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Geopolymers are known for its high compressive but low tensile strength due to its brittle nature, which
restricts the use of geopolymers as structural material. It is important to enhance their mechanical performance by
incorporating reinforcing materials. This research examines the contribution of silica nanospheres and zirconia to
enhance the tensile strength of geopolymer composites utilizing metakaolin. Geopolymers were prepared from an
8M NaOH and sodium silicate activator, which was prepared for 24 hours prior to mixing in a ratio of 2:1.
Confirmation of the amorphous silica presence, monoclinic and tetragonal zirconia, and crystalline phases in
metakaolin including quartz, mullite, and hematite was verified using X-ray diffraction (XRD) analysis. The
scanning electron microscope (SEM) showed that both silica nanospheres and zirconia resulted in a more densely
packed microcomposite material with less porosity. Diametral tensile strength (DTS) at 28 days demonstrated that
integrating 80% silica nanospheres increased tensile strength by 15.2%, while the mixture of 60% zirconia and 20%
silica nanospheres resulted in a 61.2% strength enhancement compared with the control (from 2.24 MPa to
3.61 MPa). These improvements showed that nanomaterials such as silica can enhance the densification of the
matrix while zirconia contributes structural reinforcement for improved mechanical properties. The findings here
are consistent with earlier work that demonstrated the synergistic effects of silica nanospheres and zirconia to
improve geopolymers performance. Findings from this study further demonstrates modified geopolymers can be
used in applications requiring high mechanical strength but would require additional investigation to determine its

durability and thermal properties to use them in structural and functional applications.
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Introduction

Geopolymers are advanced inorganic polymers that
have received great interest recently due to their durable
mechanical properties [1, 2] and low greenhouses gas
emissions [3] which makes them a suitable substitute for
cement. These materials are synthesized with the help of
alkaline solutions on raw materials rich in aluminosilicate
like fly ash, slag, metakaolin etc. Metakaolin, a calcined
form of kaolinite clay, is one of them, which has a good
silica and alumina content that is available, reactive and
abundantly used for geopolymer production [4]. The
compressive strength and thermal stability of Metakaolin

35

based geopolymers can be used for various construction
applications. Despite these benefits, metakaolin-based
geopolymers face several issues including brittleness [5],
shrinkage [6], and a lack of aesthetics. Such issues can
affect the performance of the material and limit its
practical use for certain application. To tackle these issues,
various fillers and additives have been used by researchers
to enhance the mechanical and physical properties of
geopolymers [7]. Nanoparticles are one of the most
effective additives because of their high surface area [8],
smaller size, and unique structural properties can
significantly improve the material’s properties [9].
Zirconia (ZrO;) and silica (SiO;) nanosphere are expected
to enhance the strength, toughness, and thermal stability
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of the geopolymer. Zirconia possesses high hardness and
wear resistance [10]. Silica nanospheres have high surface
reactivity [11], which improves the bonding of the matrix
to the fillers and makes the composite durable. Adding
these nanomaterials to geopolymer matrices could reduce
the inherent weakness of the metakaolin-based
geopolymers (brittleness and shrinkage), while also
improving their mechanical performance. Most studies
show improved compressive strength, flexural strength,
and crack resistance. For example, the study of Saukani et
al. [12] show that zirconia increases the compressive
strength of metakaolin-based geopolymer by 23%.
Additionally, zirconium oxide has been reported to retard
the crack initiation and propagation in geopolymer mortar
composite [13]. Moreover, the inclusion of nanosilica
increased the flexural strength and fracture toughness of
fly ash-based geopolymer was increased by 82%, reported
by the study of Rahmawati et al. [14]. Despite these, few
studies show the effects of zirconia and silica nanosphere
on the diametral tensile strength of metakaolin-based
geopolymer even with these advances.

