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Abstract: Energy poverty is a global challenge that demands
sustainable and affordable solutions. This study investigates
the use of commercial graphene nanofibers (GNFs) as a
reinforcing agent in gypsum composites for energy-efficient
building retrofitting. The GNFs were manually dispersed in
the gypsum matrix, and the composites were fabricated by
casting and curing. The thermomechanical properties were
systematically studied using various characterization tech-
niques, including scanning electron microscopy, X-ray dif-
fraction, and thermal analysis. The results show that the
addition of 1% GNFs reduces the thermal conductivity of
the composites by more than 40% and improves their flex-
ural and compressive strength by up to 23 and 42%, respec-
tively, compared to neat gypsum. The enhancements are
attributed to the effective phonon scattering of the GNFs
and their ability to act as crystal seeding sites, resulting in
a denser and more homogeneous structure. The dynamic
thermal analysis further demonstrates that the GNF-rein-
forced composites could reduce heating and cooling require-
ments by 14 and 11%, respectively, indicating their potential
for energy-efficient building retrofitting. However, the
cost effectiveness and safety issues of the GNF-reinforced
composites should be carefully considered before their
large-scale implementation. Achieving uniform disper-
sion of nanoparticles in high concentrations is also a sig-
nificant challenge that will be addressed in future studies.
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1 Introduction

The construction industry is a major contributor to green-
house gas emissions and energy consumption, which is
especially concerning in developed countries, where it
accounts for 40% of energy consumption and emissions.
This contributes to energy poverty and environmental
degradation. As a result, sustainable practices are becoming
increasingly important in the industry. Gypsum-based mate-
rials (CaSO42H,0) have emerged as a promising solution
due to their abundant availability, eco-friendly properties,
and affordability. However, the durability and resistance of
gypsum-based materials are critical features that affect their
lifespan and performance [1-8].

In recent years, many studies have aimed to develop
gypsum-based composites with lower environmental impacts
and improved thermal and acoustic properties. However,
these developments have come at the cost of reduced
mechanical properties, as observed by researchers, and
documented in Table 1. Various additives, such as expanded
polystyrene (EPS) [9], polypropylene fibers (PP) [10], polya-
mide fibers (PA) [11], textile fibers [12], cellulose fibers [13],
chicken feathers [14], copper slags [15], graphite [16], and
even rubber particles [17], have been explored to enhance
the physical and mechanical attributes of these composites.
Nonetheless, it has been observed that these additives can
adversely affect the bonding between the gypsum matrix
and the additives, particularly at higher concentrations. As
a result, the most promising outcomes have been achieved
at low additive concentrations (less than 10%) and by
employing a w/g ratio of 0.65-0.75.

While the use of wastes and other additives has shown
promise in improving the physical and thermal properties
of gypsum-based composites, there is still room for improve-
ment. Carbon nanomaterials (NMT) such as carbon nano-
tubes (CNTs) and graphene have garnered attention in the
building industry for their ability to provide new applica-
tions and improve the overall quality and characteristics of
common materials [18-22].

Given their small size, these materials exhibit increased
reactivity, greater surface area, and distinct characteristics
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compared to materials at a larger scale. Previous studies
have observed that CNTs can increase crystallization centers
in a gypsum matrix, contributing to a denser matrix and
improved electronics properties, which could be beneficial
in terms of electromagnetic shielding or sensing. However,
exceeding the optimal value resulted in a decrease in
mechanical properties due to the formation of a structure
with higher porosity [23-27].

As such, the implementation of nanomaterials (NMTs)
in construction presents several challenges including issues
with availability, consistency, quality, market trends, disper-
sion issues, and cost. The use of NMTs in large quantities
also raises concerns about potential health and environ-
mental risks, limiting their widespread implementation in
the industry. To overcome these challenges, researchers sug-
gest using low concentrations, ranging from 0.001 to 1%.
This approach helps to prevent negative impacts on the
properties, cost, and recyclability of the composite [1,18-22].

