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ABSTRACT

In this study, a polyurethane-based composite is developed by incorporating salt clay, ulexite, colemanite, and various other
industrial waste materials. The effects of these fillers on the composite are evaluated and modeled using machine learning tech-
niques. Among the tested models, random forest and neural network demonstrate the highest performance in predicting changes
in compressive strength, hardness, and thermal conductivity. The dispersion of salt clay within the polyurethane matrix pro-
vides a 300%-500% increase in compressive strength and a 25%-40% improvement in hardness. Ulexite enhances compressive
strength by 250%-350% and increases hardness by up to 30%, while colemanite contributes to a 400%-500% rise in compressive
strength and a 35%-40% improvement in hardness. The addition of Kirka clay waste and tincal further improves the composite's
hardness and overall durability. Fly ash significantly increases compressive strength, although its effect on hardness is limited.
The machine learning models effectively capture the relationship between input parameters and composite performance. The
random forest model achieves a mean squared error (MSE) of 0.15 for compressive strength and 0.20 for hardness, while the
neural network model yields the best results for thermal conductivity prediction with an MSE of 0.12. These findings highlight
the potential of the developed composite for industrial applications, particularly in thermal insulation and low-load structural
components. Future studies will focus on evaluating its performance under real-world conditions and further assessing its long-
term durability.

1 | Introduction accumulation. Methods for waste disposal include recycling

[4, 5], utilizing waste as raw materials in various processes,

In a globalized world, the struggle for economic power has
made competition in production and technology inevita-
ble. This competition has led to the depletion of natural re-
sources and increased pollution [1-3]. Aware of the negative
consequences of pollution and waste, scientists have initiated
studies on waste management and recovery. These wastes
typically originate from industrialization, overuse of natural
resources, air pollution, agricultural chemicals, and waste

and incineration. However, it is essential to dispose of waste
without harming nature and human health. In response to
the rapidly increasing volume of waste during the industrial-
ization process [6-8], waste management practices have been
revised in line with the zero-waste principle. Instead of di-
rect disposal, recycling and recovery processes have gained
importance. Regulations have been implemented to manage
different types of waste, such as batteries and accumulators,
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Summary

« Industrial Wastes in Polymer Composites were devel-
oped as green thermal insulators.

« Machine Learning treatment on clean, environmen-
tally friendly heat insulator composites was applied.

« The treatments significantly improved the mechani-
cal properties of composites.

 The treated composites maintained high thermal in-
sulation properties.

industrial waste [9], medical waste, clamshell waste [10], haz-
ardous waste, sludge [11, 12], and construction and demolition
debris. These wastes are incorporated into various materials
as raw materials for disposal and reevaluation. In this context,
composite materials serve both as valuable materials for the
future and as a means of utilizing waste. Composite materials
[13-16] are defined as innovative materials formed by combin-
ing two or more different components, each offering its best
properties. Historically used in the form of straw-based adobe,
composite materials are now preferred when their enhanced
properties are needed. These materials are noteworthy for
their homogeneous microstructure and the preservation of the
individual properties of the different components. Composites
can be classified as fiber, particle, or layered composites based
on the type of reinforcement element, and they can have
metal, ceramic, or polymer matrices [17-20]. Composites offer
several advantages, including high strength, lightweight, de-
sign flexibility, ease of shaping, electrical insulation, resis-
tance to corrosion and chemical effects, and low cost [21-24].
However, composites also present challenges, such as suscep-
tibility to air pockets, variability in mechanical properties,
and the need for precise manufacturing techniques.

Inthisstudy, polyurethane wasused as the matrix. Polyurethanes
are polymers that can be produced with varying properties
by altering the amounts of different silicones, catalysts, and
blowing agents along with isocyanates and polyols. They can
be categorized into various classes, including rigid, flexible,
water-based, vegetable oil-based, adhesives, binders, coatings,
sealants, and elastomers. The polyols used in polyurethane pro-
duction [25-27] are oligomers in the liquid phase or polymeric
compounds with two or more hydroxyl groups. Vegetable oil-
based polyols [26, 28] hold significant importance in the poly-
urethane industry, with highly unsaturated oils being preferred.
Clay [29-31] wastes were used as fillers in the production of the
composites. These clay wastes are by-products obtained from
the salt mines in Cankiri, released during the refining of rock
salt. In the refining process, approximately 75% of the daily raw
salt input is converted into refined salt, while the remaining 25%
is released as clay waste.

