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Abstrac

his study assesses the joint influence of capillary absorption and

substrate roughness on the adhesive strength of a cementitious matrix

on brick substrate. One cementitious rendering and two substrates with

different water absorption and roughness were used. The capillary
absorption coefficient and the roughness coefficient were determined in 1cm? test
areas to then evaluate the matrix tensile bond strength and correlate it with the
properties of the substrates. The results were validated by SEM and AFM
analyses. Substrates with higher capillary absorption and lower roughness
presented higher tensile bond strength. Micro and nanoscale analyses led us to
conclude that, in the substrates used, the higher capillary absorption and the lower
roughness generate a denser and less porous paste-substrate interface, suggesting a
higher extent of contact between the hydrated paste and the substrate and,
consequently, higher adhesive strength.

Keywords: Tensile bond strength. Roughness. Capillary absorption. Paste-ceramic substrate
interaction.

Resumo

Este estudo avalia a influéncia conjunta da absorcéo capilar e da rugosidade
do substrato na ades&@o de uma matriz cimenticia em um bloco ceramico.
Foram usados um revestimento cimenticio e dois substratos com absorcéo de
agua e rugosidade diferentes. O coeficiente de absor¢do capilar e o
coeficiente de rugosidade da superficie foram determinados em &reas de teste
de 1 cm?, sendo correlacionados com a resisténcia de aderéncia. Os
resultados foram validados por anélises de MEV e MFA. Os substratos com
maior absorc¢do capilar e menor rugosidade apresentaram maior resisténcia a
tracdo. As analises em micro e nanoescala permitem concluir que, nos
substratos utilizados, a maior absor¢do capilar e a menor rugosidade geram
uma interface pasta-substrato mais densa e menos porosa, sugerindo uma
maior extensdo de contato entre a pasta hidratada e o substrato e,
consequentemente, maior resisténcia de aderéncia.

Palavras-chave: Resisténcia de aderéncia, Rugosidade, Absorcao capilar, Interacio
pasta-substrato de cerdmica vermelha.
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Introduction

The efficiency and durability of mortar coatings depend on various factors such as the mortar's characteristics,
substrate properties, weather conditions, and application techniques (COSTA; CARDOSO; JOHN, 2016;
CULTRONE et al., 2004; VAZ; CARASEK, 2019). The heterogeneity of both ceramic and mortar materials
is well known due to the variability in the raw materials used and the manufacturing methods used (RAMIREZ
et al., 2021). This variability in material properties and variations associated with the test methods adopted to
determine the adhesive strength affect the variability of adhesive strength (CARASEK; VAZ; CASCUDO,
2018; RAMIREZ et al., 2021; SANTOS et al., 2020; TORRES; VEIGA; FREITAS, 2018; VALENTINI et
al., 2022; ZANELATO et al., 2019).

In terms of adhesion strength, multiple mechanisms influence its behavior, including chemical and physical
bonds at atomic and molecular levels, mechanical forces at the nano and microscale, and the extent of contact,
which refers to defects at the macroscale (COSTA; CARDOSO; JOHN, 2017; KENDALL, 2001; PAES et
al., 2014; SHULTZ; NARDIN, 2003). While numerous studies have been conducted on mortar composition,
mechanical properties, and durability (GONZALEZ-SANCHEZ et al., 2021; HAN et al., 2015; HUANG et
al., 2021; KAZMIERCZAK; ROSA; ARNOLD, 2016; PALOMAR; BARLUENGA, 2018; SENTENA;
KAZMIERCZAK; KREIN, 2018; STOLZ; MASUERO, 2018), the influence of the substrate on adhesive
strength requires further investigation (ARNOLD et al., 2021; THAMBOO; DHANASEKAR, 2015;
VALENTINI et al., 2022; VAZ; CARASEK, 2019). Likewise, despite being a multiscale property, bond
strength is mostly measured on a macroscale, and there is a need to better understand its behavior across
different scales.