To date, there is limited research on the use of graphene
nanofibers (GNFs) in gypsum composites, and their impact
on the properties of these materials. GNFs are a promising
candidate due to their high aspect ratio, large surface area,
and excellent mechanical, thermal, and electronic proper-
ties. GNFs have already been shown to improve the strength
and durability of isotactic polypropylene (iPP), offering
potential applications in various fields such as electronics,
energy, and biomedicine [18,27,28].

The present study developed an eco-friendly and safe
gypsum composite that incorporated GNFs to improve
their mechanical and thermal properties while examining
the potential risks and costs associated with their use. The
incorporation of GNFs in gypsum composites could lead to
the development of tailored building materials and retrofits
that meet market requirements, such as controlled porosity,
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high or low thermal conductivity, electromagnetic shielding,
carbon capture, and building monitoring. The physical and
mechanical properties of the composites were evaluated,
including their strength, hardness, thermal conductivity,
water absorption, porosity, and their thermal values were
used to assess their performance in a typical southern
Spanish dwelling. Furthermore, this study also examined
the dispersion issues and potential risks associated with
low concentrations of GNFs in order to ensure their proper
implementation in the construction industry. These results
could provide a better understanding of how GNFs affect the
properties of gypsum composites and contribute to existing
knowledge in this area.

2 Materials and methods

2.1 Materials

The present work designed a gypsum composite using
GNFs as a reinforcing agent. Commercial building gypsum
type B1-YG/L from PLACO-Saint Gobain was used as a
matrix, while the GNFs-LS class was supplied by the com-
pany Graphenano, located in Murcia, Spain. Technical spe-
cifications of both raw materials are shown in Table 2.

2.2 Experimental procedure

Composites were elaborated by manually mixing up to 1%
of GNFs with dry-building gypsum until a well-dispersed
distribution was achieved. GNFs were handled at all times

Table 1: Summary of properties of gypsum-based composites obtained from the literature

Author Year Additive % w/g  Density Flexural Compressive A (W/mK)
(kg/m3) strength (Mpa) strength (Mpa)
Bouzit et al. [9] 2021 EPS 10 080 * 3.4 1 0.191
Eve et al. [11] 2002  PA fiber 5 068 * 2 6 *
Vasconcelos et al. [12] 2015 Cork/textiles 7/3 088 714 * 213 *
Serna et al. [17] 2012 Rubber particles 5 0.70 * 3.26 5.54 *
Barbero-Barrera et al. [16] 2017 Graphite 15 0.74 1,190 * 4.8 0.600
Flores Medina and Barbero- 2017 PP fibers 0.6 0.60 940 0.50 0.98 0.167
Barrera [10]
Hagiri and Honda [15] 2021 Copper slag 20 0.67 1,010 2.57 * *
Ouakarrouch et al. [14] 2020 Chicken feathers 5 0.60  1048.9 * * 0.309
Senff et al. [13] 2018  Cellulose/n-TiO, 21 037 * 0.48 * 0.770
Gordina et al. [18] 2013 CNT 0.001 0.60 * 4 15 *

*Not provided.
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Table 2: Technical specifications of building gypsum type B1-YG/L and GNFs

Material Density (g/cm3) Melting point (°C) Particle size Electrical resistivity (Qm) A (W/mK)

Building gypsum BT YG/L 23 100-150 <Tmm 3.4 x 10 0.34

GNFs-LS 0.2-0.3 3650 -3,700 220 nm 4.6x107° 1,400-1,600

with the proper individual protection equipment, including Voo = Ws —Wa | 100 @

safety glasses, facemasks, and gloves. All samples presented OO wy - Wayh ’

a w/g of 0.75, determined in accordance with European reg-

ulation EN 13279 [29,30]. Water was added to the dry mix- Wanses) = [u] x 100, ()]
Wa

ture, and the resulting slurry was then casted in 40 x 40 x
160 mm?® molds, as seen in Figure 1. After 1h, the samples
were removed from the molds and were kept at room con-
ditions for 7 days before testing. The composition of each
sample is listed in Table 3.

