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Chloride permeability of concrete has been recognized as a critical
intrinsic property affecting the durability of reinforced concrete. An
experimental study was done, designed to examine the chloride perme-
ability and microstructure of portland cement mortar with nanomateri-
alsadmixed at 1% by weight of cement. Theelectromigration test showed
that, for cement mortars of the same mix design, the incorporation of
nanoparticles (Fe, Os, Al,O3, TiO,, and SIO,) and nanoclays (montmoril-
lonite) improved thechloride penetr ation resistance of themortar, asindi-
cated by the reduced apparent diffusion coefficients of chloride anion.
The nanomaterials also reduced the general ionic permeability of the
mortar, asindicated by thereduced electric char ge passing through. Such
improvementswer eespecially significant when using nano-SiO, and nano-
clays. Theelectrochemical impedance spectr oscopy test indicated that
incor poration of nanomaterialsin cement mortar significantly increased
itsionic transport resistance and decreased its electric capacitance,
and again such effectswer e especially significant when using nano-SiO,
and nanoclays. The field emission scanning electron microscopy test
revealed that theadmixing of nanomaterialsnot only led to denser cement
mortar but also changed the morphology of cement hydration products.
Mechanisms are proposed to explain the physicochemical changes
induced by thenanomaterialsand the specific surface ar ea of nanoma-
terialsis demonstrated as one of the key factors. Considering the low
cost of nanoclays, their usein concrete to reduce chloride permeability
and to improve other propertiesof concreteispromising.

The construction industry is one of many that have identified nano-
technology as a promising emerging technology. Furthermore, ready
mix concrete and concrete products were identified as among the top
40 industrial sectorslikely to be influenced by nanotechnology in 10
to 15 years (1). Nonetheless, construction has lagged behind other
industries where nanotechnology research and development (R& D)
have attracted significant interest and investment from largeindustria
corporations and venture capitalists. Recognizing the huge potential
and importance of nanotechnology to the construction industry, the
European Commission in late 2002 approved funding for the Growth
Project GMA1-2002-72160 NANOCONEX, toward setting up anet-
work of excellence in nanotechnology in construction. In the United
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States, the research on nanotechnology-based concrete materiasis
till burgeoning.

Despite their undisputed importance, omnipresence, and |ow-
technology status, cement-based materials are among the least under-
stood materialsdueto their complex nature (2). Particularly, reinforced
concreteisacomposite material with features of various dimensions
ranging from nanometer-sized pores and calcium-silicate-hydrate
(C-SH) gel to steel reinforcement that can be meters in length, to
aggregate particles of all sizes in between. The properties of such
composite materia are further complicated by the time-dependent
nature of the speciesbinding and cement hydration processesthat start
at the mixing of cement clinker minerals with water and continue for
months or even years.

Concrete, asaporous and highly heterogeneous composite, is sub-
ject totheingress of variousionic and molecular speciesfrom thenat-
ural environment and human activities. Excessive accumulation of
some species can be deleterious to the service life of concrete struc-
tures. For instance, carbonation, chloride ingress, and sulfate attack
arethe mgjor environmental loadingsthat cause deterioration of con-
creteand subsequent reduction in the strength, serviceability, and aes-
thetics of the structure (3). The ingress of gases, water, or ions in
aqueous solutionsinto concrete takes place through pore spacesinthe
cement paste matrix and paste-aggregate interfaces or microcracks.
For the durability of concrete, permeability isbelieved to be the most
important characteristic (4), which is related to its microstructural
properties, such asthe size, distribution, and interconnection of pores
and microcracks (5).

