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Received 29 November 2018 Abstract: The principal phase of hardened Portland cement pastes is calcium silicate hydrate (C-S-H), which
influences the physical and mechanical properties of construction materials. In this work, calcium silicate

Accepted 20 February 2020 hydrate (C-S-H) was synthesized, with the addition of poly-methacrylic acid with sodium (PMA), for the
development of C-S-H/ polymer nanocomposites. Among the polymers available, PMA is indicated in the
literature as one of those viable for producing C-S-H/polymer complexes. However, no consensus exists
regarding the type of interaction this produces. The resulting compounds were characterized by XRD, FT-IR,
TGA, carbon content (CHN), TEM, SEM and elastic modulus and hardness were measured by instrumented
indentation. A significant change was verified in the nanomechanical properties of C-S-H with PMA, resulting
in reduction in the elastic modulus and hardness. The set of results presented do not confirm the intercalation
of PMA in the interlayer space of C-S-H, but presented evidence of the potential for intercalation, since
changes in the microstructure clearly occurred.
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Resumo: A principal fase do cimento Portland endurecido ¢ o silicato de calcio hidratado (C-S-H), que influencia as
propriedades fisicas e mecanicas dos materiais de constru¢@o. Nesta pesquisa, silicato de célcio hidratado (C-S-H)
foi sintetizado, com adigéo de poli(acido metacrilico) com sédio (PMA), para o desenvolvimento de nanocompdsitos
C-S-H/polimero. Entre os polimeros disponiveis, o PMA ¢ indicado na literatura como um daqueles viaveis para a
produgdo de nanocompositos C-S-H/polimero. No entanto, ndo existe consenso sobre o tipo de interagdo que pode
ocorrer. Os compostos foram caracterizados por DRX, FT-IR, TGA, teor de carbono (CHN), MET, MEV e médulo
de elasticidade e a dureza foi medida por nanoindentagdo instrumentada. Foi verificada uma mudanga significativa
nas propriedades nanomecanicas do C-S-H com PMA, resultando na redugéo do médulo de elasticidade e dureza.
O conjunto de resultados apresentados ndo confirma a intercalagdo do PMA na nanoestrutura do C-S-H, mas mostrou
evidéncias do potencial de intercalagdo, uma vez que mudangas significativas foram verificadas na microestrutura.
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1. INTRODUCTION

It is well known that calcium silicate hydrate (C-S-H), the main product from Portland cement hydration, has a significant
influence on most physical and mechanical properties of cement-based materials. C-S-H is considered a lamellar, crystalline
semi-continuum and an inherently complex material, particularly in relation to its “bond” nature forces - ionocovalent forces
between individual C-S-H layers or C-S-H layer stacks, separated by strongly localized calcium ions and water molecules.
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It consists of order-disorder lamellae stacking of particles, where each lamellae is formed by stacking sheetsand each sheet has a
central Ca-O sheet that has silicate chains on both sides, which are kinked with a periodicity of three tetrahedral. These chains
are called dreierketten [ 1] and indicate the degree of polymerization of C-S-H. Its structure interferes with the interplanar distance,
density [2] and the mechanical behavior of hydrated calcium silicate [3], [4]. C-S-H is similar to the tobermorite-jennite like
nanostructure crystal [1], with a complex structure; it is intrinsically fragile with a low flexural strength [5]. The complex
nanostructure of C-S-H makes it an excellent candidate for the manipulation and control of its properties, through the intercalation
of organic molecules, for the fabrication of C-S-H/polymer nanocomposites [6]. The advancement of nanoscience through the
development of C-S-H/manocomposites is important for the production of materials that are more efficient in relation to the
binding forces [7]-[9], thus improving the tensile strength and avoiding the cracking problems inherent to concrete and mortar,
which are widely used by the construction industry. Nature has shown that the mixture of organic and inorganic materials is a
potential route for the elaboration of more efficient materials; teeth and bones are good examples.