Other fillers and industrial wastes used in this study include
ulexite, colemanite, Kirka clay waste, tincal, coal ash (fly ash),
ulexite clay (70% water), and colemanite clay (70% water).
Each filler and waste material was selected with the goal of
imparting specific properties to the composite. In this con-
text, salt clay waste was used as the reference material, with
the objective of enhancing the properties of the composite

and either reinforcing these properties or introducing new
functionalities through additional fillers. Literature reviews
indicate that various studies have utilized ulexite [32], cole-
manite [33, 34] Kirka clay waste, tincal, coal ash [35] (fly ash),
ulexite clay (70% water), and colemanite clay (70% water) as
fillers and industrial wastes. Inspired by these studies, dif-
ferent approaches were tested, and these experiments were
modeled using machine learning techniques. In recent years,
machine learning methods have been increasingly utilized
to predict and optimize the performance of such composite
materials [36-38]. Similarly, machine learning allows us to
understand the effects of complex material compositions on
mechanical and corrosion properties and to capture nonlinear
relationships; in the literature, the effective thermal conduc-
tivity of polymer composites reinforced with spherical filler
particles has been modeled using the finite element method
[39], demonstrating that models developed via diverse analyt-
ical and numerical approaches can produce complementary
and correlated results. Models such as random forest [40-42]
and artificial neural networks [16, 43] have been particularly
successful in accurately predicting the effects of fillers on the
properties of polyurethane composites [27, 44-46]. These ap-
proaches accelerate the material development process while
also providing cost and resource savings, which is one of the
aims of this study as well.

In this study, instead of employing traditional experimental
design models, modeling was performed directly from the ex-
perimental results using machine learning. The industrial ap-
plicability of the obtained results was investigated. Within this
scope, a polyurethane-based composite was produced using a
polyol matrix, primarily with salt clay waste as a fundamen-
tal filler, along with other industrial wastes. The physical and
chemical properties of the resulting polyurethane-based com-
posite were investigated, and the analysis results were modeled
using machine learning. The potential applications of the pro-
duced composite in various industrial fields were explored, and
a roadmap for future studies was established.

2 | Materials and Methods
2.1 | Obtaining Polyurethane-Based Composites

In this investigation, the polymer matrix was prepared from
technical-grade methylene diphenyl diisocyanate (MDI, NCO
content 31%, Merck) and commercial polyol (CP, >99% purity,
Sigma-Aldrich). The polyol was selected based on its molec-
ular weight (2500-3000 g/mol), functional-group density, vis-
cosity, and raw-material temperature—parameters shown to
critically influence prepolymer formation. A cobalt octoate
catalyst (5wt.% Co Oc, Strem Chemicals) was added to ac-
celerate urethane linkage development, while industrial salt-
clay waste (dried at 105C, milled to <50um) served as both
filler and additive, improving nucleation and thermal perfor-
mance. Stoichiometric ratios of polyol to MDI were calculated
at 25°C using a 100g polyol basis; thereafter, the required
amounts of MDI, cobalt catalyst, salt-clay filler, and any ad-
ditional industrial-waste fillers were determined to produce
the final polyurethane composite. The composition of the
additives used in the experimental studies is as follows: salt
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FIGURE1 | A schematic experimental diagram.

TABLE1 | Types of wastes used in composites.

Waste no. Type of waste

1 Salt clay waste
Ulexite
Colemanite
Kirka clay waste
Tincal
Coal ash (fly ash)

Ulexite clay (70 wt.% water)

