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� Mortars produced with different TiO2

samples and dispersion conditions.
� Effect of TiO2 in the fresh and
hardened state properties of
rendering mortars.

� Dispersion condition of TiO2 changes
the properties of rendering mortars.

� The properties, in the hardened state,
are in function of the dispersion
methods and the characteristics of
TiO2.

� TiO2 on drying shrinkage control is
potentially increased by dispersion.

� The dispersion procedure and
characteristics of TiO2 influence on
the drying shrinkage.
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This study was carried out to evaluate the influence of n-TiO2 dispersion on fresh and hardened rendering
mortar properties. Five compositions were evaluated with dispersed polypropylene microfibers (PPMF): a
reference, without n-TiO2 addition, and four using two commercial samples of n-TiO2, evaluated in two
dispersion conditions. Although the materials were the same in all formulations, the water content was
modified to maintain the same mortar consistency as determined by flow table results. The fresh prop-
erties of the mortars were determined by means of squeeze flow and air-entrainment tests, while hard-
ened properties were evaluated by capillary water absorption, air-permeability, dynamic elastic modulus,
drying shrinkage, split tensile strength according to the Brazilian test, and porosity by the Archimedes
immersion method. The results obtained have shown that the fresh and hardened mortar properties were
affected by the dispersion procedure and the properties of the n-TiO2 samples, indicating that the addi-
tion of n-TiO2 in a dispersed form was more effective to control fresh and hardened mortar properties. On
the other hand, drying shrinkage results are not influenced by the dispersion procedure but as of the
characteristics of n-TiO2.

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

The uniformity of nanoparticle dispersion into rendering mortar
(random or agglomerated) affects the properties of materials.



1 The compound identification was performed using a Panalytical X-pert HighScore
Plus software (version 4.5 (4.5.0.22741), and diffraction patterns and structures
provided by the free Crystallography Open Database (COD) database in 2016) and
eventually, diffraction patterns and ICDD (International Center for Diffraction Data
and ICSD (International Center for Structure Data) structures, respectively.
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Particle size and shape as well as the method of adding to the mix-
ture, are points of great importance which should be considered.

The rheological properties of dispersions are governed by the
microstructure of the system. In those systems, the solid particles
are relatively small and the interparticle forces are significantly
pronounced to influence the microstructure, the state of aggrega-
tion of the dispersion and, consequently, the mechanical and rhe-
ological properties of the system [1].

A great impact on the fresh state properties of compositions is
generated when n-TiO2 are added in cement-based materials due
to the strong tendency towards agglomerate formation due to their
ultrafine size [2,3], increasing the water content to mixture and
affecting the hardened state properties. Therefore, the addition of
n-TiO2 as a dry powder into the cement paste presents difficulties
regarding homogeneity due to the dry insertion of the compound.
Besides, the n-TiO2 material is wasted since a considerable amount
of the product is not available on the surface for photocatalytic
activity.

Fine particles, such as n-TiO2, tend to agglomerate due to their
low mass and high surface area, factors that cause surface forces to
predominate over gravitational forces. According to the DLVO
(Derjaguin-Landau-Verwey-Overbeek) theory, the dispersion state
of a system of electrically charged particles in a suspension is gov-
erned by the sum of the potential energies of attraction and repul-
sion of the particles [4]. These potential energies are determined by
three main characteristics, in order of importance: a) surface elec-
trical charges; b) pH of the medium and c) surface area [5]. As the
balance of electric charges on the surfaces of different particles is
not always in equilibrium, generated attraction forces are stronger
than the those of repulsion [6].

In a road surface pavement application study, the n-TiO2 disper-
sion accounted for different concrete performances. Nanoparticle
addition to the cement matrix caused the formation of agglomer-
ates of low mechanical resistance, while adding the material in a
dispersed and ‘‘loose” procedure promoted the homogenization
of n-TiO2 in concretes [7].

The increase in n-TiO2 particle concentration in the dispersions
produces a more viscous suspension, and the increased
viscosity could be attributed to the agglomeration of n-TiO2 [8].
In this sense, the use of the concept of particle packing as a
strategy for the development of coating mortars can be a great ally
as it enables the production of mortars with low cement consump-
tion [9].

The packing models assume that the larger grains form voids
that are progressively filled by smaller grains, resulting in high
density by reducing the volume of voids between the grains. In
addition to particle size distribution and specific surface area, other
properties influence particle packing, such as morphology, coarse
particle porosity, and particle agglomeration. Therefore, a good
granulometric design must be polymodal, where mixing and com-
paction techniques also influence the porosity of a mixture for a
given particle size distribution [6].