C-S-H/polymer nanocomposites have been successfully synthesized [10]-{19]. Observation of an increase in the
interlamellar spacing has been reported, which is explained by the intercalation of polymers between the sheets of C-S-H. Studies
have also concluded that polymer intercalation depends on the C-S-H Ca/Si molar ratio, the method of synthesis and the type of
organic polymers. Among the polymers tested, anionic polymers were one of the most successful at producing C-S-H/polymer
nanocomposites [12], [14], [15], for example poly(acrylic acid) and poly-methacrylic acid. A study [17] has provided evidence
for the adsorption and intercalation of polyethylene glycol (PEG) polymers on the surface and within the interlayer spaces of the
C-S-H structure (altering the interlayer spacing from 1.5 nm to 4.5 nm). It has also been reported that the presence of PDC in
0.8 Ca/Si C-S-H affects both its nano and mesostructure: the broadening and slight shift in the 002 basal reflections (XRD) and
the alteration in C-S-H Si-O-Si bonding (FT-IR) indicate that a part of the PDC is intercalated between the C-S-H lamellae, and;
the remaining PDC is probably adsorbed on the surface or in the void space left by the C-S-H particles, affecting its packing
density, consequently, significant alterations in the mechanical properties of C-S-H in the presence of PDC were verified [18].
Research evaluating the effect of PVA polymer verified modifications in the interlayer spacing of the C-S-H, such that it
increased between 1.53 nm and 1.70 nm, and significant change in the nanomechanical properties of C-S-H occurred in the
presence of PVA, resulting in a strong reduction in elastic modulus and hardness [19].

Although numerous studies have observed changes in nanostructures and have associated these changes with the mechanical
behavior of the materials, the mechanical tests using instrumented indentation in C-S-H/PMA complexes have never been
performed. Thus, this study evaluated the chemical and micro-nanomechanical properties of the synthesis of C-S-H modified
with PMA polymer, in order to contribute to the development of C-S-H/polymer nanocomposites.

2. MATERIALS AND EXPERIMENTAL PROGRAM

C-S-H and C-S-H/PMA samples were produced by the direct precipitation method [12]. PMA polymer solution was used at
40% in water (4,000-6,000 g/mol - [CH,C(CH3) (CO;Na)l,). A 1 mol/L calcium nitrate solution was added gradually to a
0.22 mol/L solution of sodium silicate with the polymer (except for pure C-S-H) predissolved in CO2-free deionized water to
achieve a 2.1 Ca/Si ratio. Chemical analysis by XRF (Table 1) showed that the final Ca/Si ratio (1.62 for C-S-H and 1.73 for C-
S-H/PMA) remained proportional to the initial project value. The PMA concentration was 0.5 g/g Ca salt [12]. The total
water:solid ratio was 20:1. The pH of the mix was maintained between 13.1 and 13.3 with a NaOH solution (10 mol/L). After
maintaining the suspension at 60°C for 35 days under gentle stirring in a CO,-free atmosphere, the precipitates were vacuum-
filtered and then washed with acetone and CO,-free deionized water to eliminate the residual polymers and sodium nitrate ions.
Next, the precipitates were dried at 60°C in a vacuum oven for 14 days. One part of the precipitate was ground in an agate mortar
and sieved (# 75 um) for XRD, XRF, FT-IR, TGA and carbon content (CHN), while the other part (small irregular particles)
was vacuum-impregnated in 2 cm X 2 cm cylinders with a low viscosity resin and cut with a diamond saw for nanoindentation
tests. For TEM observations (JEOL, 100 kV), the ground precipitates (before drying) were dispersed in ethanol and dripped onto
a400-mesh copper grid covered by a carbon film, after which the grid was placed in a vacuum desiccator for 24 h.

Table 1. Chemical analyses of the C-S-H and C-S-H/PMA (XRF).