This study aims to determine the impact of zirconia
and silica nanospheres on diametral tensile strength of
metakaolin-based geopolymer. The morphology of
geopolymer matrix modified nanoparticles were analyzed
by Scanning Electron Microscopy (SEM). Through the
improved understanding of zirconia and silica
nanospheres’ effects, the research can help develop future
generation geopolymer-based materials that will take the
best from the standard geopolymers and their next-
generation composites. Ultimately, these fillers may help
create far more sustainable and cost-effective materials for
a multitude of advanced science and engineering uses.

I. Materials

The materials used for sol-gel methods and
geopolymer synthesis, namely Calcium Chloride (CaCl,),
ethanol  (C,HsOH), acetic acid (CH3COOH),
tetracthylorthosilicate ~ (TEOS), sodium hydroxide
(NaOH), sodium silicate (Na,Si03), deionized water, and
chitosan were obtained from Brataco Chemical Bandung,
West Java, Indonesia. The Kaolin were obtained from
Batujajar, West Java, Indonesia. The material was
calcined at 700°C to produce metakaolin, based on
previous study [15]. Table 1 shows the chemical
composition of metakaolin, using X-Ray Fluorscence
(XRF) method.

Table 1.
Chemical composition of Metakaolin.
Chemical composition
Material | g0, A';O Ca0 | Na:0
Metakaolin 65.00 | 33.00 | 0.08 0.06

I1I. Methods

2.1. Synthesis of zirconia
Several steps were involved in the synthesis of
zirconia nanoparticles. First, a stirred mixture of
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4.66 grams of ZrCl, precursor and 200 mL of de-ionized
water in a magnet stirrer for 15 minutes produced a 0.1 M
ZrCl, solution. To stabilize this solution, 0.234 grams of
CaCl,, a precursor to the synthesis of the silica
nanospheres with a purpose of the provision of calcium
ion source for gelation, was added and stirred one more
time for 15 minutes until the solution was homogenous.
The mixture was aged and dried at 120°C in the oven for
24 hours, which helped to evaporate the solvent and form
xerogel. The xerogel was ground to fine powder using
pestle and mortar. The sample was placed in a combustion
boat and calcined in a furnace from room temperature to
900°C for 2 hours to form fine powders. The temperature
was reduced after the calcination process. The solid mass
obtained after calcination was grinded again using mortar
and pestle. 50mL of ethanol, used as a solvent for making
the suspension of nanoparticles which helped to disperse
the materials, was added to the powder and ultrasonic
homogenizer was used at 80 amplitude for 30 minutes to
produce nanoparticles. Finally, the sample was dried in the
oven until all the liquid evaporated, and the powder was
ground again to obtain the final zirconia nanoparticle
product.

2.2. Synthesis of silica nanosphere

The synthesis of silica nanospheres were also
involving the addition of chitosan, a biopolymer that is
derived from chitin and is used to enhance the mechanical
and stability of the composite. Initially, a beaker was
taken, and 98 mL de-ionized water was added. Later, 2 mL
CH3COOH, serves as a catalyst to regulate the pH during
the synthesis process, was added and the resulting mixture
stirred for five minutes using a magnetic stirrer.
Afterwards, 2 grams of chitosan was added to the solvent
and stirred for 2 hours until the solution became turbid. In
another beaker, 200 mL C,H;OH, 20 mL DM aqua and 4
mL NH3 to adjust pH leading to the formation of
nanospheres and control of the sol-gel process were mixed
and stirred for 10 minutes. After that, the solution was
added with 12 mL of TEOS as the silica precursor and
stirred for 5 minutes more. Later, 1 mL of 2% chitosan
solution was added to the mixture, which was stirred for
90 minutes. Once all the water had evaporated, the
solution was dried at 120°C to leave a dry silica
precipitate. The dried precipitate was ground to yield silica
powder using mortar and pestle. The powder is put into a
combustion boat and calcinated in the furnace from room
temperature to 900°C for 2 hours. The temperature was
brought down after 2 hours. When cooled, the sample was
taken out of the furnace and ground again using the mortar
and pestle to achieve a smooth mixture. The heated silica
sample was mixed with 50 mL of ethanol, sonicated at 80-
amplitude for thirty minutes to yield nano-sized particles.
At last, the sample was dried in an oven until free of liquid,
and after grinding, silica nanosphere powder was
obtained.

