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Abstract: The building sector is facing the challenge of transitioning to a more industrialized construc-
tion approach and is thus promoting the development of new materials that enable the production
of lighter prefabricated products with enhanced thermal performance. This study conducts the
physicochemical and mechanical characterization of a new plaster material intended for application
in the building sector. The plaster material developed contains potassium polyacrylate and perlite
in its composition and has been reinforced with wood, glass and polypropylene fibers to improve
its physical and mechanical properties. The results demonstrate that the combined incorporation of
potassium polyacrylate and expanded perlite leads to a decrease in density and thermal conductivity
by 10.5% and 47%, respectively, compared to traditional plasters. In addition, the incorporation of
reinforcement fibers in the plaster matrix, particularly glass fiber, improves the mechanical strength of
the new material. The plaster composite developed for this research offers lightweight characteristics
and improves the energy efficiency of the construction systems into which it can be integrated and
is designed for use in prefabricated panels and plates especially. This progress represents a step
towards more efficient industrialized construction.

Keywords: plaster; potassium polyacrylate; perlite; fibers

1. Introduction

Gypsum composites have been widely used since ancient times and have a long
tradition in Mediterranean construction [1]. They continue to be extensively utilized today,
including in interior finishes, building cladding and interior partitions. The popularity
of gypsum composites can be attributed to their abundance, low calcination temperature,
favorable physical properties, ease of use and cost-effectiveness [2].

Among the most relevant physical properties of plaster-based materials are their
ability to set rapidly, which occurs through an exothermic reaction upon contact with
water; their strong adhesion to ceramic surfaces; and their good thermal and acoustic
performances [3]. On the other hand, plaster has a higher purity and fineness of grind
compared to gypsum, resulting in greater mechanical strength, excellent fire resistance
and a great capacity for hygrothermal regulation, making it ideal for use as an interior
cladding material [4]. Overall, construction-related activities are responsible for about 36%
of global CO2 emissions, making them a key player in the fight against climate change [5].
In the specific case of the European Union, it is estimated that around 40% of total energy
consumption is attributed to heating and cooling buildings each year [6]. For this reason,
numerous researchers are working on the design of new building solutions to enable the
transformation of the existing building stock into a network of nearly zero energy buildings
(NZEB) [7]. To this end, it is vitally important to develop new, more sustainable materials
that make it possible to reduce the energy demand of buildings while maintaining their
habitability and thermal comfort [8].
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Another significant challenge in the construction industry is to lighten the weight of
prefabricated systems. This aims to reduce on-site construction time, minimize permanent
loads on buildings and reduce CO2 emissions associated with material transportation [9].
For this reason, the development of new gypsum composite materials that are lighter and
facilitate the execution of suspended ceiling plates and prefabricated panels is essential to
move towards more industrialized building systems [10].

Extensive research has been conducted on the incorporation of additions in gypsum
composite materials to improve some of their properties. Many studies focus on a reduc-
tion in the material’s own weight [11] or the improvement of its thermal properties [12,13].
For instance, W. Luan et al. successfully decreased the density of gypsum composites
by incorporating pregelatinized starch, phosphates, dispersant compounds and synthetic
fibers for the design of prefabricated panels [11]. Other researchers have aimed to develop
new plasters with higher mechanical strength while reducing their thermal conductivity.
To this end, M. A. Pedreño-Rojas et al. developed gypsum composites with wood waste for
industrialized false ceilings panels [14]. Similarly, Vidales-Barriguete et al. incorporated
plastic waste from electrical cables into plaster materials, resulting in reduced density,
improved water resistance and enhanced thermal resistivity [15]. Therefore, in line with
these investigations, which are committed to the design of new lightweight construc-
tion materials with high technical performance, this work has developed a new plaster-
based material with additions of perlite, potassium polyacrylate and fibers. This material
has been registered at the Spanish Patent and Trademark Office (OEPM) under number
ES 2 841 130 B2 [16].

There are several existing studies on construction binders that incorporate superab-
sorbent polymers [17] or setting retarders in their composition [18]. However, there is a
wide variety of polymers that have not yet been studied in detail to improve the properties
of these materials. This is the case of the hydrogel known as potassium polyacrylate [19].
Thompson et al. studied the impact of incorporating particles of this superabsorbent poly-
mer in gypsum composites, observing an increase in porosity, leading to decreased thermal
conductivity, albeit with a decrease in mechanical properties [20].

A similar effect in increasing thermal resistance is achieved with the incorporation of
light fillers from waste polyurethane foam in the design of precast plates and panels [21].
Additionally, the industrial polyurethane foam waste present in the new gypsum composite
material is reincorporated following circular economy criteria and contributing to energy
savings. Another approach, as demonstrated Álvarez Dorado et al. [4], involves incorpo-
rating a mixture of polyvinyl acetate, sodium bicarbonate and a boric acid dissolution to
traditional plasters, resulting in reduced thermal conductivity, a 30% density decrease and
expanded application possibilities for new prefabricated products. These investigations
have led to the incorporation of the polymer potassium polyacrylate in plaster composite
materials with the aim of improving their thermal resistance and reducing their density by
generating a network of internal micropores.

