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Featured Application: Building materials for products with lower carbon footprints and increased
mechanical properties.

Abstract: This article’s aim is to analyze physical, mechanical, and fracture properties as well as
the thermal investigation of geopolymer composites reinforced with flax, glass fiber, and also the
hybrid combination of fibers. Two types of matrices were considered as composites matrices. The
first composition was based on fly ash and river sand. The second matrix composition contained fly
ash and glass spheres. The content of reinforcement was 1% by mass. Compressive strength and
three-point bending fracture tests were performed. The values of fracture toughness and fracture
energy were determined. The resonance method was used to verify the dynamic characteristics, such
as the dynamic modulus of elasticity and the dynamic Poisson ratio. The results show that single-type
fibers in composites based on fly ash and glass spheres did not affect compressive strength. However,
introducing hybrid reinforcement increased compressive strength by about 10% compared to the
reference specimens. Flax fibers and hybrid reinforcement ensured higher fracture toughness and
energy. The results also revealed great potential for glass sphere application to geopolymer materials
in terms of fracture mechanics and thermal properties. Despite the lower strength properties in
relation to geopolymers based on sand aggregate, applying reinforced fibers into the composite with
glass spheres enhanced the compressive strength compared to other materials. Materials modified
with glass spheres have a thermal conductivity twice as low as that of materials containing river sand.

Keywords: geopolymer composites; cracking mechanics; natural fibers; glass fibers; glass spheres

1. Introduction

Geopolymer materials have gained great interest as a new generation of environmen-
tally friendly building materials in relation to ones based on ordinary Portland cement
(OPC). They are characterized by an amorphous or partially crystalline structure resulting
from silicon, aluminum, and oxygen condensation polymerization. The polymerization
reaction takes place due to alkaline activation. Geopolymers have better fire resistance,
acid resistance, and comparable strength properties than composites based on OPC. As
a potential application of geopolymers, construction materials or materials for the utiliza-
tion and immobilization of toxic/radioactive substances are often indicated [1-4]. Fly ash,
metakaolin, clay, red mud, silica fume, and volcanic rock are the most used precursors for
geopolymers [5]. To produce a geopolymer composite that meets the strength requirements,
the most common addition as an aggregate is sand. The introduction of aggregate with
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different gradations aims to ensure mechanical properties, and volumetric stability, and
reduce the price of the material. Usually, river sand is introduced as an aggregate, although
research on the application of dune sands was also conducted. Still, this material with
small gradations caused a decrease in compressive strength, mainly if this type of addition
constituted one hundred percent of the aggregate portion [6]. Geopolymers contained in
river sand are characterized by accelerated setting, higher mechanical properties, better
compatibility and workability, lower water absorption, and similar shrinkage compared to
only fly ash-based geopolymers. However, the introduction of sand into the geopolymer
deteriorates properties such as leachability chlorides and the durability of the material [7].
Scientific research has shown that the greater the amount of the aggregate, the better the
strength properties of geopolymers. However, the research presented in the literature
indicates that the optimization of the volume of river sand or adaptation of other process
waste can effectively positively affect the properties of geopolymer materials and thus
reduce the consumption of natural mineral resources [8-10]. Glass spheres are one of the
additives introduced to geopolymer for building materials to produce insulating materials.
The introduction of glass spheres into geopolymers causes a decrease in the density of the
material, and provides satisfactory strength properties and adequate thermal insulation,
significantly reducing the thermal conductivity of materials. Both solid materials, in foamed
form and thermal coatings modified with glass spheres, were investigated. Each time,
these materials demonstrated that they developed thermal comfort and reduced energy
consumption [11-15].