2.3 Physical and mechanical properties

The bulk density and the void content (V) were deter-
mined through the Archimedes method. The immersion
absorption coefficient (Wy,s) was also measured at 24 h,
following the indications of the EN 13279-2:2014 standard
[50]. V. and Wy, were determined using equations (1) and
(2), respectively,

Figure 1: Dry mixture of gypsum and GNFs (a) and mold containing
casted slurry (b).

Table 3: Designation and detailed composition of each mixture

Sample GNFs (%) Gypsum (g) Water (g) GNFs(g) w/g
Ref 0 800 600 0 0.75
LS-0.25 0.25 800 600 2 0.75
LS-0.50  0.50 800 600 4 0.75
LS-0.75 0.75 800 600 6 0.75
LS-1.00  1.00 800 600 8 0.75

where w; represents the saturated weight after 24h of
immersion, wg, is the submerged weight, and wy is the
dry weight of the samples after retrieving them from the
stove. Crystal size, morphology, and structure of the com-
posites were also studied by means of scanning electron
microscopy (SEM). Energy dispersive spectrometry (EDS)
was used to examine the local elemental composition while
observing the samples. Crystalline phases present in the
composites were determined by means of X-ray diffraction
(XRD) using a Bruker D8 ADVANCE diffractometer.

The values of hardness index at the Shore C scale,
flexural and compressive strength were obtained in accor-
dance with the EN 13279-2:2014 standard [30]. Values for
superficial hardness were obtained after taking a total of 18
measurements, 6 for each smooth side of the sample. Flex-
ural and compressive strength were measured using a uni-
versal testing machine IBERTEST MIB60-AM with a preload
of 0.5 kN and a loading rate of 10 mm/min, as shown in
Figure 2. For each designation, three identical samples
were tested, and the average value was reported.

Thermal conductivity testing was performed at the
physics laboratory located in the school of building engi-
neering of the Technical University of Madrid. Thermal
properties were measured using a 400 x 400 x 400 mm?®
insulating cube used in other studies [10,31,32]. Samples

V

Figure 2: Flexural test (a) and insulating cube employed to measure
thermal properties (b).
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Figure 3: Simulated building model, solar trajectory, and shades.

were fixed in the 21 x 21 cm® openings located on each wall;
afterwards, they were sealed from external conditions by
adding a 3 cm EPS board. The stationary state was reached
5h after placing the samples in the cube. Thermocouples
recorded the temperature in a 30 min span, and the
thermal conductivity was determined using Fourier’s law.

2.4 Dynamic thermal simulation

This section presents the simulation of environmental and
energy-saving characteristics when gypsum plasterboards
with and without GNFs are implemented as retrofit compo-
nents in a poorly insulated dwelling. The simulations took
place using the Energy plus module within the Design
Builder software. Yearly consumption values (kWh), utility
use per total area (&Wh/m?), and CO, emissions (kg) were
obtained for all envelope arrangements.

The building studied is a typical Spanish dwelling in
the city of Almeria, situated in southern Spain, 21 m above
sea level in the Mediterranean basin. Almeria is known for
its year-round dry environment with very warm winters

Table 4: Parameter settings for the studied dwelling

Location Almeria, Spain

Total area (m?) 72

Occupancy (Hab/m?) 0.0277

Window type Preferred height, 30% glazed
Shading Blinds w/high reflectivity

Local shading 1m Overhang
Humidity control Dehumidification
Lighting type Suspended

Power density (W/m?) 5.0
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Table 5: Original building components and thermal properties of the
simulated building model

Component  Material Thickness (m) A (W/mK)
External wall ~ Outer bricks 0.100 0.840
Hollow concrete bricks ~ 0.200 0.480
Gypsum plasterboard ~ 0.030 0.341
Roof Roofing tiles 0.016 0.840
Asphalt 0.010 0.300
Concrete roofing slab ~ 0.145 0.160
Gypsum plasterboard 0.025 0.341
Partitions Gypsum plasterboard 0.025 0.341
Hollow concrete bricks  0.080 0.480
Gypsum plasterboard ~ 0.025 0.341
Inner floor Timber flooring 0.015 0.140
Gypsum plasterboard ~ 0.025 0.341
Concrete slab 0.250 0.380

and low precipitation. A model of the building consisting of
one floor and a total area of 72m? is shown in Figure 3.
Parameter settings and building components are listed in
Tables 4-7. For this home, a yearly heating and cooling
schedule was selected. The system was activated when
the indoor temperature fell below 18°C during winter
and exceeded 25°C during the summer.