The properties of amaterial originate from its structure and chem-
ical composition. However, itisstill achallengeto elucidate the com-
plex correlations between transport properties of concrete and the
structure and chemistry of concrete at various scales. At the macro-
scopic level (visible, usually >200 um), hydrated concrete can be
viewed as athree-phase materia consisting of aggregate particles of
varying sizes and shapes, an incoherent mass of the hydrated cement
paste, and entrapped (as large as 3 mm) or entrained (usually 50 to
200 um) air voids in the hydration products. The type, amount, and
distribution of these phases are critical to the transport properties of
concrete (6). An examination at the micron scale distinguishes a
fourth phase, that is, interfacial transition zone (1TZ) that represents
athin-shell region (typically 10 to 50 um thick) surrounding large
aggregate particles (7).

BACKGROUND

In the past decade, rapid progress and improved availability of
advanced nanomaterials and characterization techniques have led
to a few studies examining the microstructures, properties, and
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underlying mechanisms of cement-based materials with nanopar-
ticlesor nanoclays admixed. Li et al. found that both the 7-day and
28-day compressive and flexural strengths of cement mortars
mixed with nano-Fe,O; and nano-SiO, were higher than those of
aplain cement mortar, and the mechanism suggested by the scan-
ning electron microscopy (SEM) study was that the nanoparticles
filled up the pores and reduced Ca(OH), compound among the
hydrates (8). Ji found that for concretes of similar 28-day strength,
the incorporation of nano-SiO, enhanced the water penetration
resistance of concrete, and the SEM study reveal ed that nano-SiO,
also led to more uniform and compact concrete (9). The effect of
nano-SiO, on concrete was attributed to its ability to react with
Ca(OH); crystals and produce C-S-H gel, and its ability to fill the
voids of C-S-H gel structure. Tsai found that adding as little as
0.3% or 0.5% of nanoclay by weight of cement enhanced the com-
pressive strength of concrete, but it failed to improve its thermo-
conductivity (10). Birgisson reported that a polymer-modified
nanoclay was able to enhance both the strength and ductility of
concrete and to significantly reduce its permeability and shrinkage
and attributed the enhancements to the pozzol anic effect and exfo-
liation effect (11). Chang et al. found that adding 0.6% and 0.4%
of nanoclay (montmorillonitein liquid form) by weight of cement
achieved the optimum performance of portland cement paste
nanocomposite, increasing its 28-day compressive strength by
13% and reducing its gas permeability coefficient by 50%,
respectively (12). In addition, microstructural properties analyzed
by X-ray diffraction, differential scanning calorimetry, nuclear
magnetic resonance, and mercury intrusion porosimetry indicated
that the microstructures of cement paste with nanomontmorillonite
contained more dense solid material and more stable bonding
framework (12).

Concrete is the most widely used manufactured building material
intheworld, owingtoitsversatility and relatively low cost. Approx-
imately 6 billion cubic m of concrete are made each year, equal to
1 cubic m per capitaon Earth. Concrete has a so become the material
of choice for the construction of structures exposed to extreme con-
ditions (13). As such, even slight improvementsin the design, pro-
duction, and materials performance of concrete can have enormous
socia and economic impacts.

For reinforced concrete structures exposed to salt-laden environ-
ments, chloride-induced corrosion of reinforcing steel is the major
cause for their premature deterioration and degradation. Chloride
anionscan act asacatalyst in the anodic reaction of corrosion process
oncethey penetrate the concrete cover and reach athreshold level high
enough to disrupt the passivefilm on rebar surface (typicaly aferrous
hydroxide layer of nanometers thick). Such depassivation of passive

TABLE 1 Properties of Nanomaterials Used in Study
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film on arebar surface usually leads to subsequent accel erated corro-
sion if no protective action istaken (14, 15). Therefore, chloride per-
meability has been recognized as a critical intrinsic property of the
concrete (16).

This study aimed to systematically evaluate the chloride perme-
ability of portland cement mortar incorporating various nanomate-
rials at 1% by weight of cement. The nanomaterials investigated
include nanosized particles (Fe,0s, Al,Os, TiO,, and SIO,) and two
nanomontmorillonites (one is hydrophilic and the other is hydro-
phobic due to the modification by polysiloxane). Electromigration,
electrochemical, and surface analytical measurements were con-
ducted to investigate the effect of nanomaterials on the ionic trans-
port resistance (including chloride permeability) and microstructure
of portland cement mortar.