2.3. Synthesis of geopolymer

The preparation of alkali activator solution that
contains 8M NaOH and Na,SiOj; in a ratio of 2:1 is the
first step in the geopolymer synthesis process. Both
chemicals were mixed and sealed for 24 hours before
using to ensure complete dissolution, which adapted from
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previous study [16]. The mixture of metakaolin, alkali
activator, zirconia, and silica nanosphere were conformed
to the proportions given in Table 2. Then, the geopolymer
paste was cast into cylindrical molds of 6 mm diameter
and 3 mm height. The geopolymer were kept at 80°C for
20 hours for curing. The hardened samples were removed
from the molds were prepared for mechanical and
structural testing.

Table 2.
Composition of Geopolymer Mixtures with Varying
Amounts of Zirconia and Silica Nanospheres.

Group MK | Zirconia | SiO2 | NaOH | Na;SiO3
(2 (2) (2) (2) (2
1 1.5 0 0 0.429 0.214
11 0.3 0 1.2 | 0.952 0.476
11 0.3 0.9 0.3 0.569 0.284

II1. Mechanical properties

A diametral tensile strength test was performed at 28
days using the universal testing machine (Shimadzu
Autograph AGS-5KNX). A maximum load of 1 kN and a
crosshead speed of 1.0 mm/min were used in the test. The
specimens were tested this way to obtain their tensile
strength (or vertical separation during compression). The
diametral tensile strength (DTS) of the geopolymer
specimens was calculated using the following equation

(1):

DTS = 22
Dt

M

where P =maximum applied load (N); D = diameter of
the specimen (mm); and ¢ = thickness of the specimen
(mm). This formula is derived from the Brazilian test
method, which evaluates the tensile strength of brittle
materials under compressive loading.

Counts

L I e [ e e

IV. Characterization of materials

The metakaolin, zirconia, and silica nanosphere were
characterized using X-Ray Diffraction (Bruker D8
Advance). The analysis was performed with scanning
angle from 10° to 80° (26) at a rate of 2.5°/min over a total
acquisition time of 30 min. The morphology of both all
raw materials mentioned, and the resulting geopolymers
was ecvaluated by SEM (Hitachi SU3500). SEM
observations were performed in high-vacuum mode at a
15 mm working distance, and images were captured at
different magnifications to examine the change particle
size of silica nanoparticles and morphological of modified
geopolymer.

V. Results and discussions

5.1. XRD analysis of raw materials

Figure 1, Figure 2, and Figure 3 show the XRD
diffractogram of silica nanospheres, zirconia, and
metakaolin, respectively. The XRD diffractograms show
the various crystalline phases and structural characteristics
of the created materials. The diffractogram patterns were
analyzed to validate the successful formation of silica
nanospheres and zirconia, in addition to validating the
minerals present in metakaolin.

Figure 1 presents a typical diffractogram of
amorphous silica which displays a broad humps in the 26
region of 20° to 35°, which confirms the disordered atomic
arrangement and is representative of amorphous silica
[17]. The absence of sharp crystalline peaks also suggests
that the synthesized material indeed has a non-crystalline
state, and there was no substantial degree of crystallinity
after synthesis [18]. The broadening observed in the
diffractogram may have also originated from the small
particle size, which produces wider diffraction bands as it
belongs to the porcelain effect which become dominant at
smaller particle sizes. High purity of the synthesized silica
is evidenced by the absence of additional phase peaks

i B e e M

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Fig. 1. Diffractogram of silica nanosphere from XRD characterization. Note: Q=Quartz (SiO).
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indicating that the synthesized silica does not contain
unreacted precursors or impurities of the final product
[19]. Overall, the results presented suggest that the sol-gel
method produced high purity silica, which is suitable for
further applications in geopolymer composites.