3 Results and discussion

3.1 Physical and mechanical properties

The workability and initial setting times of the samples
were not affected by adding GNFs and remained above

Table 6: Building components including 1% gypsum-GNFs composites
as insulating surfaces

Component  Material Thickness (m) A (W/mK)
External wall ~ Outer bricks 0.100 0.840
Hollow concrete bricks  0.200 0.480
Gypsum-GNF 1% 0.030 0.199
Roof Roofing tiles 0.016 0.840
Asphalt 0.010 0.300
Concrete roofing slab ~ 0.145 0.160
Gypsum-GNF 1% 0.025 0.199
Partitions Gypsum-GNF 1% 0.025 0.199
Hollow concrete bricks  0.080 0.480
Gypsum-GNF 1% 0.025 0.199
Inner Floor Timber flooring 0.015 0.140
Gypsum-GNF 1% 0.025 0.199
Concrete slab 0.250 0.380
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Table 7: Building components including the benefits of both 0.50 and 1%
gypsum-GNFs composites

Component  Material Thickness (m) A (W/mK)
External wall ~ Outer bricks 0.100 0.840
Hollow concrete bricks  0.200 0.480
Gypsum-GNFs 1% 0.030 0.199
Roof Roofing tiles 0.016 0.840
Asphalt 0.010 0.300
Concrete roofing slab ~ 0.145 0.160
Gypsum-GNFs 1% 0.025 0.199
Partitions Gypsum GNFs 1% 0.025 0.199
Hollow concrete bricks  0.080 0.480
Gypsum GNFs 1% 0.025 0.199
Inner floor Timber flooring 0.015 0.140
Gypsum-GNFs 0.5% 0.025 0.574
Concrete slab 0.250 0.380

50 min. There were no issues with sedimentation or disper-
sion during the entire process, and no signs of detachment
or loss of material were detected when handling the sam-
ples. However, the color of the composite turned gray as the
concentration of GNFs in the mixture increased. Nevertheless,
since GNF content was low, it is not expected to have a nega-
tive impact on the recyclability of common gypsum since
GNFs are unaffected by thermal treatments. The hemihydrate
powder containing GNFs can then be reconstituted into
Gypsum-GNF composites by adding water to the mixture
and casting the slurry into molds.

In Table 8, the results for bulk density, void content, and
water absorption are given. It can be seen that the bulk
density increases with GNF concentration up to 6%, obtaining
values within the range of common gypsum-based products,
usually oscillating between 700 and 1,100 kg/m? [33].

The void content decreased by approximately 2% in
samples that contained GNFs. The highest void content
was observed in the reference sample, whereas the lowest
belonged to the composite containing 0.50% GNFs. A slight
reduction in void content was expected since GNFs can fill
the microstructure to some extent. These voids are the
result of entrapped gas molecules that continuously forms
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bubbles and will only be ejected from the mixture by per-
iodic and gentle agitation of the molds or if the size and
growth kinetics of the bubbles allows them to reach the
liquid—air interface before setting takes place [34].

Water absorption by immersion was also reduced by
introducing carbon NMT in the mixture, reaching values,
on average, 4% lower than those obtained by the reference
sample. This reduction is a direct consequence of the con-
current filling and densifying effects of GNFs when intro-
duced to the calcium sulfate matrix. This type of behavior
has also been observed with different additives and other
binders, as the introduction of well-dispersed additives can
refine the bulk density, durability, and pore structure in tra-
ditional materials providing additional features in the pro-
cess. However, higher concentrations are known to cause
agglomerations, poor bonding, and workability due to their
uneven distribution within the mixture [7,10,16,18,35-37].