EXPERIMENTAL METHODS
Material Properties

The cement mortars used Type | portland cement. The fine aggre-
gatesused wereriver sand sieved to allow amaximum aggregate size
of 2 mm before proportioning and admixing. Nanoparticles (Fe,0Os,
Al,Os, TiO,, and SiO,) were purchased from M TI Corporation. Nano-
clays 1.44PS (Clay-ho) and PGW (Clay-hi) were obtained from
Nanocor Inc. The properties of nanoparticlesand nanoclaysarelisted
inTable 1.

Specimen Fabrication

For both the control (with no nanomaterials admixed) and the
nanomodified cement mortars, three specimens were fabricated to
ensurethe statistical reliability of chloride permeability test results.
For the nanomodified ones, nanomaterials were first mixed into
cement in amixer, and then water was added and stirred at a high
speed (~250 rpm) for 5 min. Afterward, sand was added into the
mixture and stirred at alow speed (~60 rpm) for about 1.5 min to
achieve good workability. Theratio of cement: sand: water: nano-
material by weight was 1: 1: 0.5: 0.01. After mixing, the fresh mix-
ture was poured into molds to form @ 40 mm x 5 mm discs, which
was carefully compacted to minimize the amount of entrapped air.
The cement mortar specimens were demolded after 24 h and then
cured in awet chamber (relative humidity in excess of 95%, tem-
perature 20°C) for 28 days, before being subjected to the electro-
migration test.

Nanomaterial Bulk Density (g/cm?) Maximum Size (nm) Specific Surface Area (m?/g)
Clay-ho: 1.44PS (polysiloxane-modified montmorillonite) 0.251 200400 (aspect ratio) ~7,968%
Clay-hi: PGW (98% montmorillonite) 0.678 200400 (aspect ratio) ~2,950%
SO, 0.063 30 440
TiO, (anatase) 0.15-0.25 5 210
Al,0; (gamma) 0.16-0.4 10 180
Fe,0; (gamma) 120 30 30

#The specific surface areafor the nanoclay was estimated based on bulk density, assuming a perfect sheet structure of montmorillonites with 1-nm spacing.

Other data are from the suppliers.
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FIGURE 1 Experimental setup for electromigration tests.

Characterization
Electromigration Measurements

To test the chloride permeability of cement mortars, electromigration
experimentswere performed using the glasscell asshownin Figure 1.
The glass cell features a disc-shaped mortar specimen that separates
the chloride anion source (3% NaC1l) and the destination solution
(4.3% NaNOs). Each of the two half-cells contains one glassy carbon
electrode with an exposed surface areaof 1 cm?. Oncethe mortar disc,
electrolytes, and electrodeswerein place, a5-V DC electric field was
maintai ned acrossthe disc through the two carbon electrodesin thetwo
compartments. During the test, readings of open circuit potential
(OCP) of the Ag—AgCl sensor in the destination solution were taken
periodically, using a saturated calomel electrode (SCE) asthe refer-
ence electrode. In addition, the current passing through the disc was
monitored using a Gamry Electrochemical Multiplexer ECM8 Poten-
tiostat. The Ag—AgCl sensor was used to monitor the evolution of free
chloride anion (Cl~) concentration in the destination solution, astheir
OCP data were compared against a standard calibration curve corre-
lating potential readings with known CI~ concentrations.

The method used to cal cul ate the apparent diffusion coefficient D
of ClI~ in cement mortarsisdescribed asfollows. Under an externally
imposed electric field with an intensity of E, the mobility of ions (v,
the average vel ocity of ions per unit of electricfield) isrelated tothe
diffusion coefficient through the Nernst-Einstein equation (17):

zZFD
vV=—
RT
where

z = charge number,

F = Faraday constant,

R = gas constant, and

T = absolute temperature.

