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ABSTRACT

This work aimed to investigate the effects of graphene nanoparticles on the mechanical
and morphological properties of gypsum plaster paste. In order to do so, samples of pure
gypsum plaster paste with multilayer graphene were produced. These samples were
prepared with a water/plaster factor (w/p) of approximately 0.5 with different graphene
dosages. The mechanical analysis results showed that the graphene dosage of 0.02%
increased the compressive and tensile strength values in the order of 120%. The increase
in these properties is most likely due to the heat dissipation promoted by graphene, the
greater production of crystalline nuclei and the reactivity of graphene with Ca2+ ions.
Regarding the plaster setting times, a reduction in the values was observed for most
samples, indicating an increase in the production of crystalline nuclei. FTIR analyzes
indicate that there were no changes in terms of chemical properties.

Keywords: plaster, gypsum, graphene, composite, mechanical properties.

RESUMO

Este trabalho teve como objetivo investigar os efeitos de nanoparticulas de grafeno nas
propriedades mecénicas e morfoldgicas da pasta de gesso. Para isso, foram produzidas
amostras de pasta de gesso puro com grafeno multicamadas, preparadas com um fator
agua/gesso (w/p) de aproximadamente 0,5 e diferentes dosagens de grafeno. Os
resultados dos testes mecanicos mostraram que a dosagem de 0,02% de grafeno aumentou
os valores de resisténcia a compressao e tracdo em até 120%. O aumento dessas
propriedades provavelmente se deve a dissipacdo de calor promovida pelo grafeno, a
maior producio de nucleos cristalinos e a reatividade do grafeno com os ions Ca?*. Com
relacdo aos tempos de presa do gesso, observou-se reducao dos valores para a maioria das
amostras, indicando aumento na producdo de nucleos cristalinos. As analises de FTIR
indicam que ndo houve alteracBes em termos de propriedades quimicas.

Palavras-chave: argamassa, gesso, grafeno, composito, propriedades mecanicas.

1 INTRODUCTION

Gypsum plaster has been widely used in civil construction as pre-molded boards
(drywall), sealing blocks, coatings, grouts, restoration of ancients finishes and details
such as crown molding and three-dimensional plates (FREIRE et al., 2021). Among the
many advantages that gypsum plaster presents, it is possible to highlight its lightness,
practicality, application speed and very low cost when compared to conventional sealing
and coating systems. In addition, drywall building materials can be up to 7 times lighter

than ceramic block walls, which allows for the design of slenderer structures and
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foundations, generating savings in cement and steel consumption, which means less
environmental impact (BORRACHERO et al., 2008). Considering that the cement
production process is responsible for more than 6% of all CO, emitted worldwide (ISAIA,
GASTALDINI, 2004), the use of gypsum plaster in the civil construction area appears as
a possibility to reduce the environmental impact.

Gypsum plaster is a material mainly produced from the calcination of the mineral
gypsum, a process in which the raw material (calcium sulfate dihydrate — CaSO4.2H20)
is pulverized and subjected to temperatures close to 140 °C, releasing water vapor into
the environment and giving rise to commercial gypsum plaster (calcium sulfate
hemihydrate — CaSQO4. 1/2H.0) (BALTAR; BASTOS; LUIZ, DA, 2008). The hardening
process (rehydration) takes place after mixing the plaster with water. During this time the
plaster temporarily becomes plastic and, during the drying process, returns to its original
form (dihydrate). Thus, it is a reversible process as long as the chemical bonds of its
crystals are broken, and the material is decontaminated. This process has been an object
of study in recycling (GERALDO et al., 2017). These above-mentioned characteristics
give the plaster interesting sustainable and recyclable potential. However, despite the
advantages, its fragility and water intolerance discourage its use.