On the other hand, one of the additions that has been most successfully used in the
mixing process of these construction binders is perlite, a glassy volcanic rock capable
of increasing its volume between 15 and 20 times its original volume when subjected to
high temperatures [22]. It is a material commonly used in construction applications that
require greater lightness and good acoustic and thermal properties [23]. This can also be
seen in the research carried out by Zagorodnyuk et al., where they demonstrated the excellent
technical performance of lightened plaster materials with perlite additions reaching thermal
conductivity values between 0.118 and 0.059 W/mK [24]. Taking these properties into account,
other researchers have designed new materials with high thermal insulation capacity, using
gypsum composites with added perlite to produce fire-resistant interior cladding [25].

Finally, with the intention of improving the mechanical properties of gypsum com-
posites, several investigations have been carried out in recent years to study the effect of
incorporating reinforcing fibers into the matrix [26]. In their literature review, Jia et al.
observed that, although both synthetic and natural fibers may hinder the workability of
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gypsum composites, they improve their mechanical properties and durability [27]. In addi-
tion, natural fibers with a high pore and moisture content can enhance the fire resistance
of a material. There are studies that show that the incorporation of polypropylene fibers
improves the flexural strength and thermal insulation of the material in most cases. An
example of this is the research by Gencel et al. [28,29] or Flores Medina et al. [30] who
observed that the incorporation of polypropylene fibers into gypsum composites produces
an increase in the flexural strength and durability of the material. Glass fiber is also a good
solution for converting brittle materials into pseudo-ductile ones, as Martias et al. found in
their composite material of gypsum, vermiculite and glass fiber [31].

Some researchers focus on combining the improved technical performance of materials
with sustainable development. Di Bella et al. compared lime-based plasters reinforced with
polypropylene fibers to those reinforced with natural sisal and knal fibers [32]. In their study,
they concluded that the improvement in the mechanical strength of the hardened material
provided by both fibers was similar. On the other hand, Iucolano et al. [33] evaluated the
behavior of gypsum composites with biologically treated hemp fibers. This study shows
that the good adhesion between binder and fiber improves the flexural strength of the
plaster materials without affecting the workability of the mixtures, making these materials
an optimal solution for the interior cladding of the walls and ceilings of buildings. All these
studies motivated the incorporation of both synthetic and natural fibers to improve the
physical-mechanical properties of the material developed in this research.

The main objective of this research is to characterize a new material based on plas-
ter with the addition of perlite and potassium polyacrylate and reinforcement through
polypropylene, glass and wood fibers, with the aim of improving the chemical and physical-
mechanical properties of traditional plaster, increasing its thermal resistivity and reducing
its density. To this end, an extensive experimental campaign is being carried out in two
distinct phases. Initially, a mechanical characterization was carried out using two wa-
ter/plaster ratios, along with the addition of two quantities of potassium polyacrylate and
three quantities of perlite, in order to determine the optimum composition for this new
material. A comprehensive characterization (chemical, physical and mechanical) of the
best performing dosage was then carried out, analyzing the impact of the incorporation
of reinforcement fibers in its matrix to be applied in the manufacture of prefabricated con-
struction products. This research shows the benefits of a new plaster material developed,
and the steps taken to obtain its optimum composition are described in detail, so that it can
be used by other researchers for the development of new plaster construction elements for
prefabricated elements.

2. Materials and Methods

This section presents the materials used in the elaboration of the different gypsum
composites used in this research, as well as the experimental program developed.

2.1. Materials

The materials used for the development of this study are plaster, water, potassium
polyacrylate, perlite and three types of reinforcement fibers: glass, polypropylene and
wood. Figure 1 shows the different additions used.
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2.1.1. Binder

The binder used in this study was Iberyola E-35 construction plaster from the com-
mercial brand PLACO Saint-Gobain (Madrid, Spain), as it is a material that is widely used
both to produce prefabricated elements and for wall cladding [34]. Plaster is obtained from
natural gypsum stone, its chemical formula is CaSO4·2H2O and it is commonly known
as gypsum dihydrate (DH). The use of DH in construction follows the following basic
reaction scheme:

CaSO4·2H2O→ CaSO4·
1
2

H2O(α,β) +
3
2

H2O (1)

CaSO4·
1
2

H2O→ CaSO4 +
1
2

H2O (2)

Gypsum dihyrate (DH) molecules are dehydrated following an endothermic process
during kiln firing according to reaction (1), at temperatures close to 105 ◦C [35], depending
on the experimental heating conditions [36]. This predominantly obtains gypsum hemihy-
drate (HH), CaSO4·1/2H2O, the major component of building plasters, which can have
two forms: α and β.

Subsequently, the mixing water added during the laying of the material causes a
rehydration of the HH that generates new DH, which is sometimes called rehydrate in
order to differentiate it from natural DH. In turn, at around 200 ◦C, the dehydration of the
HH takes place, giving rise to soluble anhydrite (CaSO4) [37]. Finally, the phase change
from soluble to insoluble anhydrite takes place, an exothermic transformation without
a loss of mass, which, depending on the form of HH, occurs at different temperatures,
around 200 ◦C in HH-α, with greater compactness and resistance (200 ◦C), or 350 ◦C in
HH-β, with greater solubility and less stability.