The adhesion of mortar to a ceramic substrate is significantly influenced by the surface roughness and water
absorption properties of the ceramic blocks (BARRIOS-MURIEL et al., 2019; GROOT; LARBI, 1999; PAES
et al., 2014). These properties are determined by the raw material properties and the manufacturing process of
the blocks (AZEVEDO et al., 2018). The manufacturing process, including clay mineralogical composition,
extrusion, the heating-drying process, and industry quality control, influences the porous system, mechanical
properties, and variability of the blocks (AIT OUMEZIANE et al., 2021; RAMIREZ et al., 2021). The
substrate's pore structure affects the ceramic block's pore connectivity and capillary force characteristics.
These factors, in turn, impact the movement of water between the substrate and mortar, resulting in an
instantaneous change in the water/binder ratio on the interface zone (KAHANGI SHAHREZA; NIKLEWSKI;
MOLNAR, 2021; MONTEIRO; MASO; OLLIVIER, 1985; ZUO; XIAO; YUAN, 2020). Depending on the
block humidity and the pore system of the block and mortar, the mortar can either lose or absorb water
(DETRICHE et al., 1985; DUPIN; DETRICHE; MASO, 1988).

The adhesion between mortar and substrate is influenced by the extent of contact between them (SARKER;
DIAS-DA-COSTA; HADIGHEH, 2019), which is smaller than the apparent contact area (COUTO
CARNEIRO; PINTO CARVALHO; ANDRADE PIRES, 2020). The roughness of the ceramic block surface
is an important property that affects adhesion, determined by the shape and dimensions of the peaks and valleys
on the substrate surface (BARRIOS-MURIEL et al., 2019; VENKATARAMA REDDY; LAL; NANJUNDA
RAO, 2007). Typically, an increase in roughness results in an increase in the extent of contact. However, if
the depth of the valleys is smaller than the particle size of the materials in the mortar, this effect can be reversed
(HOLA et al., 2015; LI et al., 2020; VAN DAM et al., 2020; WANG et al., 2014).

Despite the crucial role of substrate roughness in determining the efficiency of adhesion between two
materials, widely accepted standards such as BS 3921 (BRITISH..., 1985), C67 (AMERICAN..., 2013), EN
771-1 (BRITISH..., 2011), and NBR 15270-1 (ABNT, 2017) do not include roughness as a parameter for
evaluation. There is currently no clear definition for assessing roughness parameters in ceramic substrates
(TONIETTO et al., 2022), and the scale of analysis significantly impacts the roughness measurements
(YANG; PERSSON, 2008). For ceramic substrates, the roughness should be analysed at the micrometer and/or
nanometer scale to match the particle size of the mortar and establish a peak-valley relationship with the
particle diameter (COSTA; CARDOSO; JOHN, 2016). Traditionally, studies on roughness have relied on two-
dimensional profiles generated from peak and valley tracing along a single cross-section of the substrate
(KOZUBAL et al., 2020). However, this approach does not allow the assessment of the number of peaks and
valleys, which is essential for establishing a relationship between roughness parameters and mortar-substrate
adhesion. Recent studies have proposed a more advanced method for roughness analysis, which involves
generating roughness signatures through three-dimensional analysis at the micrometer level (ARNOLD et al.,
2021; TONIETTO et al., 2019).
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Recently, there has been growing interest in the application of multiscale techniques to gain a better
understanding of the behavior of construction materials. However, there has been little discussion of using
such techniques to evaluate bond strength mechanisms of rendering mortars. This study presents a novel
approach to quantitatively relate substrate properties (roughness and capillary absorption) with the tensile
bond strength of cement paste. This is achieved by measuring all three properties within the same area of
analysis and using test methods specifically designed for this purpose to minimise the impact of confounding
factors that can lead to excessive variability in such studies. Moreover, the correlation hypothesis between the
properties is validated through interface analysis techniques at the micro and nanoscale.

Materials

The study involved applying a cementitious paste on two different types of red ceramic substrates, in small
square areas measuring 10mm in edge length and 5mm in height, where the average roughness and capillary
water absorption were previously determined. Ceramic substrates were selected with differences in capillary
absorption and roughness. After curing in a saturated environment for 28 days, adhesion tests were conducted
in each of these areas. Microstructural tests, such as scanning electron microscope (SEM) on the interface
between cement/substrate at the microscale, and atomic force microscope (AFM) in nanoindentation mode to
indent the substrate surface and interface at the nano and microscale, as well as optical microscopy, were used
to evaluate the interface regions between the binder and the substrate. The definition of small test areas was
due to the intention of minimising the variability of the tests ( TONIETTO et al., 2019) and resulted in the
need to adapt the characterisation and adherence tests to these dimensions.

