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In this manuscript, a composite material was developed using unsaturated polyester resin
as the base matrix and aluminum oxide as a reinforcing agent. The study focused on evaluating
key mechanical properties, including hardness, compressive strength, and impact resistance. To
investigate the effect of filler concentration, samples were prepared with varying Al,O5 weight
fractions ranging from 1% to 10%. The results indicated that the optimal improvement in me-
chanical performance occurred at an Al,O5 content of 6%. The influence of processing temperature
was examined by curing the composite samples at four different temperatures: 7°C, 25°C, 80°C,
and 150°C. At 25°C, the composites demonstrated notable enhancements in impact resistance,
compressive strength, and hardness, accompanied by a reduction in Young’s modulus. At other
processing temperatures (7°C, 80°C, and 150°C), the mechanical properties exhibited varying
trends, with some increasing while others decreased. It was observed that thermal conductivity
increases with increasing and decreasing temperature compared to room temperature. These
findings suggest that both filler content and processing temperature significantly influence the
mechanical and thermal behavior of Al,O5 reinforced unsaturated polyester composites.

Keywords: Polyester, polymeric composites, aluminum oxide (Al,O3), mechanical properties,
compressive strength. Impact strength, hardness, Modulus of elasticity, Thermal conductivity.

Ilokpamennsa MeXaHIYHUX Ta TEPMIYHUX BJIACTUBOCTEM HEeHaCU4IeHO1
nosiedipHOi cMOIM NUIAXOM MOomaBaHHA OKcudy amominio Al,O5. Kawther Mahfoudh ,
Ebtehag Zeki Sulyman

V wmifi poGori OyB po3pobJIeHMII KOMIIO3UTHHM MaTeplas 3 BHUKOPHCTAHHSAM HEHACHYEHOI
mostiedipHOI cMOIM sk 6a30Ba MATPHILS 1 OKCHJI QJIIOMIHIO K apMmytounii areHt. JlocimimskeHts
OyJI0 30CepemskeH0 Ha OI[HII KJIIOYOBHX MEXAHIYHUX BJIACTHBOCTEHN, BKJIIOYAIYMN TBEP/IICTH,
MIITHICTh HA CTUCK Ta yIapPOMIIHICTE. [[719 BUBYEHHS BILIMBY KOHIIEHTPAII] HATIOBHIOBAYA OyJIH
IIPUTOTOBJIEH] 3pas3ky 3 pizHomo uacTkoio Al,O4 B mianasoni Bix 1% mo 10%. PeaynpraTu nokasasnm,
10 ONTUMAJIbHE TOJIIIIIeHH MeXaHiYHIX XapaKTepUCTHK BindyBaerbesa mpu BmicTi Al,O5 6%.
Kpim Toro, 6ysi0 BuBYEHO BILUIMB TeMmIlepaTypu OOPOOKH IIJIAXOM 3ATBEPIIHHS KOMITO3UTHHUX
3paskiB mpu YOTHPBHOX pidHux Temmeparypax: 7°C, 25°C, 80°C ta 150°C. Ilpu 25°C rommosutu
IPOEMOHCTPYBAJIN IOMITHE ITOJIIMIINEeHHS YAaPOMIIIHOCTI, MIITHOCTI HA CTHUCK Ta TBEPIOCTI, IO
CYIIPOBOKYEThCs 3HMKeHHAM Moyt IOrra. 3a inmmux remirepartyp 06pobku (7°C, 80°C ta 150°C)
MeXaHIYHI BJIACTHBOCTI [IEMOHCTPYBAJIM PI3HI TEHAEHINI: JeAKl 3 HUX 301JIbIIyBaJIMCA, a 1HII
amenmryBasucsa. Kpim Toro, 6yJio BinMiueHO, 110 TeIJIOIPOBIIHICTD 301IbIIYETHC 3 M1 IBUIEHHIM
Ta SHUKEHHAM TeMIIePaTyPH HOPIBHAHO 3 KIMHATHOI TemIepaTrypoo. L1 pesyibraTtu cBiguaTs,
10 STK BMICT HATIOBHIOBAYA, TAK 1 TeMIleparypa 0OpOOKH ICTOTHO BILIMBAIOTH HA MEXAHIYHI Ta
TepMiuH1 BJIACTUBOCTI KOMIIO3UTIB 3 HEHACUYEHOTO IoJtiectepy, apmoBanoro Al,Os.
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1. Introduction