0 N o U ks WwWN

Colemanite clay (70 wt.% water)

clay waste consists of sodium chloride (NaCl), sodium sulfate
(Na,S0,), magnesium chloride (MgCl,), magnesium sulfate
(MgS0,), and their hydrated forms, with minor amounts of
calcium and potassium salts. The chemical formula of ulexite
is NaCaB,0,-8H,0; it contains sodium borate (Na,B,0.), cal-
cium borate (CaB,0,(0OH),-H,0), and eight molecules of crys-
tal water. Colemanite is Ca,B,0,,-5H,0, comprising calcium
borate (CaB,0,(OH),) and five bound water molecules. Kirka
clay waste typically contains approximately Al,Si,O.(OH),
(kaolinite), 1%-5% CaCO, (calcite)) MgCO, (magnesite),
plus fine silica (SiO,), and trace Fe,O,. Tincal (borax) is
Na,B,0,-10H,0, consisting of sodium borate (Na,B,0,) and
ten molecules of crystal water. Coal ash (fly ash) contains
roughly 50%-60% SiO,, 20%-30% Al,O,, 5%-10% Fe,O,,
1%-5% CaO, along with MgO, K,0, Na, 0, and trace TiO,, SO,.
Ulexite clay (70% water) carries the base ulexite composition
(NaCaB,0,) plus 70% H,O. Colemanite clay (70% water) con-
tains the base colemanite composition (Ca,B,0,,) with its five
bound water molecules and a total of 70% H,0.

Experimental studies were conducted with a systematic ap-
proach, involving the creation of a suspension by adding the
filler in specific proportions and ensuring homogeneity in the
experimental setup. A schematic diagram of the experiment is
shown in Figure 1.

Co Oc

CURING TIME
(24 HOURS)

MIXING
500 RPM

90 S

__0X¢

=

In this investigation, specific parameters were designated
to maintain consistency, with a temperature of 25°C, a mix-
ing speed set at 500rpm, and a reaction time spanning 30s to
15min. Meanwhile, the mixing ratios of waste and the quantity
of polymer were identified as variable parameters, allowing for
a comprehensive exploration of their impact on the resulting
composite.

The ensuing polymeric composite products underwent a range
of analyses, including strength endurance tests (compressive
strength), electrical conductivity determination, thermal con-
ductivity determination, hardness determination, corrosion re-
sistance assessment, Fourier-transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM) analysis, and
surface area determination. The obtained polymeric composite
materials were coded as “o0,” “i,” and “m.” The pure polymer and
waste materials used in the production of the composites, as well
as the compositions of the composites, are provided in Tables 1,
2, respectively. The results of the analyses conducted on the pro-
duced composites are presented in Table 3.

2.2 | Shore A Hardness and Thermal Conductivity
Tests of Polyurethane-Based Composites

Another important parameter for the obtained composite ma-
terials is their hardness. The hardness of the composite was de-
termined using the Loyka LXA Shore A Hardness Tester. The
accepted hardness values were obtained by averaging measure-
ments taken from different points on each sample. The hardness
measurement results of the samples are presented in Table 3.

Given that the obtained hard polyurethane foam composites
find application in the insulation sector, an essential property
sought in these materials is the thermal conductivity coefficient.
The thermal conductivity in foam materials is contingent on fac-
tors such as foam density, cell size, the gas within the cell, and
the properties of the polymer and fillers. Measurements of the
thermal conduction coefficient were conducted using the TLS-
100 measuring device, aligning with ASTM C1113 standards
(specimens were cylindrical with a diameter of 50mm and a
thickness of 25 mm).
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TABLE 2 | Composition of polymeric composite materials.

Polymer
Sample Type of amount Waste
code waste used (€] amount (g)
1o — 75 0
1i 1 50 25
9i 1-2 50 12.5-12.5
13i 1-2-3 50 8.25-8.25-8.25
15i 1-2-3-4 50 6.25-6.25-
6.25-6.25
161 1-2-3-4-5 50 5-5-5-5-5
17i 1-2-3-4-5-6 50 4.12-4.12-4.12-
4.12-4.12-4.12
18i 1-2-3-4-5-6-7 50 3.5-3.5-3.5-3.5-
3.5-3.5-3.5
191 1-2-3-4-5-6-7-8 50 3.1-3.1-3.1-3.1-
3.1-3.1-3.1-3.1
1m 1 25 50
9m 1-2 25 25-25
13m 1-2-3 25 16.5-16.5-16.5
15m 1-2-3-4 25 12.5-12.5-
12.5-125
16m 1-2-3-4-5 25 10-10-10-10-10
17m 1-2-3-4-5-6 25 8.25-8.25-8.25-
8.25-8.25-8.25
18m 1-2-3-4-5-6-7 25 7-7-7-7-7-7-7
19m 1-2-3-4-5-6-7-8 25 6.2-6.2-6.2-6.2-
6.2-6.2-6.2-6.2

3 | Results and Discussion

In this study, it was observed that the thermal conductivity coef-
ficients of the samples ranged between 0.030-0.050 W/m-K. The
thermal conductivity coefficient of the pure commercial polyol
was measured as 0.026 W/m-K, the hardness was measured as
67 Shore A, and the compressive strength was 0.13 MPa. Based
on the thermal conductivity coefficient values, it can be con-
cluded that all samples listed in Table 3 possess suitable values
for use as insulation materials.

