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� Use of Al2O3 nanofibers can boost the strength of cement-based materials to 195 MPa.
� Nano-fibers can provide the CSH nano-reinforcement and reduction of shrinkage.
� In UHPC, the incorporation of Al2O3 nanofibers can replace silica fume or metakaolin.
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The use of nanomaterials has become a popular way to improve the performance of cement-based com-
posites. At the same time, ultra-high strength concrete is becoming more widely used. These materials
provide superior durability to infrastructure elements, reducing the need for maintenance or early
replacement. The performance boost is achieved by producing a denser microstructure and, in the case
when nanofibers are used, may reduce the initiation of cracks. Aluminum oxide nanomaterials have
the potential to provide a significant increase in compressive strength of cement-based materials.
Here, the effect of incorporation of aluminum oxide nanofibers in oil well cement based mortars and
composites is reported. The design of ultra-high strength concrete often requires a precisely tuned aggre-
gate gradation, the use of specific cement types and high quantities of silica fume and superplasticizers
along with high temperature and curing under elevated pressure. It was demonstrated that the use of
small quantities of aluminum oxide nanofibers in an oil well cement based mortar could provide a com-
pressive strength approaching 200 MPa. These levels were achieved at a considerably lower dosage of sil-
ica fume. It is envisioned that the high strength matrix is formed due to the reinforcing of calcium silicate
hydrate layers which are formed around the nanofibers. This research demonstrated that due to a ‘‘shish
kebab” effect the addition of well-dispersed aluminum oxide nanofibers at a very small dosage of 0.25%
(by mass of cement) could provide up to 30% increase in compressive strength of cementitious systems,
helping to meet the benchmarks for ultra-high strength cement-based composites.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Ultra-high strength cement-based composite (UHSCC) materi-
als, including ultra-high-performance fiber reinforced concrete
(UHPC), are becoming a popular solution in modern construction
practice [1–5]. These new composite materials tend to provide
superior durability and allow thinner structural sections to be
used. However, the use of ultra-fine fillers and high quantities of
reactive silica materials results in a significant increase in cost
compared to conventional concrete. If a cement-based material
with similar properties was developed without the need for such
high volumes of sub-micron sized and ultra-fine components, the
difference in price with conventional concrete could be signifi-
cantly reduced.

The properties of cementitious matrices are often considered as
one of the most important features contributing to the perfor-
mance of the composite. These properties are of even greater
importance when ultra-high strength cement-based materials are
considered. The water to binder ratio is one of the critical param-
eters in the design of high strength and ultra-high strength
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composites, as very low water to binder ratio is required to achieve
higher strength. It was reported that the water to binder ratio in
UHPC could be as low as 0.15 [1–3]; however, the required
strength of 150 MPa was achieved with water to binder ratios of
0.25 or less [4–6].

The type of a binder, reactive powder component (RPC), and
type of supplementary cementitious materials are of key impor-
tance when designing ultra-high strength cement-based materials.
Silica fume is often a critical ingredient used as an RPC. Silica fume
is also an ultra-fine supplementary cementitious material with an
average particle diameter less than 1 mm and larger specific surface
area; therefore, it can occupy the void space (interfacial transition
zone) between the cement grains and also between the aggregates
and paste. This, in turn, results in a better bond between the paste
and the aggregates, which is often a limiting factor in the strength
of composites. In ultra-high strength cement-based materials, sil-
ica fume is often used at 10% to 30% by mass of cement [7,8], but
is often considered at an optimal dosage of 25% [4,9].

An alternative to high quantities of silica fume is the use of a
relatively low dosage of nano-particles. Nano-particles can often
be just as effective as micro-particles but at significantly reduced
quantities because of their higher surface area to volume ratio
[10]. For this reason, the use of nanoparticles in cement-based
composites has gained considerable attention in recent years. Ben-
efits related to strength, modulus of elasticity, rheological proper-
ties, as well as other performance characteristics, have been
observed. However, the use of nano-alumina (nano-Al2O3) has
not had much attention for application in cement-based materials.
The reported work used nano alumina particles, as opposed to alu-
minum oxide nanofibers. Here, the nano-aluminum oxide particles,
much like any nanomaterial, enabled the reduction in porosity of
cement-based composites by providing a denser interfacial transi-
tion zone [11]. However, the use of these nanomaterials, especially
at volumes of up to 7%, were found to provide little to no improve-
ment in compressive strength and was also found to reduce the
workability [12]. In the same study, the use of the optimal volume
of 1% nano-alumina was found only slightly to increase the com-
pressive strength of a cement-based material. The nanomaterials
may also be capable of reducing the amount of chloride diffusion
and penetration; however, not to the same extent as nanosilica
or nano-clays [13]. Currently, there has been no work reported
on the use of Al2O3 nanofibers in cementitious composites. How-
ever, these new products have been used in other industries for
improving the ductility of ceramics, super-fine abrasives, engi-
neered plastics, fiber reinforced composites, and polymer-based
coatings. Despite no experience on the use of the Al2O3 nanofiber
material, there still can be a great potential for their application
in cement-based materials.