Oxide (mass %) SiO2 CaO AL O3 Fe203 LOI
C-S-H 24.56 37.15 0.04 <0.01 -
C-S-H/PMA 13.66 22.39 <0.01 <0.01 -

The cylinder surface was then ground with silicon carbide papers and polished with diamond pastes (four stages of
increasing fineness) to obtain a very flat, smooth surface finish. After each grinding/polishing stage, the samples were
placed in an ultrasonic bath to remove the dust and diamond particles left on the surface or in the porous structure.
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Nanoindentation was performed using a Nanoindenter XP (MTS System). The unpolished surface of the cylindrical
specimens was carefully cut with the diamond saw into sections that were 5-6 mm thick. Twelve indentations were
performed in each sample in three different regions (for each region, four individual indentations were performed in
2x2 matrices, with 20 um spacing) by applying five loading cycles of 2, 4, 8, 16, and 32 mN in each indented location
(matrix 1). An additional test was performed using higher loads (matrix 2) to evaluate both the nano- and microstructure
of the material over a larger area, verify the homogeneity of the material and make marks that would be visible under
SEM, thus achieving a more in-depth interpretation of the results by combining the characteristics of the microstructure,
morphology and fractures, with the nanomechanical properties. In this case, a 2%3 points matrix was used up to a load
of 512 mN (1, 2, 4, 8, 16, 32, 64, 128, 256, 512 mN). Loading was applied linearly for 10 s. The maximal load (Pmax)
was then maintained for 5 s, and unloading occurred over an additional 10 s. Hardness (H) is defined as the mean
pressure that a material can support under load, and is determined by [20], [21]:

H = —max (1)

Where Py is the maximum applied load and A(h) is the projected contact area function which corrects for the
Berkovich tip rounding effect.
The elastic modulus of the material is determined by [22]:

o 1=V )

where, E; is the reduced elastic modulus, E; and v; are the indenter elastic modulus and Poisson ratio, and E and v are the elastic
modulus and Poisson ratio of the material respectively. For diamond, E; = 1141 GPa and v; = 0.07 [20], [21]. Based on
relationships developed by Sneddon [23], an expression was derived for the reduced elastic modulus, E; [20], [21]:

g YT S
"2B [Ah,

where S = (dP/dh) is the stiffness obtained experimentally from the upper part of the unloading curve and f is a constant
dependent on the indenter geometry, being equal to 1.034 for a triangular symmetry [20], [22]. After nanoindenter
testing, the sample was removed, coated with a gold layer and examined by SEM.

XRD was performed to detect shifts in the C-S-H 002 basal reflections, which are due to polymer
intercalation. A Philips X Pert instrument was used that operates with Cu Ka radiation (A = 1.5418 A) with an
output of 40 kV and 30 mA. Scanning was performed from 2° to 10° (20) in 0.02° steps, with a collection time
of 5 s per step. A Perkin-Elmer 16PC Fourier transform-infrared spectrometer (FT-IR) was used in direct
transmission mode ranging from 4000 to 400 cm™! (4 cm™! resolution), and the carbon content was determined
by CHN (carbon, hydrogen, nitrogen — EA 1100 CE Instruments) elemental analysis. The thermogravimetric
analysis (TGA) was performed on samples of approximately 20 mg, using a Shimadzu TGA-50, heating at
10°C/min from 0 to 900°C in a nitrogen atmosphere at a flow rate of 100ml/min.

3)

3. RESULTS AND DISCUSSION

3.1. Chemical analysis

C-S-H formation was observed with and without the addition of PMA (Figure 1). C-S-H showed peaks at 15.3A and 12.24A,
while in the C-S-H/PMA mixture, a small increase in the interplanar distance of 16.4A was observed, with peaks at 11.4A and
10A. The peak at 10A could refer to the formation of either sodium acetate (CH;COONa) or sodium silicate (Na,O.SiO,).
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Figure 1. XRD spectra of C-S-H and C-S-H/PMA.

FT-IR spectra analysis verified the presence of the polymer in bonds represented by the bands 2970, 1419, 1458, 1470 and
1250 cm.; (Figure 2). Hydroxyl ions, nitrate, Q* and Q! were observed for C-S-H/PMA (Figure 2, Table 2). However, there are
two bands for C-S-H/PMA at 957 and 910 cm™, and essentially one that refers to the Q? bond, at 910 cm!, for C-S-H, which
indicates an increase in the Q¥Q! ratio and consequently, greater chain lengths and polymerization in the dreierketten region,
with the addition of PMA. Very similar behavior was observed by Beaudoin et al. [17], in their research on nanocomposite C-S-

H/polymers (polyethylene glycol and hexadecyltrimethylammonium) using the NMR technique.

Transmittance (%)

Syntheses  OH
21CSH 3460 -
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Figure 2. FT-IR spectra of C-S-H and C-S-H/PMA.