As a reinforcement of geopolymers, organic and inorganic fibers are often imple-
mented. The application of inorganic fibers dates back to the last decades and aims to
develop high-performance materials that meet structural requirements. The most com-
monly used inorganic fibers include carbon, aramid, polyethylene, glass, basalt, boron,
boron carbide, boron nitride, zirconium oxide, silicon carbide, and silicon nitride. The
addition of inorganic fibers significantly improves the physical, mechanical, and thermal
properties of composites [16]. Glass fiber is one of the most critical reinforcements of
different composites. The benefits of the usage of glass fibers are, i.a., improvement of
tensile strength and low production costs. The structure of the glass fibers is amorphous,
and Young’s modulus of the glass fiber is the same as that of bulk glass. They increase the
stiffness and reduce the deformability of the composites. They are also characterized by
good thermal insulation properties. The main disadvantages of glass fibers are relatively
reduced long-term strength, and poor resistance to moisture and alkaline media. Glass
fibers introduced into geopolymers cause an increase in flexural and compressive strength
and an enhancement in Young’s modulus of composite. However, these properties depend
on the amount and type of applied fibers. An increase in the aging resistance of geopolymer
materials containing glass fibers was also observed concerning materials without reinforce-
ment, which indicates an improvement in long-term strength [17-21]. Natural fibers are
being increasingly applied as the advantages of natural fibers are their biodegradability,
renewability, relatively high strength properties, and no negative environmental impact.
Since geopolymer materials are produced at a relatively low temperature, not exceeding
80 °C, there is a growing interest in using natural fibers to reinforce geopolymer composites.
The most commonly introduced natural fibers include coconut, cotton, flax, hemp, jute,
kenaf, sisal, abaca, banana, and palm. Natural fibers have significant advantages over
synthetic fibers but are not free from disadvantages. Due to the structure of natural fibers
(lignin and hemicellulose and the resulting hydroxyl groups), these materials are affected by
moisture. They also have low dimensional stability and low fire resistance [22]. Flax fibers
are natural fibers that belong to one of the strongest fibers related to their low density. The
strength of flax fibers can reach over 2 GPa, with deformation up to about 4%. Still, these
properties depend on the plant variety, length, and diameter of the fibers, the processing
parameters, the applied finishing, and any defects on the surface [23]. Studies on com-
posites reinforced by flax fibers have presented significant improvement in strengthening
geopolymers during flexural loading by about 20-30%. However, properties that strongly
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depend on used fibers may also reduce the compressive and tensile strength. The decrease
in mechanical properties is connected with the increase in porosity of the geopolymer
(which acts as a stress concentrator). However, scientific research has proven the advantage
of using flax fibers as a reinforcing material for geopolymers and eco-friendly additives
obtained from renewable sources. The study pointed out that the porosity can be minimized
by appropriate surface treatment, increasing workability, or being considered a naturally
occurring structure with better thermal and acoustic properties [24-28]. Intensive research
on geopolymer composites with organic and inorganic reinforcements has revealed the ad-
vantages and disadvantages of geopolymer materials. The disadvantages of geopolymers
include a brittle structure and lower tensile strength, so the introduction of reinforcement
is a promising solution. The fibers and particles distributed in the geopolymer matrix
are designed to couple cracks and reduce the tendency of cracks to propagate. Extensive
research demonstrates the need to address the identified issues. Geopolymer composites
with hybrid fiber—fiber reinforcement are intensively produced and examined. Examples of
this type of reinforcement can be the combination of steel fiber with polypropylene fiber,
basalt fiber with polypropylene, steel fiber with Kevlar fiber, and many others. Research on
hybrid reinforced composites has shown an increase in the compressive strength, tensile
strength, and impact strength of this type of material [29-35]. Research on these material
types is of great importance for filling the gap in knowledge regarding the reduction in
the brittleness of geopolymer composites. Overcoming these limitations would result in
greater use of geopolymer materials as structural and building materials.

In the literature, there is only a little research on hybrid fibers in lightweight materials.
They show that the synergy effect between the fibers can bring significant improvement to
the composite. The motivation for undertaking this topic was to improve the mechanical
properties of lightweight geopolymer composites using hybrid fibers. This work aims
to analyze the mechanical and fracture properties of geopolymer composites with single-
type and hybrid reinforcement. Such tests allow for assessing the suitability of synthetic
fibers and natural fibers as a reinforcement of materials characterized by resistance to
brittle cracking. Furthermore, such analysis can help predict the mechanical behavior of
geopolymer composites in the construction sector. In this study, glass fibers and flax fibers
were selected. Glass fibers are one of the most popular fibers used in building materials
because of the good ratio between the price and obtained properties. As natural fibers, flax
fibers were applied because they are renewable, light fibers that naturally occur in Poland
and the Czech Republic.