Porosity, specific surface area, and solid content are particle
properties that influence the fresh and hardened state parameters,
as spread, air-incorporation, mechanical strength, modulus of elas-
ticity, permeability, adhesion and others. These are factors that
greatly influence mortar capacity of withstanding aggressive
agents such as water, oxygen, carbon dioxide, chlorides and
aggressive solutions [7]. In this context, not only these parameters
can be associated with the service life and durability of a building,
but also to evaluate the susceptibility of these fluids to permeate
into a porous medium.

The particle dispersion stands as a challenge that needs to be
addressed for the addition of nanomaterials in cement matrixes
[10]. Regarding the literature data, it becomes obvious that
additional factors influence the photocatalytic efficiency of the
different n-TiO2 samples. Particle characteristics like size, mor-
phology or surface constitution account for the different photocat-
alytic activity. In particular, catalyst particle size seems to have
noticeable influence on the photocatalytic activity [11].

Thus, the main goal of this study was to experimentally evalu-
ate the influence of n-TiO2 dispersion on fresh and hardened ren-
dering mortar properties.
2. Experimental program

2.1. Materials

The mortars used in this study were prepared using white
Portland cement (WHITE CEM I 52.5R EN 197-1), dolomites
#20, #40 and #80, commercial air-entraining agent (AEA) based
on sodium lauryl sulphate molecules, water retaining agents
based on cellulosic ether molecules, and polypropylene microfi-
bers. The amount of all these raw materials was kept constant,
but the water content of each mixture was modified to maintain
mortar consistency.

Two different samples of commercial n-TiO2 powder were used
in the mixtures, and the comparisons were made using five sets of
specimens as described in Table 1.

Ref. represents the composition formulated without the addi-
tion of n-TiO2, and the specimens to which P25 and PC105 had
been added were marked with a ‘‘p” and a ‘‘d”, which stood for
Standard Energy Mix (SEM) and High Energy of Dispersion (HED)
respectively.

2.2. Methods

2.2.1. Raw material characteristics
The specific surface area (SSA) of materials was measured using

the BET method. The equipment used was an N2 gas/vapor adsorp-
tion in a Belsorp Max equipment with a pre-treatment of the spec-
imens at a temperature of 60 �C and a pressure of 7 � 10�5 MPa for
24 h in a Belprep II – vac equipment. The real density analysis was
determined by means of the Helium pycnometry method in a
Quantachrome MVP 5DC multipycnometer. Particle size distribu-
tion of the finer particles was determined by laser granulometry
in a Malvern Mastersizer LongBed with a detection range of 0.1–
355 mm, and the dolomites particle size distribution was deter-
mined by means of a Dynamic Image Analyser (QicPic – Sympatec)
with a detection range of 1–4000 mm. The raw material character-
istics are presented in Table 2 and Fig. 1.

Fig. 2 shows the mineralogical composition of white Portland
cement and n-TiO2 obtained by X-ray diffraction: IPT 15742 –
CT-OBRAS-LMCC-Q-PE-092 – ‘‘Mineralogical analysis by X-ray
diffraction” and IPT 15458 – Q-PE-089 – ‘‘Determination of phases
analysis of Portland cement and Portland cement clinker using the
Rietveld method of analysis by powder diffraction”, according to
ASTM guidelines [12]. Equipment used: Rigaku model Windmax
1000, operating on copper Ka rad radiation with 40 kV – 20 mA
and 2�/min sweep1. Table 3 shows the determined chemical compo-
sition according to ABNT and ASTM standards [13–20].

2.2.2. Compositions
The compositions were developed without granulometric

changes of coarse particles, but the mobility parameters were
affected due to the characteristics of the n-TiO2 used. It should
,
)



Table 1
Specimen description. SEM – mortar mixed using standard energy mix; HED – mortar mixed using high energy of dispersion.

Mixtures Description1 Specimens Quant

Ref. Mortar without n-TiO2 addition (SEM) cylindrical/prismatic 05/03
Ref+P25d Mortar with HED n-TiO2 addition cylindrical/prismatic 05/03
Ref+P25p Mortar with SEM n-TiO2 addition cylindrical/prismatic 05/03
Ref+PC105d Mortar with HED n-TiO2 addition cylindrical/prismatic 05/03
Ref+PC105p Mortar with SEM n-TiO2 addition cylindrical/prismatic 05/03

1 All compositions were mixed using dispersed PPMF addition.
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be stressed that each composition was mixed with a different
amount of water, aiming to maintain the same workability defined
in the flow-table tests. The consumption, in kg/m3, of each raw
material in the compositions is described in Table 4.

Fig. 3 shows the particle size distribution of each composition,
and Table 5 shows the packing and mobility parameters resulted
in the proportioning of raw materials. Interparticle separation
(IPS) represents the mean distance to separate the finer particles
assuming that all are completely dispersed, and maximum paste
thickness (MPT) indicates the distance between the coarse parti-
cles, having been calculated in this work disregarding the air-
voids, but considering the differences in the water content used
in each mixing.