This reaction scheme becomes evident if a thermogravimetric analysis (TGA) is carried
out. For this reason, Figure 2 shows the TGA (see equipment and conditions in Section 2.2)
conducted for the plaster used as raw material in this research, where the mass losses
associated with the different thermal events are shown. Three curves can be observed:
the mass loss that occurs as the temperature increases (green), the derivative of this mass
loss (blue) and the heat flow associated with this mass loss (maroon), which follow the
exothermic event criterion if the peak trends upwards.
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Figure 2. Thermogravimetric analysis of reference plaster E-35.

Figure 2 shows, first of all, that the reference plaster presents a first loss of mass of
about 1% below 75 ◦C due to surface humidity. Then, a mass loss of 5.78% is observed
between 75–200 ◦C, linked to an endothermic event indicated by the heat flow curve,
resulting from the dehydration of the hemihydrate, giving rise to soluble anhydrite, with a
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maximum decomposition rate temperature of 134.6 ◦C. An exothermic process, with no
associated mass loss, is observed at a temperature of 350 ◦C, due to the change from soluble
to insoluble anhydrite [37]. Finally, an endothermic mass loss of 0.8% can be observed
between 550 and 750 ◦C, due to the decomposition of the calcium carbonate CaCO3 present
in the plaster.

Lastly, Table 1 summarizes the main characteristics of the E-35 plaster used in this
research, which were provided by the manufacturer.

Table 1. Characteristics of Iberyola E-35 type plaster [36].

Water/Dust Ratio Fire Resistance (*) Granulometry Thermal Conductivity
(W/mK)

Bending Strength
(MPa) Purity Rate (%)

0.7–0.8 A1 * 0–0.2 mm 0.3 >3 >90
(*) Classification according to the Basic Safety Document in case of fire of the Código Técnico de la Edificación [38].

2.1.2. Water

The mixing water does not contain any element that affects the physico-mechanical
properties of the plaster composites produced. Drinking water from the Canal de Isabel II
in the Community of Madrid has been used, which has previously been used in another
research [39]. This water has its origins in granitic soil with low salt content [40], and its
main characteristics and components are shown in Table 2 [41].

Table 2. Main characteristics of the water used.

Hardness pH Chloride Content

25 mg CaCO3/L 7.0–8.5 1.0–1.5 mg/L
Main chemical compounds

Nitrites
(<0.05 mg/L) Nitrates (0.6 mg/L) Sulphates (5.3 mg/L) Calcium (17.8 mg/L)

2.1.3. Potassium Polyacrylate

Potassium polyacrylate, (C3H3KO2)n, is a white, odorless, super absorbent poly-
mer [42]. This material, supplied by the company Alquera Ciencia S.L. (Cadiz, Spain),
stands out for its capacity to absorb up to 300 times its weight in water. This property is
used to reduce the density of the hardened plaster material, since, when it is placed in a
stove (40 ± 2 ◦C) at the age of seven days for a period of 24 h, this free water is released
in the form of steam, generating a network of pores inside the material. In addition, this
polymer reduces setting times by accelerating the hardening of the material in fresh state
and decreasing the thermal conductivity of the plaster once it has dried [43].

2.1.4. Perlite

Expanded perlite is a glassy volcanic rock with rounded particles, containing oxides
of silicon, SiO2; aluminum, Al2O3; iron, Fe2O3; titanium, TiO2; calcium, CaO; magnesium,
MgO; sodium, Na2O; and potassium, K2O. This compound, in addition to not reacting
chemically with the plaster mixture and standing out for its low cost, has low toxicity and
thermal conductivity [44].

Expanded perlite can be incorporated into the mixing process of plaster, either crushed
or uncrushed, although it is true that in order to facilitate the homogeneous mixing of
the components, the grain diameter must be less than or equal to 4 mm [22]. It is used
as a lightening filler to reduce the weight of the plaster composites due to its low density
(30–150 kg/m3). This raw material was supplied by the company Semillas Batlle S.A.
(Talavera de la Reina, Spain).
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2.1.5. Fibers

In this study, different types of reinforcement fibers were used, one of natural origin
(wood fiber) and two of synthetic origin (glass fiber and polypropylene fiber). The glass
fiber used is alkali-resistant and is mainly composed of silicon dioxide (62%), aluminum
oxide (13%), calcium oxide (12%) and magnesium oxide (10%) [45]. Polypropylene fiber is
characterized by being rot-proof and inert to attack by alkalis, acids in general and fungi
and bacteria. Both types of synthetic fibers were supplied by the company SIKA. The
natural wood fiber was obtained from sawdust from Scots pine wood and manually cut to
a length of 12 mm. It is characterized by its low density and high resistance.

The most relevant properties of the fibers used are shown in Table 3. It can be observed
that wood fiber had the lowest density compared to the synthetic fibers, as well as high
mechanical resistance comparatively. On the other hand, polypropylene fiber is the most
elastic reinforcement material, as it has a much higher elongation to fracture than the other
fibers used.

Table 3. Mechanical properties of the fibers used [46].

Origin Fiber Density
(kg/m3)

Modulus of Elasticity
(GPa)

Tensile Strength
(GPa)

Elongation at
Fracture (%) Length (mm)

Synthetic Glass 2680 72 1.7 4.3 12
Polypropylene 910 6 0.4 80–140 12

Natural Wood 589 12 7.0 (*) 30–50 12
(*) Average values in the direction parallel to the fiber.

2.2. Experimental Program

An extensive experimental campaign consisting of chemical, physical and mechanical
characterization tests has been carried out in this study.