3.1 | Compressive Strength

Compressive strength tests, integral for assessing the physi-
cal characteristics of clay matrix-based composite materials,
were conducted using computer-controlled BZ 001/60-OT-XC
equipment with a capacity of 600 kN. The apparatus is illus-
trated in Figure 2, and the conducted tests adhered to the rel-
evant American Society for Testing and Materials standards
(ASTM 2010; specimens were cylindrical with a diameter of

50mm and a thickness of 25mm). Sample area values were
input into the computer system, facilitating the determination
of distortion points based on MPa and kN values. During the
analyses, the compression process transpired at a speed of 0.2
kN/s perpendicular to the swelling direction of the composite
materials. The pressing procedure persisted until the iden-
tification of the failure point, marked by the load drop and
deformation depicted in the graph. The analysis results are
presented in Table 3. Additionally, the compressive strength
graphs of sample 1i and sample 1 m are shown in Figures 2
and 3, respectively.

Asshown in Figure 2, the “1i” sample, with an area of 0.00636 m?,
exhibited resistance to a force of 6.248 kN and a compressive
strength of 0.982 MPa.

As shown in Figure 3, the “1m’™ sample, with an area of
0.00640m?, exhibited resistance to a force of 8.621 kN and a
compressive strength of 1.355MPa.

3.2 | SEM Results

SEM is a technique that allows high-resolution imaging at large
magnifications. With this technology, morphological, structural,
and elemental information can be obtained at magnifications
ranging from low scales to extremely high scales. In Figure 4,
the SEM images of sample “1i” reveal that the mixture is not
homogeneous in certain regions, with accumulation of fillers
and additives observed in some areas. Additionally, particle
sizes are seen to vary significantly. This can be interpreted as an
indication of low-speed mixing during the preparation process.
However, owing to the continuous structure of the mixture, only
slight porosity is observed, as the gas-phase reaction proceeds in
a uniform manner.

In Figure 5, the SEM image of sample “13i” shows that both
mixing and the reaction were successfully completed, resulting
in a composite with an almost smooth surface. The nearly uni-
form particle size of the fillers and the consistent mixing process
contributed to this outcome. In sample “15i,” despite the good
dispersion, the differences in the particle sizes of the fillers, as
well as inadequate mixing (leading to trapped residual gases),
resulted in a composite with an irregular and porous structure.
In sample “17m,” the uniform mixing of both fillers and fillers,
along with consistent particle sizes, provided a smooth appear-
ance, while the timely removal of residual gases prevented po-
rosity formation.

3.3 | FTIR Spectra Results

In this study, molecular interactions and chemical characteriza-
tions were examined using an FTIR spectra. Figure 6 illustrates
the FTIR spectrums of sample “lo.” Key peaks and associated
vibrational modes are as follows: 3297 cm™! for N—H stretching
vibrations, 2969 cm~! for C—H asymmetric stretching vibrations,
2857cm™! for C-H symmetric stretching vibrations, 1740cm™!
for C=O0 stretching vibrations, 1536cm™! for N-H bending vi-
brations, 1453cm™! for C—H shear vibrations, 1222cm™! for
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TABLE 3 | Experimental results with standard deviations (Std. Dev.)
Thermal
Compressive Std. Dev. conductivity Std. Dev.
strength (compressive Hardness Std. Dev. coefficient (thermal
Sample no (Max, MPa) strength) (shore A) (hardness) (W/m-K) conductivity)
1o 1.095 0.027 95 2.944 0.03 0.001
1i 0.982 0.047 90 2.455 0.032 0.001
9i 0.956 0.038 88 1.905 0.039 0.001
13i 0.753 0.026 82 2.827 0.041 0.001
151 1.662 0.027 87 1.355 0.044 0.002
16i 0.333 0.005 90 1.952 0.037 0.001
17i 0.351 0.004 78 1.923 0.038 0.001
18i 0.40 0.018 87 2.457 0.052 0.002
19i 0.583 0.02 83 3.437 0.029 0.00
1m 1.355 0.052 92 1.655 0.035 0.002
9m 0.906 0.01 90 2.751 0.034 0.001
13m 0.504 0.025 94 3.167 0.038 0.001
15m 1.383 0.06 95 1.127 0.029 0.001
16m 0.605 0.011 93 3.190 0.031 0.001
17m 0.381 0.007 90 1.514 0.031 0.001
18 m 0.44 0.008 93 1.172 0.029 0.001
19m 0.556 0.012 82 3.932 0.034 0.002
Compression Strength vs Time for Sample 1i
| —e— Compression Strength (Sample 1i)
@ Critical Point
® Maximum Load Point
® Load Decrease Start
£
b=t
g
. S— ——
0.0 5.0 10.0 125 15.0 17.5
Time (s)
FIGURE2 | Compression graph of polyurethane-based composite material with code “1i” under compressive load.