2. Materials and Methods
2.1. Materials

Geopolymers were made using an alkaline promoter based on sodium, fly ash (bulk
density—1.1 g/ cm? ) (Elektrocieplownia Skawina, Skawina, Poland), and river sand (bulk
density—1.52 g/cm?3) or glass spheres (BIOSPACE, diameter around 0.1 mm). Glass fibers
(Krosglass S.A., Poland, length ~3 mm, diameter ~10 pm, density—2.7 g/ cm?, Young’s
modulus ~70 GPa) and flax fibers (Hempiflax Group Sp. Z o.0., Poland, length ~5-10 mm,
diameter 40 to 80 um, density—1.5 g/cm?, Young’s modulus ~60 GPa) were used as
reinforcement. The short fibers were selected because they have advantages in processing
and allow for the use of traditional methods, the same properties as for pure matrix
materials. In this study, we also selected the shortest available fibers, taking into account
the laboratory scale of our experiment. In the case of natural fibers, it is not possible to
obtain the fibers with strict dimensions, because they are obtained in the process of plant
growth. For the study, we select the shortest fibers available on the market.

For the activation process, a 10-molar (10 M) solution of sodium hydroxide NaOH in
combination with a solution of sodium silicate (water glass with a modulus of 2.5 molar
and a density of about 1.45 g/cm?) in a ratio of 1:2 was used. This solution was prepared
by adding an aqueous solution of sodium silicate and water to the solid sodium hydroxide.
The solution was allowed to equilibrate to ambient temperature before use. The first stage
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of manufacture was mixing dry ingredients: fly ash, aggregate, and reinforcing fibers,
then adding an alkaline solution and continuing mixing until a homogeneous mass was
achieved. The prepared mass placed in molds was subjected to vibrations to remove air
bubbles on a vibrating table. The next step was to put them in a laboratory dryer (SLW
750 STD, POL-EKO-APARATURA, Wodzistaw Slaski, Poland) for 24 h at a temperature
of 75 °C and atmospheric pressure. After that, specimens were stored under laboratory
conditions until the tests were performed.

The histograms of the grain distribution and the curve of the cumulative grain dis-
tribution of materials are presented in Figure 1. Table 1 shows the particle size distri-
bution of applied raw materials, and Table 2 describes the composition of the produced
geopolymer composites.
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Figure 1. Particle size distribution of glass sphere (a), river sand (b), and fly ash (c).
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Table 1. Distribution of particle size of applied raw materials.
D-Values [um] Fly Ash River Sand Glass Sphere
Dip 2.210 173.235 41.944
Dsg 11.892 342.393 108.735
Dgg 34414 474.750 169.308
Mean size 16.273 376.308 110.640
SPAN * 2.708 0.881 1.079
D, [5.3] ** 21.183 396.066 119.170
*Span = (Dgy — D19)/Dsp, ** The volume-weighted mean area size.
Table 2. Designation of manufactured composites.
. . Mixture Proportion [% by Weight]
Designation Fly Ash Sand Glass Sphere  Glass Fibers Flax Fibers
S_REF 50 50 - -
GS_REF 50 50
S_GF 49.5 49.5 1.0 -
GS_GF 49.5 49.5 1.0
S_FF 49.5 49.5 - 1.0
GS_FF 49.5 49.5 1.0
S_MIX 49.5 495 0.5 0.5
GS_MIX 49.5 49.5 0.5 0.5

The particle size of the base materials significantly affects the physical and mechanical
properties of geopolymer materials. The smaller the particle sizes of ashes intended for
geopolymer synthesis, the greater their reactivity during the geopolymerization process.
Smaller particle sizes have increased active surfaces, which promotes a faster dissolution
reaction and the formation of a geopolymer gel in condensation polymerization [11].

Table 3 shows the results of the X-ray analysis of the used fly ash. Based on diffraction
tests, quartz and mullite and a small amount of anhydrite and hematite characterized the
fly ash.

Table 3. X-ray analysis of fly ash.

Identified Phase
Material Percentage Range, %
Phase Chemical Formula
Quartz SiO, 43.3
Mullite AlgSip O13 53.8
Hematite Fe;O3 0.7
Fly ash Magnetite Fe30,4 0.3
Anhydrite CaSOy4 15
Rutile TiO, 0.4

The phases of the materials present in the fly ash belong to the crystalline phases.
It is worth noting that some studies of geopolymer materials indicate that even a small
amount of quartz may positively affect mechanical properties. In contrast, the presence of
other minerals may have opposite effects. An example is illite, which causes changes in
geopolymer morphology and leaching behavior [36-38]. The investigated fly ash has a large
number of quartz and mullite which allows us to use it in the geopolymerization process.