The diffractogram of zirconia (Figure 2) exhibited
both monoclinic and tetragonal phases. Most of the
diffraction peaks belonged to the monoclinic phase,
meaning the zirconia synthesized mostly crystallized in
that structure. This agrees with its phase stability at room
temperature where monoclinic zirconia is the most
thermodynamically stable phase [20]. However, there
were three distinct peaks relating to the tetragonal phase,
which support that some zirconia was partially stabilized
in its higher temperature phase [21].

Finding both phases could come from the effects of
calcining, which induces transformation of the phase and
stabilizes the tetragonal phase only partially and not as a
single phase. Stabilization of the tetragonal phase would
require a stabilizer agent like yttria [21] or calcia [22]. The
mixed-phase behavior of zirconia can influence the
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mechanical properties due to the transformation
toughening mechanism of the tetragonal phase when
under stress conditions and enhanced fracture resistance
[23].

According to the XRD diffractogram of metakaolin
(Figure 3), quartz, mullite, and hematite are the primary
detected crystalline phases. The strong and sharp peaks of
the quartz signal the presence of a largely intact or
recrystallized silica-rich phase of the original kaolinite
mineral during the thermal activation process [24]. The
presence of mullite indicates that some decomposition and
structural reorganization of kaolinite has occurred, which
is anticipated during the thermal activation of kaolin
above about 500°C [25]. Mullite is an important phase of
metakaolin, as increased thermal stability and mechanical
strength in geopolymer utilizes the influence of mullite
phase [26]. Hematite is also detected, indicating the
oxidation of contained iron impurities during calcination,
which can control the color and pozzolanic reactivity of
metakaolin [27]. Metakaolin contains both crystalline and
amorphous phases, both of which combine to produce the

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Fig. 2. Diffractogram of zirconia from XRD characterization. Note: m=monoclinic zirconia (m-ZrO,); t=tetragonal
zirconia (t-ZrOy).
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Fig. 3. Diffractogram of metakaolin from XRD characterization. Note: Q=Quartz (Si0O,); #=Mullite (3A1,032Si05);
H=Hematite (Fe,03).
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desired geopolymerization since amorphous
aluminosilicate fraction provides the needed reactive
phase for alkali activation.

5.2. Diametral tensile strength analysis

The diametral tensile strength of geopolymer
composites with varying proportions of metakaolin,
zirconia, silica nanospheres and alkali activator is shown
in Figure 4. The results depict the effect of compositions
on the mechanical characteristics of the geopolymer
matrix in terms of diametral tensile strength, and the
interaction of different proportions of filler and activator
on tensile strength.

The diametral tensile strength (DTS) results back up
the strengthening effects of silica nanospheres and
zirconia in metakaolin-based geopolymer composites.
Group I (control), which had metakaolin only performed
at 2.24 MPa. In contrast, Group II increased the tensile
strength to 2.58 MPa by incorporating 80% silica
nanospheres and 20% metakaolin. This increase may
indicate silica nanospheres improve particle packing and
therefore reduced the porosity of the denser mixture and
ultimately improved mechanical performance [28]. This
has also been shown in the literature that silica
nanoparticles improve geopolymers compressive and
tensile strengths as it refines the microstructure and
reduced defect within the geopolymer matrix [29]. In
Group III that included 60 % zirconia, 20 % silica
nanospheres, and 20 % metakaolin, the tensile strength
rose significantly to 3.61 MPa. The notable increase in
tensile strength can be attributed to the toughening ability
and reinforcement from zirconia, which has been shown
to improve crack resistance and load-bearing ability in
ceramic-based composites [30]. Prior work has shown that
when included in a geopolymer matrix, zirconia improves
mechanical properties due to its ability to act as a crack
deflector and mechanically improve toughness and
strength [31]. Therefore, combining zirconia and silica
nanospheres results in an effective strengthening of the
metakaolin-based geopolymer matrix, making it a viable

candidate for structural applications where enhanced
tensile properties are necessary.