The hydration reaction of gypsum plaster is exothermic, releasing a large amount
of energy in the form of heat. However, it has low thermal conductivity (KORTE;
BROUWERS, 2010) and as the hydration reactions occur, heat accumulates in central
regions of the paste, promoting different crystallization conditions between the central
and peripheral regions of the sample. Thus, the energy released alters the plaster’s
solubility, influencing the hydration kinetics (CHAROLA; PUHRINGER; STEIGER,
2007; HULETT; ALLEN, 1902), crystallographic density and the material's mechanical
performance. In other words, it can be considered that the relationship between
temperature and solubility negatively alters the crystalline homogeneity, promoting the
formation of crystals of different sizes and densities. In order to improve the specific
plaster properties, such as water absorption, adhesiveness, and setting time, chemical
additives are usually used (BALTAR; BASTOS; LUIZ, DA, 2008). Recent studies show
the influence of cellulose fibers (ROSATO et al., 2017; SENFF et al., 2018), TiO>
nanoparticulate systems (ROSATO et al., 2017), expanded polystyrene, and carbonate
and silica minerals (PERLOVA et al., 2016) on gypsum plaster’s mechanical properties.
The literature (GONG et al., 2015; MORSY; ALSAYED; AQEL, 2011; SILVA et al.,

2017) reported the result of incorporating carbon-based nanoparticles in ceramic binders,
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revealing an increase in their mechanical strength and in the optimization of their
electrical and thermal properties (CHUNG, 2012; HOU et al., 2019).

Nanostructured systems based on multilayer graphene (MLG) have extraordinary
properties, such as high tensile and compressive strength, and high thermal and electrical
conductivities (CHEN; TANG; LI, 2010; LEE et al., 2008; WEI; QU, 2012). For this
reason, graphene has been studied in Physics, Chemistry, Materials Science and
Engineering, Medicine, etc. (BROWNSON; KAMPOURIS; BANKS, 2012; LOTA etal.,
2008; NOVOSELOV et al., 2004). Furthermore, research shows that the incorporation of
MLG in ceramic matrices generates changes in crystallization mechanisms, producing
denser cores and more mechanically resistant and durable mortars.

As reported by Silva et al. (2017) and Gdoutos (2016), incorporating
nanostructured systems, such as nanofibers, carbon nanotubes and multilayer graphene,
considerably optimizes the mechanical strength of cementitious composites. However,
using multilayer graphene in systems that receive water as a catalyst is quite challenging.
This is due to the fact that graphene displays hydrophobic behavior, which makes its
dispersion difficult and promotes a tendency to agglomerate. The agglomeration process
is probably due to the interaction between the multilayers by Van der Waals forces
(PARVEEN; RANA; FANGUEIRO, 2013). The use of surfactants appears as an
alternative for the optimization of dispersion; however, they negatively affect the
material’s elastic modulus and tensile strength (PAPAGEORGIOU; KINLOCH;
YOUNG, 2015). Jara et al. (2021) investigated the effects of incorporating graphene in
gypsum mortar at concentrations of 0, 0.05, 0.08 and 0.1% by weight and observed better
results with mechanical tests (bending strength) for the sample with the highest
concentration of graphene, resulting in an improvement of 22.4 % in relation to the
sample without graphene. However, there is no information about the structural,
morphological, or other properties of the samples they studied.

In this study, we proposed to carry out innovative and applied research to study
the influence of MLG on the mechanical properties of gypsum plaster. The system was
characterized morphologically and structurally via scanning electron microscopy (SEM),
optical microscopy (OM), Fourier transform infrared spectroscopy (FTIR) and X-ray
diffraction (XRD). It was also the aim of this study to verify the consistency of the plaster
containing MLG and setting start and end times by means of Vicat tests. The resistance
of gypsum plaster containing MLG to water was verified via mass loss analysis after the

submersion process.
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2 EXPERIMENTAL
2.1 MATERIALS

In the present work, B-type gypsum plaster with a fineness modulus of 1.11, a unit
mass of 713.06 kg/m? and multilayer graphene (MLG) was used. The MLG samples used
in this study were obtained by exfoliating natural graphite flakes donated by the company
Nacional de Grafite Ltda. Further details about this procedure used can be seen in the
references (MACHUNO et al., 2015). The specimens have thicknesses from 1 to 10 nm
and lateral dimensions of up to a few micrometers (KHARE et al., 2015; ROUXINOL et
al., 2010). The MLG powder was dispersed in an ultrasonic bath for a 2-hour period in
deionized water. After this, the MLG dispersion in water was added to the plaster through
a mixing process. It is important to mention that the amount of water used to disperse the
MLG was deducted from the amount of kneading water, thus keeping the water/plaster

factor constant at 0.5.