2.2. Methods
2.2.1. Raw Material Analysis

Particle size analysis of fly ash, river sand, and glass spheres was carried out on the
Anton Paar PSA 1190 LD Graz particle analyzer (Anton Paar GmbH, Graz, Austria). The
study was performed using the laser diffraction method.
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X-ray diffraction (XRD) was performed by using a PANalytical laboratory device (PAN-
alytical, Almelo, The Netherlands). The main aim was to analyze the mineral composition.
The analysis took place on powdered samples. The phase composition was determined
by using the Debye—Scherrer method. Phase analysis was performed using Cu-Ko radi-
ation. Phase identifications were based on the evaluation of interplanar distances using
the HighScore Plus software (V5.2) with the PDF4+ database provided by the International
Center for Diffraction Data (ICDD). It is a technique that allows us to determine the phase
composition and crystal structure of the tested material. The analysis consists of X-ray
diffraction as it passes through the test sample. Diffractions reveal information about the
distance of the atomic layers of the sample—based on which the structure is determined.

2.2.2. Thermal Conductivity

The thermal conductivity test was performed in accordance with ASTM C518 (https:/ /www.
astm.org/c0518-21.html, accessed on 23 October 2024) JIS A1412 (https:/ /www.intertekinform.
com/en-gb/standards /jis-a-1412-1-1999-623369_saig_jsa_jsa_1436257/, accessed on 23 October
2024), ISO 8301 (https:/ /www.iso.org/standard /15421 .html, accessed on 23 October 2024), and
DIN EN 12667 (https:/ /www.en-standard.eu/din-en-12667-thermal-performance-of-building-
materials-and-products-determination-of-thermal-resistance-by-means-of-guarded-hot-plate-and-
heat-flow-meter-methods-products-of-high-and-medium-thermal-resistance-english-version-of,
accessed on 23 October 2024) on the HFM 446 Lambda Series from NETZSCH (Netzsch
GmbH & Co., Selb, Germany). Measurements were carried out for the temperature range of
0-20 °C. The measurement was made using the method of flat surfaces. Panels measuring
approximately 200 x 200 x 25 mm were made for the tests. For the test on the machine,
two different temperatures were set at the bottom and top of the panel. The panel was
tested until determining the time at which the temperatures were equal. After starting the
measurement, the process of stabilization of the system took place—the temperature on
both sides of the tested specimen was balanced. Using the formulas for heat resistance,
temperature gradient, and thermal conductivity coefficient, the values of these indicators
were calculated for each specimen. Thermal conductivity is the amount of thermal en-
ergy passing through a specific mass of the specimen. According to the second law of
thermodynamics, heat always flows towards the area of lower temperature.

This is expressed by the coefficient of thermal conductivity:

A=QXLxAXAT (1)

where
A—thermal conductivity,
Q—heat flux penetrating the specimen,
L—Ilength of the specimen,
A—cross-sectional area of the specimen,
AT—temperature difference.

2.2.3. Microstructure Investigation

Microscopic observations were performed on a Joel JSM-820 scanning electron micro-
scope with an EDS X-ray detector (IXRF, Inc., Austin, TX, USA). SEM analysis was carried
out on the samples after mechanical strength tests were provided at least 28 days after the
production of geopolymer materials.

2.2.4. Mechanical Properties, Including Fracture Behavior Analysis

The resonance method was used to determine the dynamic characteristics of inves-
tigated composites before fracture tests were conducted. The prismatic specimens with
a nominal dimension of 40 x 40 x 160 mm were used. The natural frequency of longitudi-
nal and torsional vibrations was assessed using a Handyscope HS4 oscilloscope (TiePie
engineering, Sneek, The Netherlands) with an acoustic sensor [39]. The absolute values
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of the dynamic modulus of elasticity and the dynamic Poisson ratio were calculated in
compliance with the ASTM C215-19 [40].

