3/CNFs and 0.25 wt.% CNFs performed the best out of all tests. We deduce
the reason for such a performance is that the Al;O3; nanolayer accelerated the production
of the hydration gel. The gel production was confirmed by the thermal analysis (TGA) and
XRD results.

2. Experimental Program
2.1. Materials

Ordinary Portland cement classified within the ASTM C150 standard type I was
utilized to prepare the mortar mix. Natural river sand with a fineness modulus of 2.6
was used in all mixes. To enhance the workability, a water-reducing admixture was used.
CNFs with a diameter ranging between 50 and 150 nm were used in this study. For coating,
trimethylaluminum (TMA-1.0M) was used as a precursor.

2.2. Synthesis of Al,O3 Coating on CNFs

The synthesis of Al;O3 coating on CNFs was conducted by using a condensed layer
deposition (CLD) [35]. The CNFs were surface-treated by a mixture of sulfuric acid and
nitric acid at a volume ratio of 3:1 at a concentration of 6.0 M under a sonication probe for
2 h at 60 °C followed by deionized water washing to remove any acid residue. The coating
process was prepared in batches where each batch of 400 mg of CNF was dispersed in
500 mL of heptane in two containers, 200 mg of CNFs in 250 mL each. After a 20 min period
of sonication, 150 microliters of water were added to the mixture under both sonication
and stirring. After another 20 min, a water film formed on the CNFs surface. Then, a
0.00789 mole of the TMA based on the reaction 2TMA + 3H,O — Al,O3 + 6CH, was
injected under a nitrogen blanket to prevent any atmosphere effect. The samples were
dried under vacuum at 100 °C for 8 h. Subsequent annealing to remove any residues in the
form of CHx was conducted at 350 °C for 2 h under air in a tubular furnace.

2.3. Fabrication of Mortars

A constant cement-to-sand ratio of 1:2 and a water-to-cement ratio of 0.35 were used.
Three different ratios of CNFs and Al,O3/CNFs at weights of 0.125%, 0.25%, and 0.5%
were prepared. In addition, a control specimen without nanomaterial, denoted as CO0,
was prepared (mixing properties are listed in Table 1). In a typical procedure, CNFs and
Al,O3/CNFs suspensions can be prepared by sonicating them (at 800 W-20 kHz) in water
while the mechanical stirring is ongoing for 30 min. This water can then be used as a
mixing agent to prepare the composite mortars. To achieve fluidity, a certain ratio of a
superplasticizer was added (see Table 1) to the mixture of water and nanomaterials or
to water only. The superplasticizer, as a surfactant, was used only with the suspensions
that had only CNFs. In the case of Al,O3/CNFs, 80% of water was used for Al,O3/CNF
dispersion and 20% was mixed with superplasticizer. Figure 1 illustrates the mixing
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procedures for Al;O3/CNFs composites. Afterward, the fresh mixture was cast into
different molds for the different testing procedures described in this paper.

Table 1. Ingredient proportions for cement mortar preparation.

Water-to-Cement Sand-to-Cement . . . Fluidity
Sample Ratio (/o) Ratio (s/c) Mix Proportion (% Weight) (mm)  CNF Content
Designation (%owt) *
CNFs Al,O3/CNFs Superplasticizer
Co 0.35 2 - - 0.1 133 -
CNEF-0.125 0.35 2 0.125 - 0.1 156 100
CNF-0.25 0.35 2 0.25 - 0.2 158 100
CNEF-0.5 0.35 2 0.5 - 0.4 164 100
Al,O3/CNF-0.125 0.35 2 - 0.125 0.1 151 58
Al,O3/CNF-0.25 0.35 2 - 0.25 0.2 150 58
Al,O3/CNF-0.5 0.35 2 - 0.5 0.4 161 58
* Taken from TGA data.
Al,0,/CNFs
AlLLO,/CNFs . ‘
(a suspension
% 7
Al,0,/CNFsin i Sonication and m 1 < —
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: > Mechanical >
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Figure 1. Schematic of preparation process.