C—N stretching vibrations, and 1093cm=! for C—O stretching

vibrations.

In Figure 7, the FTIR spectrums of sample “1i” is presented.
A comparative analysis with the previous spectrums (“10”)

suggests different interactions within the composite, evident in
the band changes. Notably, specific vibrational modes and asso-
ciated peaks include 1085cm™! for C—O stretching vibrations,
1230cm™! for C—N stretching vibrations, 1306cm™! for C—N
(IIT) band stretching vibrations, 1508cm™! for aromatic C=C
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FIGURE3 | Compression graph of polyurethane-based composite material with code “1 m” under compressive load.

uniform dispersion
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SEM MAG: 250 x Det: BSE
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FIGURE5 | SEM images of samples: (a) “13i,” (b) “151,” (c) “17m.”

stretching interactions, 1537cm™! for C—N (II) band stretching
vibrations, 1596cm= for aromatic C=C/C—C stretching inter-
actions, and 2967 cm™! for weakly C—H asymmetric stretching

porosity

porosity
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Performance in nanospace

vibrations. Throughout both FTIR analyses, variations in band
intensity were observed, indicating changes in permeability for
specific vibrational modes within the composite material.
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3.4 | Thermal Conductivity and Corrosion Test for expanded polystyrene, 0.030-0.040 W/m-K for extruded
Results polystyrene, 0.035-0.050 W/m-K for rock wool and glass wool,

and for heat insulation plaster, 0.055-0.100 W/m-K [47, 48]. It
The thermal conductivity coefficient (1) of thermal insulation is noteworthy that the thermal conduction coefficient varies
materialsexhibits variability. Forinstance, 0.035-0.040 W/m-K across different materials, and there exists a general range in
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FIGURE 8 | Corrosion analysis graph.

building materials. Within this range, materials with values
falling between 0.030 and 0.100 W/m-K are considered suit-
able for use as insulation materials. The measured thermal
conductivity coefficients of the obtained samples are pre-
sented in Table 3.

Tests aimed at determining the resistance of industrial build-
ing and construction materials, such as metals, concrete, and
composites, to corrosion in a significantly shorter time than the
corrosion times occurring under normal conditions, employ-
ing “corrosion mechanisms,” are referred to as corrosion tests
[49, 50]. In these tests, the materials undergo exposure to spe-
cific environmental conditions, typically manipulating one or
a few parameters (such as salt spray, UV radiation, sprinkling,
humidity), and the material's durability is assessed [51].

Upon examining the corrosion graph in Figure 8, the following
conclusions can be drawn:

« Sample 1i (salt clay waste): Salt clay waste has enhanced the
strength of the polyurethane matrix by strengthening hydro-
gen bonds. Based on the trend in the graph, the corrosion ef-
fect on sample 1i appears to be moderate, stabilizing around
20%-30% over time. This suggests that salt clay provides a
partially protective effect, although its hygroscopic nature
prevents complete inhibition of corrosion in the long term.

« Sample 9m (salt clay waste—ulexite): The addition of ulex-
ite has increased compressive strength and hardness. Boron
compounds are known to improve structural durability. In
sample 9m, the sedimentation rate remained lower than
that of the other samples (maximum of 20%). This indicates
that ulexite acts as an effective protective barrier, partially
balancing the hygroscopic properties within the material.