The chlorideion mobility can be cal culated from thetimet, required
for the chloride front to penetrate a depth d of the specimen (18):

d
vV=—
t,E
Therefore, the diffusion coefficient D of CI~ in cement mortars
can be estimated by the following equation:

_ dRT
t,E,F

Figure 2 provides an example of how the chloride penetration
timet, was estimated from the monitored Cl~ concentrationsin the
anolyte (destination solution). The t, is the point after which the
ClI~ concentration in the anolyte increases linearly with time.

Electrochemical Measurements

At the end of each electromigration test, the Gamry Potentiostat was
used to measure electrochemical impedance spectra (EIS) data, to
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FIGURE 2 Typical evolution of chloride concentration in anolyte
over time.
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characterize the microstructural properties of cement mortar. To this
end, a platinum mesh was placed in the left (cathodic) compartment
to serve as the counter electrode, whereas the carbon €l ectrode and
the SCE in the right (anodic) compartment served as the working
electrode and thereference el ectrode, respectively. The EISmeasure-
ments were taken by polarizing the working electrode at +10 mV
around its OCP, using sinusoidal perturbations with a frequency
between 300 KHz and 5 mHz (10 points per decade). The Gamry
analysis software was used to plot and fit the EIS data.

Surface Analytical Measurements

For surface analysis, the mortar specimenswere taken out of the glass
cell after the electromigration and el ectrochemical measurements. A
dlice sample was cut directly from the side of mortar disc exposed to
the chloride anion source (3% NaC1). After being vacuum dried, the
samples were then subjected to a field emission scanning electron
microscope[(FESEM), Zeiss Supra55V P to study thelocalized mor-
phologies of cement mortar at the microscopic level, using a Hitachi
S-4100 system with beam energy of 25.0 keV.

DISCUSSION OF RESULTS

Effect of Nanomaterials on lonic Permeability
of Cement Mortar

Theelectromigration test showed that, for cement mortars of the same
mix design, the incorporation of nanoparticles (Fe,0s;, Al,Os, TiO,,
and SIO,) and nanoclays (montmorillonite) improved the chloride
penetration resistance of the mortar, as indicated by the reduced
apparent diffusion coefficients of chloride anion, Dg-. Suchimprove-
ments were especially significant when using nano-SiO, and nano-
clays. Figure 3 shows the apparent diffusion coefficients of Cl~ in
the portland cement mortars tested, with the mean and standard
deviation calculated from two or three specimens. When nano-SiO,,
hydrophilic nanomontmorillonite, and hydrophobic nanomontmoril-
lonite were admixed into fresh cement mortar at 1% by weight of
cement, thevalue of Dy~ was decreased by 61.7%, 66.4%, and 76.0%,
from 6.82 x 107 m?/s (control specimen) to 2.61 x 10 m?/s, 2.29 x
10 m?/s, and 1.64 x 107 m?/s, respectively. The reduction of D¢
induced by the nanomaterialswasin the order of Clay-ho > Clay-hi >
SO, > TiO, > AlL,O; > Fe,Os;, which is exactly the order of specific
surface area (SSA) of these nanomaterials (see Table 1).

The evolution of electric current was monitored during the electro-
migration test and then used to cal culate the amount of electric charge
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FIGURE 3 Apparent diffusion coefficient of ClI~ in cement
mortars (m%/s).
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passing through the mortar discs by integrating the current curve over
time. Results showed that, for cement mortars of the samemix design,
the incorporation of nanoparticles and nanoclays reduced the gen-
eral ionic permeability of the mortar, as indicated by the reduced
electric charge passing through, Q. Again, such improvements
were especialy significant when using nano-SiO, and nanoclays.
When nano-SiO,, hydrophilic nanomontmorillonite, and hydropho-
bic nanomontmorillonite were admixed into fresh cement mortar at
1% by weight of cement, thevalue of Q (over 225 min) was decreased
by 27.4%, 35.5%, and 54.0%, from 6.77 x 10* C/m? (control speci-
men) t04.91 x 10* C/m?, 4.37 x 10* C/m7?, and 3.11 x 10" C/n?, respec-
tively. The reduction of Q induced by the nanomaterials was in the
order of Clay-ho > Clay-hi > SO, > TiO, > Al,O; > Fe;O;, which is
exactly the order of SAA of these nanomaterials (see Table 1).