The cement paste was produced with Brazilian Portland Cement type V — AR, at a water/cement ratio of 0.4,
with 0.4% of an air-detraining admixture. This process was necessary to guarantee maximum contact between
the cement paste and the ceramic, as the contact area is small, and a void would negatively impact adhesion
strength. The grain size distribution of the cement (Figure 1) was characterised by laser granulometry Microtac
model S3000/S3500 using isopropyl alcohol as dispersant, resulting in D10 = 7.89um, D50 = 14.72 um, and
D90 = 25.53 um.

Two different red ceramic plants were chosen to obtain red ceramic substrates with varying capillarity
coefficients and roughness.

Figure 1 - Grain size distribution of the cement
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The roughness of each 10 mm x10 mm area to be coated was determined using a three-dimensional laser
profilometer, LIDAR (Starrett, AV300+) with X and Y resolution of E2 = 1.9 um + 5L/1000 and Z resolution
of E1 = 2.5 um + 5L/1000, with a scale resolution of 0.1 pm. Each surface was scanned in the X, Y, and Z
axes using the methodology described by Arnold et al., 2021, and Tonietto et al., 2019. The average roughness
coefficients Ra of each region was determined as proposed by Tonietto et al. 2019. This method performs a
computational process, with the point cloud as input information for each sample. The system aims to compute
average roughness in several regions of each sample (with spatial subdivision) so that it is possible to perform
a qualitative and quantitative analysis of roughness in a localised way and with greater detail. Thus, roughness
coefficients for each subarea can be obtained, in addition to the general average roughness of the sample, and,
by doing this, the roughness behavior can be verified throughout the sample. The main difference between
this method and the results of two-dimensional approaches (which are the most used) is that it generates a
roughness coefficient that is more representative of the substrate as the direction of the line, in two-
dimensional methods, can change the value of the roughness coefficient substantially (ARNOLD et al., 2021).
A point cloud was obtained by processing approximately 10,000 points (X, Y) in each analysis region. As this
number of points is close to the data acquisition limit allowed by the equipment, and due to the roughness
being determined on a micrometric scale, it has conditioned the maximum size of the area to be evaluated,
resulting in dimensions of 10 mm x 10 mm (X, Y).

Methods

Mechanical tests

In order to ensure the precise application of the coating in the same areas where roughness was evaluated, a
template (Figure 2) was utilised. However, due to the small size of the area, capillary absorption was analysed
on larger sample pieces.

The capillary absorption was performed according to RILEM TC 116 PDC (WILSON; CARTER; HOFF,
1999) in two samples per block, on the face that received the coating. The sample’s weight was measured at
1 min, 2 min, 5 min, 10 min, 20 min, 30 min, 60 min, 2 h, 6 h, 24 h, 72 h, and 7 days (VALENTINI, 2018),
from which the capillarity coefficients ((g/cm?).h'?) were calculated.

The methodology adopted for the paste mixing followed the sequence described in NBR 16606 (ABNT, 2018)
and C150/C150M (AMERICAN..., 2009). The paste consistency, determined by the Kantro mini-slump test
(RAUCCI et al., 2018), was 70 £ 1 mm. The fresh state paste showed a density of 1.72 g/cm3 measured by the
equation m/v, based on NBR 13278 (ABNT, 2005). For the paste characterisation, cylindrical specimens
measuring 15 mm x 30 mm were molded for axial compressive strength tests, according to NBR 7215 (ABNT,
2019) and C39/C39M (AMERICAN..., 2016), and tensile strength by diametral compression, according to
NBR 7222 (ABNT, 2011). The dimension of the sample is smaller than that required by the standard, however
the 2:1 proportion was maintained. The authors opted for a smaller sample due to the tendency of the paste to
shrink and segregate in larger dimensions.

The axial compressive strength obtained (average value of six specimens) was 61.66 MPa, with a standard
deviation of 1.81 MPa, and the average diametral compression tensile strength was 8.83 MPa, with a standard
deviation of 1.71 MPa. In order to ensure adequate adhesive strength and to direct the ruptures resulting from
the tensile strength test to the paste-substrate interface region, a paste with high mechanical strength was used.