5.3. SEM analysis of silica nanosphere

The SEM image of the synthesized silica particles is
displayed in Figure 5, and the particles' morphology is
uniform and spherical in shape on a nanoscale. Each
particle has a consistent shape, and the syntheses produced
silica particles with a controlled morphology. Because of
this distinct morphology, the nomenclature silica
nanosphere is appropriate. The spherical morphology
improves the properties available with the material,
including better dispersion, lower agglomeration, and
improved interfacial bonding in the geopolymer matrix.

The use of the phrase silica nanosphere is appropriate
based on the morphological aspects shown in the Scanning
Electron Microscopy (SEM) results. The SEM images
show that spherical-shaped particles exist in the range of
normatter, supporting the suitability of the descriptor
"nanosphere." The spherical morphology is an important
aspect of optimizing packing density, particle dispersion,
and interfacial bonding within the geopolymer matrix.
Moreover, the sol-gel synthesis method used in this study
is already known for the synthesis of silica particles with
controlled size and shape, typically yielding highly
uniform and spherical nanoparticles [32]. Therefore, we
assert that the SEM findings found in this study support
the validity of using the term silica nanosphere in
reference to the silica material synthesis presented in this
study.

5.4. SEM analysis of geopolymer

The SEM images displayed in Figures 6, 7, and 8
show the variations in geopolymer composite
microstructure that result from the different amounts of
metakaolin, zirconia, silica nanospheres, and alkali
activator used. These SEM images help demonstrate
porosity, particle distribution, and the densification of
each formulation and directly impact the mechanical
properties of the geopolymer.

N w

[y

diametral tensile strength (MPa)

3,p1

Fig. 4. Diametral tensile strength of geopolymer composites with varying percentages of metakaolin, zirconia, silica
nanospheres, and alkali activator.
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Fig. 5. A SEM image of synthesized silica nanospheres, showing uniform spherical morphology at the nanoscale,
confirming the successful formation of silica nanoparticles (Magnification 90000%).

SU3500 5.00kV'x75 SE
Fig. 6. A SEM image of Group I (Magnification 75x).

The SEM images obtained from the analysis
conducted on Group I (100% metakaolin) show a rough
and highly porous microstructure, exhibiting some cracks
and overflowing, which are indicative of uncompleted
geopolymerization and compromised mechanical
properties. The presence of voids shows that the material
is not densely packed but suggests the lower diametral
tensile strength. This morphology is reasonable for
geopolymers produced using only metakaolin, with no
enhancing agent because the aluminosilicate network is
formed but will still contain micro-structure defects.

On the other hand, Group II (80 % silica nanosphere,
20 % metakaolin) has a greater density in comparison;
there are less visible cracks, and the overall porosity is
reduced. With the addition of silica nanosphere, packing
of the active particles is most likely improved which can
lead to an enhancement in the geopolymerization reaction,
resulting in a denser structure. This denser morphology
aids in the measured increase for the diametral tensile
strength because of the improvements seen in
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Fig. 7. A SEM image of Group II (Magnification 75x%).

SH3500 5.00KV X75 SE
Fig. 8. A SEM image of Group III (Magnification 75x).

microstructure leading to a reduced stress concentration
and overall improved mechanical performance. Group I11
(60 % zirconia, 20 % silica nanosphere, 20 % metakaolin)
displays the most dense and homogeneous structure of the
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three groups tested. The SEM image shows little porosity
and limited cracks, indicating better densification. The
inclusion of zirconia has demonstrated the high thermal
stability and mechanical stability [33], which may help
further enhance the geopolymer matrix wetter by reducing
shrinkage and crack formations. The silica nanosphere
also contributes to the refinement of the microstructure by
filling in gaps within the geopolymer matrix and allowing
for a more uniform geopolymerization throughout the
specimen. This added structural integrity is reflected in the
statistically highest diametral tensile strength for this test
group indicating that the additional zirconia paired with
the silica nanosphere has demonstrated an improvement in
the mechanical properties of the metakaolin-based
geopolymer significantly.