Three-point bending (3PB) tests were performed for the above-mentioned prismatic
specimens to determine the selected mechanical fracture characteristics of the investi-
gated geopolymer composites. An initial notch was made one day before fracture tests.
A diamond blade saw made the central edge notch with a nominal depth of about 1/3 of
the specimen’s height. The span length was set to 120 mm. The specimens were tested
approximately at the age of 28 days. Fracture tests were conducted using the stiff multipur-
pose mechanical testing machine LabTest 6.250 (LaborTech, s.r.0., Opava, Czech Republic)
with a load range of 0-250 kN. The loading process was governed by a constant increment
of displacement of 0.02 mm/min during the whole course of testing. The vertical displace-
ment (midspan deflection) d was measured using the inductive sensor mounted in a special
measurement frame placed on the specimens. The outcome of each test is a vertical force
F vs. d diagram. The diagrams recorded during the experiment were processed to obtain
the correct input values for the consecutive evaluation of mechanical fracture parameters.
The processing of diagrams covered the elimination of duplicate points, the shifting of the
origin of the coordinate system, the smoothing of the diagram, and the reduction in the
number of points. The processing of recorded diagrams was performed in GTDiPS software
(v2t53i) [41] which is based on advanced transformation methods used for the processing of
extensive point sequences. The F—d diagrams from fracture tests are introduced in Figure 2.
Each curve represents the response of one tested specimen. The difference in fracture re-
sponse of individual specimens made of the same composite is caused by the heterogeneity
of materials. Especially with the addition of fibers, the difference in the post-peak part of
the F—d diagrams can be seen. The addition of fibers mainly influences fracture behavior
in this part of the F-d diagrams and the individual specimen response depends on the
distribution of fibers in the cross-section where the crack is propagating. The F—d diagrams
were used to estimate values of the modulus of elasticity, effective fracture toughness, and
specific fracture energy. The modulus of elasticity E was determined from the initial part of
the F—d diagrams according to Stibor [42]:

_F (S’ W W% 9 F /5?2
E*4Bdi (w) [1—0.3875—#12.13(5) +2M<W> Fi (o) )

where F; and d; are the vertical force and midspan deflection, respectively, read from the
linear part of the F—d diagram, S represents span length, and B and W are the specimen’s
width and height, respectively. F1(c) is the shape function according to Karihaloo [43],
and « is the relative crack/notch length. The first term of the equation is calculated from
the deflection of the whole cross-section (without crack/notch). The second term includes
the effect of the notch depth and is based on the Castigliano principles; see Karihaloo [43]
for more details.

Several adaptations of linear elastic fracture mechanics (LEFMs) have been proposed
to consider the nonlinear behavior of quasi-brittle materials in an approximate manner. One
representative is an effective crack model [43], in which the difference between the initial
tangent stiffness and the secant stiffness of the specimen at peak load F4x is considered.
The effective crack length 4, is obtained by extending the initial notch length a¢ to such
a value that the deflection dp,,, will be achieved by applying the peak load F;,x while the
value of the modulus of elasticity is constant. The effective fracture toughness value Ki,
was calculated using an LEFM formula according to Karihaloo [43]:

6 Mmax S

Kiee = ——ax2
Ice BIV2

Y(aﬂ’) ﬁe (3)

where Y(a,) is the geometry function [43] with «e = a./W, and Mmax is the bending moment
due to the peak load Fiax and the self-weight of the specimen.
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Figure 2. F-d diagrams of investigated geopolymer composites.
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According to the RILEM recommendation [44], the specific fracture energy Gy is the
average energy given by dividing the total work of fracture Wy by the projected fracture
area (i.e., the area of the initially uncracked ligament):

Wy

Gy = (W —a0)B

(4)

The value of fracture energy Gy was also investigated in two ways. At first, part
Gra considers the area under the F-d diagram up to the peak load Fpax, and afterward,
the area under the whole F-d diagram was considered. It should be noted that in the
case of fiber-reinforced geopolymer composites, the F—d diagrams were cut at a deflection
equal to 0.2 mm. It should also be noted that the informative compressive strength fc was
determined according to CSN EN 196-1 [45] on the fragments remaining after the fracture
experiments had been conducted. The test was provided on the specimens with sizes of
40 x 40 x 40 mm. The peak load Fmax recorded during the fracture test was used for the
calculation of the informative flexural strength o, determined on the notched specimens

(crack strength according to the terminology in the branch of fracture mechanics using
ASTM E1823-20b [46]).