Throughout the experiment, the standard UNE-EN 13279-2:2014 construction plasters
and gypsum-based binders for construction were used. In the second part of the process,
testing methods were used to prepare the mixes [2]. Thus, the plaster was mixed with the
perlite and potassium polyacrylate and added to water over 30 s. The mixture was then left
to settle for 60 s. After 60 s, it was stirred by hand for 30 s using a figure-of-eight motion.
The mixture was left to settle for a further 30 s and was then stirred again by hand for a
further 30 s.

First, a first experimental phase was carried out for the preparation and characteriza-
tion of test specimens using two water/plaster ratios by weight (0.7 and 0.8) to analyze
the influence of the additions used in the new material developed in this research. The
behavior of the hardened plaster material was evaluated using two different proportions of
potassium polyacrylate and three different proportions of perlite for each of the two wa-
ter/plaster ratios mentioned, where the following properties were determined:

i. Bulk density by weight of 4 × 4 × 16 cm plaster test specimens.
ii. Determination of the mechanical resistance to bending and compression using an

IBERTEST servo-hydraulic testing machine and WinTest software, following the
recommendations of the UNE-EN 13279-2:2014 standard [2].

Thus, in this first phase, the optimum plaster–sodium polyacrylate–perlite ratio is
determined, which allows the best technical performance to be obtained, combining good
mechanical capacity and reduced density. Subsequently, in a second phase, a complete
characterization of this selected dosage is carried out, incorporating the three types of rein-
forcement fiber used in the matrix of the developed material. The following experimental
campaign was then conducted:

Chemical characterization:

i. X-ray diffraction (XRD) using Siemens D5000 equipment. This test was carried
out with a sample of previously ground and sieved (0.0125 mm mesh light sieve)
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material of approximately 50 mg and with a Cu-kα graphite monochromator, ob-
taining diffractograms for a range of 5◦ ≤ 2θ ≤ 100◦ every 0.04◦ and 4 s per step.
The crystalline phases were identified using the International Center for Diffraction
Data Powder Diffraction Files database (ICDD PDF).

ii. Thermogravimetric analysis (TGA) using a TA Instruments SD Q600, together with
Universal Analysis 2000 software. This test was performed on a sample of previ-
ously ground and sieved (0.0125 mm mesh size sieve) material of approximately
50 mg, raising the sample temperature from approximately 20 ◦C to 900 ◦C with
increments of 10 ◦C/min, under an air flow rate of 100 cm3/min.

Physical characterization:

i. The determination of the setting time of the plaster mass in the fresh state using a
Vicat needle and surface hardness of the 4 × 4 × 16 cm specimens using a shore C
hardness tester, according to UNE-EN 13279-2:2014 [2].

ii. Height reached by the water after the capillary absorption test for the 4 × 4 × 16 cm
samples according to UNE-EN 459-2:2011 [47].

iii. The determination of the coefficient of thermal conductivity via the thermal box
method, using four thermocouple sensors and Measure software for specimens of
dimensions 24 × 24 × 2 cm, according to UNE-EN 12859:2012 [48].

iv. Adhesion test on ceramic surfaces using a ceramic brick board previously moistened
with water and then metal discs of 50 cm diameter glued with epoxy resin and a
detachment testing machine, according to UNE-EN 13279-2:2014 [2].

Mechanical characterization:

i. The determination of mechanical flexural and compressive strengths using an
IBERTEST servo-hydraulic testing machine and WinTest software, following the
recommendations of the UNE-EN 13279-2:2014 standard [2].

ii. The determination of the viability of the above compounds to produce suspended
ceiling panels. Samples of dimensions 1.5 × 30 × 40 cm were prepared and tested
with the help of a bending machine model Proeti. S.A., following the recommenda-
tions of the UNE-EN 13279-2:2014 standard [2].

Structural Characterization [49]:

i. Scanning electron microscopy (SEM) using a high-resolution microscope model
Nova Nano SEM230 (FEG-SEM) with a resolution of 132 eV. All fragments analyzed
were obtained, guaranteeing an unmodified surface texture. The samples were
coated with a thin layer of gold using a Cressington 108 metallizer in order to ensure
good conductivity to the electron beam generated by the equipment.

It should be noted that all the specimens produced in this research were carried out
following the UNE-EN 13279-2:2014 standard, under temperature conditions of 23 ± 2
◦C and relative humidity close to 60% for six days, and were then placed in a stove at
40 ± 2 ◦C for 24 h prior to testing.

3. Results

This section presents the most relevant results obtained for the characterization of
the new plaster material developed in this research, with a first phase of preliminary
experiments to determine the optimum composition in terms of plaster/water ratio and
quantity of potassium polyacrylate and perlite; and a second phase in which different
fiber-reinforced dosages are prepared and tested at the previously determined optimum
amount. It should be noted that all the samples prepared for each dosage come from the
same mix in order to obtain comparable and uniform results.

3.1. First Experimental Phase. Determination of the Water/Plaster Ratio and Proportion of
Potassium Polyacrylate and Perlite

To determine the optimum amount of perlite and potassium polyacrylate to design a
plaster material with high technical performance, this section includes preliminary tests to
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obtain the density, flexural strength and compressive strength using different amounts of
each addition. In all these preliminary calculations, the following nomenclature is used:
EA/E-PaK-P, where E indicates that E-35 plaster has been used, A/E (0.7 or 0.8) indicates
the water/plaster ratio by mass used, and PaK refers to the mass of potassium polyacrylate
and P refers to the quantity of perlite added. The dosages studied in this preliminary
characterization are listed in Table 4.