The use of composite materials in their
simple forms has been known since ancient
times, with the Assyrians using them to build
ziggurats, the Egyptians also used straw to make
bricks to protect them from cracking during the
drying process [1]. Composite materials consist
of two or more different, heterogeneous materi-
als. They exhibit superior properties compared
to the properties of each of their constituent
materials [2]. Composite materials can be pre-
pared by combining the two materials together,
provided that no chemical reaction occurs
between them, so that each material retains
its original properties [3]. Composite materials
can be obtained using inexpensive materials as
an alternative to more expensive ones [4]. The
resulting composite exhibits superior properties
and performance at a lower cost, characterized
by a range of desirable properties, including
lightweight, high strength, thermal and electri-
cal insulation, mechanical and chemical resis-
tance, design flexibility, and good resistance to
environmental conditions, among other charac-
teristics. More than two million tons of these
materials are used annually in the manufac-
ture of structural products such as tanks and
aircraft [5]. Unsaturated polyester resin is a
type of thermosetting resin; it is not used in its
pure form in technical applications because it
is brittle and not very effective. However, when
reinforced with reinforcing materials such as
glass fibers, glass waste powder, and carbon
fibers, some of the mechanical properties of the
brittle unsaturated polyester material change,
which in turn affects the failure mode. Due to
global changes, it has become difficult to imag-
ine a world without polymers. They are widely
used in industrial applications due to their de-
sirable properties not found in other mineral
materials. Polymers are characterized by their
lightweight, ease of manufacture, resistance to
corrosion and solutions such as acids and bases,
and ease of use [8]. Therefore, the researchers
studied some of the mechanical properties of a
composite whose base material is polyester re-
inforced with glass powder at different weight
ratios. They found that increasing the propor-
tion of glass powder leads to increased hard-
ness and compressive strength values and de-
creased impact values. When the temperature
increases, all values decrease [9].

The researchers studied the effects of tem-
perature and acidic and basic solutions on the
elastic modulus values of hybrid composites

84

composed of phenol-formaldehyde resins of ep-
oxy and Novolac types, reinforced with silica
and alumina, and a small amount of asbestos
fibers. The researchers also studied the effect of
adding two types of fillers (wood shavings and
chopped reeds) to unsaturated polyester using
a hand-molding method to prepare composites.
Composites of unsaturated polyester with wood
shavings and another with chopped reeds were
prepared, and their mechanical properties, in-
cluding flexural strength and Young’s modu-
lus, were evaluated [11]. At room temperature
(25°C), the samples were immersed in water
for 30 days to ensure complete saturation.
Mechanical tests such as measuring flexural
strength and Young’s modulus were then car-
ried out. The results showed that the composite
containing chopped reeds showed the highest
values: flexural strength was 24.5 MPa and
Young’s modulus was 5.1 MPa [12],

The researchers also studied the mechanical
properties of columns composed of recycled low-
density polyethylene (LDPE) as the base mate-
rial. Recycled LDPE was extracted from waste
bags, wood sawdust was used as a filler, and
the shape was formed using an injection mold-
ing method. The results showed that tensile
strength decreased, while stiffness increased
with increasing sawdust reinforcement. The re-
searchers also studied the mechanical and phys-
ical properties of an epoxy composite as a base
material with sulfur added at different weight
percentages; they found that impact toughness,
hardness, and compressive strength increased,
while thermal conductivity decreased [14].

2. Experimental

2.1. Basic Material

Unsaturated polyester of Turkish origin
from TURKUAZ POLY ESTER has a density
of 1.17 g/em? and a viscosity of 350-500 N-s/m?
at room temperature. It is a type of thermoset-
ting polymer. It hardens and turns into a solid
material upon adding the hardener, which con-
tains two types of hardening agents: the first
is considered an initiator of the polymeriza-
tion process, which is ethyl peroxide (a color-
less liquid); the second substance is tin 2-ethyl
hexanoate, which acts as an accelerator for the
decomposition of the initiator [15]. It is charac-
terized by its oily consistency and purple col-
or. The hardener is added to the unsaturated
polyester and mixed in a ratio of 2:1 of resin to
hardener, when the hardener and catalyst are
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Fig.1. General structural formula of unsaturat-
ed polyester

added to the resin mixture. The mixing process
(hand mixing) begins immediately and lasts for
two to three minutes until the mixture becomes
viscous [18]. When this period is exceeded, the
mixture becomes highly soluble and heats up,
accelerating the melting process and hindering
the casting process; in addition, large air bub-
bles form in the final product. Polyester resin
has excellent mechanical properties, along with
excellent electrical and thermal insulation as
shown in Figure 1 [20].