2.2 SPECIMEN PREPARATION

Samples were made in six different MLG concentrations according to the
methodology proposed by the Brazilian Standard ABNT/NBR-12129:2019 “*Gypsum for
civil construction - Determination of mechanical properties”. The MLG percentages
studied were 0%, that is, the Control Group (CG), 0.0150% (150MLG), 0.0175%
(175MLG), 0.020% (200MLG) and 0.025% (250MLG) in relation to the gypsum
plaster’s powder mass. For all samples the water/plaster ratio (w/p) was 0.5. The MLG
dispersed in deionized water (see section 2.1) was incorporated into the kneading water,
adding a w/p factor of 0.5 at a temperature of 25 °C. Cubic specimens with an edge of 50
mm were obtained for carrying out the compression tests in accordance with the
ABNT/NBR Standard-12129:2019. Regarding the tensile strength tests by diametral
compression (see ABNT/NBR Standard-7222:2011), the specimens were made in a
cylindrical shape with a diameter of 5 cm and a height of 10 cm. The samples were
obtained at room temperature, demolded after 3 h, and stored at room temperature and

humidity until the rupture date.

2.3 MORPHOLOGICAL ANALYSIS

The morphological properties of gypsum plaster containing different amounts of
MLG were verified by scanning electron microscopy, using a FEG-SEM JEOL 7001F
microscope (TESCAN/VEGA-3) equipped with an EDX Oxford element detector. The
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optical microscopy technique was used to verify the distribution of MLG particles in the
plaster paste using the Nova Model 156-T equipment. The morphological properties were
also verified by optical microscopy.

2.4 STRUCTURAL ANALYSIS

The chemical composition analyses were performed by Raman spectroscopy,
using the LabRAM HR Evolution — HORIBA equipment, with an excitation source of
532 nm and power adjusted to 2.5 mW. Fourier transform infrared spectroscopy (FTIR)
was used to investigate the chemical structure of the composites prepared in this study.
The FTIR spectra were obtained with an Agilent Cary 640 spectrometer using the diffuse
reflection mode with the Pike Veemax Il accessory. The spectra were performed in the
range from 4000 to 500 cm™, with a resolution of 4 cm™. The samples used in the FTIR
analyses were obtained from fragments taken from the interior of mechanically tested
specimens that were over 120 days old. X-ray diffraction (XRD) analyses were performed
using a Shimadzu XRD-6100 diffractometer in the range of -6° to 80° (20) with a scan
speed of 1%/min.

2.5 NORMAL CONSISTENCY AND SETTING START AND END TIME
ANALYSES

Normal consistency and setting start and end time analyses were performed
according to the ASTM-C472 standard - "Standard Test Methods for Physical Testing of
Gypsum, Gypsum Plasters and Gypsum Concrete". Hydration curves were obtained from
temperature measurements of samples placed in an adiabatic box. For this, a system
composed of a thermocouple and Arduino was used, and the measurements took place

over a 3-hour period.

2.6 MASS LOSS TESTS

The mass loss tests were carried out with the aim of verifying the influence of
MLG’s hydrophobic properties on the plaster’s resistance to water. For this, the samples
were submerged in distilled water at room temperature for a 2 h period. At first, the
samples were dried in an oven at 80 °C for 24 h. After this procedure, the masses were
measured using a BEL Engineering Model M214Ai analytical balance and submerged in
distilled water yet again. After 2 h of submersion, the samples were dried again in an oven

at 80 °C until they stabilized. After the stabilization of their masses and at room
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temperature, the difference between the initial and final dry masses was measured in

percentage.