Figure 4 further illustrates the strong correl ation between the SSA
of nanomaterial and the chloride permeability (Figure 4a) as well
asthe general ionic permeability (Figure 4b). Asthe SAA of nano-
materials increased (from nano-Fe,O;, nano-Al,Os;, and nano-
TiO,, to nano-SiO, and nanomontmorillonites), both D~ and Q
decreased exponentially, indicating enhanced resistance to both the
penetration of Cl~ and other ionsinto the mortar specimens. The elec-
tromigration test results revealed that the small amount of nano-SiO,
and nanoclays markedly improved the chloride penetration resistance
of the cement mortars. These findings show the promise for using
nanomaterials to improve concrete durability.

Effect of Nanomaterials on Microstructure
of Cement Mortar

Investigation by Electrochemical
Impedance Spectroscopy

ElSprovidesinformation oninterfaces and thuswas used to shed light
on the microstructural properties of the cement mortars used in this
study. The complex impedance of the mortar—electrolyte interfaces
depends on the frequency of the externally imposed alternating cur-
rent polarization signd, allowing the representation of the systemwith
an equivalent circuit typically consisting of resistors and capacitors.
For this study, the equivalent circuit shown in Figure 5 was used
to characterize the interfaces between the counter electrode and the
working electrode separated by the mortar disc. Constant phase ele-
ments (Q) instead of capacitanceswere used in al fittings. Such mod-
ification is obligatory when the phase angle of capacitor is different
from —90°.

The EIS parameters that characterize the electrolyte—concrete
interface are the ionic transport resistance of the mortar disc (Ryora)
and the capacitance (in this case, constant phase element) of the disc
(Qmortar)- Table 2 presents the fitted equivalent circuit parameters of
both the control and nanomodified mortar discs, in which N iSthe
fitting coefficient for Qo (With 1 being the perfect fit of acapacitor
and 0 being theworst).

As shown in Table 2, compared with the plain portland cement
mortar disc, the discs modified by nanoparticles (Fe,Os, Al,Os,
TiO,, and SIO,) and nanoclays (montmorillonite) had higher values
of Riorar @nd lower values of Quorar Rmorar Characterizesthe porosity
of themortar disc and isafunction of the resistance of ionic transport
through the interconnected pores, cracks, and potentially air voidsin
the disc. The increased ionic transport resistance and decreased elec-
tric capacitance of nanomodified mortar discs suggest that the incor-
poration of nanomaterials led to denser microstructure of cement
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mortar. Such effects were especially significant when using nano-
SiO, and nanoclays. Compared with the plain portland cement mor-
tar disc, the nanomodified mortar discs had higher values of Nyorar
possibly due to lower porosity and higher microstructural regularity
of thediscs.

A strong correlation was found between D¢~ and both the ionic
transport resistance and the electric capacitance of portland cement

mortars. Asthe diffusion coefficient of Cl~ in portland cement mor-
tar decreased (from control, to nanoparticle modified mortar and
nanomontmorillonite modified mortar), Ry iNCreased exponen-
tialy, whereas Q. decreased exponentially. Thesethree parameters
were all indicators of the microstructure and chemical composition
of the saturated mortar matrix, in which theionic speciestransport
mainly vianatural diffusion or electromigration.