3. Results and Discussion

The results of the above-mentioned experiments are presented in the following figures.
The mean values are represented by respective symbols according to the used aggregate
(circle for river sand and square for glass spheres). The standard deviations are represented
by error bars. In some cases, the coefficient of variation was low (under 5%); therefore, it
is not possible to see error bars properly. Figure 3 shows the results of non-destructive
measurements using the resonance method. The dynamic modulus of elasticity Egyn
decreased with the addition of fibers in the case of the S composite. The highest decrease
was about 18% for FF addition. A slight decrease was also observed for the GS composite
containing only single-type fibers, while when the MIX of fibers was used, the value
increased by about 10% in comparison with the REF composite. In general, it can be stated
that the dynamic modulus of elasticity is significantly lower (less than half) for all GS
composites compared to S composites. This relation is connected with a reduction in the
density of the materials and the same mechanical properties. Based on the results and their
variability, it can be stated that the addition of single-type fibers did not influence the value
of the dynamic Poisson ratio v4y,, in the case of S composites. The addition of MIX fibers
led to a decrease of about 20%. On the other hand, the increase in the value of the dynamic
Poisson ratio for all GS composites with fibers compared to REF was observed. The highest
increase of almost 50% was observed for GS with the MIX of fibers.
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Figure 3. Mean values of dynamic characteristics of investigated geopolymer composites.
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Compressive strength (MPa)

Figure 4 presents the results of basic physical and mechanical characteristics of inves-
tigated geopolymer composites with a standard deviation. In the case where the line of
standard deviation is not visible, the values obtained from investigated specimens have
very similar values, so the standard deviation was below 5%. The value of bulk density p
is almost the same for all S composites, and the difference is less than 3%. In the case of
the GS composite, the addition of GF did not affect bulk density; on the other hand, the
addition of FF and the MIX of fibers increased the value by about 7%. The bulk density is
about 45% lower in the case of GS composites in comparison with S composites.
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Figure 4. Mean values of basic physical and mechanical characteristics of investigated geopolymer

composites.

The value of compressive strength of the S composite without fibers is about 46 MPa.
It is more than two times higher compared to the GS composite. The addition of fibers
caused a decrease in compressive strength in the case of the S composite. A higher decrease
of about 17% was observed for S composites with single-type fibers, while when the MIX
of fibers was used, the decrease was about 10%. The addition of single-type fibers did
not significantly affect the compressive strength of the GS composite. When the MIX of
fibers was used, an increase of about 10% was observed. The addition of fibers reduced the
maximum force recorded during the fracture tests which led to a decrease of up to 20% in
crack strength in the case of S composites. In the case of GS composites, the addition of GF
also led to a slight decrease in crack strength. In contrast, the addition of FF and the MIX of
fibers led to an increase in the value of crack strength of up to 25% when the MIX of fibers
was used.
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Figure 5 presents the results obtained from the evaluation of the F-d diagrams. The
values of the modulus of elasticity show a similar trend as the values of the dynamic
modulus of elasticity obtained from the resonance method for both composites. The
absolute value of the static modulus of elasticity is about 15-25% higher in comparison
with the dynamic one. The addition of fibers led to a decrease of about 15% in the effective
fracture toughness in the case of the S composite. The addition of GF increased the
variability of results in comparison with the REF composite and other types of fibers. On
the other hand, in the case of the GS composite, the addition of fibers had a positive effect
on the effective fracture toughness. The highest increase of about 30% was observed when
the MIX of fibers was used.
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Figure 5. Values of modulus of elasticity and fracture energy for tested materials.

The last investigated parameter was specific fracture energy. At first, a part of the
fracture energy Gy,1, considering the area under the -4 diagram up to the peak load Frmax,
is discussed. In the case of S composites, the addition of fibers caused a decrease of about
10% in comparison with REF composites. It should be noted that the variability of results
is quite high when the GF was used. On the contrary, a positive effect of the addition of
the fibers was observed in the case of GS composites. The addition of fibers increased
the value of fracture energy in the pre-peak part of the F—d diagram by more than 60%.
Afterward, the area under the whole F-d diagram was considered for evaluation. As is
evident from Figure 2, the addition of FF and the MIX of fibers had a positive effect on
post-peak behavior for both types of composites. The fracture energy increased more than
two times and three times in the case of S and GS composites, respectively, in comparison
with the REF one. The addition of fibers led to a higher variability of the results, especially
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in the case of the MIX one, which could be connected with the non-uniform distribution
of fibers.

Studies on the mechanical and fracture properties of geopolymer composites stated
that most strength parameters increase after introducing fibers already at 0.5% by mass.
Flexural strength, tensile strength, fracture toughness, and fracture energy increase in
relation to reference materials. The growth in properties is attributed to the crack bridging
mechanism, which contributes to larger cracks at maximum loads, with more plastic
behavior resulting in increased strength and greater energy absorption capacity. The energy
is usually dispersed by separating the material and overcoming the friction forces while
pulling the fibers out of the matrix. The fiber bridging effect in micro- and macrocracks
effectively maintains the integrity of the composite and limits catastrophic cracking. These
properties, however, depend on the shape, length, and amount of introduced reinforcement
and can also cause a diminishing effect in compressive strength due to an increase in the
porosity of the material [47-53].