Although aluminum oxide nanomaterials have rarely been used
in cement-based materials, one may hypothesize that Al2O3 nano-
fibers can contribute to performance in similar ways as other nano-
materials by providing a seeding effect and acting as a nano-
reinforcement (‘‘shish kebab” effect). Here, one of the more com-
mon nanomaterials used in cement-based materials is nanosilica.
It has been found to accelerate cement hydration by the formation
of calcium-silicate-hydrate (CSH) and the dissolution of tricalcium
silicates (C3S) [14]. The acceleration can also be attributed to the
nanosilica acting as a seed for the nucleation of CSH [15]. It has
been observed that the use of nanosilica in cementitious materials
can generate a denser packing of hydration products, a refinement
of the pore structure, and an improved interfacial transition zone
[16–19]. It is not expected that nano-aluminum oxide would have
the same effects as nanosilica; however, similar interactions may
occur at the nano level.

The reported research on carbon nanofibers or carbon
nanotubes (CNT) may provide some indication of how the Al2O3
nanofibers would behave from a mechanical standpoint. The car-
bon nanomaterials have been found to accelerate the hydration
of cement-based materials by acting as nucleation sites for the for-
mation of CSH [20–22]. Additionally, up to 45% increase in com-
pressive strength [22] and an increase in flexural strength have
been reported [23]. This was explained by the CNT ability to rein-
force the composite and also to potentially reduce the amount of
fine pores within the cementitious composite resulting in a lower
capillary void space [24,25].

Based on the reported abilities of nanoparticles to provide supe-
rior performance to cement-based materials, it is hypothesized the
addition of Al2O3 nanofibers should result in improved perfor-
mance. Specifically, the aluminum oxide nanofibers could act as
a nucleation site for the formation of hydration products, as well
as providing nanoscale reinforcement for CSH, restraining the
swelling and shrinkage deformations and ultimately the formation
of micro-cracks and thus improving the strength.

This research aims to test the hypothesis that the addition of
Al2O3 nanofibers will increase the compressive strength of
cement-based materials by acting as a nucleation site for the for-
mation of hydration products and providing a reinforcing effect
within the CSH. Compressive strength tests, chemical shrinkage,
monitoring of heat release during hydration, and observing diluted
samples through scanning electron microscopy were performed to
evaluate if this hypothesis is correct.
2. Experimental procedures

2.1. Materials

Type H oil well cement meeting the requirements of ASTM C150
[26] for Type V Portland cement was used as the main cementi-
tious material. The chemical composition of Type H cement was
21.8% SiO2, 3.1% Al2O3, 4.5% Fe2O3, 64.3% CaO, 2.7% MgO, 1.6%
SO3, 0.2% Na2O, and 0.2% K2O as determined by X-Ray Fluorescence
(XRF) technique. The potential phase compositions were then
69.1% C3S, 10.4% C2S, 13.1% C4AF, 0.5% C3A, and 0.17% Na2Oequi.
Supplementary cementitious materials (SCM) were also used
which included silica fume and metakaolin. Silica fume was repre-
sented by spherical particles with sizes between 0.1 and 1 mm.
Metakaolin was represented by rough and flaky microparticles
with larger sizes from 0.8 to 12 mm.

Chemical admixture used in this research included high range
water reducing (superplasticizing) admixture (HRWRA) which
was used for the dispersion of Al2O3 nanofibers. The HRWRA was
a commercially available polycarboxylate (PCE) superplasticizer
(SP) with a 31% solid concentration. The Al2O3 nanofibers used in
this research were synthesized from liquid phase aluminum and
then grown to the lengths of 50 mm. These fibers are crystalline
c-alumina with a surface area of 155 m2/g. The single crystal ten-
sile strength of the fiber is 12 GPa while the modulus is 400 GPa.
The typical fiber diameter was 10–20 nm, and the fibers are com-
monly shipped in tablets (Fig. 1). Upon dispersion, the fibers main-
tain their diameter but break down to lengths between 10 and
65 mm depending on the dispersion technique.

The Al2O3 nanofibers were dispersed by placing a full tablet
(puck) of nanofibers (typically between 35 and 45 g) in a plastic
container. A solution of de-ionized water with SP was then added
to the container. These materials were blended by the mass so that
that dispersion was composed of 1.45% SP (by solids), 3.85% Al2O3

nanofibers, and 94.7% distilled water. The solution with the nano-
fibers was then hand mixed for 3 to 5 min using a stirring rod to
break up any large agglomerates of fiber. The dispersion was then
dispersed using a high-speed mixer (HSM) at 8,000 rpm in combi-
nation with a 20 kHz ultrasound treatment at an amplitude of 85%



Fig. 1. The puck of Al2O3 nanofibers prior to dispersion (left) and transmission electron microscope image of Al2O3 nanofibers after dispersion (right, courtesy of AFN
technologies).
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(21.5 mm). Water and ice were used on the exterior of the container
to keep the temperature of the blend below 50 �C. The water and
ice were replaced regularly throughout the dispersion process.
The dispersion was then left to disperse the product for 1 or 3 h.