2.4. Characterization Technigues
2.4.1. Surface Characterizations

Two types of surface characterizations were adopted. Transmission electron mi-
croscopy (TEM) was used to evaluate the Al,O3 coating on CNFs using Jeol-1400 at an
acceleration voltage of 120 kV. Scanning electron microscopy (SEM) FEI Quanta 600 FEG
SEM scope was used to investigate the cement internal structure. The SEM scope voltage
was set at 5 kV to provide superior sensitivity to image surface structure. The surface area,
whether that of AlO3/CNFs or that of the cement composites, was measured using the
Brunauer-Emmett-Teller method (BET).

2.4.2. Thermogravimetric Analysis

To exactly measure the Al,O3; coating layer loading on the CNFs and the sample
overall, thermal analysis (TGA) model Q-500 (TA Instruments, Newcastle, DE, USA) was
conducted in a range of 25-1000 °C with a scan rate of 10 °C/min. TGA-DTA was also
performed to measure the Ca (OH); content of the control and CNFs-0.25 and Al,O3/CNFs-
0.125 samples at the ages of 7, 14, and 28 days. No special treatment, such as drying or
pouring in any solvent, was used. Cement mortar slices of 5-8 mm were taken from the
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core of the sample cubes after being tested under compression to failure. The slices were
crushed to powders and filtered by passing them through a 75 pm sieve. In each test, about
30 mg of sample was heated under nitrogen gas at a range of 25-1000 °C at a heating rate
of 10 °C/min.

2.4.3. X-ray Diffraction Analysis

X-ray diffraction (XRD) (Philips X-Pert-Fisher Scientific, Hampton, NH, USA) equipped
with CuKo was performed to analyze the crystalline phase of the samples. The data were
collected for an angle range of 20 = 5°-90° at a scan rate of 0.026° s~!. The samples (50 mg
in weight) were grained and sieved with a 75 pm sieve.

2.4.4. Fluidity and Compressive Strength Tests

To evaluate the effect of the addition of Al,O3/CNFs and CNFs on the cement mortars,
fluidity and workability of different composite mixtures were examined based on ASTM
C1437-13 standards [36]. After the mixing procedure was carried out, a specific amount of
each mixture was poured into the flow table following ASTM standards. The compressive
strength after 7, 14, and 28 days was determined following the procedure of the ASTM
C109 standards [37]. Sixty-three specimens with dimensions of 50 mm x 50 mm x 50 mm
were tested. The specimens were removed from the lime water solution and were wiped
dry 24 h before testing.

2.4.5. Freeze-Thaw Tests

To study the durability of the bare and reinforced mortars, freeze-thaw cycling process
was conducted at a temperature range of —18 °C to 4 °C based on ASTMC666, rapid freeze—
thaw cycling in water [38]. The specimens were prisms of 25 mm x 25 mm X 280 mm
dimensions. Before the freeze—thaw test, the specimens were demolded and moist-cured
for 28 days. The samples were subjected to at least 300 freeze-thaw cycles. The loss of
mass of all composite mortars and the reduction in compressive strength of composites
with optimum dosage of nanomaterials was measured after a specified number of freeze—
thaw cycles.

2.4.6. Drying Shrinkage Tests

Cement mortar samples with w/c ratio of 0.4 with dimensions of 25 mm x 25 mm x 280 mm
were used for drying shrinkage measurements in accordance with ASTM C596 [39]. Sam-
ples were demolded after 48 h after casting and placed in lime water. After 72 h had passed
since casting, the specimens were removed from the lime water and the initial dial gauge
measurement of the length were recorded. The length measurements were conducted
using length comparator according to the ASTM C490/C490M-17 [40]. The specimens
were stored in a dry room at 22 £ 4 °C and 90% relative humidity. The length change
measurements were taken at the ages of 5, 7, 14, 28, and 56 days.

3. Results and Discussion

Dispersion of bare CNFs and Al,O3/CNFs dispersed in water before and after surface
functionalization is shown in Figure 2a, and Al,O3/CNFs before and after the annealing
at 350 °C under air is shown in Figure 2b. The observations were made after the 30 min
sonicating process without the addition of any surfactant, and the different solutions were
left for 30 days. It could be seen that the untreated CNF solution showed no dispersion,
while the treated CNFs solution showed relatively good dispersion. However, after 30 days,
some CNF clusters were clearly visible at the bottom of the vials. The fresh Al,O3/CNFs
settled down while in water, which was due to the organic ligands left over from the coating
precursor molecule. The scenario was totally different after the fresh Al,O3/CNFs were
exposed to air at a temperature of 350 °C for one hour. Therefore, annealed Al,O3/CNFs
suspensions had much better long-term stability as compared with other suspensions. The
removal of organic leftovers was confirmed by the TGA analysis, as shown in Figure 2b.
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(a)

Untreated
CNFs

The better dispersion is attributed to the formation of pores due to oxidizing the organic
content, converting them into highly hydrophilic surfaces.
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Figure 2. (a) CNF and Al,O3/CNF dispersion in water after one month, and (b) TGA-DTA profile
for Al,O3/CNFs before and after annealing at 350 °C under air.