The IPS concept is particularly applicable to fine particle sus-
pensions, as in the case of n-TiO2, where surface forces are predom-
inant, considering the effect of particle size distribution and
predicting particle contact (d = 0) when the amount of the liquid
phase is lower than the porosity of the packaged system [9]. The
lower the porosity of the system, regulated by particle size distri-
bution, the higher is the IPS value of the paste and greater is the
amount of the free liquid phase to separate the particles [21]. Par-
ticle separation must be at least 50 nm for movement to occur [4].
Studies suggest similar values for the water layer between the par-
ticles of 41 nm [22] and 45 nm [23] respectively.

To increase the flowability of a mortar, it is necessary to maxi-
mize the MPT value to provide the lowest contact among the
coarse grains. The MPT has an close relationship with the fresh
and the hardened state’s properties of coating mortars. For values
lower than 20 lm, the compressive loads to spread mortars
increases significantly, because the friction between the aggregates
is higher. Above this value, the compressive load falls smoothly as
a function of the MPT increase, and this value may change accord-
ing to the specific properties of each mortar evaluated [24,25].

The mobility and packaging parameters were used to define the
composition of the mortar, but no correlation was observed with
the properties obtained. That fact shows that the characteristics
of the products obtained also depend on chemical and surface
parameters, which were not considered in this work.

2.2.3. Mixing process
Fig. 4 shows the stages used to mix the mortars. The set of

mixtures, show only small differences. The mixing procedure of
the raw materials used to prepare the specimens is detailed below.
Table 2
Raw material characteristics.

Materials Characteristics diameter (lm)

d10 d50

White Portland cement 2.6 17.7
Dolomite #20 975.1 1242.1
Dolomite #40 24.3 230.0
Dolomite #80 4.5 38.3
n-TiO2 (PC105) 0.66 1.50
n-TiO2 (P25) 1.38 3.90
� Reference mortars (mixtures without the addition of n-TiO2):
water was added into the bowl of the Hobart N50 mixer, and
then microfibers were added and Standard Energy Mix (SEM)
applied for the 90 s using: 30 s in speed 1 (low), 30 s in speed
2 (high) and 30 s speed 1 (low). The dry powder was added
for 1 min with the equipment turned off. A period of the 30 s
was allowed for particle wetting, and then, the equipment
was turned on, and the mixing was performed for 90 s using
the same procedure described previously.

� Ref+P25p and Ref+PC105p mortars: the n-TiO2 was homoge-
nized with all the dry powder (cement and dolomites) in a plas-
tic bag for the 30 s before the addition. The procedure used to
disperse microfibers, add the dry powder and mix the mortar
was the same as the reference mortars.

� Ref+P25d and Ref+PC105d mortars: all the water and n-TiO2

were to the added to a metallic vessel, adapted from a cocktail
mixer. The suspension was dispersed under High Energy Dis-
persion (HED) (10.000 rpm with cawles type propellant) for
30 s and, then the microfibers were inserted. From that moment
on, the mixing procedure was the same descried previously.

2.2.4. Fresh state properties
After mixing, the fresh state properties were evaluated using

the flow table test [26], as shown in Fig. 5, squeeze flow test [27]
Fig. 6, and air-incorporation by gravimetric method [28].

Squeeze Flow: tests were conducted on a universal testing
machine (Instron 5569) with a 1kN load cell. Samples were pre-
pared on a metallic plate with smooth surfaces to ensure a non-
absorption condition, and a cylindric mold (diameter of 101 mm
and width of 20 mm) was used. The tests were performed using
a displacement rate of 0.1 mm/s, to a maximum displacement of
18 mm or maximum load of 1 kN.

Air-entrainment: tests were done according to the gravimetric
method, using a 400 ml volume cup and the mass used to fill it
was quantified. The values of air entrainmentwere calculated based
on themortar’swater content and the real densityof thedrypowder.

2.2.5. Hardened state properties evaluation
The moulded specimens were cured for 28-days under con-

trolled temperature and humidity (respectively, at 23 �C and
50%). The hardened properties were measured by water absorption
by capillarity [29], air-permeability, dynamic elasticity modulus
(E) [30], split tensile strength by the Brazilian test method [31],
Specific surface area Average density

d90 (m2/g) (cm3)

19.5 0.86 3.05
1620.5 0.16 2.90
739.6 0.56 2.94
133.9 0.80 2.81
4.59 79.8 3.62
17.67 49.4 3.84
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Fig. 1. Particle size distributions of materials.
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porosity (the Archimedes method) and drying shrinkage test [32].
The results were statistically evaluated using a One-way ANOVA
and followed by a Tukey test.