Special precautions were taken when handling the nanofibers
for the dispersions. These materials are extremely small and light;
therefore, are prone to become airborne. These materials can also
be potentially hazardous. To meet the safety requirements, the
nanomaterials were weighed and added to the liquid phase (the
same liquid used for the admixtures or dispersions) in a glove
box to assure no airborne particles.

Standard graded silica sand conforming to ASTM C778 [27] was
used for mortar preparation. This sand is graded so that the major-
ity (96%) of the aggregate particles falls between the No. 30 and No.
100 sieves, Fig. 2.

2.2. Experimental design

The addition of the nanofibers could contribute to the compres-
sive strength in several different ways. First, the nanofibers could
be acting as a viscosity-modifying admixture, allowing additional
quantities of PCE superplasticizers to be used without the risk of
segregation and, in turn, resulting in better dispersion and a denser
cementitious matrix. Next, the nanofibers could be acting as seeds
to promote the formation of hydration products along the fibers.
This would result in hydration products forming around the fibers
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Fig. 2. The gradation of standard silica sand.
which would act as reinforcement bars for the CSH. This would also
provide a stiffer cementitious matrix that would improve the
material’s resistance to the formation of micro-cracks as well as
drying and swelling deformations. Another explanation for the
strength enhancement could be that the ultra-sonification of the
SP portion used with nanofibers may change the structure result-
ing in the enhancement of its performance.

This research program included a series of experiments on mor-
tars and cement pastes in determining the effects of Al2O3 nanofi-
bers on cement-based materials and the pathway for the most
efficient use. First, cement pastes were investigated to determine
the underlying effects of Al2O3 nanofibers. Mortars were then
tested to determine the optimal nanofiber dispersion method,
dosage of nanofibers, and the effect of supplementary cementitious
materials (SCM) for maximum strength. The complete set of com-
positions used by the experiment program is defined in Table 1. All
mixes used a W/CM of 0.173 and all mortars used an S/CM of 0.50.
The only difference between the pastes and mortars was that some
additional SP was used for the dispersion of nanofibers in the mor-
tar (0.10% in the mortar and an additional amount used for the dis-
persion) whereas, in pastes, 0.04% was used in the dispersion and
0.06% in the mix totaling 0.10%. This approach was considered to
better understand the effects of nanofibers and help to detect if
the structure of the PCE is being altered during the ultra-
sonification.

Additionally, the experimental matrix for these tests was
designed so that the benefits of both silica fume (or metakaolin)
and Al2O3 nanofibers can be evaluated. Therefore, based on this
study, the major contributors (addition of silica fume, metakaolin,
Al2O3 nanofibers, or a combination) to improved performance were
expected to be determined.

The dosages of nanofibers used in this research were relatively
small, but nanomaterials are expected to be effective at small
quantities [25]. Here, the maximum nanofiber content was 0.5%
(by weight) of the cementitious material. This dosage was specified
because a considerable volume of water is required for the disper-
sion of nanofibers (which counts towards theW/CM) and any addi-
tional quantities of nanofibers would result in a water demand
more considerable than that to maintain the same, relatively low
W/CM. In addition to varying quantities, the fibers that had been
dispersed for 1 and 3 h were tested.

Some mixtures were designed to determine the effects of sup-
plementary cementitious materials in binders with Al2O3 nanofi-
bers. This experiment was used to determine if small quantities



Table 1
Experimental Program for Cement Pastes and Mortars with Al2O3 Nanofibers.

Research Phases Mix ID SP,
% of CM

SF,
% of CM

MK,
% of CM

Al2O3,
% of CM

Nano-Fiber Dispersion Time,
hours

Portland Cement (PC) Pastes PR0-0-0 0.1 0 0 0 N/A
PR0-25-3 0.1* 0 0 0.25 3
PS1-0-0 0.1 1 0 0 N/A
PS1-25-3 0.1 1 0 0.25 3

Effect of Nano-Fiber Quantity and Dispersion Time in PC-SF Mortars MS1-0-0 0.1 1 0 0 N/A
MS1-10-1 0.1 1 0 0.1 1
MS1-25-1 0.1 1 0 0.25 1
MS1-50-1 0.1 1 0 0.5 1
MS1-10-3 0.1 1 0 0.1 3
MS1-25-3 0.1 1 0 0.25 3
MS1-50-3 0.1 1 0 0.5 3