The findings of this paper provide fundamental evidence that could lead to practical
implications in the future. The methodology and results obtained at a small scale can
be advanced further with additional research to potentially impact current engineering
practice. Specific discussion is provided next for the various results obtained in this paper.

3.1. Transmission Electron Microscopy (TEM)

The nanocoating of Al;O3 on CNFs, as characterized by TEM at both low and high
resolution, is shown in Figure 3. Bare CNFs were examined by TEM as well, as shown
in Figure 3a. Figure 3b shows a uniform coating with a porous morphology, which plays
a role in the cement hydration. TGA analysis showed 42% and 58% weight percent for
Al,O3 and CNFs, respectively. Figure 3c displays the adsorption scan of the nitrogen gas
for surface area measurement. The surface area was found to be 274.36 m?/g as well as the
nanocoating layer pore size distribution. Figure 3d shows the TGA analysis for the mass
loading of Al,O3 on CNFs, which was found to be 42 wt.%.
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Figure 3. Bright-field transmission electron microscopy (TEM): (a) uncoated CNFs, (b) Al,O3 coating
on CNFs showing a close-up of the layer morphology, (c) BET analysis for Al;O3/CNFs with its pore
size distribution, and (d) TGA analysis showing mass loading of the Al,O3 on CNFs.

3.2. Microstructure Analysis

The microstructure of the cement mortar specimens was characterized by scanning
electron microscopy (SEM). Figure 4 shows the SEM images for CNFs and Al,O3/CNFs at
the age of 28 days, where the hydration products such as crystalline CH, needle-shaped
ettringite, and amorphous calcium-silicate-hydrate (C-S-H) are clearly distinguished. The
SEM session was performed at a voltage of 5 kV to avoid any surface charging under
the beam exposure. Figure 4 shows the CNFs and Al,O3/CNF-embedded cement mortar
(marked by arrows). Al,O3/CNFs was found to be well-anchored in the hydration products
and was encapsulated by uniform and compacted C-5-H hydration products. The increased
C-5-H gel formation is attributed to the contribution of the Al;O3 nanocoating as an effective
layer with a high surface area that provides preferential nucleation sites for hydration
products’ growth. In addition, based on the observation of the surface morphology, a lower
CH content was found when compared with CNFs-mortar composites. This could be due
to the consumption of CH formed during the hydration of the cement [21]. On the other
hand, the fracture surface for the CNFs composites showed a good interaction with the
mortar matrix with a high CH content.

It is predicted that the porous morphology of Al,O3 enhances the hydration reaction
as the porous sites adsorb the water, which becomes a nucleation site for the cement. The
ratio of Ca/Si was used as a metric to determine the consumption of calcium converted to a
hydrated silicate moiety [41]. The EDS analysis found the Ca/Si ratio was the highest in the
case of C0 specimens, whereas it had the lowest value for Al;O3/CNFs-0.125% composite
specimens, which further supports the findings from TGA and XRD data [42].
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Figure 4. SEM images at different magnifications (a,b), CNFs embedded in cement mortar, and (c,d)
Al,O3/CNFs embedded in cement mortar, all at the age of 28 days.

3.3. Cement Hydration by Thermal Analysis

Thermogravimetric (TGA) and differential thermogravimetric (DTG) curves were
obtained to detect the influence of CNFs and Al;O3/CNFs in the hydration reaction of
cement mortars at a water/cement ratio (w/c) of 0.35. In general, the decomposition of
cement hydrates can be divided into three major regions. The first peak between 25 and
400 °C represents the evaporable water and dehydration of hydrated calcium silicate (C-S-
H). The second one between 400 and 600 °C represents the dihydroxylation of portlandite
(CH). As the CNFs started breaking down in this temperature window [43], this could be
attributed to some overlapping between the CH and CNFs’ thermal oxidation signal. The
last peak due to decarbonation of CaCOj is between 600 and 800 °C [44].