The coating application on the substrates was carried out in the same areas where each roughness was
determined. Specimens whose coating, carried out with the paste, showed dimensions of 10 mm x 10 mm edge
and 5 mm height were molded. The application was performed by free fall, with a launch height of 80 mm
and subsequent application of a confinement load of 83.0 g/cm? in each 10 mm x10 mm area to simulate the
impact energy in a real application as the dimensions are reduced and only the folder's weight would not have
enough energy to keep in contact and simulate the real situation (Figure 2). The specimens remained for 28
days in a saturated environment with a humidity of 95% + 5% and a temperature of 23 + 2 °C.

After curing, the tensile bond strength of the coatings was determined. The test, according to NBR 15258
(ABNT, 2016) and EN 1015-12 (BRITISH..., 2000) standards, must be performed in a circular area, with a
diameter of 50 mm. However, considering that this study aims to assess the influence of substrate properties
on adhesive strength, and that ceramic substrates are strongly heterogeneous (AZEVEDO et al., 2018;
BARRIOS-MURIEL et al., 2019; CULTRONE et al., 2004; RAMIREZ et al., 2021), and that the areas where
the roughness of the substrates was determined were square (10 mm x 10 mm), this shape and dimension were
adopted for the adhesion resistance tests. The methodology developed to carry out the tensile bond strength
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test in reduced areas, of 1 cm?, presented a coefficient of variation 2%, based on previously performed tests
(Figure 3), lower than that usually obtained in the test standardised by NBR 15258 (ABNT, 2016). The
calculation of adhesion strength was based on the applied tension force divided by the analysis area,
considering 1cm?2.

Microscale analysis

The analysis at the micrometric level was performed using SEM (Zeiss, EVO MA 15) with a resolution of 1
nm, coupled to an energy dispersive spectroscope and it was operated with an accelerating voltage of 15 kV
and 8 mm distance. After 28 days of curing, a cross-section was carried out on the samples, generating
specimens with dimensions of 10 mm x 10 mm x 3 mm, which allowed the visualisation of the paste-substrate
interfaces from the specimens molded for the tensile bond strength tests (Figure 4). The hydration was
interrupted with isopropyl alcohol (AVET; LI; SCRIVENER, 2018). Afterwards, the samples were dried in
an oven at 40 °C (at temperatures above 40 °C, water is lost, which is combined with other cement hydration
products) for 24 h and embedded with acrylic resin. The samples were polished with silicon carbide sandpaper
in grammage 240, 320, 400, 500, 600, and 1200, and finished with 0.3 um diamond paste and isopropyl
alcohol. The samples were dried in an oven at 40°C for 24 hours and metalized with gold.

The analyses at the nanometric level were performed using AFM. The same sample preparation process for
the SEM was used, except for the absence of the metallization process. An AFM (NT-MDT, Solver Next) was
used, with a silicon tip with the following dimensions: T=2.5+ 0.5 um, W=32+3 um, and L =225 £ 5 um,
with a typical resonance of 60 kHz, and a force constant of 3 N/m. The analyses were carried out in contact
mode, to obtain sample amplitude, phase contrast, and topography maps. Before the AFM tests, the same
samples were visualized in an optical microscope with a 10 times magnification, to visualise the quality of the
paste-substrate interfaces polished sections.

Figure 2 - Pictures of the molding procedure
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Figure 4 - Samples for AFM and SEM tests

(a) Sample during interruption of (b) Sample during embedded in
hydration acrylic resin and polishing

For the AFM analysis, 3 measurement areas were selected on the paste-ceramic interface, 3 areas on the paste,
and 3 areas on the ceramic. The analysis areas were 50 x 50 um, with a reading of 550 x 550 points, resulting
in an accuracy of 8 nm. Within the analysis areas, indentations were made and, from force curves versus
displacement, the modulus of elasticity (E) were calculated.

The modulus of elasticity was calculated using Equation 1, modeled for conical tips, where o is the semi-angle
of the tip cone, in radians (18° for NT-MDT tips), v is the Poisson's ratio of the material, 0.3 for the paste, and
0.13 for the ceramic (FOUCHAL; LEBON; TITEUX, 2009), F is the force used to indent and & is the indented
depth.