Table 2. Selected FT-IR bands of C-S-H and C-S-H/PMA.

Bands (cm™)

Assignment of vibrational spectra References 2.1 C-S-H 2.1 C-S-H /PMA
OH 3268-33750 3508 3445
CH; 29250 - 2970
Nitrate 2359@ 2359 2359
H-O-H 16510 1618 1647
Nitrate/CO2 1400/1434@D 1385/1420 1419/1458

C=0-OR 14340 - 1419
Q? 9693 964 957
Q? 903® 900 910
Q! 814 835 835
d (Si-O-Si) 6723 651 650

d (0-Si-0) 4779 457 544/453

1647, 1539, 1472, 1416, 1350, 1553, 1460, 1419, 1380, 1350,
) 1207, 1101 @ ) 1242 @

() Mojumdar and Raki [15], @ This research, @) Mostafa et al. [24].
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Thermal analyzes (TGA) also showed changes in the structure of C-S-H/PMA in relation to C-S-H. Total mass
loss was 15.5% higher for C-S-H/PMA (Figure 3), which is in agreement with the measured carbon content of
16.3% (CHN). Analysis also verified that C-S-H, C-S-H/PMA and PMA lost mass in two major regions: in
region 1, from 25 to 250°C, both mixtures showed similar behavior; while in region 2, between 250 and 550°C,
PMA polymer was degraded at two temperatures, above 400°C and above 650°C. C-S-H/PMA did not follow this
decomposition, however, rather it showed gradual loss of mass from 300°C, different from C-S-H (Figure 3,
Table 3). According to Mojumdar and Raki [15], these findings indicate the trapping and intercalation of the
polymer within the C-S-H nanostructure.
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Table 3. Thermogravimetric analysis to C-S-H, PMA and C-S-H/PMA.
Material DTG/°C
C-S-H 240, 630
PMA 100, 446, 707
C-S-H/PMA 106, 324, 453, 532,718

3.2. Micro-nanomechanical and morphological properties

The nanomechanical properties of elastic modulus and hardness of C-S-H/PMA and C-S-H samples are shown by
the following results:

- Results of the three indentation matrices for C-S-H/PMA (Figure 4a - elastic modulus E, Figure 4b — hardness H);

- Mean results for elastic modulus (Figure 5a) and hardness (Figure 5b), comparing C-S-H/PMA and C-S-H for the
indentation matrix with loading up to 32 mN;

- Example of load-penetration curves (2 mN) measured by nanoindentation on samples prepared with C-S-H/PMA
and C-S-H (Figure 6).

- Load-penetration curves (2-32 mN) obtained by nanoindentation on samples prepared with C-S-H/PMA and C-S-H
(Figure 7).

- Mean results for elastic modulus (Figure 8a) and hardness (Figure 8b), comparing C-S-H/PMA and C-S-H for the
indentation matrix with loading up to 512 mN, which was then visualized under SEM (Figure 9).
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Figure 4. Micro-nanomechanical properties (elastic modulus and hardness) of C-S-H/PMA in specific areas.
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Figure 5. Elastic modulus - E (a) and hardness - H (b) vs applied load - P of C-S-H and C-S-H/PMA until 32 mN (matrix 1).
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Figure 6. Example of load-penetration curves (2 mN) measured by nanoindentation on samples C-S-H and C-S-H/PMA.
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Figure 7. Load-penetration curves (2-32 mN) obtained by nanoindentation on samples C-S-H and C-S-H/PMA.
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A clear difference between C-S-H and C-S-H/PMA mechanical characteristics was determined (Figure 5). The mean
elastic modulus and hardness values for the first series of measurements (matrix 1) were 19.5+4.5 GPa and
0.27+0.12 GPa for C-S-H and 6.25+2.7 GPa and 0.10+0.09 GPa for C-S-H/PMA (Table 4), indicating the
nanostructural alteration. Observation verified that no significant difference occurred between the applied loads in
matrix 1 (loaded up to 32 mN), confirming that the effect of surface roughness was not significant (Table 5). Moreover,
the SEM micrograph of five C-S-H/PMA indented regions (Figure 9, Table 6), in matrix 2 (load up to 512 mN),
exhibited a reasonably regular surface at each point. Visualization of the indented region is an important tool for
interpreting and analyzing the results obtained.