The TGA and DTA results for the cement mortar composites for the standard CO,
CNFs-0.25%, and Al,O3/CNFs-0.125% were collected at the ages of 7, 14 and 28 days, as
shown in Figures 5-7, respectively. Compared with CO, the samples with nanomaterials
showed an increase in the total mass loss. This is an indicator that the addition of the
nanomaterial promoted the degree of hydration, but the Al;O3 /CNF nanomaterials showed
more significant effects at 14 and 28 days of curing age. One of the important metrics in
assessing the extent of the hydration progress is determining the CH content. At7 days,
the largest amount of CH was observed in CNFs-0.25% and Al,O3/CNFs-0.125% at 17.1
and 16.82%, respectively. When increasing the curing age to 14 days, the CH content in
CO0 and CNFs-0.25% reached 17.75% and 18.6%, indicating that the degree of hydration
increases with age. However, the CH content in the Al,O3/CNFs-0.125% composite was
the lowest among the samples. This could also be explained due by the reactivity of the
porous layer of alumina, which functions as an effective seeding site for hydration products’
increase in CH and C-5-H. More uniform C-5-H can densify and compact the mortar matrix
and restrict the growth of the crystal CH. The content of CH at the age of 28 days was
also reduced in the case of CNF composites. Based on these results, one can conclude that
the addition of CNFs and Al,O3/CNFs increases the degree of hydration by providing
preferential nucleation sites at its oxygen functional groups. The effect of the covalent
bonding provided by surface functional groups on CNFs or by the porous alumina govern
its performance [45].
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Figure 5. TGA analysis for CO (left), CNFs-0.25 (middle), and Al;O3/CNFs-0.125 (right) at a curing
age of 7 days.
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Figure 7. TGA analysis for CO (left), CNFs-0.25 (middle), and Al,O3/CNFs-0.125 (right) at a curing
age of 28 days.

3.4. X-ray Diffraction (XRD)

To qualitatively investigate the mineralogical compositions for the mortar composites,
XRD patterns were performed. The results for samples C0, CNFs-0.25%, and Al,O3/CNFs-
0.125% at the age of 28 days are displayed in Figure 8. It can be seen that the XRD patterns
for all samples show identical diffraction angles. The phases found in all mixtures were
ettringite (Aft), portlandite (CH), tricalcium silicate (C3S), dicalcium silicate (C;S), and
calcium carbonate CaCOj. The diffraction angle of 26 = 9.1° belongs to ettringite, whereas
the peak at 20 = 22.5° is for CaCOj3. The peaks at 26 = 18°, 28°, 47°, 51°, and 54° are
attributed to calcium hydroxide (CH). The diffraction peaks at 20 = 29.5°, 32°, 34°, and
39.3° were assigned to the anhydrate C3S and C,S [46]. The cement clinker was composed
of about 75% chemical components of C3S and C;S. These two components react with water
to produce crystalline calcium hydroxide or portlandite (CH) and the amorphous form of
calcium-silicate-hydrate (C-S-H). In addition, these two hydration products comprise over
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60% of hydration products. The chemical formulas expressing the hydration reaction of
C3S and C;S are represented by the equations below:

C3S + Hzo — C-S-H+ CH

CQS + Hzo — C-S-H+ CH

—
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Figure 8. XRD patterns’ total spectrum: (a) CO, (b) CNFs-0.25, and (c) Al,O3/CNFs-0.125%.