Porosity of specimens: measured according to the Archimedes
water immersion test, based on the dry, wet and immersed masses.
The mass is determined on the dried specimens after immersion in
water and under vacuum for 2.5 h (Fig. 7). The total porosity was
calculated according to the Eq. (1), where qREL is the relative mor-
tar density obtained by gas He pycnometry.
Total porosity %ð Þ ¼ 1��qRELð Þ � 100% ð1Þ
Air-permeability: measured according to the vacuum-decay

method [33–36]. The apparatus employed was a vacuum pump
connected to a suction chamber that is was in contact with the sur-
face of the mortar. When the vacuum pump is turned on, a trans-
Fig. 2. X-ray diffraction of white
ducer registered the pressure variations as a function of time until
the pressure stabilized. Specimens were sealed using PVC plastic
(Fig. 8a) to guarantee the unidirectional flow. The test starts when
the vacuum is turned off, and the time it takes for the applied vac-
uum pressure to extinguish is quantified (Fig. 8b and c). The per-
meability (expressed in k1 (m2) values) is was calculated using
the Forchheimer equation (Eq. (2)), with respect to two basic
hypotheses: negligible air-compressibility and the use of just the
linear part of the equation.
DP
L

¼ l
k1
ms þ q

k2
m2s ð2Þ

L is the sample thickness, m and q are, respectively, the fluid vis-
cosity and density, vs is the speed of air-percolation and DP is the
pressure variation, through which vs, m and q are measured or cal-
culated. The term qvs/k1 shows the viscous effect of the fluid-solid
interaction, while the term qvs2/k2 represents the inertial effects.
The terms k1 and k2 are thus known as Darcian and no-Darcian per-
meability constants, about Darcy’s law, a simpler and earlier
empirical model for permeability description. However, k2 was
not used to compare the results in this work [37].

Dynamic elasticity modulus (E): measured according to the
Brazilian standard using a PUNDIT (Portable Ultrasonic Non-
destructive Digital Indicating Tester) equipment with 200 kHz fre-
quency transducers and a circular cross-section with a 20 mm
diameter.

Split tensile strength: measured according to the Brazilian stan-
dard using an Emic DL10000 equipment with a continuously
applied load at a rate of 400 N/s until the test specimens rupture,
as shown in Fig. 9.

Water absorption by capillarity: the specimen was partially
sealed with beeswax at one of their ends at a height of ± 3 cm, to
avoid water absorption, thus forcing the water to penetrate only
Portland cement and TiO2.



Table 3
Chemical composition of cement and n-TiO2 samples.

Compound White CEM I (%) Limited NBR-12989/93 P25 PC105

LOI 2.48 �27.0 – –
TiO2 – – 99.7 99.6
SiO2 21.6 – 0.25 –
Al2O3 4.60 – – 0.12
FeO3 0.33 – 0.02 0.03
CaO 67.5 – – –
MgO 0.59 �10.0 – –
SO3 2.83 �4.0 – –
Na2O 0.13 – – –
K2O 0.61 – – –
Alkaline equivalent (in Na2O) 0.53 – – –
CaO 2.26 – – –
Insoluble Residue – RI 0.43 �7.0 – –
CO2 0.67 �25.0 – –

Note – Alkaline equivalent (in Na2O) = %Na2O + 0.658 � %K2O/LOI: Loss on ignition.

Table 4
Consumption, in kg/m3, of each raw material.

Composition Ref Ref+P25 Ref+PC105

WPC 40 115.1 114.1 114.1
Dolomite # 20 67.3 66.7 66.7
Dolomite # 40 378.4 375.1 375.1
Dolomite # 80 104.1 103.2 103.2
Water retainer 1.5 1.5 1.5
Air-entrainment 0.2 0.2 0.2
Deionized water 332.0 365.2 349.1
Polypropylene microfibers 1.5 1.5 1.5
n-TiO2 (P25) – 4.5 –
n-TiO2 (PC105) – – 4.8
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through the contact area. The specimens were placed on grids,
inside of a box containing a water height of 1 cm (Fig. 10). The
water absorption of the specimens was determined by weighing
in the following intervals: 0 h (dry mass), 150, 300, 1 h, 2 h, 4 h,
8 h, 24 h, and 48 h.

Dimensional variation (shrinkage): measured according to
Brazilian standards, using 25 � 25 � 285 mm test specimens. The
dimensional variation of the specimens was determined by a com-
parator clock with a resolution of 0.001 mm at intervals of 2 times
a day, for 28 days, as shown in Fig. 11.
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3. Results and discussion

3.1. Fresh state properties

Table 6 shows the spreading of mortars obtained by the flow-
table test and the air-incorporation results. The rendering mortars
must present spreading capacity to be considered adequate to be
applied in facades. In the flow-table test, the spreading is consid-
ered a preponderant factor.