Building materials play a vital role in this modern era;
although usually considered for construction works, most
applications will require these materials to function prop-
erly. In addition, their capacity, quality, and implementa-
tion are generally dictated by their own properties. Surface
hardness, flexural, and compressive strength are among
the most important attributes in building materials, and
the values for these features are also expressed in Table 8.

Neat gypsum reached values for flexural and compres-
sive strength of 2.30 and 4.06 MPa, respectively. While all
composite samples presented a steady increase in GNF
content in both flexural and compressive strength, as
expressed in Figures 4 and 5. Samples containing 1% of
GNF’s achieved the highest values for flexural and com-
pressive strength with increments of 23 and 42%, in compar-
ison to common gypsum. As a result, these composites are
lighter and required less amounts of additive to achieve
greater values for compressive strength when compared
to gypsum samples containing isostatic graphite [16].

Strength in gypsum products stems from several rea-
sons, such as binder and additive quality, w/g ratio, curing
conditions, and porosity. That said, it is worth noting that
all studied properties were in total compliance with the

Table 8: Physical and thermomechanical properties of different gypsum samples

Sample Bulk density V. (%) Whaps (%) Shore C hardness Flexural Compressive A (W/mK)
(kg/m®) index strength (MPa) strength (MPa)

Ref 1,031 40.6 39.4 65+ 4 2.30 £ 0.07 4.06 + 0.01 0.341

LS-0.25 1,063 394 37.0 66 +5 2.37 £ 0.09 4.56 + 0.05 0.372

LS-0.50 1,095 38.5 35.1 703 2.61+ 0.03 5.20 £ 0.01 0.574

LS-0.75 1,094 38.7 35.4 735 2.71 £ 0.02 5.37 £ 0.01 0.327

LS-1.00 1,092 39.0 35.7 755 2.82 + 0.03 5.77 £ 0.03 0.199
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Figure 4: Stress-strain curves of all studied samples.

requirements, as well as the criteria, established by Spanish
standard EN 13279-1 and Lushnikova et al. [8,29]. However,
most properties of gypsum products and building materials
will mainly be determined by the structure of their
matrix [4,9,38].

3.2 Morphology and composition analysis
(SEM and XRD)

Microstructural analysis revealed that samples without GNFs
presented needle-like crystals spread along the matrix with an
average size of 21.4 um, as seen in Figure 6. In this case, the
structure displayed a higher amount of porosity that resulted
in lower durability and mechanical properties, in comparison

N
=}
S

o
=}
S

5.00

to other samples. When GNFs are implemented in the mixture,
an ordered and uniform structure emerges with longer crys-
tals, decreased porosity, and improved mechanical properties.

These nanodispersed additives, as in other works,
acted as crystallization centers introducing excess energy
into the system, hence, improving crystal seeding and
growth rate. More contact and interaction within the crys-
tals translates into a higher overall strength of the compo-
site, resulting in a denser, durable, and stronger matrix.
Therefore, GNFs prove to be a viable option to modify and
regulate, to some extent, the properties of traditional mate-
rials such as gypsum, paving the road for new tailored
composites specifically designed to address certain market
needs [18,19,39,40].

While studying these NMT, it was revealed that they
present themselves as clusters along the gypsum matrix,

4.00
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o
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Figure 5: Compressive strength in the function of GNF content in the mixture.
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60um

Figure 6: Microstructural analysis (1,000x) of the reference sample (a) and samples containing 0.25% (b), 0.50% (c), and 1% (d) of GNFs.
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Figure 7: Microstructure and EDS analysis of GNFs (5,000x).

with filaments of several nanometers in length, as shown
in Figure 7. Furthermore, small amounts of Si (<4%) were
detected to be present within GNFs, which might indicate
that silicon carbide (SiC) wafers were employed as a pro-
duction method to produce this graphene additive. Since
graphitic layers are known to be grown either on the silicon
or carbon faces of a SiC wafer by sublimating Si atoms, thus
leaving a graphitized surface. The quality of such graphene
can be very high, with crystallites approaching hundreds of
micrometers in size. Unfortunately, due to high tempera-
tures, high substrate cost, and small-diameter wafers, the
use of graphene on SiC will probably be limited to low-
requirement applications [26,41,42].