2.7 TENSILE AND COMPRESSIVE STRENGTH TESTS

The compressive and tensile strength tests were performed using a digital servo-
hydraulic press (Contenco/HD200T), with a maximum load capacity of 2000 kN. The
compression tests were determined following the protocols described by the Regulatory
Agency ABNT/NBR-12129:2019 “Gypsum plaster for civil construction - Determination
of mechanical properties"”, using a loading rate of 0.2 £ 0.1 MPa/s; The tensile strength
was measured following the procedures described by ABNT/NBR7222:2011 "Concrete
and mortar - Determination of tensile strength by diametral compression of cylindrical
specimens" with a loading rate of 0.05 £ 0.02 MPa /s. Compressive strength was analyzed
at ages 1, 3 and 7 days and tensile strength at ages 1 and 7 days, respectively. Following
the guidance of adopted standards, at least 3 specimens were tested for each batch in each
age group, and the resistance considered was the average of these samples. The maximum
variation allowed between each sample’s individual mechanical strength and the average

of the results was 15%.

3 RESULTS & DISCUSSIONS
3.1 MORPHOLOGICAL ANALYSIS

Figures 1 (a-c) present the images obtained via optical microscopy for the reference samples (CG),
225MLG and 250MLG, respectively. It should be noted that there was no significant difference in the
morphological structure of the surfaces with the magnifications used.

Source: Images obtained by optical microscopy (magnification 500x), a) CG sample, b) 225MLG sample
with good dispersion, c) 250MLG sample with agglomeration. Black arrows indicate MLG and
agglomerations, respectively.

In regard to the MLG distribution, it is possible to verify a tendency for the flakes
to agglomerate, as observed in the 250MLG sample, even when using a low MLG weight
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concentration. These observations were indicated even after performing a good

mechanical mixing of the pastes during the molding process of the specimens.

Figure 2. Images obtained via SEM with a magnification of 5 kx, (a) representative MLG flake, (b) CG
Sample, (¢) 225MLG Sample and (d) 250MLG Sample.

Figures 2 (a - d) show the micrographs obtained via SEM for a representative
MLG flake and for the CG, 225MLG and 250MLG samples, respectively. The MLG flake
had a structure with no surface defects, presenting micrometric dimensions and a low
number of superimposed layers (1 to 10 layers) (see Figure 2 (a)). As reported in the
literature, the absence of defects in MLG flakes provides good mechanical (BALDIN et
al., 2021; SILVA et al., 2017), thermal (NATIVIDADE et al., 2019) and electrical
(AUGUSTO et al., 2018; MOURA et al., 2021) properties, promoting a wide range of
applications.

Regarding the gypsum mortar samples, there is a certain difference both in the
crystal sizes and the porosity of the samples. The CG sample (see Figure 2 (b)) had an
average size of 1.46 um and a length of 5.45 um. The 225MLG sample (Figure 2 (c))
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showed a higher density of crystals with smaller unit dimensions (average diameter of
0.95 pm and length 4.94 pm). As reported in the literature (HINCAPIE; CINCOTTO,
1997;MOGHADAM; MIRZAEI, 2020), the increase in crystal density is directly related
to the improvement of mechanical properties (GARTNER, 2009) and a decrease in water
absorption (MOGHADAM; MIRZAEI, 2020). The 250MLG sample (Figure 2 (d))
presented crystals with similar diameters to the GC (~1.3 um) and an average length of
8.23 pm.

3.2 STRUCTURAL CHARACTERIZATION
3.2.1 Xrd Results

The XRD technique was used to characterize the CG, 150MLG, 175MLG,
200MLG, 225MLG and 250MLG samples. The experimental and simulated spectra are
shown in Figure 3. The simulated spectrum corresponds to the CaSO4-2H>0 phase
(ATOJI; RUNDLE, 1958; BOEYENS; ICHHARAM, 2002) and presents a monoclinic
structure (space group C12/cl). As can be seen in Figure 3, the gypsum phase is present
in all specimens studied. All peaks present can be related to the monoclinic phase, with
the exception of a single reflection observed at 26 ~ 25° for samples containing MLG.
This peak was indexed as belonging to the [1-CaSOs phase (HAWTHORNE;
FERGUSON, 1975). Transformations between these phases are common in gypsum
hydration reactions (RITTERBACH; BECKER, 2020). However, as this phase is not
present in the control sample (CG), it can be suggested that the presence of MLG may
interfere with the hydration mechanisms of the gypsum plaster in question. As the MLG
concentrations used in the present study are considerably low and below the detection
limit of the equipment used, no contribution from this nanostructure was observed in the
diffractograms obtained. No variation in the lattice parameters was observed for the
CaS04-2H,0 phase, which leads to the conclusion that there is no chemical reaction
between this phase and the MLG, which is only acting as an aggregate to the composite
material, reinforcing the FTIR results presented in Figure 5 to be discussed later.