Effect of Supplementary Cementitious Materials in PC-SF-MK Mortars MR0-0-0 0.1 0 0 0 N/A
MR0-25-3 0.1 0 0 0.25 3
MK1-0-0 0.1 0 1 0 N/A
MK1-25-3 0.1 0 1 0.25 3
MK5-0-0 0.1 0 5 0 N/A
MK5-25-3 0.1 0 5 0.25 3
MK10-0-0 0.1 0 10 0 N/A
MK10-25-3 0.1 0 10 0.25 3
MS1-0-0 0.1 1 0 0 N/A
MS1-25-3 0.1 1 0 0.25 3
MS5-0-0 0.1 5 0 0 N/A
MS5-25-3 0.1 5 0 0.25 3
MS10-0-0 0.1 10 0 0 N/A
MS10-25-3 0.1 10 0 0.25 3

* The SP content in cement pastes corresponds to the total content including SP in the mix and SP in the dispersion.
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of nanofibers can provide the same, if not improved, compressive
strength compared to relatively high quantities of silica fume and
metakaolin commonly used in UHPC formulations. Additionally,
larger quantities of micro-particles combined with nanofibers
were tested for a synergetic increase in strength. It should be noted
that the composition with 10% metakaolin but without nanofibers
(MS10-0-0) was unmixable at a very low W/CM of 0.173 as the use
of a high quantity of metakaolin resulted in a mix with unusably
low workability. However, the samemix with the addition of nano-
fibers (MS10-25-3) had adequate workability and was tested.
2.3. Preparation of pastes and mortars

Standard ASTM C305 [28] procedure was used for mixing the
mortars and pastes. The dispersion of Al2O3 nanofibers was added
to the mix as a part of the mixing water. Diluted cement pastes for
scanning electron microscope analysis were prepared in small
high-density polyethylene (HDPE) containers and mixed by hand
for 1–2 min.

Cement pastes or mortars that were used for the isothermal
calorimetry were placed into 20 mL HDPE containers and were
immediately inserted in the isothermal calorimeter for evalua-
tion. Sealed pastes for SEM investigation were allowed to cure
at room temperature in lab conditions in a diluted state. Finally,
pastes for chemical shrinkage were placed in the 20 mL glass con-
tainers for immediate evaluation at room temperature (25 �C)
conditions.

Fresh mortars were placed into 50.8 mm cube molds, com-
pacted and cured as required for compressive testing. Cube molds
were cast and compacted in accordance with ASTM C109 [29]. The
molds were covered with glass plates and placed in a curing room
at room temperature (20 ± 3 �C) and a relative humidity of no less
than 90% as per ASTM C192 [30] standards after they were filled
with mortar. The samples were then removed from the molds after
24 h and placed in a lime water bath until the testing age. Cement
pastes were prepared for chemical shrinkage tests in accordance
with ASTM C1608 [31].
2.4. Testing and evaluation of pastes and mortars

The performance of cement pastes and mortars with Al2O3

nanofibers was studied in several ways. One of the first tests per-
formed was the evaluation of cement pastes and mortars for the
heat flow due to the hydration. This test was performed by placing
25 g of fresh mortars or 10 g of fresh cement paste into a container
and evaluating the heat release at 25 ± 1 �C using an isothermal
calorimeter for a minimum of 72 h in accordance with ASTM
C1679 [32–35]. The degree of hydration (DOH) at a specific age
was estimated by the ratio Q/Q1, where Q represents the cumula-
tive heat released in a particular time and Q1 = 440.8 J/g repre-
sents the theoretical amount of heat that is generated when the
cement is completely hydrated. The Q1 is calculated by multiply-
ing the theoretical value of each hydrating component (C3S, C2S,
C3A, and C4AF) by the proportion of respective component (as
determined by XRF) [33–35].

To monitor the performance of cement pastes, chemical shrink-
age (CS) tests were performed in accordance with ASTM C1608
Procedure A (volumetric method) [34,36]. The initial reading was
taken exactly 1 h after the paste was mixed (this allows time for
the sample to achieve the temperature equilibrium within the
water bath). The remaining readings were taken every 30–60 min
for the next 8 h and then approximately every 8 h after that. The
readings were observed to the nearest 0.0025 mL. The chemical
shrinkage over time was then calculated as a function of absorbed
water over the mass of cement. The cement hydration model pro-
posed by NIST [34] was fitted to the heat of hydration and shrink-
age response. The CS1 = 0.0532 mL/g represents the theoretical CS
that is generated when Portland cement is completely hydrated
[34].

Cement pastes were also observed using scanning electron
microscopy (SEM). This was accomplished through preparation of
diluted samples by mixing slurries of Al2O3 nanofibers with
cement at a 1:1 ratio. The diluted samples were placed in droplets
on a glass slide and allowed to hydrate for 24 h at which time the
hydration was halted by placing the sample in alcohol and, after,
heating in an oven at 85 �C for 30 min. The samples were then
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observed using SEM to determine the structure of hydration prod-
ucts and orientation of nanofibers.