10 15 20

Days

« Sample 13i (salt clay waste—ulexite—colemanite): The ad-
dition of colemanite significantly increased compressive
strength (400%-500%). The rigid and crystalline structure
of colemanite enhanced the material's durability. Sample
13i showed moderate resistance to corrosion -effects.
Colemanite appears to have delayed the onset of corrosion,
but it did not completely prevent it over the long term.

« Sample 15i (salt clay waste—ulexite—colemanite—Kirka
clay waste): The addition of Kirka clay waste increased the
density of the material and improved its strength properties.
In the corrosion graph of sample 15i, the sedimentation rate
remained stable at a certain level. The use of Kirka clay as a
filler may have contributed to increased density, providing
partial resistance to corrosion.

« Sample 17m (salt clay waste—ulexite—colemanite—Kirka
clay waste—tincal—coal ash): The addition of fly ash in-
creased the porosity of the material, which in turn slightly
enhanced the compressive strength. In sample 17m, the cor-
rosion rate initially rose to 85% before decreasing. This high
initial corrosion was likely due to the porous structure and
hygroscopic properties of fly ash, suggesting that the material
was more susceptible to corrosion upon contact with moisture.

« Sample 18m (salt clay waste—ulexite—colemanite—Kirka
clay waste—tincal—coal ash (fly ash)- ulexite clay (70wt.%
water)): The addition of ulexite clay increased the material's
strength and hardness. In sample 18 m, the corrosion effect
initially increased but later stabilized at around 40%. This
indicates that the material initially interacted with moisture,
but this interaction stabilized over time.

In conclusion, it can be stated that sample 17 m exhibited the high-
est corrosion rate, which can be attributed to the porous structure
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FIGURE9 | Adsorbed volume vs. high relative pressure (P/P ) graph of sample “1i.”

of the fly ash it contains. Porous structures allow water to pene-
trate the material, increasing corrosion. In contrast, sample 9m
demonstrated the best performance against corrosion. Ulexite may
have acted as a protective barrier within the polyurethane matrix,
reducing the material's susceptibility to moisture and corrosion.
Boron compounds such as colemanite and tincal provided some
degree of corrosion protection, though they did not completely pre-
vent it over the long term.

3.5 | Brunauer-Emmett-Teller (BET) Surface Area
Analysis Results

Surface area analysis serves the purpose of determining pore
size and distribution in porous powder or solid samples, utilizing
the physical adsorption method at high and low pressures. The
analysis devices used in this context trace back to the theory of
Brunauer, Emmett, and Teller, particularly during calculations.
The analysis was performed using a Quantachrome Nova Touch
LX4 BET device. The Brunauer-Emmett-Teller (BET) analysis
result for sample “1i” is presented in Figure 9. The isotherm ob-
served here is close to a Type IV region isotherm. This indicates
that mesopores are present in the initial region of sample “1i,”
and the isotherm appears to follow a path parallel to the pres-
sure axis near the saturation pressure. It is believed that inad-
equate mixing of the “1i” sample, resulting in incomplete gas
release before the molding process, may have caused this con-
dition. Additionally, the presence of a hysteresis loop indicates
that the material has a distinct pore structure capable of adsorb-
ing gases. The effect of salt clay on this structure, along with the
polyurethane matrix, may have enhanced the composite's sur-
face properties, influencing its adsorption capacity and porosity.
This porous structure could potentially enhance the composite's
applicability in various fields, such as catalysis or filtration.

3.6 | Machine Learning Results

The effect of each filler on pure polyurethane was ana-
lyzed using artificial intelligence and machine learning
techniques in Python. The resulting graphs are presented in
Figure 10.

Upon examining Figure 10, the effects of each filler on the polyol
can be summarized as follows:

-Salt clay waste: Salt clay typically contains sodium and mag-
nesium salts, which provide an inorganic structure. The disper-
sion of salt clay within the polyurethane matrix significantly
increased compressive strength (approximately 300%-500%).
This improvement is attributed to salt clay particles filling the
porous structure of polyurethane, leading to a more compact
and durable material. The salts also strengthen hydrogen bonds
within the polyurethane, contributing to an increase in hard-
ness (25%-40%). However, due to the hygroscopic nature of salt
clay, it should be noted that such a filler may have adverse effects
when exposed to moisture.