—_ T AF . 2
- 2—tg(az)'A§2'(1 v9) Eq.1

It should be noted that the modulus of elasticity obtained on a macroscale from static tests is determined by
considering the deformation of a specimen because of the load applied to it. At the nanoscale, however, the
modulus of elasticity of each indentation point in the sampled area is determined (in this research, areas of 50
x 50 um were adopted), and the average modulus of elasticity of the specimen is estimated to be the highest
point of the distribution curve.

Results and discussion

The results of the substrate characterisation tests are summarised in Table 1.

The maximum capillary force observed in substrates occurs between 10 and 30 minutes from the first contact
with water, given the high porosity of ceramics (AZEVEDO et al., 2018; CULTRONE et al., 2004; GROOT;
LARBI, 1999; PAES et al.,, 2014; VALENTINI, 2018). Substrates 1 and 2 showed average capillarity
coefficients of 0.83 g/cm2.h¥2 and 0.50 g/cmz2.h2, respectively. The analysis of variance (at a significance
level of 5%) indicated significant differences in capillarity between the substrates, which meets the initial
research hypothesis of adopting two substrates with different capillarity coefficients. Substrate 1 showed the
highest total water absorption (WA), coinciding with the highest capillarity coefficient.

Figure 5 presents the frequency distribution of the modulus of elasticity obtained by nanoindentation of the
two substrates.

Substrate 1 showed a higher frequency of values up to 12 GPa, considered by several authors
(CONSTANTINIDES; ULM, 2007; SORELLI et al., 2008) as a typical modulus of elasticity of indentations
on micropores and macropores. Thus, it is estimated that this substrate also has the lowest modulus of elasticity
in tests on a macroscopic scale.

The modulus of elasticity results support what was observed in the total water absorption test, indicating that
Substrate 1, in addition to having the highest water absorption, has the lowest elasticity.

The average roughness (um) of each substrate is shown in Figure 6.

Substrates 1 and 2 showed average roughness of 1.12 um (CV =71%), and 2.35 um (CV = 16%), respectively.
Roughness is influenced by the composition of the ceramic mass and the ceramic manufacturing process,
mainly by the firing and cooling temperatures (AZEVEDO et al., 2018; CULTRONE et al., 2004; PINHEIRO;
HOLANDA, 2010).
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Table 1 - Total absorption, capillary absorption, and modulus of elasticity by AFM of the two substrates

Block | Water Absorption Capillarity Coefficient Modulus of Elasticity
type (WA) (%) (g/cm2.h?) (GPa) by AFM

1 17.95 (CV 7%) 0.83 (CV 13%) 26 (CV 26%)

2 11.37 (CV 8%) 0.50 (CV 20%) 31 (CV 19%)

Note: CV - Coefficient of variation.

Figure 5 - Frequency distribution of Modulus of Elasticity obtained by indenting substrates

Substrate 1

254 R Substrate 2

30

Frequency (%)

104

04— N NN,
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
modulus of elasticity (GPa)

Figure 6 - Average roughness and standard deviation of Substrates 1 and 2
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The variability of the roughness results is explained by the heterogeneity of the ceramic material and by
increasing the scale of analysis (YANG; PERSSON, 2008). Statistical analysis of variance indicated that the
substrates have significantly different roughness.

Although roughness and capillary absorption are considered interdependent properties, in this research they
were inversely proportional as substrates with higher capillary absorption have lower roughness. When
comparing two substrates from different clay masses, there may not be a direct relationship between the
properties among them. It is also relevant to consider that in different manufacturing processes, clay
compaction and subsequent firing can result in a smoother surface for one of the substrates, with smaller and
connected pores, and consequently high capillary strength. In addition, on a less rough surface, the contact of
water with the internal pores is direct, that is, there are no obstacles for water to penetrate the pores
(BARRIOS-MURIEL et al., 2019; LI et al., 2020).
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The adhesive strength observed between the cementitious matrix and the substrates is shown in Figure 7.

The substrates showed statistically different means, that is, 1.12 MPa (CV = 19%), and 0.85 MPa (CV = 35%)
for Substrates 1 and 2, respectively. The analysis of variance indicated that the substrates have significantly
different tensile bond strength. Tensile bond strength shows high variability, which can be observed in some
studies (CARASEK; VAZ; CASCUDO, 2018; VAZ; CARASEK, 2019). It is estimated that the high
coefficients of variation found in capillary absorption and roughness are factors that corroborate for this
variability.