Table 4. Dosages of the test specimens of the first experimental phase and their proportions in grams.

Sample Water Plaster (C3H3KO2)n Perlite Sample Water Plaster (C3H3KO2)n Perlite

E0.7 700 1000 0 0 E0.8 800 1000 0 0
E0.7-15-10 700 1000 15 10 E0.8-15-10 800 1000 15 10
E0.7-15-15 700 1000 15 20 E0.8-15-20 800 1000 15 20
E0.7-15-20 700 1000 15 30 E0.8-15-30 800 1000 15 30
E0.7-30-10 700 1000 30 10 E0.8-30-10 800 1000 30 10
E0.7-30-15 700 1000 30 20 E0.8-30-20 800 1000 30 20
E0.7-30-20 700 1000 30 30 E0.8-30-30 800 1000 30 30

It can be seen in Table 4 that, in all cases, a reference mix has been prepared without
additions for each water/plaster ratio used. The pre-characterization tests for the reference
plasters without additions are shown in Table 5. On the other hand, the results for the
density and mechanical strengths for the different lightened plaster materials are shown in
Figures 3 and 4.

It can be seen, in the combined analysis of Table 5 and Figure 3, that, in general,
the mixes with a water/plaster ratio of 0.7 by weight have higher bulk densities than
their counterparts with a ratio of 0.8. However, the best results were obtained for the
0.7 water/plaster mix incorporating 15 g of potassium polyacrylate and 30 g of perlite,
reducing the density by about 28.5% with respect to the reference plaster. Nevertheless,
in all cases it can be observed that the combined action of the addition of potassium
polyacrylate and perlite reduces the density of the plaster composites [20,23].

Table 5. Results of reference specimens without additions in their mix.

Sample Bulk Density (kg/m3) Flexural Strength (MPa) Compressive Strength (MPa)

E0.7 1098.96 4.07 13.29
E0.8 965.76 4.63 8.83
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On the other hand, Figure 4a,b show how in all cases the mixes with a water/plaster
ratio of 0.7 by weight had higher flexural and compressive mechanical strengths than
the mixes with a ratio of 0.8. In this sense, and in agreement with other studies, a lower
water/binder ratio by weight results in a higher flexural and compressive strength of
the hardened plaster material [50]. Considering the amount of potassium polyacrylate
present in the mixture, Figure 4 shows how the increase in the amount of this addition
has an inverse effect on the improvement of the flexural and compressive strength of the
material [19]. It should be noted that the incorporation of expanded perlite in the quantities
used in this research has a positive effect on the improvement of the flexural strength of the
new plaster material developed [12]. However, in general terms and because of the lower
density of the plasters produced, the mechanical compressive strength is reduced with the
incorporation of these lightening additions [23].

For all these reasons, analyzing the results of density, flexural and compressive strength
of the different dosages previously studied, the most appropriate ratio was the one corre-
sponding to the dosage E35-0,7-15-30. This is a material that exceeds the minimum value
of flexural and compressive strength required by the UNE-EN 13279-2 standard for plaster
materials of 1 MPa and 2 MPa, respectively. At the same time, its low density of 746 kg/m3

favors its application on site and could reduce the execution times of prefabricated products
made with this new composite.

3.2. Second Experimental Phase. Characterization Tests of the New Fiber-Reinforced
Plaster Material

This section contains the results derived from the characterization of the new fiber-
reinforced plaster material designed in this research. Table 6 shows both the nomenclature
and the quantities used in each dosage, as well as the setting times of each of the mixes de-
termined by the Vicat needle method, as established in the UNE 13279-2:2014 standard [46].
The proportion of fibers included in each mix corresponds to 1% by weight of plaster for
synthetic fibers and 3% by weight of plaster for natural fibers [51].

Table 6. Final dosage studied.

Sample Water (g) Plaster (g) (C3H3KO2)n Perlite (g) Fibers (g) Setting Time (min)

REF 700 1000 — — — 14:00
NF 700 1000 15 30 — 12:00
GF 700 1000 15 30 2.5 (glass) 12:30
PF 700 1000 15 30 2.5 (polypropylene) 12:30
WF 700 1000 15 30 7.0 (wood) 11:00
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It is observed that the mixes corresponding to the lightened plaster materials have a
slightly lower setting time than that of the reference sample [10]. This is due to the effect
caused by the incorporation of potassium polyacrylate in the mixture, which partially
acts as a setting accelerator. It should be noted that, in the mixes with the incorporation
of reinforcement fibers, these were previously dispersed in the dry plaster before the
incorporation of the mixing water to guarantee a homogeneous distribution of the fibers
throughout the plaster composite matrix.

3.2.1. Chemical Characterization

The chemical characterization tests carried out in this phase of the research were X-ray
diffraction and thermogravimetric analysis. Figure 5 shows the diffractogram obtained for
the reference plaster samples without additives (REF) and the lightened plaster sample
without fibers developed in this research (SF).
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The results obtained show that both the reference sample and the lightened sample
present a similar diffractogram with an identical location of the peaks, corresponding to
the gypsum dihydrate (DH) and located at 2θ angle values of 11.65◦, 20.74◦, 23.42◦, 29.15◦,
31.08◦ and 33.37◦, according to the ICDD PDF database [37].