-Ulexite (NaCaB,0,-8H,0): Ulexite is a boron-containing
mineral that includes sodium, calcium, and boron com-
pounds. When incorporated into the polyurethane matrix, the
rigid structure of boron compounds led to an increase in com-
pressive strength (approximately 250-350%). This is due to bo-
ron's ability to enhance structural durability. Boron minerals
also form a physical barrier within the polyurethane, making
the material more compact. Additionally, boron compounds
partially interact with polyurethane chemically, increasing
cross-linking and thus enhancing hardness by up to 30%.
These interactions also provide additional properties, such as
improved fire resistance.
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FIGURE 10 | Percentage effects of fillers on compressive strength, hardness, and thermal conductivity.

-Colemanite (Ca,B,O,,-5H,0): Colemanite contains calcium and
boron components and has a rigid structure. It significantly in-
creased compressive strength (400%-500%) due to its hardness
and crystalline structure, which enhanced the compressive re-
sistance of the polyurethane. Adding colemanite resulted in a
more homogeneous and rigid composite. Colemanite interacts
with the isocyanate groups in polyurethane, increasing the cross-
linking rate, which contributes to improved hardness (35%-40%).

-Kirka clay waste: Kirka clay waste contains silicate and car-
bonate minerals. The addition of Kirka clay increased com-
pressive strength (300%-450%). This improvement is due to
the clay being used as a filler, which increases the materi-
al's density. The clay minerals act as a physical filler within
the polyurethane, with limited chemical bonding to the ma-
trix. However, due to their water-retaining properties, the
long-term absorption of moisture could negatively impact
performance.

-Tincal (Na,B,0,-10H,0): Tincal, also known as borax, is a so-
dium borate compound known for its high boron content. The
addition of borax led to an increase in both compressive strength
and hardness. The crystalline structure of borax distributed
homogeneously within the polyurethane matrix, enhancing
compressive strength. Borax can chemically interact with iso-
cyanate groups in polyurethane, providing cross-linking, which
supports the hardening of the material and adds properties such
as improved fire resistance.

-Coal ash (fly ash): Fly ash, containing silica and alumina,
is a low-density and porous material. Its addition provided a

significant increase in compressive strength but had a more
limited effect on hardness. The low density and porosity of
fly ash, when used as a filler in polyurethane, contributed to
improved mechanical strength. Chemically, fly ash showed
limited interaction with polyurethane. Its porous nature,
however, gives it a high potential for moisture retention,
which could negatively affect the long-term durability of the
material.

The effect of each filler on the parameters can be summarized
as follows: Inorganic minerals such as colemanite, ulexite, and
Kirka clay waste have increased the compressive strength of
polyurethane, resulting in a stronger and more compact struc-
ture. The addition of these minerals filled the porous structure of
the polyurethane, yielding a denser material. Boron-based fillers
(e.g., colemanite and tincal) significantly increased hardness by
enhancing the cross-linking rate of the polyurethane. This con-
tributed to the material becoming more durable and rigid. The
fillers generally increased thermal conductivity, which reduced
the insulation properties of the composite. Specifically, the ad-
dition of fly ash and other minerals led to higher heat transfer
within the material.

Using artificial intelligence, different machine learning mod-
els were applied with Python, and the results are presented in
graphical form in Figure 11.

After comparing the models, the next step involved applying
supervised learning within artificial intelligence and machine
learning to model the relationship between independent vari-
ables (input parameters) and dependent variables (output) in
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FIGURE11 |

MSE for Different Models and Target Variables
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a linear manner. The equations obtained for each variable are
shown below as Equation (1), Equation (2), and Equation (3):
Compression strength change (%)
=128.4170+1.5078 X polymer amount (g) @

1
+2.5654 X waste amount (g)

—5.3339 x waste combination encoded
« Constant term (128.4170): This value represents the percent-

age change in compressive strength when the effect of all
independent variables is zero (i.e., for pure polyurethane).

Comparison of machine learning models. Comparison of theoretical and experimental data for compressive strength.

Polymer amount (1.5078): The positive coefficient indicates
that increasing the polymer amount has a positive effect on
compressive strength.