Brazilian Journal of Development, Curitiba, v.9, n.5, p. 15178-15201, may., 2023



Brazilian Journal of Development
ISSN: 2525-8761

15187

Figure 3. X-ray diffractograms for the control group (CG) and for the composites containing MLG. The
spectrum also shows the simulated diffractogram for the gypsum phase (CaSQO4-2H,0). The black arrow
shows the presence of the -CaSO4 phase.
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3.2.2 Raman Results

Figure 4 illustrates typical Raman spectra for a natural graphite crystal and MLG
particulates. For natural graphite, the band related to the G mode at 1590 cm™ is related
to the tangential stretching of the C-C bonds in graphitic materials (MORETO et al.,
2022). The band around 1355 cm™ (D-mode) is associated with the breathing mode of the
sp? carbon present in the hexagonal crystal structure and related to the presence of
structural disorder (AUGUSTO et al., 2018). The absence of peak D in the graphite
spectrum is associated with high crystallinity and a low number of defects in this sample.
The other characteristic bands D, G, D', D+D”, 2D, D+D' and 2D' are also seen in Figure
4. The 2D band at ~2750 cm™ as well as D+D”, D+ D' and 2D' around ~2450 cm™, ~2960
cm?, and ~3250 cm are derived from two-photon processes and associated with defect-
free structures (CARVALHO et al., 2015; FERRARI; BASKO, 2013; MAFRA et al.,
2007; THOMSEN; REICH, 2000; VENEZUELA; LAZZERI; MAURI, 2011). The

presence of the D band in the spectrum related to the MLG sample indicates the presence
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of defects in its structure originating from the exfoliation process and can be associated
with edge defects (MOURA et al., 2021).

Figure 4. Raman spectra for a large natural graphite specimen and MLG powder. The inset illustrates the
photos of a natural graphite crystal and the MLG powder herein used.
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3.2.3 Ftir Results

The FTIR spectra for the CG and CG containing MLG, in the range from 4000 to
500 cm™ are presented in Figure 5. A very high similarity between the chemical
structures of the studied samples is observed through the spectra, indicating that the
addition of graphene did not interfere with the specimens’ chemical structures. In
addition, bands related to the sulfate group are noted and centered at 1250 cm™, 1005 cm-
1 600 cm™, 670 cm™, 450 cm™ and 420 cm™ (ADLER; KERR, 1965; ANBALAGAN et
al., 2009; BLANEY; MCCORD, 1995; COOPER; MUSTARD, 2002). The bands
centered at 3620 cm™and 3640 cm™ (ANBALAGAN et al., 2009; RYSKIN, 1974), and
at 1620 cm™ (SEIDL; KNOP; FALK, 1969) and 3200 cm refer to water. Low intensity
bands centered at 1460, 2850 and 2915 cm™ are associated with C-H (ANBALAGAN et
al., 2009), identified in the experimental bands possibly by the presence of MLG.
Therefore, from a chemical point of view, the samples are little influenced by the addition
of MLG.
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Figure 5. FTIR spectra for the CG and the CG containing MLG, in the ranges of (a) 4000 to 2000 cm*
and (b) 2000 to 500 cm™.
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3.3 CONSISTENCY, SETTING TIMES AND CALORIMETRY RESULTS

Table 1 presents the values obtained for the initial and final setting times for the
CG, 150MLG, 175MLG, 200MLG, 225MLG and 250MLG samples, respectively. As can
be seen, except for the 225MLG sample, all the others had lower initial (T1) and final
(T2) setting times than the CG. As reported in other studies (HAO et al., 2021; LEWRY,;
WILLIAMSON, 1994), the decrease in initial setting time is indicative of greater
nucleation, greater crystalline activity and greater intensity of reactions mainly in
peripheral areas (region where the needle of the Vicat device is inserted when the setting
times are verified). Thus, the more crystallization nuclei, the greater the number of
crystals and the smaller their unitary dimensions (UCHYMIAK et al., 2008), that is, the

greater their long-term crystalline density.