Figure 6 shows the ATG carried out for the different types of plaster analyzed in this
section. The same figure shows the mass loss that occurs as the temperature increases
(green curve), the derivative of this mass loss versus temperature variation (blue curve)
and the heat flow associated with this mass loss (maroon curve) [52].

Figure 6a shows a first mass loss of about 10.2%, which occurs at a temperature below
100 ◦C, due to the loss of kneading water from the sample (endothermic event). A second
mass loss, around 27.6%, is then observed between 100 and 200 ◦C, corresponding to the
sequential dehydration of dihydrate to obtain hemihydrate and of hemihydrate to obtain
soluble anhydrite, and this event appears to be a shoulder of the first one in the mass
derivative curve with respect to temperature [37]. Then, an exothermic process is observed,
without mass loss, corresponding to the transformation of soluble anhydrite to insoluble
anhydrite, which shows a maximum at 352.7 ◦C [45]. Finally, a mass loss of 1.4% can be
seen in the range 550–700 ◦C, reaching the maximum decomposition rate at a temperature
of 669.5 ◦C, due to the endothermic decomposition of the calcium carbonate present in the
E35 plaster.

Figure 6b shows thermal events similar to those occurring in the reference sample
(REF), although with some differences due to the presence of potassium polyacrylate and
perlite. Firstly, endothermic mass loss at temperatures below l00 ◦C, attributable to the
mixing water, barely occurs. Secondly, in the temperature range between 100 and 200 ◦C, it
can be observed that obtaining anhydrite via the decomposition of the hemihydrate is less
relevant than in the reference sample, with a total mass loss of about 18.3%. The maximum
decomposition rate temperature of the dihydrate is 131.9 ◦C. Then, in the range between
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200 and 300 ◦C, a mass loss of 0.5% is observed with the maximum mass loss rate at a
temperature of 271.2 ◦C, due to the endothermic oxidative decomposition of the potassium
polyacrylate present in the mixture. Next, the exothermic process of transformation from
soluble to insoluble anhydrite without associated mass loss is observed between 300 and
400 ◦C. Finally, an endothermic mass loss of 1.3% can be seen in the range 550–700 ◦C, with
the maximum mass loss rate at a temperature of 638 ◦C, due to the decomposition of the
calcium carbonate in the plaster.
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Figure 6. (a) Thermogravimetric analysis of sample REF. (b) Thermogravimetric analysis of sample
NF. (c) Thermogravimetric analysis of sample GF. (d) Thermogravimetric analysis of sample PF.
(e) Thermogravimetric analysis of sample WF.



Buildings 2023, 13, 1641 13 of 22

The thermal analysis of the dosage formulation that includes glass fiber (GF) in its
mixture presents the same thermal events with mass loss as the one that does not include
fibers (NF), that is, those associated with the sequential dehydration of gypsum, the
combustion of polyacrylate and the thermal decomposition of carbonate, as well as the
phase change of soluble anhydrite to insoluble anhydrite. This is because both glass fiber
and perlite are inorganic silicoaluminates and do not undergo thermal decomposition [53].
However, Figure 6d shows all the above thermal events and a mass loss of about 0.5% in the
temperature range from 425 to 550 ◦C, with the rate of maximum loss at a temperature of
464.3 ◦C. This event is due to the exothermic oxidative decomposition of the polypropylene
fiber, which has an organic nature and therefore decomposes with increasing temperature.
The thermal analysis of the sample with wood fiber, also of organic nature, shown in
Figure 6e, demonstrates the oxidative decomposition of these fibers in the temperature
range around 425–550 ◦C, although in this case, the mass loss is quite small at around 0.3%
and the maximum speed of this process is observed in the mass derivative curve with the
temperature at 450 ◦C. It should be noted that the thermal analysis of samples with fibers
may not be quantitatively representative of the amount of fibers present in the sample
under analysis, since, when grinding and sieving the samples, part of the fibers may have
been retained on the sieve.

3.2.2. Physical–Mechanical Characterization

Table 7 shows the results obtained in the physical characterization tests: the bonding
strength, surface hardness and bulk density of the samples of the second experimental phase.

Table 7. Results of the physical characterization of the samples of the second experimental phase.

Sample Bonding Strength
(MPa)

Surface Hardness
(Shore C)

Bulk Density
(kg/m3)

Decrease Percentage of Density with
Respect to Reference (%)

REF 0.64 82 1198.96 -
NF 0.59 88 984.24 10.44
GF 0.48 88 992.84 9.66
PF 0.55 87 1004.82 8.57
WF 0.39 87 1010.94 8.01

Firstly, it can be seen in Table 7 that there is a decrease in the bonding strength of
the plaster on ceramic surfaces in the new material developed. The lightened plaster
composites show a lower adhesion than the reference sample. In turn, this adhesion is
reduced with the incorporation of reinforcement fibers [54]. The samples with wood fiber
additions displayed the worst results for this property. These lower bond strengths show
that the best application of this material is in the design of new lightweight prefabricated
products for building construction (Figure 7a).
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On the other hand, the highest surface hardness was obtained in the lightened plaster
composites designed in this research (Figure 7b). It can also be observed that the incorpo-
ration of reinforcement fibers does not have a relevant effect on this property [55], with
the lightened composites having an average surface hardness of 7.3% higher than that
of traditional plaster. As far as bulk density is concerned, the lightest sample is the NF,
which decreases its density by almost 18% compared to conventional plaster. This is due
to the synergic effects of the incorporated additions, namely, on the one hand, the perlite
added as a light load and, on the other hand, the porous network generated as a result
of the dehydration of potassium polyacrylate after being previously dried in a stove. For
their part, the samples with fiber incorporation show a slightly higher density than that
observed for the lightened plaster without fibers (NF).