Q]_ Qmortar QZ
; Ny Nmotor n i
Counter Working
Electrode VA VA VA ayya Electrode
R1 Rmortar R2 W

FIGURE 5 Equivalent circuit used for fitting impedance spectra.
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TABLE 2 Equivalent Circuit Parameters of Mortar Discs

Mortar Specimen Ruortar (KQ cm?) Quortar (US €M) Nrnortar

Control (without nanomaterial) 7.03£2.03 7761140 0.03+0.01
Mortar with nano-Fe,0; 24.05+8.57 387+35.5 0.67+0.04
Mortar with nano-Al,O;, 29.32+6.60 385+79.4 0.69+0.09
Mortar with nano-TiO, 35.66+4.66 345+12.6 0.59+0.04
Mortar with nano-SiO, 206.5+2.9 128+46.5 0.86+0.08
Mortar with nano-Clay-hi 273.5+61.1 120+15.4 0.79+0.08
Mortar with nano-Clay-ho 487.9+69.6 113+22.9 0.91+0.39

Investigation by Field Emission Scanning
Electron Microscopy

The FESEM test reved ed that the admixing of nanomeaterialsnot only
led to denser cement mortar but also changed the morphology of
cement hydration products. Figure 6a through 6h shows the FESEM
images of mortar discs subsequent to the el ectromigration and el ectro-
chemica measurements. By examining the microstructure of theplain
portland cement mortar disc (Figure 6a and 6b), it was found that
cement hydration products existed mainly in the form of reticulated
typell C-S-H gel, Ca(OH), plate crystals, and needle-shaped crystals
of calcium aluminum trisulfate hydrate (known as ettringite). Figure
6¢ though 6f shows the microstructure of mortar discs incorporat-
ing nano-Fe,0s, nano-Al,0s, nano-TiO,, and nano-SiO,, respectively.
Distinguishing from the plain mortar, the nanomodified cement mor-
tar was more dense and compact, especially when nano-SiO, was
used. Figure 6g and 6h showsthe microstructure of mortar discsincor-
porating the hydrophilic and hydrophobic nanomontmorillonite,
respectively. The microstructure of the mortar modified by nanoclays
not only contained more dense solid material but also featured high
regularity due to the presence of sheet-like montmorillonite texture.
In all the nanoparticlesmodified mortar specimens, reticul ated typell
C-S-H gel became dominant, whereas Ca(OH), plate crystals and
needle-shaped ettringite crystals were much less identifiable.

Role of Nanomaterials in Mortar Permeability
and Microstructure

Building on existing research aswell asthe fresh evidence provided
by this study, the mechanisms responsible for the effect of nano-
materials on mortar permeability and microstructure are proposed
asfollows.

Firg, al the nanomaterials may work as nanosized fillers and lead
to adenser and |ess permeable microstructure of cement mortars.
Transport of ionic and molecular speciesin concreteismainly through
pore solution. At the microscopic level, hydrated cement paste and
ITZ areintrinsically microporous, both containing heterogeneousdis-
tributions of different types and amounts of solid phases, voids, and
microcracksfilled with air and pore solution. Pores larger than about
10 nm are related to the transport of species (18). Asindirectly sug-
gested by the electromigration, electrochemical, and FESEM results,
the nanomaterialsexamined in this study might have modified the vol-
ume fraction, tortuosity, and connectivity of pores, al of which are
critical to the transport properties of cement mortar (19).

Second, the nanomaterials may act asa*“nucleus’ to guidethe for-
mation and growth of cement hydration products. While only asmall
quantity of nanomaterials (1% by weight of cement) isused, their high

SSA and high surface activity resulting from the nanosize effect may
both promote the deposition of cement hydration products on them.
Assuch, the hydration products were distributed more uniformly and
better developed. This nucleus effect aso inhibits the growth of
Ca(OH), and ettringite crystals and promotes the formation of retic-
ulated type Il C-S-H gel among hydrates. Cement paste consists of
anhydrousclinker particles (1 to 50 um), hydration products, and cap-
illary pores (up to 1 umin diameter). The hydration products usualy
consist mainly of C-S-H with a porosity of around 28% due to inter-
layer or gel pores (5 A to 25 A), and Ca(OH), crystals (19). In addi-
tion, the needle-shaped ettringite crystals are formed during the
early stages of hydration and eventually transform to hexagonal-
plate crystals of monosulfate hydrate; calcium sulfoaluminates can
also include other ingredients such as aluminoferrite to form Al,Os-
Fe,O4-tri-x-SO, and Al,Os-Fe,0s-mono-x-SO, (20). The physico-
chemical properties of hydrated products are known to affect the
transport characteristics of concrete. For instance, retarded transport
of species due to physical trapping and chemical binding has been
found closely related to the physicochemical properties of hydrated
productsin concrete matrix (21).