Another test used to monitor the performance of mortars was
determining the compressive strength of the samples. This was
performed on 50.8 mm cubes in accordance with ASTM C109
[29]. These specimens were tested using an automatic compression
machine by loading at a rate of 1.4 kN/s. The maximum load was
then recorded and used to calculate the compressive strength of
the composite.

3. Results and discussion

3.1. Investigation of cement pastes

3.1.1. Heat of hydration
The heat of hydration profiles of investigated cement pastes are

reported in Fig. 3. The identical quantities of PCE superplasticizer
were used in all compositions; however, the quantities added dur-
ing the mixing of pastes was different as some portion of admix-
ture was used for nanofiber dispersion. This approach was used
in order to effectively disperse and incorporate the nanofibers. It
is envisioned that during the ultrasonication the original structure
of PCE is modified and so overall response of the pastes can be dif-
ferent (delayed hydration with the use of ultrasonicated PCE) [33].
Here, in contrast, the use of only 1% silica fume provides a signifi-
cant increase in the peak heat flow. There is also an acceleration of
hydration for compositions with silica fume.

On the other hand, the addition of Al2O3 nanofibers resulted in
an extension of dormant period. The expectation was that the addi-
tion of Al2O3 nanofibers would lead to an acceleration of hydration
because of the increased surface area and potential seeding effect
of the nanofibers; however, this was not the case. The observed
response is an indication that the chemical structure of PCE was
altered during the ultrasonication similar to the response reported
by [17,35,37]. Here, the reactivity of Al2O3 material used alone at a
very small dosage cannot be contributing to the delay as it is sup-
posed to be a chemically inert material, and increased surface area
would likely result in a faster hydration. In spite of initial delay, the
addition of nanofibers did result in an increased peak heat flow
compared to the reference; yet, not to the same extent observed
for silica fume compositions.

The combination of silica fume and nanofibers results in an
acceleration of hydration compared to the mix with only nanofi-
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Fig. 3. Heat of hydration of cement pastes
bers and a slight decrease in peak heat flow. The heat flow from
the combination of silica fume and nanofibers is interesting
because one would expect that since both silica fume and nanofi-
bers alone resulted in increased peak heat flow, the combination
would result in an even higher peak heat flow. Despite this, the
cumulative heat values for two samples with Al2O3 nanofibers
were the same, indicating that after 40 h these had a similar overall
degree of hydration (which was lower than the sample with silica
fume alone). This response was only analyzed for the first 40 h;
however, available data indicate that the nanofibers are providing
some seeding, but this phenomenon may not be the only reason for
the potential improvement of compressive strength. The degree of
hydration can be correlated to the cumulative heat of hydration
using Q1 [33,34] which results in 40% of hydration over tested per-
iod of 40 h. For reference cement, the heat of hydration over longer
periods of time can be estimated from chemical shrinkage data
based on the model proposed by NIST [34]. For example, after
170 h, the degree of hydration of 50% and corresponding heat of
224 J/g can be estimated.

3.1.2. Chemical shrinkage
The chemical shrinkage of the same set of cement pastes was

tested up to 7-day age. The results of these tests are reported in
Fig. 4. The results demonstrate that there is a difference in the
response of all tested mixtures. The research results prove that,
at the same W/CM ratio, both silica fume and nanofibers generate
less chemical shrinkage than the reference sample. The addition of
silica fume is generating a denser CSH structure which restricts the
volumetric deformations of the sample. The addition of nanofibers
to the composite matrix provides even further reduced chemical
shrinkage. This is an interesting finding because the chemical
shrinkage is correlated with the degree of hydration of a cement-
based material [34,36]. The relationship describing the chemical
shrinkage and hydration degree was described in [34]; further-
more, the CS data can be correlated with the results from the
cumulative heat.

Based on the observations, it may be concluded that nanofibers
can provide a reinforcing effect stitching the CSH (i.e., ‘‘shish
kebab” effect) which can be the reason for reduced shrinkage. This
phenomenon may also be a reason for the increased compressive
strength expected and observed with the addition of nanofibers.
Even though the use of only 1% silica fume on its own provides a
denser structure resulting in a low chemical shrinkage, the
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Fig. 4. Chemical shrinkage of cement pastes with Al2O3 nanofibers with time (right) and vs. estimated degree of hydration (left).
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combination of 1% silica fume with nanofibers did not provide
much of an improvement compared to the sample with only nano-
fibers. These results may indicate that the nanofibers are the main
contributor to the reduced chemical shrinkage (and potentially, the
compressive strength) while the incorporation of 1% silica fume
can provide the densification of the matrix required for the effec-
tive anchorage of the nanofibers.