2.2. Reinforcement material:
Aluminum oxide Al,O4

A chemical compound often called alumina
is characterized by its high chemical stabil-
ity, Alumina-reinforced composites are used in
many areas, such as the automotive industry,
as well as in agriculture, aerospace, and min-
ing, due to their low weight and high efficiency
[21]. Aluminum oxide increases the thermal
conductivity of composites. It has been found
that when aluminum nitrite is used with alu-
minum oxide to reinforce the polymer, the ther-
mal conductivity increases significantly. The
melting process of aluminum oxide requires
very high temperatures (about 2072 °C) due to
the strong ionic bonds [23]. Aluminum oxide
can be prepared by burning aluminum in the
presence of oxygen or air, or it can be extracted
from kaolin clays, and the extraction is affected
by temperature and pH. It can also be prepared
by introducing air into a molten aluminum alloy,
where bubbles are generated, and the film sur-
rounding the bubbles is aluminum oxide [24].

2.3 Preparation method

Unsaturated polyester is utilized after add-
ing a hardener in a 2:1 ratio, resulting in a gel-
like consistency that hardens at room tempera-
ture (25°C). The aluminum oxide-reinforced
material is prepared in various weight ratios
(1- 10%) using a manual molding technique,
with specialized molds created for each size.
The unsaturated polyester is mixed with a pur-
ple hardener, followed by the addition of alumi-
num oxide, which is thoroughly mixed until a
homogeneous mixture is achieved. Subsequent-
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ly, a transparent hardener is added and mixed
very slowly for 30 seconds to one minute to
prevent the formation of air bubbles within the
composite material. The mixture is then left to
cure for 24 hours at room temperature, allow-
ing for complete integration and homogeneity
among the particles. The effects of temperature
are examined to assess the impact of winter and
summer conditions on the prepared composites.
After removal from the molds, the samples are
kept at temperatures of 80 °C and 150 °C.

2.4 Equipment used and sample
preparation

The mechanical properties were studied us-
ing the following equipment:

Compressive resistance test device

The measurement device is manufactured
by Automax, and test samples are prepared
in accordance with American specifications
(ASTM D618). The samples are cubic in shape
to ensure they can withstand the maximum
compressive strength load. A hydraulic press
(Testing Machine Co. LTD) is utilized to deter-
mine the maximum compressive strength that
the specimen can endure.

Impact Testing Instrument

The instrument utilized is a Charpy impact
testing instrument located at the Technical
Institute’s Metallurgy Laboratory, and manu-
factured by Tokyo Koki Seizosho, Ltd. The test
specimen must have dimensions of 10 mm x 10
mm x 55.55 mm. An angle of 90° and a 2 mm
deep notch are created in the specimen, in ac-
cordance with the American Standard Specifi-
cations (ASTM D256-87) (Fig 2).

Hardness Tester

The Shore D Durometer, was supplied by
Germany-Wolpert. Its design resembles a
compass with a needle in the center. The test
is conducted by holding the device vertically
against the sample to be tested. Hardness is
measured at the moment the needle penetrates
the surface of the material. The device is then
left in place for three seconds before recording
the hardness value displayed.

Elasticity Testing Device

The flexibility test involves measuring two
key variables: stress and elongation. Conse-
quently, the elongation test is performed on
samples prepared with dimensions of 1 cm in
thickness and 20 cm in width, in accordance
with the standard specifications (ISOR527)
for preparing tensile strength test specimens
(Fig. 3). These specimens were created using
the slice drawing technique. This test was con-
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Fig. 4. Device and sample shape for measuring thermal conductivity
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Fig.5. Compressive strength of unsaturated
polyester before and after reinforcement at a
temperature of (25) °C.

ducted to examine the properties of the compos-
ite material under the influence of axial loads
in both directions. A universal testing machine,
provided by ELE_England, was utilized to mea-
sure this property, with a load capacity of 50
KN.

Thermal conductivity:

To measure thermal conductivity, a disk de-
vice with samples of 11.3 mm in diameter and
1.2 mm in thickness is used (Fig. 4).