To study the behavior of the new material with respect to water, a capillary absorp-
tion test was carried out in a time range of 10 min following the UNE-EN 459-2:2001
standard [44]. The results obtained for this property can be seen in Figure 8.
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Figure 8 shows how, after the capillary water absorption test, the final height reached
by the capillary meniscus in the lightened plaster samples is lower than that obtained
for the reference samples. Furthermore, after the ten-minute test, the lightened plaster
composites absorb a lower mass of water, with the sample made with wood fiber (WF)
showing the best results for this property. However, in general terms, in all the mixes made
with fibers, a lower capillary height and a lower final water absorption were obtained.

In order to identify the thermal insulation capacity offered by the new material devel-
oped, a test was carried out to measure the thermal conductivity, thus obtaining the results
shown in Figure 9.

Figure 9 shows that, with the incorporation of the additions of perlite and polymer,
the thermal conductivity of the new material (NF) is 46.63% lower than that obtained for
the reference specimen (REF), almost half the value of the traditional plaster. The higher
porosity and interior air occlusion generated by the combined incorporation of expanded
perlite and potassium polyacrylate in the mixture produces a higher thermal resistivity of
the new material [20,24]. On the other hand, although the incorporation of fibers in the
mixture slightly increases the thermal conductivity of the lightened material, it is still much
lower than that obtained by the reference plaster, as it is reduced by 36.75% for the GF and
WF samples and by 29.72% for the FP mixture.

Subsequently, a mechanical characterization was carried out to evaluate the flexural
and compressive strength of each of the dosages produced, as shown in Figure 10. The
results obtained for these properties are presented in Figure 11.
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From the analysis of Figure 11, it can be observed that, although the flexural and
compressive strength of the new lightened plaster material is lower than that obtained
for traditional plasters, in both cases the minimum strength required by the UNE-EN
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31279-2:2014 standard of 1MPa and 2MPa, respectively [43] is exceeded. Regarding the
flexural strength shown in Figure 11a, a decrease close to 25% is observed for the lightened
plaster material compared to the reference sample. This decrease in flexural strength is
less pronounced if reinforcement fibers [56], especially glass fiber, are incorporated, as the
ductility of the new construction material developed in this work is significantly improved.
As for the compressive strength of the new material, shown in Figure 11, being a less dense
and more porous material, the mechanical capacity of the lightened plaster is reduced
to approximately half that of traditional plaster. Both the synthetic and natural fibers
studied produced an improvement in the compressive strength of the new material of more
than 12%.

Table 8 below shows other research carried out using lightened plaster materials that
can be used to contextualize the results obtained in this research and presented in Figure 11.

Table 8. Comparison between the plaster composites produced and the results obtained in other
investigations where the addition included in plaster composites with the same binder/water by
weight ratio.

Sample
Elaborated Plasters Mineral Wool

Fibers [57] Perlite [58] Vermiculite
[59]

Plastic
Cables [15]REF NF GF PF WF

Flexural
Strength (MPa) 4.07 3.07 3.28 3.46 3.29 4.11 2.25 2.45 2.67

Compressive
Strength (MPa) 13.29 6.31 7.09 7.22 7.10 6.97 4-50 3.78 5.12

To complement the mechanical results, a series of images were obtained via scanning
electron microscopy (SEM). The images taken for different samples are shown in Figure 12.
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Figure 12a shows the interior microstructure of the reference plaster, in which the
needle-shaped gypsum dihydrate crystals can be seen. In Figure 12b, the porosity of the
new lightened plaster material as a consequence of the dehydration of the potassium
polyacrylate after being placed in a stove for 24 h can be seen. Figure 12c shows the perfect
bond between the dihydrate crystals and the addition of expanded perlite, and Figure 12d,
highlights the interface between the reinforcement fibers and the matrix of the lightened
gypsum plaster material. Although the mechanical flexural strengths increase with the
incorporation of fibers in the material matrix, the adhesion between these fibers and the
plaster composite is not very strong, which caused the fibers to separate via internal sliding
after the test when the reinforced plasters broke [58].

Finally, the suitability of the new plaster material to produce prefabricated products
was studied. For this purpose, plates similar to those used in the manufacture of false
ceilings were tested using simple bending, as shown in Figure 13, since this is the main
way in which these construction elements work. The results obtained in this test are shown
in Figure 14.
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The values obtained in Figure 14 correspond only to the plaster material that would
make up the precast matrix. They show that, as was the case in the test with standardized
RILEM specimens of 4× 4× 16 cm, the incorporation of the additions to lighten the weight
of the traditional plaster casts results in a decrease in their flexural strength of less than 40%,
achieving, once again, values higher than the minimum of 0.18 kN required by the UNE-EN



Buildings 2023, 13, 1641 18 of 22

520:2005+A1:2010 standard. This, with the addition of cardboard on both sides of the plate,
would convert the precast into a material with a considerably increased flexural strength.