Therefore, measuring the peak intensities of C,S and C3S gave us a sense of how much
C;S and C3S had been consumed during the hydration reaction. The intensity of the peaks
of C3S and C;S at 26 = 29.5° was higher in the control sample. The peak intensity decreased
when CNFs-0.25% was embedded, and a significant reduction in the peak was observed
when Al,O3/CNFs-0.125% was in the cement matrix. The results indicate that hydration
proceeds more efficiently in Al,O3/CNFs followed by CNFs-0.25% and finally CO. Another
noted observation from the XRD data is the CH peak at 20 = 18°, as shown in Figure 8. It
was observed that the peak decreased in the case of AlO3/CNFs-0.125% relative to the
other two samples. This indicates the influence on the mortar hydration by accelerating
the dissolution of C3S and C;S, leading to an increase in and better distribution of gel
hydration C-S-H. This growth may restrict the growth of CH, as can be observed in the
SEM morphology images (Figure 4d). The lesser CH intensity may also be an indicator
of formation of an additional C-A-H gel [21-23,47]. The hydration gels are amorphous in
nature and are not detectable in XRD. Therefore, an indirect measurement can be adapted
by focusing on the CH intensity and anhydrate C35 and C,S phases. In conclusion, the
addition of the CNFs and Al;O3/CNFs determined the degree of the hydration, and this
promotion was significant in the case of Al,O3’s presence. These results are in line with the
TGA findings described earlier.
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3.5. Compressive Strength

The compressive strength results of cement mortars reinforced by CNFs and Al;O3/CNFs
are presented in Figure 9. These results are displayed based on the nanomaterials” weight
percentage at the ages of 7, 14, and 28 days. These samples were compared with CO0 at all
ages. It was observed that with increasing curing age, all samples experienced an increase in
their strength. The obtained compressive strength varies at all ages with different contents
of CNFs and Al,O3/CNFs. The compressive strength for samples that contained CNFs
at 0.125%, 0.25%, and 0.5% by weight of cement increased by about 15%, 36%, and 23%,
respectively, at the age of 7 days. At the age of 14 days, the compressive strength of these
composites increased by 8%, 24%, and 14%, respectively. When these samples reached
a curing age of 28 days, the improvement in compressive strength was 6%, 15%, and
3%, respectively.
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Figure 9. Compressive strength for a period of 7, 14, and 28 days.

The improvement in the compressive strength with different dosages of CNFs was
due to the combined effects of the crack bridging and microstructure densifying due to
refining the porosity [48]. In addition, the surface-functionalized CNFs possess active
surface sites such as -COOH, -OH, -C=0. These groups have an ability to improve the
bond with Ca?* and to accelerate cement hydration, improving the mechanical strength
as a result [49]. Out of the CNFs samples, CNFs-0.25% showed the highest strength due
to the structure compacting and refinement of porosity. The filling effect of the CNFs
can be clearly observed from the SEM images (Figure 4b). There was a reduction in the
compressive strength when the ratio of the CNFs increased to 0.5%. This could be due to
the agglomeration of CNFs inside the cement mortar matrix. The agglomeration creates
large cavities which lower the strength [18].

On the other hand, the composites that contained Al,O3/CNFs showed progressive
improvement. Relative to CO, the addition of 0.125% of Al,O3/CNFs increased the strength
by 36%, 27%, and 19% at the ages of 7, 14, and 28 days, respectively. In the case of
Al,O3/CNFs-0.25, the strength exceeded the compressive strength of the control sample
by about 29%, 19%, and 6% at the ages of 7, 14, and 28 days. When increasing the dosage
of Al,O3/CNFs powder to 0.5%, the strength of the samples was increased by 30%, 19%,
and 12%, respectively. The reason behind the good performance of the Al,O3;/CNFs
nanomaterials is the stronger interfacial bonding between the porous layer of the alumina
on CNFs with cement matrix. Interestingly, the quantity of the CNFs in Al,O3/CNFs
samples was reduced by 42% compared to CNF samples. The effect of the coating layer
promoted the mechanical properties of the composites significantly. This layer possesses
a highly reactive surface area that promotes the nucleation effect. The reactivity of the
surface is defined as highly populated active sites that can efficiently adsorb and convert the
calcium to calcium-silicate hydrate products. This layer may also contribute to producing
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extra hydration products, which further enhance the pore refinement and densify the
cement matrix. Compressive strength enhancements obtained in this paper are compared
to those available in the literature (Table 2).

Table 2. Compressive strength comparison obtained in this paper with existing research.