Waste amount (2.5654): The positive coefficient suggests
that an increase in waste amount can enhance compressive
strength.

Waste combination encoded (—5.3339): This coefficient rep-
resents a factor affecting compressive strength for a partic-
ular sample code (e.g., 1o, 1i). The negative value suggests
that these combinations may have a negative impact on
compressive strength.
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FIGURE 12 | Comparison of theoretical and experimental data for thermal conductivity. Comparison of theoretical and experimental data for

hardness.

The comparison of experimental and theoretical data derived
from the equation obtained for compressive strength is shown in
Figure 12. It can be generally stated that the obtained equation
successfully predicts the experimental results.

Thermal conductivity change (%)
=140.7504 — 1.2684 X polymer amount (g) @

—0.5904 x waste amount (g)

—5.8953 x waste combination encoded

« Constant term (140.7504): Represents the baseline level of
thermal conductivity change.

« Polymer amount (—1.2684): The negative coefficient indi-
cates that increasing the polymer amount has a reducing
effect on thermal conductivity.

« Waste amount (—0.5904): The negative coefficient suggests
that an increase in waste amount also has a reducing effect
on thermal conductivity.

o Waste combination encoded (—5.8953): Indicates that
the waste combination has a negative impact on thermal
conductivity.

The comparison of experimental and theoretical data derived
from the equation obtained for thermal conductivity is shown in
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Figure 11. It can generally be stated that the obtained equation
successfully predicts the experimental results.

Hardness change (%)

=27.8171—0.0138 X polymer amount (g) 3
3
+0.1316 X waste amount (g)+0.4033

X waste combination encoded

« Constant term (27.8171): Represents the baseline level of
hardness change.

+ Polymer amount (—0.0138): There is a very slight negative
effect of increasing the polymer amount on hardness.

« Waste amount (0.1316): The positive coefficient indicates
that increasing the waste amount has a positive effect on
hardness.

« Waste combination encoded (0.4033): The waste combina-
tion has a positive impact on hardness.

The comparison of experimental and theoretical data derived
from the equation obtained for hardness is shown in Figure 12.
It can generally be stated that the obtained equation has moder-
ate success in predicting the experimental results.

4 | Conclusions

This study successfully developed polyurethane-based composites
incorporating salt clay, ulexite, colemanite, and various industrial
waste materials, demonstrating substantial improvements in me-
chanical and thermal properties. By effectively utilizing waste ma-
terials, the research not only enhances material performance but
also promotes sustainable waste management practices. The com-
posite formulations led to remarkable increases in compressive
strength, hardness, and thermal insulation capabilities, indicating
their potential suitability for diverse industrial applications.

The incorporation of salt clay proved to be particularly effective,
delivering a 300%-500% increase in compressive strength and a
25%-40% improvement in hardness. Similarly, ulexite and cole-
manite fillers contributed significantly to mechanical enhance-
ment, while fly ash provided additional compressive strength
benefits. The combined effect of these fillers resulted in compos-
ites with thermal conductivity values ranging between 0.030 and
0.050W/m-K, making them excellent candidates for insulation
materials and lightweight, low-load structural components.

A key innovation of this research was the integration of machine
learning techniques, which allowed accurate prediction of com-
posite performance based on experimental data. Among the
models tested, random forest and neural networks achieved su-
perior predictive accuracy for compressive strength, hardness,
and thermal conductivity, with low mean squared error values.
These findings underscore the utility of data-driven approaches
in optimizing material design and performance without relying
solely on traditional experimental methods.

The industrial relevance of the developed composites is clear, as
they combine improved mechanical and thermal performance

with sustainable resource use. Potential applications include
thermal insulation in buildings, lightweight structural ele-
ments, and components exposed to moderate mechanical loads.
The positive results also suggest a promising avenue for utilizing
other types of industrial wastes, further broadening the scope of
eco-friendly material development.

Future work will focus on evaluating the long-term durability of
these composites under real-world service conditions, including
exposure to environmental factors such as moisture, tempera-
ture cycling, and chemical agents. Additionally, expanding the
machine learning framework to incorporate more complex mod-
els and larger datasets may further enhance the predictive ca-
pabilities and optimization of composite formulations. Overall,
this study lays a strong foundation for advancing sustainable
composite materials and integrating artificial intelligence into
materials research.
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