3. Results and discussion

3.1. Mechanical Properties

3.1.1 Compressive Strength

Samples of pure unsaturated polyester rein-
forced with different proportions of aluminum
oxide (Al,O3) were prepared and their various
mechanical properties were studied. Different
percentages of aluminum oxide (Al,O3) were
added as a reinforcement material to unsatu-
rated polyester, and its compressive strength
was measured at 25°C. It was observed that the
compressive strength of the unsaturated poly-
ester varied with the increasing percentage of
aluminum oxide, reaching its peak value at a
concentration of 6% (Figure 5). The compres-
sive strength of the material before and after
the consolidation process is calculated using
the equation [25]:

Compressive strength [MPa] = Force

(1)
area

Force is the the applied force [N],

area is the cross-section area of the sample,
which is in the shape of a cylinder [m?]

The compressive strength values decrease
as the temperature rises to 150°C. Conversely,
these values increase when the samples are
cooled to 7°C. This inverse relationship can be
attributed to the effects of temperature on the
properties of materials (Figure 6).
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Fig.6. Comparison of compressive strength for
pure and reinforced unsaturated polyester resin
at temperatures of 7, 25, 80, 150 °C.

3.1.2. Impact Resistance Test

Impact strength testing of polymers is a
very complex test due to the multiplicity of
impact strength tests; it is also a fundamental
test in quality control laboratories and design
laboratories for plastic items. The Izod test and
the Garbi test are among the most important
tests in this field. It is a process that measures
the ability of a material to resist fracture when
subjected to an applied force measured in kilo-
joules or joules. The strength of samples can be
improved by using fillers which fill voids and
prevent deformations in the sample [27]. Im-
pact testing is very important from a practical
perspective, as they allow the calculation of the
absorbed energy required to fracture and crack
the specimen used in the test. This value is ex-
tracted directly from the testing device and can
also be calculated using the following relation-
ship [28].

Fracture energy
Area (m)2
When unreinforced materials are subjected

to sudden stress, they tend to fracture quickly

due to the breakdown of bonds within the poly-
mer chains (Figure 7). To enhance their dura-
bility, these materials are reinforced with ad-
ditional components that are interwoven into
the polymer chains, thereby increasing the
energy required for fracture. Composite ma-
terials undergo two distinct stages: the first
stage involves the breakdown of cohesion and
strength of the bonds connecting the molecules
within the polymer chains, while the second
stage pertains to the pulling and breaking of
the reinforcing materials within those chains.

The energy required to break the reinforced

material chains exceeds the energy needed to

break the bonds in the polymer chains before
the reinforcement process.

Impact strength (1.S) = (2)

87



K. Mahfoudh ,E.Z. Sulyman / Improving the mechanical and thermal ...

I.S (UPE+ALO3) (KJ/m?)

N N
SO
oumowm

19.5
19.0
18.5
18.0+ T . . ,
0 0.02 0.04 006 008 010 0.12

Aluminum oxide weight

Impact resistance KJ/mz2

Fig. 7. Impact resistance of unsaturated polyes-
ter before and after reinforcement at a tempera-
ture of 25°C.

The concentration of 6% Al,O5 in samples is
the optimal percentage compared to other con-
centrations for heat treating. At a temperature
ranging from 7°C to 150°C, the impact resis-
tance values decrease as the temperature de-
creases. This reduction is due to the restricted
movement of the polymer chains, which hinders
their ability to move freely. Conversely, the im-
pact resistance increases with rising tempera-
ture particularly at 150°C. This increase is at-
tributed to the disintegration of bonds between
overlapping molecules, which enhances the
movement of the polymer chains. As a result,
the material can absorb some energy, facilitat-
ing the distribution and dissipation of the en-
ergy required for fracture. This is illustrated in
Figure 8, which depict mechanical dissolution.

3.1.3. Hardness Test

Materials can be scratched and penetrated
during application of harder equipment; there-
fore, hardness i1s a crucial surface mechanical
property. It is defined as the ability of a mate-
rial’s surface to resist permanent deformation
resulting from processes such as cutting, abra-
sion, and scratching [29]. Hardness tests are
employed to measure a resistance of the mate-
rial to plastic deformation on its surface. Pre-
cise tips made of hard materials are utilized to
penetrate the harder material. The hardness of
a material is influenced by heat treatment and
elevated temperature, as well as the strength
of the bonds between atoms and molecules and
the type of surface. Reinforcing of unsaturated
polyester with aluminum oxide results in high-
er hardness values. This increase is attributed
to the enhanced entanglement and cohesion
between unsaturated polyester and aluminum
oxide, along with the cross-linking that re-
stricts the movement of unsaturated polyester
molecules, thereby enhancing hardness and
increasing resistance to deformation [32]. This
effect can be observed in Figure 9.
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Fig.9. Hardness of unsaturated polyester de-
pending on Al,O5 content