Enhancement in

Property P . Material Concentration Reference
roperties
36% 0.125% Al,O3/CNFs This study
19% 0.5 wt.% MWCNTs Li et al. [50]
Compressive 22% 0.1 wt.% MWCNTs Bharj et al. [51]
strength 42.7% 0.16 wt.% CNFs Gao et al. [52]
25.4% 0.5 wt.% SiO, /MWCNTs Shaojie et al. [53]
20% 0.125 wt.% MWCNTs/NSs Pawel et al. [31]
40% 0.5 wt.% CNT/TNT Liu et al. [54]

3.6. Fluidity

The flow table diameter results are presented in Table 1. With different percentages of
the nanomaterials and superplasticizer (SP), the mortar showed different fluidity perfor-
mances. The control samples’ fluidity was only 133 mm. The fluidity diameters increased
remarkably with the addition of CNFs-SP and Al,O3\CNFs-SP at various ratios. However,
the fresh mortars reinforced with Al,O3/CNFs showed a noticeable reduction in flow
spread compared with the mortars with different CNF ratios. This reduction in the worka-
bility was due to the large surface area that characterized the Al;O3-coated CNFs. The high
surface area of the nanomaterial needs more water to wet its surface; this need can reduce
the free water in the mixture [10]. Increasing the dosages of the SP is important to offset the
reduction in the fluidity of mortars reinforced with Al,O3/CNFs at different ratios.

3.7. Freeze—Thaw Effects

The effect of the addition of the nanomaterials on the freeze-thaw performance of
cement composites is evaluated in this section. The freeze—thaw performance in terms of
physical and mechanical properties is described next.

3.7.1. Compressive Strength

Figure 10 shows compressive strength versus the number of freeze-thaw cycles at 50,
100, and 150 cycles for C0, CNFs-0.25%, and Al,O3/CNFs-0.125% samples. Overall, samples
with nanomaterials showed less compressive reduction when compared to CO control
samples. CO displayed a decrease of 45% in compressive strength after 150 cycles, whereas
specimens containing CNFs-0.25% showed a decrease of 22%. Interestingly, AlO3/CNFs-
0.125% had a significant enhancement in mortars” frost resistance, showing the lowest
compressive strength reduction of 14%. This performance was confirmed by the Barrett—
Joyner-Halenda (BJH) analysis, as demonstrated in the section pore structure below. The
BJH indicates the ability of Al,O3/CNFs to further refine the small and medium capillary
pores, resulting in more compacted and durable composites.
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Figure 10. Compressive strength for C0, CNFs-0.125%, and Al,O3 /CNFs-0.125% composites after
exposure to freezing—thawing cycles.

3.7.2. Mass Loss

The weight changes were monitored during the freeze-thaw cycles, which were con-
ducted after 50, 100, 150, 200, 250, and 300 cycles. As shown in Figure 11, the mass loss for
all mixtures increased with increasing the number of freeze—-thaw cycles. With the addition
of nanomaterials, the mass loss in the samples was significantly reduced. In the case of the
control sample CO, the average mass loss was about 9% after 300 cycles, while the addition
of CNFs at different ratios always lowered mass loss, with the lowest being observed for the
case of CNFs-0.25%. This may indicate that the addition of the functionalized CNFs worked
to reduce porosity and increase the density of the CNF/cement composites. However, the
mass loss increased when CNFs-0.5% was embedded in cement mortars. This was expected
as these composites showed lower strength due to the large pores that were created in the
matrix because of the agglomeration of the CNFs bundles.
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Figure 11. Mass loss ratios of mortar samples exposed to freezing-thawing cycles.
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Following the same trend, the addition of Al,O3/CNFs showed a remarkable perfor-
mance in resisting frost. Overall, the addition of different ratios of Al;O3/CNFs enhanced
the frost resistance. The addition of Al,O3/CNFs-0.125% and Al,O3/CNFs-0.5% lead to a
significantly lower mass loss after 300 cycles by only 1%. This improvement is explained
by the decreasing porosity resulting from modifying the internal voids. This might be due
to the refinement of the pores’ structure by producing additional hydrated gels, which
prevent intrusion of water molecules into the mixture’s microstructure. Furthermore, this
refinement could be due to the reactivity of the porous Al,O3 layer, which accelerates the
hydration process, forming more well-distributed C-5-H hydrated gels in the matrix. Fewer
CH crystals and more amorphous C-5-H in Al,O3/CNFs-0.125%, as shown in SEM, XRD,
and TGA/DTA, is a testament of this speculation. The small-size voids could minimize
the water settling time and subsequently retard the ice volume enlargement. This is ex-
pected since a small-size void would hold a high internal pressure and surface tension
based on physics principles. The physical appearance of all samples after 300 cycles is
presented in Figure 12. Clearly, the addition of the nanomaterials with good dispersion in
the mortar matrix enhanced the frost resistance. The high frost resistance was observed in
Al,O3/CNFs composites.