In this research, the characterization of the new material, specially designed for the
manufacture of prefabricated plates and panels for the construction of interior partition
walls or false ceilings, has been carried out. The development of this research has led to
the granting of patent ES 2 841 130 B2, registered at the Spanish Patent and Trademark
Office. However, although good results have been obtained after the characterization of
the new plaster composite, it would be advisable to carry out studies using this material
with real dimensions of the prefabricated elements to be built and to study its durability
in greater depth. In addition, due to the good results obtained for the combination of the
synergistic effects of perlite and potassium polyacrylate, it would be interesting in future
research to identify the technical feasibility of these compounds for the development of
other lightweight construction conglomerate materials with high thermal resistance.

Finally, it is worth highlighting the beneficial effect derived from the inclusion of
reinforcement fibers in the matrix of the composites developed for this research. In the tests
related to the mechanical properties of the lightened plasters developed in the standardized
tests, according to UNE-EN 13279-2, the samples made with fibers (and especially with
glass fiber) improved the strength of the hardened composites. In addition, it should be
noted that all the samples with fibers showed a ductile fracture and after the flexural test
the tested piece did not split into two parts, as can be seen in Figure 10a. In this sense,
the fibers studied appear to be suitable reinforcing materials for the use of these plaster
composites in the matrix of new lightweight plates and panels.

4. Conclusions

The physicochemical and mechanical characterization of this new lightened plaster
composite has been carried out, from which the following conclusions can be drawn:

i. Regarding the initial characterization, it can be concluded that the combined action
of perlite and potassium polyacrylate in the mixture reduces the density of the
plaster composites by up to 28.5%. It can also be observed that a lower water/binder
ratio by weight results in a higher flexural and compressive strength of the hardened
material. Among all the mixes produced, the E35-0.7-15-30 mix exhibits the best
technical performance. Thus, it has been possible to reduce the density and obtain
a plaster material that can be competitive in the market for use as a prefabricated
product, aligning with other research using gypsum plaster composites for building
applications [60].

ii. Regarding physicochemical characterization, X-ray diffraction reveals a similar
crystalline structure for both the mixes with additions and the reference mix. How-
ever, thermogravimetric analysis demonstrates that the incorporation of perlite and
potassium polyacrylate results in less mass loss of the material at temperatures
below 200 ◦C. At temperatures below 100 ◦C, the loss of mass associated with
mixing water is not appreciable. On the other hand, at temperatures above 200 ◦C
the new material exhibits slightly higher mass loss compared to the reference plaster.
Between 200 and 300 ◦C, there is a loss of mass due to the endothermic oxidative
decomposition of potassium polyacrylate. Additionally, between 425 and 550 ◦C,
the exothermic oxidative decomposition of the organic polypropylene and wood
fiber leads to a slight further mass loss of the material.

iii. As for the physical properties of the new material developed, it has been verified
that the plaster material lightened with perlite and potassium polyacrylate (NF) has
a thermal conductivity coefficient 46.63% lower than traditional plasters (REF). This
decrease in thermal conductivity is attributed to a 10.44% reduction in the density
of the plaster compound produced compared to the reference plaster E0.7.

iv. The results obtained for flexural and compressive strength in all the produced
dosages for the plaster lightened with fibers surpass the minimum value established
by the reference standard (1 MPa in flexural strength and 2 MPa for compressive
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strength). It should be noted that the incorporation of reinforcement fibers, both
synthetic and natural, means an increase in the mechanical capacity of the material
produced, leading to an improvement in the flexural strength of the hardened
composite. In the case of flexural strength, the incorporation of glass fiber exhibits
the best results, decreasing the strength value by 24.6% compared to traditional
plaster down to 15%. In compressive strength, this reduction is more notable, as the
perlite and the polymer cause the new material to resist 52.52% less than the plaster
currently used.

Consequently, it can be inferred that the primary application of this new lightweight
plaster composite would be in the production of false ceiling plates and prefabricated
panels. It is a lightweight material, which exceeds the breaking load of 0.18 kN established
by the UNE-EN 520:2005+A1:2010 standard for the application of plaster composites in
false ceiling panels, and it exhibits excellent thermal behavior. With the development of
these composite materials, the aim is to move towards an industrialization of the building
sector, reducing on-site construction time and facilitating easier installation for construction
workers. However, as a future line of work, an economic study should be carried out to
show the potential competitive advantages and product differentiation derived from the
application of this new material. Additionally, it would be advisable to carry out com-
plementary research to optimize the factors affecting mechanical and physical properties
before utilizing this new material.

5. Patents

Based on the results of this research, a new building material has been registered under
patent reference ES 2 841 130 B2.

This work demonstrates the development and characterization process of a new plas-
ter composite material for use in building construction. The most relevant tests included in
the regulations were carried out, which have allowed the physical, chemical and mechan-
ical characterization of the produced composites. In addition, this paper demonstrated
how the experimental process was carried out in two distinct parts, first determining the
optimum composition to lighten the matrix of the plaster composite and then choosing
the most appropriate reinforcement fiber for use in the building. Thus, it was possible to
fully characterize this new building material and explore new avenues of application for
industrialized construction.
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