Figure 6a—d present microscopic images of composite materials based on fly ash with
river sand. The microstructure analysis showed a relatively compact geopolymer structure
with visible places left by undiluted fly ash particles. Cracks in the composite matrix were
also visible, which indicated the brittleness of the geopolymer matrix (Figure 6a,c). The
microstructure of the composite with glass fiber revealed an amorphous character with
visible places of the crystal structure. Glass fibers were pretty well placed in the composite
matrix, but they presented an agglomeration character. In the case of the microstructure of
composites with flax fiber, a typical surface of natural fibers embedded in the composite
matrix with local cracks deep into the material could be observed.

»
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Figure 6. SEM images of the S composite: (a) reference specimen based on fly ash and sand, (b) composite
with GE, (c) composite with FF, and (d) composite with hybrid reinforcement.
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The microstructure of the composites in which the matrix consisted of fly ash and
glass spheres (Figure 7a—d) demonstrated a different character. The deposition of glass and
natural fibers and hybrid reinforcement is very similar; fiber agglomerates were visible,
but the fibers were also well embedded in the geopolymer matrix. However, the matrix
was characterized by significantly higher areas of undiluted fly ash particles and areas of
glass bubbles.

Figure 7. SEM images of the GS composite: (a) reference specimen based on fly ash and glass spheres
(b) composite with GF, (c) composite with FE, and (d) composite with hybrid reinforcement.

A composite’s mechanical properties depend on the interfacial bond between the fiber
and the matrix. If the bond between the matrix and the fibers is too high, the fibers can be
pulled out under the application of force. If the bond between the fiber and the matrix is
too low, the fiber will not be able to fulfill its reinforcing role [21,54-56]. Another important
aspect affecting mechanical properties is the orientation of the reinforcing fibers in relation
to the applied load—randomly oriented fibers in a composite lead to poorer mechanical
properties compared to fibers that are stacked [57-59]. In general, the application of fibers
in geopolymers is intended to improve the mechanical properties of the overall composite,
assuming that the fiber-matrix mixture is appropriately chosen.

The geopolymer composites were also subjected to thermal conductivity tests. A summary
of the results is presented in Figure 8. The results demonstrated a decrease in thermal
conductivity values after introducing glass fibers into the composite based on fly ash and
river sand. This relationship can be attributed to the formation of voids and pores due to
worse workability and the tendency to form fiber agglomerates. However, the test results for
fly ash and glass sphere composites revealed the opposite effect. No significant influence of
the addition of the fibers on thermal conductivity was observed. The reinforcement did not
contribute to better thermal conductivity properties, as it previously slightly worsened the
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measured properties. This observation confirmed the conclusion that fiber agglomeration
may have a positive impact on thermal conductivity only in some cases, while in composites
where the other phase is responsible for ensuring better thermal conductivity, like glass
spheres, these effects are not applied. Other research studies also pointed out that the
thermal conductivity properties of geopolymer materials are influenced not only by the
introduced reinforcing additives but also by water content and the size, arrangement, and
shape of the pores contained in the material [60-63].
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Figure 8. Thermal conductivity results of tested materials.

The list of material parameters of considered composites is presented in Table 4.
The presented values are based on mean values and standard deviations. Usually, the
higher values for standard deviations are connected with composites with natural fibers.
It is caused by a more diverse character of fibers. Natural products are characterized by
a slightly different structure and dimension than those manufactured by chemical synthesis.

Table 4. List of materials parameters of considered composites (mean values and standard deviations
(STDs)).

Sand Glass Sphere

REF GF FF MIX REF GF FF MIX

Egyn [GPa] 124 10.4 10.2 11.1 4.7 45 4.1 52
STD [GPa] 0.26 0.28 0.38 0.21 0.05 0.04 0.07 0.06
Viyn [-] 0.16 0.17 0.16 0.13 0.11 0.14 0.15 0.16
STD [-] 0.01 0.03 0.03 0.00 0.01 0.01 0.03 0.02
Pdyn [kg/m3] 1730 1680 1710 1690 910 910 980 970