The chemical shrinkage can be modelled as a function of esti-
mated degree of hydration using the approach reported in [34],
as explained by Fig. 4. Here, based on the 40-hour heat of hydration
and CS data, it was estimated that 40% degree of hydration is
reached by the reference cement. The CS of sample with Al2O3

nanofibers was standardized to the time in which the same degree
of hydration was observed and presented as a function of the
degree of hydration. Based on these results, at 50% degree of hydra-
tion, the use of nanofibers provides considerable, 34.1% reduction
of chemical shrinkage when compared to the reference. This may
be an indication that the nanofibers are providing a denser fiber-
stitched structure (‘‘shish kebab” effect) that restrains the
shrinkage.
3.1.3. Dispersion of Nano-Fibers
The cement pastes were also observed using a scanning electron

microscope to observe the distribution of nanofibers and deter-
mine if products of cement hydration are forming around the
fibers. Here, cement pastes with large quantities of nanofibers
equivalent to the cement content were tested. The same fiber dis-
persions were used in this experiment, meaning that the amount of
water required for dispersion was equal to the amount of water
used for the mixing of paste. This equates to a very high W/CM
of 25. This test was performed in order to visualize the distribution
of nanofibers within the system. The nanofibers in the diluted
cement paste can be observed in Fig. 5. It appears as though hydra-
tion products are forming around the nanofibers which would sup-
port the nucleation site hypothesis. In many areas, fibers can be
seen protruding from the hardened cement paste. In typical sys-
tems with higher cement contents and non-diluted pastes, these
protruding fibers could act as reinforcement between the adjacent
CSH globules which would improve the modulus and strength of
the composite. With the higher magnification, it appears that fibers
are well-distributed within a very dense matrix without visible
signs of agglomeration; however, higher magnification may be
required to report on fiber–matrix interaction.

3.2. The Al2O3 nano-fiber type and dispersion time in PC-SF mortars

3.2.1. Heat of hydration
The heat flow of mortars with different types and quantities of

nanofiber was tested next. Based on the heat flow curves (Fig. 6),
the difference in hydration between the samples with nanofibers
dispersed for 1 h and nanofibers dispersed for 3 h seems to be neg-
ligible. The longer dispersion time is assumed to require higher
quantities of PCE, as it would absorb on the nanostructures during
the dispersion process; however, this idea was not supported by
the heat flow study. The samples with nanofibers dispersed for
longer periods had very similar performance in respect to a delay
in hydration. The peak heat flow of the reference sample was
slightly higher than that for the samples with nanofibers. This
observation is due to the use of additional PCE originating from
the dispersion proportional to the dosage of nanofibers. Also, the
differences in peak heat flow between the samples with the same
dosage of nanofibers were negligible. Even though it was assumed
that the use of an additional PCE admixture might be leading to
lower heat flow, the samples with higher quantities of nanofibers
had higher quantities of superplasticizer and thus also should have
had lower peak heat flows. This was not the case, as only delays
with maximum peaks were observed. This may be an indication
that the use of an additional SP is not resulting in a decrease of
the peak heat flow, but rather the ultra-sonification is changing
the properties of PCE resulting in the extension of the dormant
period.

A delay in the hydration can be detected with an increasing
amount of nanofibers. The proportion of nanofibers to PCE was
the same for all dispersions; therefore, higher quantities of



Fig. 5. Scanning electron microscope images of diluted cement pastes with Al2O3 nano-fibers at 9,000� magnification (left) and 20,000� magnification (right).
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nanofibers would require the use of higher quantities of SP. With
these higher quantities in the system, a larger delay can be
expected. Increasing the amounts of SP did not lower the peak heat
flow as expected, but did delay the hydration process. This may be
an indication that the PCE is attaining the modification of structure
and unique properties after ultrasonication.
3.2.2. Compressive strength
The compressive strength of mortars with different quantities

of Al2O3 nanofibers, as well as nanofibers dispersed for different
periods, are reported in Fig. 7. It is clear that the addition of
Al2O3 nanofibers provides a significant improvement in compres-
sive strength. The best performing sample provided a 29% increase
in 90-day strength compared to the reference. When comparing
different quantities of nanofibers dispersed for 1 h, there seems
to be no trend in compressive strength with all of the values being
similar. This may be due to the fact that, at higher dosages, nano-
fibers can become more agglomerated. This higher degree of
agglomeration would make the nanofibers less effective, which
could be the reason for little improvement in strength observed
with higher quantities. The only trend that can be reported with
the nanofibers is that 1-day compressive strength tends to be
reduced as higher quantities are used. This is because the higher
nanomaterial quantities would absorb some ‘‘additional” SP which
is consumed and altered during the dispersion. This triggers a
delay in hydration as supported by the heat flow curves and thus
reduces the early-age compressive strength. However, at later ages
(especially, 90 days), it is clear that the addition of higher quanti-
ties of nanofibers provides increased compressive strength. Here,
the extended dispersion allows for lesser agglomeration and thus
enables the fibers to be more effective. The 90-day compressive
strength of composites with 0.5% of nanofibers are encouraging
demonstrating an increase of 17% compressive strength compared
to mixtures with 0.1% of nanofibers. The samples with 0.25% nano-
fibers had a strength increase of 14% (vs. compositions with 0.1% of
nanofibers), which was slightly lower than that for mixtures with
0.50%. This may also indicate that a quantity of 0.25% nanofibers
can be considered to be an optimal amount, as doubling the quan-
tity did not provide a significant improvement of strength.