XRD analysis was performed exposing changes in the
crystalline phases present in the test samples. Patterns of
samples with and without additives are shown in Figure 8.
The main reflections correspond to the peaks of gypsum
(CaS0,42H,0) followed by calcite (CaCO3), quartz (SiO,), bas-
sanite (CaSO4%H,0), dolomite (CaMg (COs),), along with
lower quantities of alkali-feldspars and phyllosilicates, as
seen in Table 9.
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Figure 8: XRD patterns for the reference sample (a) and the composite containing 0.50% GNFs (b).

No carbon peaks were detected due to our additive being
highly amorphous, hence, poorly detectable by our equip-
ment. When compared, it was revealed that, when GNFs
are introduced, the intensity of reflections for gypsum slightly

drops while those of bassanite tend to increase in all samples

(26 = 15), indicating a frail drop in hydration conditions.
Nanoparticles are generally characterized as being

highly reactive and hydrophobic; thus, an increase in the
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Table 9: Crystalline phases present in all samples by means of XRD
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Sample SiOz KAISi308 NaAISi308 KAIz(Alsi3010)(0H)z CaCO3 CaMg(C03)2 CaS04'1/ZH20 CaSO4'2H20
Ref 3.0 2.1 21 2.2 8.0 2.0 2.1 78.5
LS-025 2.1 2.2 2.2 2.2 8.9 2.0 2.1 78.3
LS-050 17 2.0 21 2.0 9.9 2.0 4.1 76.2
LS-1.00 1.8 2.0 21 2.0 111 2.2 3.1 75.7

intensity peaks for bassanite can be explained by a drop in
hydration conditions. On this matter, Wigley [38] mentions
that a decrease in the solubility of gypsum, at any tempera-
ture, is to be expected when applying other minerals or
additives in the mixture. Therefore, introducing higher
concentrations of this additive (>1%) could seriously affect
the overall performance of the composites if no changes
are implemented in the mixture to ensure proper particle
distribution and hydration [18,19,21,22].

3.3 Thermal properties

In Figure 9, the values for thermal conductivity (A) at dif-
ferent concentrations of GNFs are presented. The reference
sample achieved a value of 0.341 W/mK, while those con-
taining 0.50% of GNFs reached a value of 0.574 W/mK;
thus, an increase of almost 70% was achieved at very
low percentages. Hence, when this type of additive is
employed in very small amounts, A will tend to increase
progressively.

However, as GNT content continues to increase within
the mixture, a sudden drop in thermal conductivity was
reported. Incorporating 1% of these NMT resulted in a

0.700
0.600
0.500

0.400

remarkable reduction in A by more than 40%, reaching a
value of 0.199 W/mK. In contrast, these values for thermal
conductivity remained within the range of those obtained
by implementing 10% of EPS or silica granules without
compromising mechanical properties [4,33,43].

This reduction in A may be due to the effects of inten-
sified phonon scattering, as shown in Figure 10. Since
thermal energy in insulating solids is mainly transported
by these quasiparticles, whose interactions with impuri-
ties, interfaces, or other phonons can produce different
scattering events of this incident energy. Thus, heat trans-
port along these composites can be regulated by employing
nanoparticles such as GNFs. These composites could be
implemented in new proposals or retrofits as false ceilings,
internal walls, or even heating tiles depending on the GNF
content [44-46].

By refining the thermal features of common materials,
we could further address user comfort, as well as reduce
heating and cooling requirements. This could be a first step
toward mitigating the current difficulties established by
EP, since energy prices, inflation, occupancy, and residen-
tial demands have risen while incomes and employment
rates have lowered due to the persisting effects of COVID-19
and nearby conflicts [2,47,48]
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0

I I Ref.
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Figure 9: Thermal conductivity in the function of GNF content.
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Figure 10: Phonon scattering events in gypsum composites containing GNFs. Own image-Biorender.

Table 10: Dynamic thermal simulation results of a building in Almeria implementing different arrangements

Arrangement Heating requirements Cooling requirements CO, emissions Total energy per building
(kWh/year) (kWh/year) (kg/year) area (kWh/m?)