The Brazilian standard do not indicate an ideal flow result in
flow-table tests. Based in previously conducted studies, the target
for this kind of test was 220 ± 10 mm. In fact, the compositions that
do not reach this range were rejected (Ref+P25p and Ref+PC105p
with water constant).

The results indicate that it was not possible to maintain the
same amount of kneading water as used in the reference mortars,
because the addition of n-TiO2 in the mixture required a higher
water content. When the same water content used to prepare
the reference mortars is maintained, there is a spreading detriment
in all the mixtures.

With different specific surface areas, the different n-TiO2

samples required different volumes of water for the same degree
of spreading. Thus, for the amount of water added per n-TiO2

samples, the mortar that presented the best spreading
(workability) and with a lower volume of air incorporated was
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Table 5
Particle packing and mobility.

Composition Ref Ref+P25 Ref+PC105

Packing porosity (%) 8.7 8.5 8.5
Packing porosity – finer particles (%) 14.1 13.9 13.8
Volumetric Surface Area (m2/cm3) 1.79 3.08 3.88
IPS (microns)* 0.49 0.31 0.23
MPT (microns)** 16.9 18.0 17.6

* Interparticle separation.
** Maximum paste thickness.
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the mortar Ref+P25d. This means that when the consistency of the
mortars with the addition of n-TiO2 is evaluated through the flow-
table test and the volumes of water, the addition method and the
n-TiO2 sample used directly influence the results. Thus, the follow-
ing steps of this study were carried out using only accepted
compositions.

In the civil engineering sector, the squeeze flow method has
been used to evaluate the rheological behaviour of pastes, plasters,
extruded building materials and different types of mortars as an
alternative complementary method. That method has been applied
to simulate processing and application conditions such as difficul-
ties in rotational techniques as slipping, material-shear element
interfaces, measuring fiber-containing pastes. The test geometry
changes during gap reduction and creates flow conditions similar
to those that involve the processing and application of mortars,
as pumping and spraying, spreading and finishing, squeezing
between bricks.

The test consists in compressing a cylindrical specimen
between two parallel polished metallic plates, as a reference
condition, and controlling the displacement rate. Compared to
other types of rheological method, this test does not simulate
the most common problem that is the loss of contact between
the material and the sheer element, especially for materials with
plastic characteristics such as mortars. The method is adequate
to evaluate both mixtures of any level of consistency and mix-
tures with the addition of fibers. In the case of rendering mor-
tars, the test simulates the processing conditions as spreading,
levelling and finishing. Fig. 12 shows the results obtained in
the mortars 5 min after mixing, and Table 7 illustrates a quanti-
tative evaluation.

In the flow table method, the mortars are evaluated as a func-
tion of their own weight. In the squeeze flow test simulates the
Fig. 4. SEM (a–b); HED equipment
mortars being applied to different spreading conditions and the
better dispersion condition of the particles can result in lower
compressive loads. In this study the results were considered for a
1 cm thick, and a 10 cm displacement mortar.

No differences were observed between the specimens with
n-TiO2-P25 and the reference, indicating that this type of titanium
does not require high mixing energy for its dispersion. On the other
hand, in the case of n-TiO2-PC105 sample, there is a clear differ-
ence when comparing the squeeze flow spreading of the prepared
samples with standard and high shear energy.

When the composition was mixed with (SEM), the presence of
n-TiO2-PC105 sample resulted in a higher load for the same com-
pressive displacement, resulting from the higher agglomeration
and retention of some of the water used to promote particle spac-
ing and improve flow. On the other hand, with (HED) condition of
n-TiO2 promoted by the increase of the sheer energy, the spreading
of this mortar was similar to that of the reference, showing that the
agglomerates were broken, and the flow facilitated.

According to Romano et al [38], the use of (HED) is more effi-
cient for the dispersion of fine particles compared to the (SEM).
The authors applied the same concept used in this article and con-
cluded that the use of (SEM) with lower shear energy did not result
in a significant improvement in the dispersion, even with an
increase in the mixing time, since the obtained particle size curves
were similar and with coarser particles. On the other hand, the use
of (HED) resulted in a reduction in coarser particles. Thus, it could
be concluded that the higher dispersion efficiency is directly
related to the increase in the population of particles with smaller
diameters.

When it is observed the mortars Ref+P25 (powdered or dis-
persed) there is practically no difference in workability in the fresh
state, as compared with the reference or between them. On the
other hand, for the mortar Ref+PC105 in the dispersed form no dif-
ference was observed in comparison with the reference mortars,
but when the (SEM) of n-TiO2 was used (Ref+PC105p), the spread-
ing showed a small changes, as it needed more effort to obtain the
same displacement. In other words, the (HED) of n-TiO2-PC105
resulted in an improvement in the workability of that mortar for
conventional applications using spreading.