At 90 days, the difference between the samples with nanofibers
dispersed for 1 or 3 h is negligible; however, considerable improve-
ment can be observed for the composites hardened for 28 days and
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also at an increased dosage of nanofibers. From these results, it
may be evident that the higher quantities of well-dispersed nano-
fibers result in higher compressive strength. Despite the 90-day
results of the nanofibers dispersed for 3 h not showing significant
improvement compared to those dispersed for 1 h, a longer time
may be beneficial to create a more stable dispersion and provide
a higher 28-day compressive strength. At 90 days, more complete
hydration has occurred so that the benefits of having a better dis-
persion cannot be detected from the compressive strength data. It
is quite possible that a better dispersion is potentially essential to
provide improved performance in terms of modulus of elasticity as
well as tension and bending properties.
3.3. The effect of supplementary cementitious materials

3.3.1. Heat of hydration
The results from the heat flow curves for samples with different

types and quantities of supplementary cementitious materials
(Fig. 8) prove that with the addition of small volumes of silica fume
or metakaolin, the hydration of Portland cement occurs faster. This
may be because the higher surface area of these materials would
require larger quantities of PCE-based superplasticizer and thus
compensates for the induced delay. In many cases, the samples
with metakaolin are hydrating slightly faster than those with silica
fume. One reason for this is that metakaolin particles are flaky,
requiring higher quantities of superplasticizer for dispersion than
the spherical silica fume particles. Additionally, the higher quantity
of aluminate phases in metakaolin can speed up the reaction pro-
cess. There also seems to be a trend that with the higher quantities
of silica fume or metakaolin used, there is a lower peak heat flow.
This is to be expected as metakaolin and silica fume, or many other
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Fig. 8. Heat flow of mortars with Al2O3 nanofibers and varying quantities of a)
metakaolin and b) silica fume.
supplementary cementitious materials for that matter, are poz-
zolanic materials that do not produce large quantities of heat dur-
ing hydration. These materials are siliceous or have aluminous
silicate components, and in the presence of water react with cal-
cium hydrates to form the calcium silicate hydrates (CSH). These
CSH types are similar to the ones formed from the hydration of
C2S and C3S; thus these pozzolans demonstrate excellent cementi-
tious properties. The addition of such compounds typically pro-
duces slower hydration and increased volume of CSH, resulting
in improved strength at later ages. Here, metakaolin and silica
fume are very fine particles with high surface areas, which tend
to be more reactive than most other pozzolans. This would
increase the speed at which these reactions are occurring and, as
so, significant improvements in early-age strength may be
observed (when the test and performance at a constant W/CM
are considered). In many cases, the peak heat release of the sam-
ples with metakaolin is higher than the peak heat release of the
samples with silica fume. This is because the metakaolin has alu-
minate phases resulting in the acceleration of hydration and higher
heat releases.

When comparing the samples with and without the nanofibers,
the hydration process typically occurs at a later stage when the
nanofibers are added. This is most likely due to the additional
quantities of SP are consumed and altered during the dispersion
of the nanofibers. The samples with lower quantities of supple-
mentary cementitious materials often see a more significant delay
when nanofibers are present; however, this delay is minor in mix-
tures with higher volumes of silica fume or metakaolin. This could
mean that, at these higher quantities of SCM, much of the super-
plasticizer is being consumed and no excess is available to delay
the hydration. Here, the workability and fluidity are more depen-
dent on the use of metakaolin or silica fume than it is on the use
of nanofibers, meaning that the SP used for the dispersion of nano-
fibers may be necessary when higher quantities of supplementary
cementitious materials are used. The samples with nanofibers also
tend to have a slightly lower peak heat flows. It would be expected
that the addition of nanofibers would result in higher peak heat
flows because of additional hydration products being formed at a
faster rate, but this was not the case. This is consistent with previ-
ous data and may be an indication that the ultra-sonification of the
PCE is affecting its properties.
3.3.2. Compressive strength
The compressive strength of samples with varying types and