Reference 2060.5 1291.4 1804.3 62.2

Gypsum-GNFs 1% 1827.8 1108.2 1608.8 56.6

Gypsum GNFs 0.50 1925.3 12231 1717.4 60.2

and 1%

3.4 Dynamic thermal analysis

Andalusia is one of Spain’s most populated regions, but
also one of the Spanish communities with the highest levels

Reference

Gypsum-GNFs 1%

Gypsum GNFs 0.50% and 1%

0 250

500

m Cooling requirements (kWh/year)

of EP, outdated homes, and lowest employment rates. A
2021 census indicated that 8,472,407 residents live here.
Moreover, recent surveys revealed that more than 20% of
these habitants claimed that they currently live in

750 1000 1250 1500 1750 2000 2250

m Heating requirements (kWh/year)

Figure 11: Annual heating and cooling demands implementing different envelope arrangements.
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Figure 12: Annual CO, emissions at different envelope arrangements.

uncomfortable homes with signs of humidity and leaks.
This only demonstrates the fragile situation of this region
and the need to act upon this with proper answers in order
to lower energy demands and improve inner room condi-
tions. Therefore, modifying the building envelope is con-
sidered one of the most decisive actions to ensure adequate
air quality and good insulation [49-52].

The values for annual heating and cooling require-
ments are shown in Table 10. Composites containing 1%
GNFs resulted as the most efficient solution for this
building when implemented in all surfaces. Reductions
of 11 and 14% were obtained for heating and cooling
demands, when compared to common gypsum. Further-
more, a decrease in CO, emissions and total energy per
building area of 11 and 9% was also reported, as illu-
strated in Figures 11 and 12.

4 Conclusions

This work has performed a thermomechanical character-
ization of a gypsum composite containing the benefits of
GNFs focused on the development of building components
capable of improving user comfort while lowering energy
requirements, and the main conclusions are summed up as
follows:
¢ Introducing GNFs in a gypsum mixture will change the
final coloration to gray in the function of the content of
the additive present in the system. Furthermore, the bulk
density increases with GNF concentration up to 6%,
obtaining values within the range of common gypsum-
based products, usually oscillating between 700 and
1,100 kg/m”>.

Modern approach towards tailored gypsum composites = 11

750 1000 1250 1500 1750 2000

Samples containing 1% of GNFs achieved the highest
values for flexural and compressive strength with incre-
ments of 23 and 42%, reaching values of 2.82 and 5.77 MPa.
As a result, these composites are lighter and required less
amount of additive to achieve greater values for compres-
sive strength when compared to gypsum samples con-
taining isostatic graphite.

Microstructural analysis revealed that the addition of
GNFs resulted in the emergence of a more ordered, uni-
form, and denser structure with longer crystals, reduced
porosity, and enhanced mechanical properties. Similar
to other studies, these nanodispersed additives served
as crystallization centers, introducing extra energy into
the system, which led to improved crystal seeding and
growth rate.

The addition of 1% of these nanoparticles achieved a
significant reduction in thermal conductivity by >40%,
reaching values of 0.199 W/mK due to the effects of inten-
sified phonon scattering. In contrast, these values for
thermal conductivity remained within the range of those
obtained by implementing 10% of EPS or silica granules
without compromising mechanical properties.
Implementing these components could lead to significant
reductions in energy requirements for heating and
cooling by 11 and 14%, respectively, along with an
11% decrease in CO, emissions. This indicates that
improving the building envelope can be an effective
approach to enhance the air quality, insulation, and
comfort of households.

GNFs could offer the potential to create new building
components with improved mechanical properties, por-
osity, high or low thermal conductivity, electromagnetic
shielding, and building monitoring. The addition of GNFs
did not result in any sedimentation or dispersion problems
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during the entire process. Moreover, the use of low concen-
trations of GNFs is not expected to severely impact costs or
the recyclability of the composite. Overall, this research
demonstrates the potential for the use of GNFs in gypsum
composites to create new and tailored building components
that can meet the current market needs and reduce the
impacts of energy poverty.
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