Comparing different samples of n-TiO2, it is clear that using dif-
ferent dispersion condition of n-TiO2 no-differences were observed
between them, but the particle agglomeration in the (SEM) condi-
tion resulted in considerable differences. It is possible to observe
that even after the application of (HED), n-TiO2-PC105 presents a
(c); suspension after HED (d).



Fig. 5. Consistency according to the flow table method.

Fig. 6. Preparation of the sample (a); beginning (b) and; the end of the test (c).

Fig. 7. Porosity test (Archimedes water immersion test). Note – Vacuum insertion (a–b); mass measurement (dry, wet, immersed – c–d).
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higher concentration of clustered particles, showing a creamy con-
sistency than n-TiO2-P25 suspension, as shown in Fig. 4C, illustrat-
ing that n-TiO2-PC105 would need more effort to be applied, and
that can result in differences in the productivity and sometimes
affecting the quality of the applied coating.

The results show that although the (HED) is an efficient method
for the deagglomeration of n-TiO2 particles, the impact of changing
the mixing energy depended on the n-TiO2 sample used.
3.2. Hardened state properties

The properties of n-TiO2 were evaluated as a function of the dis-
persion condition. Fig. 13 summarizes the hardened properties
results for each mortar, such as porosity, air-permeability, split
tensile strength and modulus of elasticity, while the average
results of the capillary coefficient for each mortar are shown in
Fig. 14.



Fig. 8. Air-permeability. Note – Sample preparation (8a); Measurement process (b–c).

Fig. 9. Tensile strength in diametrical compression, according Brazilian standard. Note – Determination according Brazilian standard (a–b); specimen after test (c).

Fig. 10. Water absorption by capillarity. Note – Sample preparation (a); Sub-immersion process (b–c).

Fig. 11. Dimensional variation (Shrinkage). Note – Specimens (a); Comparator clock (b).
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Mortar water content largely impacts mortar properties, it can
have a stronger influence on mortar properties than binder type
or the nature of the aggregate. Mortar porosity, density and water
absorption are more significantly affected by water content than
by aggregate quality [39]. Excessive water lowers a mortar’s
mechanical strength and increases the risk of fracturing by
shrinkage.
The porosities of the mortars show differences when observed
and comparing the samples and procedure of n-TiO2 addition. For
the addition of n-TiO2 using the (HED) procedure, a lower porosity,
regardless of sample, is observed when compared to the reference
mortars. However, no significant differences were observed when
comparing the two samples with each other, even with the granu-
lometric differences between both. This is due to the addition



Table 6
Entrained air and flow table test results.

Mixtures Spreading
(mm)

Entrained air
(%)

Water added
(g)

Reference Mortar 227 ± 2.0 26.1 425.0
Ref+P25p (water constant) 178 ± 1.1 – 425.0
Ref+P25p (consistency constant) 219 ± 1.8 28.8 467.5
Ref+P25d 229 ± 3.7 24.3 467.5
Ref+PC105p (water constant) 203 ± 0.8 – 425.0
Ref+PC105p (consistency constant) 218 ± 0.5 27.0 447.0
Ref+PC105d 213 ± 2.0 25.5 447.0
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procedure of the n-TiO2 which did not allow a fast agglomeration
of its particles during the mixing process and did not required a
larger volume of water for the process of homogenization and
workability of the mixtures. In relation to the (SEM), a better per-
formance can be observed for sample n-TiO2-PC105 in comparison
with sample n-TiO2-P25. As a very small particle, the direct addi-
tion procedure caused agglomeration of the n-TiO2 particles during
the mixing process, altering the workability and thus requesting a
higher volume of water, as it can be observed in Table 6. This
increase in water volume caused a direct impact on the porosity
of the mortars, since allowing a larger amount of air caused a
greater number of voids.

When comparing the split tensile strength versus the total
porosity of the system in the experimental test, a moderate corre-
lation (R2 = 0.67) as expected. Was observed between a decrease in
the split tensile strength and an increase in the porosity of the
specimens. This is related to the fact that total porosity in the hard-
ened state is a consequence of the air voids resulting from the air-
entrainment and water content. As the aggregates normally used
in the composition of these materials have a very low porosity
and a mechanical resistance of 130 MPa or higher, the strength of
conventional mortars is defined by the porosity of the hydrated
cement paste added to the defects present in its microstructure
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Fig. 12. Squeeze flow results. Percentage presented i
[37,40]. For the five mixtures evaluated, the Ref+P25p mortar
was the one that presented on average a lower tensile strength
in the diametrical compression, since it has a greater total porosity,
confirming the results previously found.