Table 4. Elastic modulus and hardness of C-S-H and C-S-H/PMA for different loads.

Variables / Results Matrix 1 Matrix 2

Material Load E(GPa) H(GPa) E(GPa) H(GPa)
2mN 19.3+1.2 0.19+0.05 15.8+0.6 0.20+0.08
C-S-H 32mN 20.3+3.9 0.36+0.11 20.0+3.7 0.47+0.15
512mN - - 19.0+1.6 0.45+0.09
Average 19.5+4.5 0.27+0.12 18.4+4.3 0.37+0.16
2mN 6.34+0.83 0.10+0.03 4.43+1.47 0.06+0.02
32mN 5.65+2.22 0.11+0.10 3.83+1.33 0.04+0.02
C-S-H/PMA 512mN - - 3.84+0.78 0.05+0.01
Average 6.25+2.7 0.10+0.09 4.17+1.2 0.05+0.02

Table 5. Statistical analysis (ANOVA): elastic modulus and hardness.

Sum of . e
Variable Degrees of Sum of squares of Statistics F Statistics Results
Freedom squares effect P
error

:; Material 4778.56 1 4778.56 304.70 0.000 Significant.
§ Load 4.66 4 1.17 0.074 0.9898 Not-signif.

Error 1568.28 100 15.68 - - -
é Material 0.7558 1 0.7558 69.5601 0.000 Significant.
S Load 0.0946 4 0.0237 2.1777 0.07690 Not-signif.
= Error 1.0865 100 0.0109 - - -

Table 6. Elastic modulus and hardness values for 32 mN and 512 mN of the indentations showed in Figure 9.

N E (GPa) H (GPa)
Indented mark in Figure 9 mN S12mN 2mN S12mN
1 4.3 5.2 0.07 0.07
111 5.8 3.7 0.08 0.04
\% 2.3 33 0.03 0.03
VI 5.9 3.5 0.08 0.06
VII 3.9 3.5 0.05 0.06

The results obtained for the five indentations were very similar and approximately 4.4 GPa (Table 4).
In indentation V (Figure 9), which presented a surface defect close by, a modulus value of 2.3 GPa was measured.
Indentations III and VI (Figure 9) presented values of 5.8 and 5.9 GPa, respectively. Measurements at indentations II
and IV (Figure 9), where superficial defects were also observed, could not be performed. Indentations I and VII
(Figure 9) achieved values of 4.3 and 3.9 GPa, respectively. These results are presented in Table 6 for loads of 2 mN
and 512 mN. Indentations I and V showed increases in the elastic modulus when the load was increased to 512 mN,
while the opposite occurred for indentations III, VI and VII. This increase in the elastic modulus occurs due to
contributions from lower layers, while decreases are the result of fractures.

The samples were embedded in a carbon-containing resin, which presented a mean elastic modulus of
3.23+0.07 GPa and mean hardness of 0.184+0.002 GPa. It is important to highlight that the morphology and mechanical
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properties of the resin are quite different from the C-S-H and C-S-H/PMA samples (Figure 10) and affirm that the resin
did not influence these results. The indentation mark shown in Figure 9 refers to the largest load of 512 mN. The area
covered by the minimum load of 1 mN is very small, so the likelihood of two distinct regions occurring is minimal.
Figures 5 and 8 show that both the hardness and elastic modulus did not vary according to the load applied and, thus,
according to the depth of penetration. As the applied load increases, the probability of the indenter hitting a pore
increases, since an increase in the contact area and the projected contact area also occurs. Assuming that the indenter
hit a pore of a size that was visible in the microscopy images, the values of hardness and elastic modulus would certainly
have decreased. Another factor that encouraged the use of a high load for the indentations (512 mN) was the need to
investigate the homogeneity of the C-S-H/PMA nanocomposite, which proved to be homogeneous and showed no
significant differences in behavior regarding the load and area of coverage. An additional factor that could have
influenced the micro-nanomechanical behavior is excess polymer not incorporated into the matrix, however, it is
important to clarify that a small quantity of the polymer was used and that the C-S-H, in gel form, was washed with
acetone and filtered to remove free PMA before being dried.