Table 2 shows the influence of capillarity and roughness on the tensile bond strength of the set.

By correlating the properties, it was observed that the capillarity coefficient and the tensile strength showed a
directly proportional behavior; that is, with the increase in the capillarity coefficient, there is an increase in
the tensile bond strength (BERNARDO et al., 2020), as the force caused by the capillary pressure increases
the proximity of the cement grains with the rough surface of the substrate, decreasing the liquid-vapor
(VERPLANCK et al., 2007) and also changing the w/c ratio on the interface. However, analysing the
relationship between roughness (Ra) and tensile bond strength, an opposite behaviour was observed; with
increasing roughness, there was a decrease in tensile bond strength. It is estimated that with the increase in
roughness, the cementitious paste could not penetrate the more profound valleys (due to inadequate rheological
characteristics), creating points of failure and decreasing the contact extension, consequently reducing the
bond strength. This effect occurs because the high roughness influences the tensile bond strength of the
particles, which can reduce the contact extension if the cementitious paste has inadequate viscosity
(THORNTON; CUMMINS; CLEARY, 2017). It is still possible to assume that the liquid does not completely
wet the rough surface as air is at the bottom of the valleys. Therefore, there is an interface between liquid-
solid and liquid-air, which is responsible for failures in the extension of contact; the steeper the value of the
valley, the greater the propensity for this effect (SANJAY et al., 2012; VERPLANCK et al., 2007). The tensile
bond strength between the cementitious paste and the substrate decreases with increasing roughness until the
size of the peaks and valleys becomes larger or approximate to the size of the paste particles (LI et al., 2020).
Therefore, the behaviour found in the analysed specimens cannot be extrapolated to other pastes or substrates
as it depends on the relationship between the roughness and the size of the binder particles and the inert used.

Figure 7 - Tensile bond strength average and standard deviation of Substrates 1 and 2
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Table 2 - Capillarity coefficient, roughness and tensile bond strength of the two substrates

sample Capillarity coefficient Roughness Tensile bond
(g/cm?.h?) (um) strength (MPa)
Substrate 1 0,83 1,12 1,12
Substrate 2 0,5 2,35 0,85
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Substrate 1 showed the highest capillarity coefficient and the lowest average roughness. Considering that
higher capillarity tends to favour adherence and that lower roughness tends to allow higher contact between
the paste and the substrate, these two factors contributed to Substrate 1 presenting higher adhesive strength,
compared to Substrate 2.

In Substrate 2, which showed lower capillary absorption and roughness about three times higher than that of
Substrate 1, there was a decrease in adhesive strength, possibly due to a decrease in the extent of adhesion.

Substrates with higher capillary absorption and lower roughness resulted in greater tensile bond strength
(around 1.12 MPa). Conversely, those with higher roughness resulted in lower tensile bond strength (around
0.85 MPa), concluding that the capillarity showed a behaviour directly proportional to the tensile bond
strength, which may be linked to the fact that the capillary force causes the cement grains to approach the
substrate, reducing failures at the interface. As for roughness, the influence occurred in the opposite direction,
where higher roughness resulted in a decrease in tensile bond strength, which is explained by the hypothesis
that with a larger valley, there is air in the depressions in addition to cement grain sizes larger than the
dimension of the valley, generating contact failures between the materials.

The images (Figure 8) obtained under an optical microscope show the interface between the cementitious
matrix and the substrate, as well as points of failure. It should be noted that the specimens (measuring
10x10mm) were sectioned using a precision saw and were not subjected to any additional external forces.

At this visualisation scale, it was noted that Substrate 1 did not show any visible failures in its contact
extension. It was estimated that the block's high capillarity and lower roughness contributed to the reduction
in contact extension failures. Conversely, failures in the contact extension were observed in Substrate 2, as
shown in Figure 8(b). The low tensile bond strength could be attributed to high roughness and low capillarity
coefficient, which could have caused water to accumulate at the interface, impeding the interaction between
the cementitious paste and the substrate, ultimately leading to failures in the contact extension.

Figure 9, obtained by SEM, presents images of each substrate, where a similar behaviour can be observed to
the one shown in Figure 8.