CNFs

Al,O4/CNFs

Figure 12. Physical appearance of the samples after 300 cycles.

3.7.3. Pore Structure

The cement mortar powder was grained and filtered by a 300 um sieve, and then
it was dried and vacuumed at 200 °C for 2 h during the degassing process. The pore
volume of the samples was calculated based on the BJH method [55]. The overall BJH
pore volume was also found to be 0.07805, 0.06783, and 0.06278 mL /g for C0, CNFs-0.25%,
and Al,O3/CNFs-0.125%, respectively. Figure 13a shows a type IV isotherm hysteresis
for adsorption—desorption [56]. Figure 13b shows the pore measurement statistics for the
three samples. The pore diameter statistic is divided into four regions. It can be seen that
the Al,O3/CNFs-0.125% had pores with a greater volume in the range of 1-10 nm, which
are classified as gel pores [57]. The gel pores are related to the formation of C-5-H, which
is often produced by the hydration reaction of C3S and C,S. In other ranges, where the
capillary pores are present, the Al,O3/CNFs-0.125% pore volume was significantly reduced,
indicating the refinement was enhanced. The pore refinement was also induced when CNFs
were incorporated; however, Al;O3/CNFs-0.125% further reduced the pore volume, which
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may be due to the higher C-S5-H content, as described in TGA and XRD results. It may also
be due to the pozzolanic reaction offered by the Al,O3 nanocoating, which helps produce
extra C-A-H. Recently, a study has demonstrated the effect of different aluminum oxide
phases (AI(OH)3, v-Al,O3, &-Al,O3) on the calcium aluminate cement hydration [58]. In
another study, it was found that AI(OH)3 significantly accelerates hydration due to the high
surface area and the ability to serve as a nucleation center for C-A-H moieties [59]. This
is in line with the results obtained in this study, as aluminum oxide was in the boehmite
phase, as confirmed by the XRD shown in this reference [35].
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Figure 13. (a) BET isotherm analysis, (b) pore volume distribution.

3.8. Drying Shrinkage

The effect of the addition of the nanomaterials on the drying shrinkage was studied at
a water/cement ratio of 0.40. The results, as shown in Figure 14, indicate that the cement
mortars with CNFs and Al,Os-coated CNFs had lower shrinkage compared to the C0
control mortar at early and late ages. In comparison with C0, the average early drying
shrinkage of composites that were reinforced by CNFs at ratios of 0.125%, 0.25%, and 0.5%
showed noticeable decreases of about 19%, 33%, and 22%, respectively, at the age of 7 days,
while after 56 days, the reduction was about 16%, 20%, and 14%. In addition, the results
show a remarkable reduction in the drying shrinkage for the composites that contained
Al,O3/CNFs at various ratios. It is clear that the addition of the Al,O3/CNFs-0.125%
significantly reduced the shrinkage relative to other samples, whether in the early or late
ages. At age of 7 days and 56 days, Al;O3/CNFs-0.125% reduced the shrinkage by 62%
and 47%, respectively, compared to the control CO mortar. The Al,O3/CNFs-0.25% mortar
showed 36% and 27% shrinkage reduction during the same time periods. On the other
hand, the composites that contained 0.5% of Al,O3/CNFs exhibited low shrinkage by 30%
and 17% at the age of 7 and 56 days, respectively.

Drying shrinkage of cementitious materials is due to capillary surface tension because
of the meniscus formation in the capillary pores [60]. The incorporation of both CNFs
and Al,O3/CNFs in the mortar matrix reduced the total overall porosity. In addition,
increasing the stiffness due to the microcrack bridging effect of these nanomaterials can
be an effective way to reduce the shrinkage deformation. Furthermore, the Al,O3 porous
layer worked as a reactive site to increase the nucleation, which worked to densify and to
compact the microstructure of the matrix. The refinement in capillary pores served as an
obstacle impeding the water loss from the cement skeleton [60,61]. The mitigation of the
drying shrinkage of the Al,O3/CNFs composites could be due to the high hydrophilicity
of these nanomaterials. The Al,O3 nanocoating is in a boehmite phase [35], and thus has a
strong ability to absorb and retain water as long as it is in equilibrium with surrounding
cement compounds. When the shrinkage takes place, the water is released for the gel to
achieve the internal hydration equilibrium [62].
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Figure 14. Drying shrinkage data for all the samples.