Table 1. Initial and final setting times for the samples considered in the present work.
Setting times (h:m:s)

Samples Initial setting time (T1) Final setting time (T2) T2-T1

CG 00:16:35 00:21:20 00:04:45
150MLG 00:11:40 00:17:28 00:05:47
175MLG 00:13:05 00:21:15 00:08:10
200MLG 00:11:30 00:17:20 00:05:50
225MLG 00:19:35 00:26:20 00:06:45
250MLG 00:12:23 00:16:45 00:04:22

The 225MLG sample presented higher initial and final setting times than that of
the CG, indicating slower crystallization, which can be explained by the gypsum plaster
solubility related to the hydration temperature. Simply put, the amount of energy that is
injected into the system ends up acting as a catalyst for the hydration reactions, optimizing

the material's crystallization rate and increasing the plaster solubility (COQUARD et al.,
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1994; MARSHALL; SLUSHER, 1966). However, this phenomenon is observed up to a
temperature of approximately 50 °C. From this temperature value, the solubility
decreases. Thus, it is suggested that the 225MLG sample distributed energy to the gypsum
plaster paste, allowing for the mobility of the Ca*? SO4? ions, delaying the setting and
the growth of crystals.

It is interesting to observe that all experimental samples (except 250MLG)
presented a greater interval between the initial and final of the setting time. The early
initial setting time factor may be related to increased nucleation, and the prolonged T2-
T1 interval to slower crystal growth. The probable mechanisms regarding the crystal
growth time as well as the effects caused on the crystal properties are discussed ahead.

Figure 6 shows the hydration curve for the CG, 175MLG, 225MLG and 250MLG
samples, respectively. It is noted that the 225MLG and 250MLG samples presented lower
temperature values in the calorimetric analyses, suggesting that the MLG acts as an
energy sink and, in fact, graphene acts as a good thermal conductor (DEY et al., 2016).
Considering the post final setting time, samples containing MLG present higher
temperature values, between 60-65 °C, indicating greater crystalline activity in the period,
which reinforces an idea of crystallization over longer periods of time. It is emphasized
that the method has different setting times from the Vicat apparatus method due to the
pseudo adiabatic conditions, which change the material’s solubility. In this case, the times
serve to determine the periods of the curve. The initial setting time considered in the
hydration curve concerns the beginning of crystalline nucleation, where the temperature
increase is observed due to the exothermic characteristic of the hydration reaction. The

final setting time of the curve is defined from the temperature stabilization trend.
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Figure 6. Hydration curve for the CG, 175MLG, 225MLG and 250MLG samples.
65

|
1 Initial setting time
|

(=]
o

|
Final setting time

|
|
§' 55 : !
";" 50 1 1
S| - i
g4 |
| .
'é’. 40 : nk useful ime :
E | =
| |
2 35| . = GC
: ! » 175MLG
30 | 4 225MLG
| v 250MLG
25 !

0 10 20 30 40 50 60
Time (minutes)

3.4 MASS LOSS BY SUBMERSION IN WATER AND CONSISTENCY

Gypsum plaster is a soluble material, and when exposed to water it tends to
incorporate it, weakening the bonds between the crystals by capillary pressure. The more
intense the interactions between the crystal surfaces and the lower the porosity of the solid
body, the more resistant to the effect of water the material will be (MOGHADAM,;
MIRZAEI, 2020; SINGH; GARG, 1996). The plaster hydration process during the so-
called induction period also influences the water tolerance of the hardened material
(KANNO, 2010). It was observed that the higher the graphene dosage used in the plaster
paste, the lower the average mass loss (see Figure 7 (a)). The 250MLG sample lost about
36.4% less mass than the sample made without the additive. It can be suggested that the
samples containing MLG present higher crystalline density and greater intergranular
interaction than the CG sample, which allowed for less mass loss. Graphene’s
hydrophobicity can make it difficult for water to penetrate the pores of the plaster and it,
therefore, maintains its more aggregated structure than when compared to the reference
material, preventing the detachment of material. As for consistency, it was observed that
the MLG did not influence the properties of the paste (Figure 7 (b)) and all samples

presented values close to 20 mm.
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Figure 7. (a) Mass loss results by total submersion in water and (b) Consistency results.
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3.5 COMPRESSION AND TENSILE TESTS RESULTS