quantities of supplementary cementitious materials is reported
in Fig. 9. These samples used 0.25% Al2O3 nanofibers (by weight
of cementitious materials) as it was determined to be an optimal
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Fig. 9. Compressive strength of mortars with Al2O3 nanofibers and varying
metakaolin or silica fume.
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dosage from the previous study. The samples without nanofibers
demonstrated the reductions in compressive strength when larger
quantities of SCM were used. This trend was observed for compo-
sitions with 5% metakaolin, 5% silica fume, and 10% silica fume.
This effect is most likely because these micro-particles were acting
as a viscosity-modifying admixture that reduced the workability of
the mixtures and generated higher quantities of entrapped air
voids. The reduction in compressive strength was more prevalent
in the samples with 5% metakaolin than those with 5% or more
of silica fume. This can be due to the shape of these micro-
particles. The silica fume particles have a spherical shape, whereas
the metakaolin particles are more flat and angular, resulting in the
reduction of workability defects of the structure and, so, a more
significant reduction in compressive strength. These results may
also indicate that the current mix design would not be beneficial
for the use without the nanofibers.

When comparing samples with Al2O3 nanofibers, it is clear that
the addition of metakaolin or silica fume improves the compres-
sive strength. For the samples with metakaolin, 1% replacement
of cement provides the best strengths, while a reduction in com-
pressive strength was observed at 5% replacement. For the samples
with silica fume, 1% and 5% replacement of cement performed the
best. When 10% of silica fume was used in combination with Al2O3

nanofibers, the compressive strength was reduced because of the
additional entrapped air voids and reduced workability. When
comparing 1% and 5% silica fume mixtures, the later had approxi-
mately an 8% increase in compressive strength at 28 days whereas
these two were comparable at 90 days. This allows some flexibility
in the material’s design. If strength is required at 28 days, 5% silica
fume may be beneficial; however, at 90 days the use of only small
quantities of silica fume, say 1% but in combination with Al2O3

nanofibers, can be beneficial. In many cases, for ultra-high strength
cementitious composites, high quantities of silica fume are
required to achieve the desired strength. Here, the same desired
strength can be obtained with very small quantities of silica fume
used in combination with nanofibers.
4. Conclusions

Ultra-high strength cement-based composite (UHSCC) materi-
als are becoming a popular solution in modern construction prac-
tice. The strength performance of these materials allows thinner
structural sections to be used and, due to an extremely dense
cementitious matrix, structures with superior durability can be
designed and built. The use of nanoparticles in ultra-high strength
cement-based materials is an efficient way to achieve the desired
performance with significantly reduced quantities of silica fume
(used as a replacement for the main cementitious material). Alu-
minum oxide nanofibers have yet to be used in cement-based
materials at an industrial scale; however, this product has great
promise for a measurable boost in compressive strength.

This work demonstrated that ultra-high strength cement-based
materials can be engineered with relatively low quantities of silica
fume. The addition of aluminum oxide nanofibers to cement-based
mortar at a dosage of 0.25% (by weight of cementitious materials)
significantly improves the compressive strength. This approach can
provide a boost of compressive strength approaching up to
200 MPa. This is evident by the 30% increase in compressive
strength of the composite when compared with strength of mate-
rial with only 1% of silica fume. Besides, additional quantities of
Al2O3 nanofibers or higher quantities of supplementary cementi-
tious materials did not significantly improve the performance
and, potentially, can have negative effects on the performance of
composites produced at a very low W/CM. The use of 1% metakao-
lin as cement replacement also provided promising results; how-
ever, the compressive strength of metakaolin based compositions
was slightly lower than that of materials with 1% silica fume.

The adequate dispersion of the nanofibers is also critical to
achieve the top performance. A longer dispersion time should
result in lesser agglomeration of fibers and thus can allow the
boost of performance. Even though the compressive strength tests
did not indicate a considerable difference in the 90-day compres-
sive strength between the compositions with nanofibers dispersed
for 1- or 3 h, the 28-day compressive strength was better for sam-
ples with nanofibers dispersed for 3 h. It was also observed that the
longer dispersion time could result in a more stable dispersion.

It is assumed that the improved behavior expected with the
addition of aluminum oxide nanofibers was due to the nanofibers
acting as a seed for the formation of hydration products and also
providing the reinforcing effect for the CSH formations, reducing
the development of micro-cracks. It was demonstrated that the
chemical shrinkage of cementitious composites with aluminum
oxide nanofibers was reduced by 34.1% vs. reference Portland
cement system produced at the same W/CM ratio and dosage of
superplasticizer. The proposed performance enhancement theories
are based on the results and analysis of heat flow curves, chemical
shrinkage data, and microstructure observations; however, more
in-depth studies may be required to verify these concepts. Another
aspect of this work that may require additional research is to
investigate the transformation of the PCE-based superplasticizer
during the ultrasonication. Additionally, more research must be
performed on the interaction of developed cement-based compos-
ite with macro-fibers to produce the family of ultra-high perfor-
mance fiber-reinforced concrete.
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