15KV X1,800 10pm C-S-HIPMA
Figure 10. C-S-H/PMA SEM micrograph showing one indentation (matrix 2).

Other works have shown changes in the structure of the C-S-H/PDC-cationic polymer that influenced its
structure and nanomechanical behavior, such that the presence of PDC in C-S-H affected both its nano
(intercalation between the C-S-H lamellae) and mesostructure (C-S-H particles packing density) [18]. When
evaluating the effect of the polymer of PVA-neutral [19], a significant change was verified in the
nanomechanical properties of C-S-H, resulting in reduced elastic modulus and hardness. However, the set of
results presented did not confirm the intercalation of PVA in the interlayer space of C-S-H, rather it confirmed
the formation of a C-S-H/PV A mesocomposite, which presented changes in structural packing - in the midst of
the PVA polymer film - and in nanomechanical properties.

It is also worth emphasizing that the values obtained for pure C-S-H fall within the same range as the
nanoindentation measurements for C-S-H in hydrating Portland cement systems [25]-[27]. The accentuated
decrease in elastic modulus of synthesized C-S-H in the presence of PMA could be due to the particle packing
density [26] or surface roughness. In order to minimize the effect of surface roughness, higher loads must be
applied.

Micrographs (SEM) showed different morphological structures for C-S-H/PMA (Figure 11) and C-S-H
(Figure 12). Alterations in the nanostructure formation of C-S-H/PMA were verified by TEM (Figure 13),
indicating different structuring for C-S-H (Figure 14). All the images obtained showed this behavior. It is well
known that C-S-H is produced by the packing of elementary nanosized particles and that low and high density
C-S-H differ according to their aggregation density [25]-[27]. Thus, it can be concluded that any significant
alteration in the mechanical properties is due to the packing density of the C-S-H particles in the presence of
PMA, as determined qualitatively by TEM.
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(6 20um C-S-H/PMA
Figure 11. C-S-H/PMA SEM micrograph showing morphology of the microstructure.

15kV-  X2,500.- 10pm

Figure 13. C-S-H/PMA (a, b) TEM micrographs.
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These results do not exclude the possibility that PMA can increase the cohesion of C-S-H, especially considering
its application in the structure of hydrated Portland cement and its effect on a longer drying time. Lee and Rhee [28]
used synthesis to verify poly(methyl methacrylate)/SiO,—CaO nanocomposites using dimethyldiethoxysilane and
tetraecthoxysilane, which produced two and four siloxane linkages, respectively, after a sol-gel reaction. This
nanocomposite can potentially be applied as a filler material of PMMA bone cement and dental composite resin because
of its good apatite-forming ability and improved fracture toughness [28]. On the other hand, the reduction in the
mechanical properties of cement obtained in this research, are indicative of lower efficiency and, consequently, higher
cost for the same structural performance.

The strong influence of PMA on the mesostructure and nanomechanical properties of C-S-H is evident. These
properties and attempts at manipulating the cement nanostructure contribute to the development of nanotechnology
applied to more efficient materials [29].

4. CONCLUSIONS
The main results regarding the nanostructural changes in C-S-H modified with PMA are described below:

- The addition of PMA to C-S-H resulted in an increase in interplanar distance, from 1.53 nm to 1.64 nm. These
values are lower than those previously described by Matsuyama and Young [12] and similar to those reported by
Merlin et al. [6] for other anionic polymers. This small increase in interplanar distance is not considered to be the
intercalation of the polymer;

- A significant change was verified in the micro-nanomechanical properties of C-S-H with PMA, resulting in
reduction in the elastic modulus and hardness. This reduction of approximately 67% occurred due to the structuring
of lower density particles of C-S-H and the presence of the polymer, indicating the formation of a mesocomposite.
The formation of a differentiated structure, with increased C-S-H porosity, was observed.

The set of results presented do not confirm the intercalation of PMA in the interlayer space of C-S-H, rather it
confirms the formation of a C-S-H/PMA mesocomposite, which presented changes in structural packing and in micro-
nanomechanical properties.
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