The total porosity and the dynamic modulus of elasticity of the
mortars show a significant correlation (R2 = 0.88). A decreasing
trend line is observed, which means that a higher total porosity
results in a smaller modulus of elasticity. The smaller the modulus,
the higher is the deformation capacity of the mortar, thus reducing
the possibility of cracking in the hardened state [41]. The reduction
of the modulus of elasticity is paired with a reduction in the
mechanical strength due to the increase in total porosity. Mechan-
ical strength reduction may be a relevant factor in laying structural
or even regular masonry, however, it does not seem to be of great
importance for rendering mortars, except for adherence and integ-
rity purposes. Following the same pattern of tensile strength,
among the five mixtures evaluated, the mortar Ref+P25p presented
the lowest values in the modulus of elasticity. In fact, the correla-
tion between tensile strength and modulus of elasticity was very
high in this study.

The evaluation of the dynamic modulus of elasticity versus air
permeability also shows a good correlation (R2 = 0.70). A down-
ward trend is also observed, which means that a higher modulus
of elasticity results in a lower air permeability because both prop-
erties are related to the porosity.

The greater the modulus, the lower the deformation capacity of
the mortar, increasing the possibility of cracking in the hardened
state, which is rather inappropriate for coating mortars. The
increase in modulus of elasticity is paired with an increased tensile
strength due to lower total porosity. However, no such relation-
ships are observed for mortar Ref+P25d. Note that even with a
lower total porosity, the mortar has a lower tensile strength, a
lower modulus of dynamic elasticity and a higher air permeability
when compared to mortar Ref+PC105d. That behaviour can be
allied to the characteristics of n-TiO2-P25 sample, where a greater
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ndicates the water content in each composition.



Table 7
Summary of load and displacement of the mortars in fresh state.

Mixtures Spreading
Flow table
(mm)

Load with displacement
of 10 mm
(N)

Displacement
with 100N
(mm)

Reference Mortar 227 63.9 14.0
Ref+P25p 219 52.2 15.3
Ref+P25d 229 65.7 13.3
Ref+PC105p 218 106.2 9.6
Ref+PC105d 213 75.1 12.5
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incorporation of air in the standard energy mix product and a
higher amount of water used in the composition resulted in such
porosity values and, thus, the changes in the hardened state that
directly affected the modulus of elasticity.

Thus, considering the evaluated property and the results
obtained, among the five mixtures evaluated, the reference mortar
was the one with the lowest air permeability values, followed by
the Ref+PC105d mortar due to its lower total porosity.

The mortar permeability at 28-days was evaluated by the cap-
illary coefficient obtained by water absorption as a function of
time. For water absorption tests on rendering mortars, all mixtures
reached saturation after 48 h of sub-immersion. The addition of
air-entraining additives in the mortars studied shows a larger
internal air volume for the mortars containing powdered n-TiO2,
as shown in Table 6.
1.56

1.53

0.91

1.83

1.39

Reference

Ref.+P25d

Ref.+P25p

Ref.+PC105d

Ref.+PC105p

Tensile strength in diametral compression (MPa)

33.5

29.6

34.4

30.2

31.8

41.4

39.1

44.0

39.7

41.3

Reference

Ref.+P25d

Ref.+P25p

Ref.+PC105d

Ref.+PC105p

Total porosity (%)
Apparent porosity (%)

Fig. 13. Summary of harde
As far as the capillary coefficients obtained, the results showed
that for the mixtures containing n-TiO2 -P25 sample directly added
or dispersed there was no difference between the two as regards
water absorption, showing the same capillary coefficient, however,
they showed a higher absorption index when compared to the
others. For mixtures with the presence of n-TiO2-PC105 sample, a
lower absorption rate is observed when the compound is added
to the mixture with high energy of dispersion (HED) procedure.

To determine the influence of n-TiO2 dispersion in terms of sta-
tistical significance, two statistical methods were used: One-way
ANOVA and the Tukey test. Those methods were used to indicate
which dispersion method showed the lowest variation, as it can
be observed, as an example, in Table 8, for tensile strength.

All parameters were evaluated statistically and performed in
the same procedure. However, since the table would be the same
in all cases, authors selected only one example of the data output
in the Anova table. Table 9 presents a comparative summary of
the values of F, Fcritic and Proof Value (p-value) to all parameters
evaluated.

Although the One-way ANOVA test can demonstrate the exis-
tence of differences in the evaluated samples, it cannot clearly
identify these differences and where they are. So, the Tukey’s test
was applied to compare the mortars in pairs and identify the real
differences.

A paired Tukey test analysis showed that the compositions for-
mulated with n-TiO2-P25 sample, regardless of the n-TiO2 disper-
sion process, showed meaningful changes in relation to the other
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ned mortar properties.
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Table 8
Summary of statistical analysis of variance evaluating the impact of n-TiO2 dispersion
in the tensile strength.