The compressive and tensile strength results performed at the age of 1, 3 and 7
days are shown in Table 2 and Figure 8, respectively. From the results of compressive
strength, it is noted that the amount of graphene in the proportion of 0.015% (150MLG)
does not affect the plaster’s crystallization process and, consequently, its compressive
strength at the ages considered. The values presented in Figure 8 (a) are consistent with
the results obtained in the fresh state of the plaster samples, which indicated a similar
behavior between the 150MLG and the CG samples. At the MLG dosage of 0.0175%
(sample 175MLG), a modest influence of the graphene on the plaster’s mechanical
behavior can be suggested.

At the first age tested, the 175MLG, 200MLG and 225MLG samples showed
lower performance than the CG sample. In the SEM images (Figure 2), one can observe
crystals with smoother surfaces and well-defined corners in the samples containing MLG.
These characteristics may indicate that the crystals were formed over a longer period,
providing higher unit density, which contributes to the final mechanical strength
(BARBOSA; FERRAZ; SANTOS, 2014). On the other hand, crystals formed in short
periods of time are porous and have a spongy appearance (BARBOSA; FERRAZ,;
SANTOS, 2014), similar to the crystals in the CG reference sample (Figure 2 (a)).

Table 2. Average axial compressive strength (MPa) results.

a%i’s) GC 150MLG 175MLG 200MLG 225MLG 250MLG
1 2.87+0.14 2.87+0.14 2.47+0.12 2.3740.12 2.20+0.11 3.35+0.17
3 2.83+0.14 2.90+0.15 3.07+0.15 3.45+0.17 2.45+0.12 3.33+0.17
7 3.03+0.15 3.03+0.15 3.17+0.16 6.73+0.34 5.10+0.26 5.3740.27
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In this context, it can be suggested that the performances observed in the first age
are due to the CG’s higher crystallization rate at that moment, since its crystals developed
in a shorter period. It can also be suggested that the heat distribution promoted by
graphene may have affected the plaster’s degree of solubility, since the temperature
changes the setting time of the material, and above 50° C, the solubility ratio of the
hemihydrate and dihydrate decrease, causing a delay in setting and crystallization time,
and increasing the mobility of calcium and sulfate ions as the temperature of the medium
increases (COQUARD et al., 1994; HULETT; ALLEN, 1902; MARSHALL; SLUSHER,
1966). Resumption of strength gains is observed in the 3-day-old experimental samples,
which indicates long-term crystalline activity, which is consistent with the hydration
curve (Figure 6), where it is possible to observe higher temperatures after the setting end
time in samples containing MLG. As for the results at 7 days, Figure 8 (b) shows a
performance gain for the 200MLG sample, that is, an increase of about 122% compared
to the CG sample at the same age. The 225MLG sample showed a performance 38.13%
higher than the CG at 7 days of age, and the lowest performance among all the samples
at the first age tested (23.25% lower than the CG). These results are consistent with the
setting time observed for this sample, since the 225MLG experimental range was the only
one to present higher setting times than the control sample, indicating slower
crystallization.