Third, the nanomaterials may promote the formation of high-
density C-S-H structuresviaparallel packing. C-S-H isthemain bind-
ing phase in portland cement—based materias (50% to 60% of the
solids by volume) and its nature is central to the transport character-
isticsof concrete. Despite numerous publications, the exact structure
of the C-S-H istill debatable, for its morphology variesfrom poorly
crystallinefiberstoreticular network. A quantitative” colloid” model
proposed by Jennings' group provides probably the latest advances
on the subject, describing the microstructure of C-S-H at the scale
between 1 and 100 nm to rationalize many experimental observations
(22). The basic building block of C-S-H was a unit simplified as a
sphere approximately 2 nm across with an SSA of about 1,000 m*g.
The units packed to form globules, which in turn packed together
to form low-density and high-density C-S-H structures (22). An
extended version of this model was formulated to account for new
data obtained from small-angle neutron scattering, nanoindentation,
and equilibrium drying measurements. It proposed that a loosely
packed C-S-H formed initially asarandom agglomeration of 5-nm
C-S-H globules, which tended to densify to form low-density C-S-H
structures via random jammed packing or to form high-density
structuresviaparallel packing (23). The nanomaterials examined in
this study likely facilitated the formation of high-density C-S-H
structures, and the underlying mechanism for this effect remains a
mystery to be explored.

Fourth, when nano-SiO, and nanomontmorillonites (containing
high amount of SiO,) are used, a pozzolanic reaction may occur
between portland cement paste and the SiO, in nanomaterials.
Such areaction further inhibits the growth of Ca(OH), and produces
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FIGURE 6 FESEM images of cement mortars: (8) and (b) without nanomaterial, (¢) with nano-Fe;03, (d) with nano-Al;03, (e) with
nano-TiO,, (f) with nano-Si0,. (Magnification for (a) to (h) at 6850, 3180, 4980, 5810, 1400, 4970, 1950, and 2840, respectively,
to illustrate typical microstructure.)

(continued on next pagel



Transportation Research Record 2070

FIGURE 6 (continued) FESEM images of cement mortars: (g) with nano-Clay-hi, and (h) with nano-Clay-ho. (Magnification for
(a) to (h) at 6850, 3180, 4980, 5810, 1400, 4970, 1950, and 2840, respectively, to illustrate typical microstructure.)

reticulated type |l C-S-H gel among hydrates. When nano-SiO, and
nanomontmorillonites are used in concrete with large aggregates,
this effect is expected to be magnified and lead to more improve-
ments in the properties of concrete. In concrete, due to the high
water-to-cement ratio at the large aggregate surface, the ITZ phase
at aggregate—paste interface has a higher porosity than that of the
paste phase and thus exerts a greater influence on the transport char-
acteristicsof concrete (5). Nano-SiO, and nanomontmorillonitesare
expected to tightly bond the cement hydration products within and
around the transition zone, to reduce the Ca(OH), crystal formed in
the vicinity, and to form adense and compact I TZ phase.