Group Count Sum Average Variance

AR-FPD 5 7.82 1.56 0.02
AR-FPD + P25d 4 6.13 1.53 0.04
AR-FPD + P25p 5 4.55 0.91 0.06
AR-FPD + PC105d 5 9.13 1.83 0.03
AR-FPD + PC105p 5 6.94 1.39 0.06

Source of variation SQ GL MQ Fcalc P-value F crític

Between groups 2.28 4 0.570 14.10 1.7E-05 2.90
In the groups 0.77 19 0.040
Total 3.05 23
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compositions for all evaluated properties. In addition, when com-
pared to each other, they also presented statistically significant dif-
ferences, except for water absorption by capillarity, where the
dispersion model showed no difference, as shown in Fig. 14.

The mortars with n-TiO2-PC105 sample when compared to each
other, as a function of the dispersion process presented differences
only in relation to the results of the modulus of elasticity and
tensile strength. When compared to n-TiO2-P25 sample, they
presented suggestive differences from the other compositions for
all properties, demonstrating that those differences are from the
characteristics of each n-TiO2 and not directly from the dispersion
procedure.

Comparisons with the reference mortars showed that for
n-TiO2-P25 sample, regardless of the dispersion procedure, there
were statistical changes in the evaluated properties, except for
air permeability and total porosity when used in powder. For
n-TiO2-PC105 sample, there were no statistically significant
differences in the evaluated properties, except for capillary water
absorption.

In sum, it has been observed that regardless of the n-TiO2

samples, when the compound was more efficiently dispersed, the
properties in the hardened state were more satisfactory, even
though the amount of kneading water was maintained for each
product. In other words, the dispersion process improved
Table 9
Summary of statistical analysis of variance evaluating the impact of TiO2 dispersion in oth

Property p-value

Total Porosity 5.2E-05
Apparent porosity 4.7E-05
Modulus of elasticity 2.7E-06
Tensile strength 1.7E-05
Air-permeability 5.6E-04
Water absorption by capillarity – W 4.6E-08
microstructural homogeneity and potentialized the effects of both
cement and n-TiO2 on the mixtures evaluated.

Figs. 15 and 16 show the evolution of the drying shrinkage as a
function of time and the water amount for the five specimens. Each
point in the graph corresponds to the average of the shrinkage val-
ues of three moulded samples to each specimen and the interval is
also shown. Differences between specimens may occur as part of
the error associated with the experimental process.

The results show the same trend in the drying shrinkage inten-
sity at the beginning of the process. However, such results also
show that the reference mortars exhibits a lower retraction when
compared with others, this is due to the amount of kneading water
used in the mixing.

It was observed that among the evaluated mortars containing
n-TiO2, those with the addition of the n-TiO2-PC105 sample, were
the ones that presented better performances in terms of shrinkage
results. On the other hand, the drying shrinkage rate is much
higher after 28-day period for mixtures with n-TiO2-P25 sample,
regardless of the dispersion procedure.

Results showed that when the compositions with different
samples of n-TiO2 are compared to each other, the dispersion
ers.

F F-critic Result

11.49 2.87 Statistically different
11.68 2.87 Statistically different
17.43 2.87 Statistically different
14.10 2.90 Statistically different
8.56 2.96 Statistically different
28.95 2.87 Statistically different
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procedure makes no difference in shrinkage after 28-day period,
but rather the sample of n-TiO2 and amount of water used in the
mixtures.
4. Conclusions

Based on the results obtained, the main considerations of this
study are:

� although the parameters of mobility and particle packing were
used to define the mortars compositions, no correlation was
observed in the resulting properties.

� the dispersion condition showed a significant change in spread-
ing in all the mortars. When the consistency of the mortars with
n-TiO2 addition was evaluated by means of the flow-table test
using the same volumes of water, the addition method and
the n-TiO2 sample used directly influenced the results. It means
that when n-TiO2 is dispersed in a Standard Energy Mix (SEM),
there is a difference in spreading. When n-TiO2 is dispersed in a
high energy (HED), no difference was observed in squeeze flow
spreading.

� in the hardened state, porosity, tensile strength, modulus of
elasticity, air-permeability and water absorption by capillarity
were statistically different from the properties observed for
the reference composition and in a function of the dispersion
methods and the n-TiO2 sample evaluated.

� it was observed that, regardless the n-TiO2 sample, when the
compound was more efficiently dispersed, the properties in
the hardened state were more satisfactory, even though the
amount of kneading water was maintained for each product.
In other words, the dispersion process improved microstruc-
tural homogeneity, potentializing the effects of the cement
and n-TiO2 on the mixtures.

� in terms of drying shrinkage results, that phenomenon is asso-
ciated to the n-TiO2 sample and the amount of water used in the
mixture and not with the n-TiO2 dispersion procedure. The
effect of the n-TiO2 on dimensional variation control is poten-
tially increased by dispersion since it guarantees n-TiO2 homo-
geneity on rendering mortars.
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