4. Limitations of the Study

This study investigated the effects of using Al;O3/CNFs on compressive strength,
durability under freeze—thaw cycles, and drying shrinkage of cement mortars. Although
the results have proven the viability of the approach, the study had many constraints.
Firstly, the stability of the Al,O3 nanolayer in high concentrations of the superplasticizer,
which is an acidic agent, is unknown so far. Secondly, the effect of the alumina-coated
carbon nanofibers on drying shrinkage with different water-to-cement ratios and various
temperatures is not included in this study. Finally, the degree of pores’ refinements due
to Al,O3/CNFs incorporation has not been measured by a direct technique such as water
absorption or mercury intrusion porosimeter.

5. Conclusions
Based on the results presented in this paper, the following conclusions were drawn:

1.  The TEM images revealed a well-coated layer on the CNF surfaces.

The SEM results show the nanomaterials were well-distributed in the mortar mi-
crostructure.

3.  The SEM images indicate the formation of the hydration products gels such as CH,
C-S-H, and ettringite. In the case of the Al;O3/CNFs-mortar composite, most of
the hydrated products were well-distributed C-5-H and were identified from their
amorphous appearance, while CNFs-mortar composites showed mostly ettringite and
hexagonal CH.

4. With increasing curing age, all samples experienced an increase in their compres-
sive strength. The compressive strength for samples that contained Al,O3/CNFs
demonstrated progressive improvements compared to other samples evaluated in this
research. Relative to control specimens, the addition of Al,O3/CNFs-0.125% increased
the strength by 36%, 27%, and 19% at the age of 7, 14, and 28 days, respectively. The
alumina porous layer improved the binding between the mortar matrix and the CNFs’
surfaces and altered the hydration process.

5. TGA-DTA tests showed all CNFs and Al,O3/CNF composites exhibited higher de-
grees of hydration than the control sample. Decreasing calcium hydroxide was
observed at an age of 28 days with the addition of the nanomaterials, with a signif-
icant effect for the case of coated CNFs. This could be due to the nucleation effect,
which produced a good distribution of the gel hydration of C-S-H inside the mortar
matrix, which restricts the growth of the CH. Additionally, this may be due to the
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pozzolanic effect of the Al,O3 layer. There might be some minor overlapping in the
signal from CNFs burning and CH diminishing.

6. The XRD measurement at the age of 28 days focused on the intensity of two ce-
mentitious moieties: the C,S and C3S to be consumed in the hydration reaction.
Al,O3/CNFs-0.125% showed the lowest intensity of these two compounds, which
indicates that they increased the dissolution of C3S and C;S, and thus more C-S-H
was produced. In addition, XRD data focused on the intensity of CH, as it showed
lower intensity in the case of CNFs-0.25% and Al,O3/CNFs 0.125% composites. These
results are in good agreement with TGA and EDS analyses findings.

7. The addition of Al,O3/CNFs-0.125% and Al,O3/CNFs-0.5% showed a significant
low mass loss of about 1% after 300 freeze—thaw cycles, while the reference sample
and CNFs-0.25 showed a mass loss of 9% and 3%, respectively.

8.  The compressive strength degradation was the lowest in the case of the Al,O3/CNFs-
0.125% sample after 150 freeze-thaw cycles at about 14%, while the control and
CNFs-0.25% samples showed a degradation of about 45 and 22%, respectively. Such
results were attributed to the highly dense microstructure, which was later confirmed
by the BET measurements. The BET and BJH tests exhibited low gas adsorption and
more refinement in the capillary pores.

9.  Incorporation of the optimum amounts of CNFs (0.25%) and Al,O3/CNFs (0.125%)
led to a decrease in the drying shrinkage due to increasing the stiffness and density of
these composites. In addition, the hydrophilicity of the alumina layer explained the
significant drying shrinkage mitigation.
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