Finally, once nanomontmorillonitesare mixed in fresh cement mix-
ture, their nanosheets may be exfoliated in the cement matrix and tend
to bedispersedin onedirection under stirring. These nanosheetsform
ordered arrays dueto their high aspect ratio and high surface activity.
Such ordered arrays introduce microstructural regularity into cement
mortars via a more stable bonding framework. They act as a dense
barrier to reduce the permesbility for ionic and molecular species as
well as*fiber reinforcement” to enhance the mechanical properties of
cement mortar. The nanomontmorillonites used in this study had a
theoretical formula of Mj(Al,,Mg,)(Sis)O1(OH),nH,0 and a high
aspect ratio of 200 to 400 (approximately 1 nm thick and hundreds
of nanometersin planar diameter). Asshown in Figure 6g and 6h, the
montmorillonite sheets were tightly embedded in the cement mor-
tar featuring a texture of ordered array. The improvements in mor-
tar properties and microstructure by the polysiloxane-modified
montmorillonite were more significant than those by the unmodi-
fied nanomontmorillonite. This can be attributed to the hydrophobic
nature aswell as higher SAA of the polysiloxane-modified montmo-
rillonite, which led to adenser and ordered microstructure of cement
mortar, as shown in Figure 6g and 6h.

CONCLUSIONS

This paper presents an experimental study designed to examine the
chloride permeability and microstructure of portland cement mortar
with nanomaterials admixed at 1% by weight of cement.

The electromigration test showed that, for cement mortars of the
same mix design, the incorporation of nanoparticles and nanoclays

improved the chloride penetration resistance of the mortar, as indi-
cated by the reduced apparent diffusion coefficientsof chlorideanion,
D¢r-. When nano-SiO,, hydrophilic nanomontmorillonite and hydro-
phobic nanomontmorillonite were admixed into fresh cement mor-
tar at 1% by weight of cement, the value of D¢~ was decreased by
61.7%, 66.4%, and 76.0%, from 6.82 x 10 m?/s (control specimen)
t02.61 x 10 m?/s, 2.29 x 10 m¥s, and 1.64 x 10 m?/s, respec-
tively. The nanomaterials al so reduced the general ionic permesbility
of the mortar, as indicated by the reduced electric charge passing
through, Q. Asthe SSA of nanomaterialsincreased, both Dg- and Q
decreased exponentially, indicating enhanced resistance to both the
penetration of Cl~ and other ionsinto the mortar specimens. The elec-
tromigration test results reveaed that the small amount of nano-SiO,
and nanoclays markedly improved the chloride penetration resistance
of the cement mortars.

The EIStest indicated that the incorporation of nanomaterialsin
cement mortar significantly increased its ionic transport resistance
and decreased its electric capacitance, and again such effects were
especially significant when using nano-SiO, and nanoclays.

The FESEM test revealed that the admixing of nanomaterials not
only led to denser cement mortar but a so changed the morphol ogy of
cement hydration products. In al the nanoparticles modified mortar
specimens, reticulated type || C-S-H gel became dominant, whereas
Ca(OH), plate crystals and needle-shaped ettringite crystals were
much lessidentifiable.

M echanismswere proposed to explain the physicochemical changes
induced by the nanomaterials and the SSA of nanomaterials was
demonstrated to play akey role. First, all the nanomaterialsmay work
as nanosized fillers and led to a denser and less permeable micro-
structure of cement mortars. Second, the nanomaterials may act as
a nucleus to guide the formation and growth of cement hydration
products. Third, the nanomaterials may promote the formation of
high-density C-S-H structures via parallel packing. Fourth, when
nano-Si0, and nanomontmorillonites are used, a pozzolanic reaction
may occur between portland cement paste and the SIO, in nanomate-
rials. Findly, once nanomontmorillonites are mixed in fresh cement
mixture, their nanosheets may be exfoliated in the cement matrix and
tend to be dispersed in one direction under stirring. These nanosheets
form ordered arrays due to their high aspect ratio and high surface
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activity. Such ordered arraysintroduce microstructural regularity into
cement mortars viaamore stable bonding framework.

Considering the low cost of nanoclays, their use in concrete to
reduce chloride permeability and to improve other properties of con-
creteisvery promising. Intheresearchers laboratory, work isplanned
to further investigate the potential synergy between nanomont-
morillonites and other admixtures in improving the durability of
cement-based composite materials.
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