Beyond the visual densification is not the only factor
to consider, the interaction mechanisms between
nanoparticles and the geopolymer matrix might explain
the observed improvements. Silica nanospheres act as
nucleation centers for the N—~A—S—H gel formation, which
speeding up the early stages of geopolymerization, and
providing a more uniform aluminosilicate network. On the
other hand, zirconia can engage in chemical interactions
with silicate species through the creation of Si—-O-Zr
bonds [34, 35], thus, reinforcing the interfacial region
between filler and the matrix. These bonds are beneficial
by providing improved load transfer and decreased
microcracking at the interface [36]. Due to its high
stiffness, Zirconia acts like a micro-scale crack deflector
thereby inhibits the crack propagation paths and
increasing resistance to tensile forces [37].

Conclusions

The study examined how incorporating zirconia and

silica  nanoparticles influenced metakaolin-based
geopolymer composites. For XRD, metakaolin was
confirmed to have an amorphous silica along with
monoclinic zirconia, tetragonal zirconia, and quartz,
mullite, and hematite as crystal phases. SEM images
depicted extensive morphology variations, as both silica
nanoparticles and zirconia formed tighter microstructures
than metakaolin alone, which resulted in higher density
and lower porosity for the composites. The diametral
tensile strength (DTS) of the geopolymer composite with
only silica nanoparticles (80% by weight) was 2.24 MPa
whereas the addition of 60% zirconia and 20% silica
nanoparticles yielded a DTS of 3.61 MPa. The results
indicate that silica nanoparticles and zirconia acted to
strengthen the geopolymer matrix, where zirconia
provided mechanical support and silica reinforced
densification. The present findings align with previous
studies that report silica and zirconia sized to the
nanoscale have enhanced the mechanical performance of
geopolymer composites. For future developments, the
long-term durability, and thermal capabilities of the
modified geopolymers will add valuable insight to its
structural and functional uses. Due to their imrpoved
tensile  response, densified microstructure, and
incorporation of biocompatible ceramic phases, these
nanoparticles-modified geopolymers could be considered
for non-load-bearing biomedical applications, such as
dental fillers, endodontic repair materials, or bone
substitute scaffolds. Also, their improved stability
indicates potential use in bioactive coatings or restorative
materials requiring controlled mechanical performance.
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bam6anr Cynennap?, Iony CypesaTMomKo!

IixBUIIEHHA BJIACTUBOCTEH reomnoJiiMepiB Ha OCHOBI MeTaAKAO0JIiHY: BILJIMB
JA0ABAHHS HAHOYACTHUHOK HMPKOHII0 Ta TIOKCHIY KPEMHIiI0

! ®akynromem cmomamonozii, Xpucmusncoxuii ynicepcumem Mapanama, Banoyne, Indonesisn, 1895010@dent.maranatha.edu;
2Jlabopamopis nepedosoi 0bpobxu mamepianis, Texnonoziunuii incmumym banoynea, banoyne, Inoouesis