STD [kg/m?] 21 0 10 6 6 3 6 6
fc [MPa] 45.9 37.2 38.3 41.0 18.3 17.9 17.8 20.3
STD [MPa] 2.28 1.53 0.65 1.05 1.79 1.06 0.45 0.99
o [MPa] 442 3.53 3.64 3.73 1.63 1.43 1.71 2.03
STD [MPa] 0.12 0.32 0.09 0.27 0.10 0.11 0.02 0.15
E [GPa] 15.4 11.9 12.5 13.4 6.0 52 4.8 6.4
STD [GPa] 0.66 0.80 0.82 0.56 0.16 0.20 0.21 0.33
Kiee [MPa- m'/2] 0473 0.391 0.410 0.414 0.170 0.168 0.181 0.223
STD [MPa-ml/z] 0.028 0.069 0.025 0.024 0.004 0.007 0.009 0.019
Gsa J/m?] 82 7.2 7.6 7.2 2.7 3.0 4.8 45
STD [J/m?] 0.69 1.95 0.76 0.65 0.15 0.34 1.26 0.79
Gy [J/m?] 26.0 30.0 64.1 48.8 7.4 7.7 23.8 35.8
STD [J/m?] 2.1 43 7.1 95 0.3 117 49 13.9
k [W/(m- K)] 0.906 0.721 0.869 0.778 0.273 0.296 0.291 0.303
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In summary, fiber reinforcement in geopolymer materials can significantly improve
the strength properties, especially in fracture behavior and limit brittle catastrophic fracture
od structures. The mechanism of the reinforcement is visible in fracture toughness because
the fibers join together parts of the matrix in the case of flexural strength. They give
an additional force for bonding the two parts together. It is visible in this kind of force,
because of the relatively low value of the fracture toughness for the matrix material. The
mechanism of the reinforcement is not observed in the case of compressive strength, because
in this case, the matrix material has very good properties for this kind of force, much better
than natural fibers. It caused the decreasing mechanism in compressive strength to be
observed. It is especially important for lightweight materials with reduced mechanical
strength. Reinforcement of these kinds of materials allows for application at the same time
for isolation materials that have these construction properties. It is also worth noticing that
the obtained values for thermal conductivity are comparable to selected isolation materials
such as aerated concrete blocks or wood (a value of about 0.2 W/(m-K)) [30].

The clear advantage of using the fibers is the improvement of the mechanical properties
of the materials. Moreover, the usage of short fibers does not require changes in the
technology. Both selected fibers are cost-effective. The proposed technology also has
some disadvantages, including the further recycling process, and especially the application
of hybrid fibers, which makes this process more complex. It is also worth noticing that
the material is characterized by an environmentally friendly approach and can be used
as a replacement for traditional building materials based on OPC. The alkali-activated
materials are considered to be a more environmentally friendly alternative that has a lower
carbon footprint and is coherent with the circular economy approach.

4. Conclusions

The presented article focuses on the mechanical, fracture, and thermal properties
of geopolymer composites reinforced by flax fibers and glass fibers, both in the form of
a single-type reinforcement and a hybrid connection of fibers. Two compositions were used
as the geopolymer matrix: one based on fly ash and river sand, and the second containing
fly ash and glass spheres. The fiber content in each case was a maximum of 1% by mass.
The following conclusions can be drawn from the conducted research:

e  The production of geopolymer materials modified by glass spheres reduced the com-
pressive strength almost twice compared to the material made based on fly ash and
river sand.

e  The introduction of single-type fibers to the composite with river sand caused a more
significant decrease in compressive strength than hybrid reinforcement.

e  Single-type fibers in composites based on fly ash and glass spheres did not affect com-
pressive strength. However, introducing hybrid reinforcement increased compressive
strength by about 10% compared to the reference specimens.

Flax fibers and hybrid reinforcement ensured higher fracture toughness and energy.
Materials modified with glass spheres have a thermal conductivity twice as low as
that of materials containing river sand.

e  The introduction of single-type fibers and hybrid reinforcement slightly reduces the
thermal conductivity of geopolymer materials modified with river sand, which is most
likely related to the density of the material. In contrast, a slight increase in thermal
conductivity characterized composites based on fly ash and glass spheres compared
to the reference sample.

The presented results indicate the potential of the application of glass spheres in
geopolymer materials both in terms of cracking mechanics, as a factor inhibiting brittle
cracking, and in terms of reducing the thermal conductivity of materials that can be used
in the construction sector, for example, for thermal panels, which should be characterized
by low thermal conductivity, fire resistance, and crack resistance.
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