The 250MLG sample presented higher compressive strength than the others at the
age of 1 day. This may have occurred due to the influence of the agglomerated graphene,
as can be seen in the optical microscopy (Figure 1 (c)). It can be inferred that the graphene
agglomeration may have acted as a crystal, which helped to gain strength at the age of 1
day, and also that the heat dissipation effects promoted by the MLG were attenuated due
to poor dispersion. The 250MLG sample presented a performance 76.92% superior to the
CG at 7 days, a performance inferior to the 225MLG sample. It is believed that the MLG
agglomeration tendency affected the results, since the dispersion of MLG in the paste was

compromised.
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Figure 8. (a) Axial compressive strength (oc) for plaster pastes with different MLG doses as a function of
time (upper graph) and (b) relative variation of axial compressive strength for the sample without MLG
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Table 3. Average tensile strength results by diametral compression (MPa).
'(i‘j%‘;s) GC 150MLG 175MLG 200MLG 225MLG  250MLG
1 1.6+0.08 1.7+0.09 1.750.09 1.55+0.08 1+0.05 1.7+0.09
7 1.6+0.08 1.6+0.08 3.30,17 3.55+0.18 3,120.16 3.030.15

In regard to tensile strength, it is observed that in the first age of 1 day, all ranges
performed similar results, except for the 225MLG sample, which is in accordance with
the idea of slow crystallization. It can be seen from the graph in Figure 9 (a) that the
150MLG sample presented results practically identical to the CG reference sample. The
same occurred for the compression and consistency results, which reinforces the theory
that at this dosage the MLG does not significantly influence the material 's fluidity and
mechanical properties. At 175MLG, different from what was observed in the compression
results, there is a performance 106.25% superior to that of the CG at 7 days (Figure 9
(b)), indicating that this MLG dosage acted as a tensile strength enhancer at this age.
Although the compression performance was not significantly higher when comparing the
CG to the 175MLG, a reduction in setting times was observed, indicating changes in
crystalline activities.

Comparing the results obtained here with those of Jara et al. (JARA; PEREZ;
YEPES, 2020; JARA; YEPES; PEREZ, 2021), the MLG insertion in the concentrations
studied here proved to be very promising. Jara et al. report a 12.8% improvement in
compressive strength for a 0.1% graphene concentration. Our results indicate values
above 122% for a 0.2% MLG concentration without evidence of particle agglomeration

as well as maintaining the structural and chemical integrity of the gypsum mortar samples,
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guaranteeing the same morphological characteristics. Regarding the tensile analyses, Jara
et al. report an increase of about 22% for the flexural strength at the 0.010% graphene
concentration while our results indicate an increase of 121% for the 0.020% MLG
concentration. With the exception of the 0.150% MLG sample, all the others showed
tensile strength values close to 7 days, indicating that this property is more attractive for

the use of MLG as an additive.

Figure 9. (a) Tensile strength by diametral compression (o7) for plaster pastes with different MLG doses

as a function of time (upper graph) and (b) relative variation in relation to the sample without MLG (o70).
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Thus, the 200MLG sample range demonstrated, at 7 days, tensile performance
about 120% superior to the CG as shown in Figure 9 (b). This was also observed in the
axial compression results. The 225MLG and 250MLG samples showed similar resistance
at 7 days, being higher than the CG sample and lower than the 200MLG sample.

4 CONCLUSIONS

The use of graphene with gypsum plaster proved to be efficient, optimizing its
mechanical tensile and compressive strengths by about 120% at 7 days at a dosage of
0.02% in relation to the mass of the gypsum plaster powder. In comparison to the sample
without graphene, it was observed that: i) there were no significant changes in consistency
of the samples; ii) the setting times were affected, showing an increase for the samples
with graphene; iii) samples with graphene lost less mass when submerged in water; iv) a
low intensity peak attributed to the (-CaSOs phase was observed in the XRD
diffractograms in the samples containing MLG. This was probably due to the internal heat
transfer promoted by this nanostructure. Thus, it is likely that the graphene promoted
internal heat dissipation, allowing for a greater degree of hydration in the peripheral

regions of the paste, promoting greater crystalline density and crystals with better
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morphological properties. The MLG may have also acted as a crystallization nucleus,
increasing the saturation of the Ca?* ions through reactivity with the graphene surface.
The MLG used, obtained from natural graphite, has a low cost, a low production time and
is used in very small quantities. Thus, from an additive of low added value, it is possible
to encourage the use of gypsum plaster on a larger scale as an alternative to cement-based
compounds, contributing to sustainability by reducing the energy consumption and gas

emissions produced by the cement industry.
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