I'eomonimepu BifoMi CBO€IO BUCOKOIO MIIIHICTIO HAa CTUCK, ajlé HU3bKOIO MIIHICTIO HA PO3TAT Yepe3 KPUXKY
TIPUPOLTY, 0 OOMEXKY€ IX BUKOPHUCTAHHS SIK KOHCTPYKIIHHKUX MaTepiasiB. TOMy BasKJIMBHM € ITiABUIIECHHS IXHIX
MEXaHIYHUX XapaKTEPUCTHK IUIIXOM BBEJICHHS apMyBaJbHHX KOMIIOHEHTIB. Y wLiif poOOTi JOCITIZXKEHO BILIMB
HAHOYACTHHOK JIOKCHAY KPEMHIIO Ta IAPKOHIIO Ha I IBUICHHS MIITHOCTI Ha PO3TSAT T€OMOIIMEPHAX KOMIIO3UTIB
Ha OCHOBI MeTakaousiHy. ['‘eomojiMepy OTpUMyBajiM 3 BUKOPHCTaHHsAM akThBaTopa Ha ocHoBi 8M NaOH Ta
CHIIIKATy HATpiio, SKUH TOTYBalId MPOTATOM 24 TOOWH Nepesa 3MIllyBaHHAM y criBBigHomeHHi 2:1. HasBHicTb
aMop(HOTO JIOKCHIYy KPEMHII0, MOHOKIIIHHOI Ta TeTparoHanbHOI (a3 IMPKOHII0, a TAKOX KPHUCTAIYHUX (a3 y
METaKaoJliHi, 30KpeMa KBaplly, MyJITy Ta TeMaTHTY, MiATBEPIXKEHO METOJJOM peHTreHiBebkol audpakiii (XRD).
JocmimpkeHHS 3a TOTIOMOTOK0 CKaHyBalbHOI eNeKTpoHHOI Mikpockomii (SEM) mokasamu, mo JoJaBaHHS K
HAaHOYACTHHOK JIiOKCHAY KPEMHil0, TaKk 1 LUPKOHII0O MPU3BOANUTE A0 (opMmyBaHHsS OLIBII IIITBEHOT
MIKPOKOMITO3UTHOI CTPYKTYpPH 3 MEHLIOI IOPHUCTICTIO. BumpoOyBaHHS Ha JiaMeTpanbHy MIIHICTh MpPH
posrsrysanHi (DTS) uepes 28 ni6 nokaszanu, mo BBeneHHs 80% HAHOYACTHHOK MIOKCHIY KPEMHIIO IiJ[BHIIYE
MILIHICTh Ha po3Tsr Ha 15,2%, Toxi sk cymirn 60% nupkoHito Ta 20% HaHOYdEp MIOKCHIY KPEMHIIO 3a0e3meuye
3pocTaHHs MiHOCTI Ha 61,2% MOpiBHAHO 3 KOHTpONBHHM 3pa3koM (3 2,24 MIla go 3,61 MIla). Otpumani
pe3yJIbTaTH CBiA4aTh, [0 HAHOMATEpiaJli, Taki SK JIOKCHJ KPEMHIIO, CHPUSIOTH YIIIIbHEHHIO MAaTPHI, TOMI SIK
LIUPKOHIll 3a0e3meuye CTPYKTypHE apMyBaHHS Ta MOKpALIeHHS MEXaHIYHMX BJacTHBOCTEi. Pesynbraru
Y3TOKYIOTBCS 3 TONEPEAHIMU JOCIIPKSHHSAMH, SIKi IEMOHCTPYBaJI CHHEPTiYHHI e)eKT HAHOUACTHHOK 1iOKCHTY
KPEMHIIO Ta LMPKOHIIO /TS TOKPAIIEHHs XapaKTepUCTUK reomoiimMepiB. OTpuMaHi JaHi TaKoX MOKa3yloTh, 110
Moan(iKOBaHI T€OMONIMEPH MOXKYTh OyTH BUKOPUCTaHI B 3aCTOCYBaHHSX, IO MOTPEOYIOTh BUCOKOI MEXaHIYHOT
MIITHOCTI, ONHAK JUI iX NPaKTHYHOTO BUKOPUCTaHHS Yy KOHCTPYKIIHHUX Ta (YHKI[OHAIPHHX Marepiaiax
HEOOXIiIHI TOJATKOBI TOCIIKEHHS JOBrOBIYHOCTI Ta TEPMIUHUX BIACTUBOCTEH.

KuarwouoBi cioBa: reomonimMep; NUPKOHIW; HAHOYACTUHKH MIOKCHIY KPEMHIIO; 30JIb-Tellb; JiaMeTpalbHa
MILIHICTh Ha PO3TSIT; MOP(OJIOTis.
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