There is a significant difference between the cementitious paste and the interface zone in the two samples.
Observing Substrate 1, which presented an average tensile bond strength of 1.12 MPa and an average
capillarity coefficient of 0.83 g/cm2.h'?, it can be observed that this block has higher homogeneity and,
apparently, lower porosity. However, based on the high coefficient of capillarity, the pores may be small, but
have connectivity, justifying the capillary absorption. The interface zone, with an average thickness of 55 pm,
is visually more compact and less porous than that observed in Substrate 2, which is consistent with their
higher tensile bond strength. In Substrate 2, which presented an average tensile bond strength of 0.85 MPa
and an average capillarity coefficient of 0.50 g/cm2.h'?2, it can be noted that the interface zone, with an average
thickness of 40 um, has similar characteristics to those of the cementitious paste, however, the existence of
cracks and failures in the contact extension is perceptible.

The modulus of elasticity in the interface region between the hydrated paste and the substrate were determined,
on a microscale, using AFM, and their distribution can be seen in Figure 10.

Figure 8 - Paste-ceramic substrate interface region visualised by optical microscopy (10x magnification)
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Figure 9 - Paste-ceramic substrate interface region visualised by SEM (500 times magnification)
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Figure 10 - Modulus of elasticity of the paste-ceramic substrate interface
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The average modulus of elasticity determined in Substrates 1 and 2 were 29 GPa (SD = 4 GPa) and 30 GPa
(SD = 6 GPa), respectively. The average results found from both substrates were similar, indicating that,
although the characteristics of the substrates are distinct and directly influence the result of adhesive strength,
on a microscale, the influence occurs less expressively. However, the standard deviation found in Substrate 2
was higher when compared to Substrate 1, indicating that the interface between the cement paste and Substrate
2 is more heterogeneous than in Substrate 1, a fact that can be related to the optical microscopy and SEM
images, where failures in the contact extension can be observed, in addition to the less dense interface.

In this study, the influence of water absorption of two red ceramic substrates (with average values of 0.83
g/cm2.h'? and 0.50 g/cm2.h'?) and their roughness (Ra of 1.12 um and 2.35 um, respectively) on the tensile
bond strength of a hydrated cement paste were evaluated.

The surface roughness of the samples extracted from the red ceramic blocks was determined in test areas with
a dimension of 1 cm?, through a computational method that considers a cloud of points in 3 dimensions, which
provides more accurate results compared to conventional methods (ARNOLD et al., 2021; TONIETTO et al.,
2019). This same area was used for the tests of water absorption by capillarity and adhesion, reducing the error
resulting from the typical heterogeneity of red ceramic surfaces (VALENTINI et al., 2022).
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Conclusions

The proposed methodology, in which small square areas (10 mm of edge) were established for the
simultaneous determination of capillary absorption, roughness, and tensile bond strength, allows a quantitative
association between the properties of the substrate and its adhesive strength, and minimises the influence of
the typical heterogeneity of red ceramic surfaces in the variation of tensile bond strength.

The adoption of micro and nano-scale interface analysis techniques (optical microscopy, SEM, and AFM)
allows the validation of hypotheses about the relationship between the substrate properties and the respective
adhesive strength of the hydrated paste.

The capillary absorption of the substrates directly influenced the tensile bond strength as the capillary force
brings the mortar grains closer to the substrate and increases the contact between the materials.

For the cement paste used, the roughness of the substrate influenced inversely proportionally the tensile bond
strength. As a result, deeper valleys showed lower adhesion strengths, which suggests that the paste grains
could not completely penetrate more profound valleys (due to their rheological characteristics and grain size),
resulting in a loss of adhesion extension.

Analyses carried out at different scales (micro and nano scales) allow a broader understanding of the
properties of materials. The optical microscopy and SEM images demonstrated that the substrate that resulted
in higher tensile bond strength was the one with the densest interface region, making it possible to intuit that
the higher capillary force and lower roughness allow the hydration products to better approach the surface of
the substrate, resulting in a higher extent of adhesion. When reducing the evaluation scale to the hanometric
level and evaluating the modulus of elasticity, it was observed that the interfaces of both substrates presented
similar modulus of elasticity, however, the substrate with higher variability in the results of modulus of
elasticity has lower tensile bond strength, indicating that this interface has higher porosity, which is consistent
with what was observed on a macro scale.
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