When heat treatment was conducted at vari-
ous temperatures (7, 80, and 150°C ) for samples
with a composition of 6% Al,O5 (which was iden-
tified as the optimal percentage compared to the
other samples), it was observed (Figure 10) that
the hardness values at temperature ranging
from 150°C to 80°C were lower than those at
25°C. This phenomenon can be attributed to
the fact that an increase in temperature re-
sults in greater softness of the material due to
the movement of molecules and the weakening
of the bonds between them. Consequently, this
reduces the material’s resistance to scratching
and puncturing, as evidenced by the examina-
tion of some of 1ts mechanical properties. Con-
versely, when the temperature decreased to
7°C, an increase in hardness values was noted,
attributed to the polymer becoming more con-
strained and losing its mobility. This restriction
enhances the material’s resistance to scratch-
ing and puncturing.

3.1.4. Elasticity test (Young’s modulus)

The modulus of elongation, also known as
Young’s modulus, is a material property that
expresses a material’s resistance to defor-
mation; it is defined as the ratio of stress to
strain in a material when subjected to a load
[34]. When a material is subjected to stretch-
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Fig.10. Hardness test of unsaturated polyester
before and after reinforcement at 7, 25, 80 and
150 °C

ing, compression, or deformation, it exhibits
a partial change in dimensions. The modulus
of elasticity determines how a material re-
sponds to deformation. This is essential for en-
gineers and materials scientists, as it helps in
designing structures and materials capable of
withstanding certain loads and stresses while
maintaining their shape and function. In ad-
dition, Young’s modulus is a key factor in the
development of advanced materials, such as
composites and metals, which are designed
with specific properties to suit specific applica-
tions. Resins are brittle materials, which gives
them very low tensile strength. When reinforc-
ing materials are added, tensile strength can
be significantly improved, as the particles of re-
inforcing material help withstand the applied
loads. Through experiments, the highest ten-
sile strength was obtained at a weight percent-
age of 6% Al,O5 and a temperature of 25°C, as
shown in Figure 11.

When samples with a weight percentage of
6% Al,O5 are heat treated at various tempera-
tures (7, 80, and 150 °C), the elasticity values
decrease at the higher temperature range (150-
80 °C) due to the disintegration of the polymer
chains. Conversely, at lower temperature, such
as 7 °C, the elasticity values also decline, but
this is attributed to the restriction of bonds and
the limited movement of the polymer chains,
resulting in increased brittleness of the mate-
rial [35], as illustrated in Figure 12.

3.1.5. Thermal Conductivity

It is defined as the ability of a material to
transfer heat between two conductors that
differ in temperature, where one of them has
a higher temperature than the other [36]. An
increase in thermal conductivity is observed af-
ter reinforcing unsaturated polyester with alu-
minum oxide compared to the measurements
taken before reinforcement. Polymers contain
free electrons that facilitate heat transfer, and
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thermal conductivity is influenced by molecular
vibrations and results in an increase in conduc-
tivity. To evaluate thermal conductivity, the
Arrhenius equation (3) can be used, as shown
in Figure 13.
. Ea
k(T) K exp[ KBT]' 3)
3.1.6. Scanning Electron Microscope

(SEM)

Figure 14 shows SEM images of both pure
polyester and a polyester mixture with Al,Oj.
The aggregation of the polyester grains around
Al,O particles caused the average grain size
to grow from 215.28 nm for pure polyester to
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516.81 nm for the mixture. The incredibly uni-
form dispersion of the Al,O5 is also seen in the
image of the sample surface. Additionally, it
shows how the mixing process caused several
cavities to develop on the sample surface.

3.1.7. Infrared spectroscopy (IR)

The hydroxyl and carbonyl groups, the bond
stretching C=C, the bond stretching CO=C, and
the stretching vibrations OH were among the
most significant functional groups found in the
UPE [38], according to the IR of the material
prior to reinforcement. Following reinforcing
with Al,Og, the IR of UPE did not significantly
alter, confirming that this material’s behavior
is restricted to that of fillers. This is because
the substance is chemically stable and inert;
therefore, adding it to UPE might only slightly
alter the beams’ wave numbers.

4. Conclusion

The results obtained showed that adding
Al,O5 as a reinforcement material to unsatu-
rated polyester and then heat treating it at 7-
80-150 °C led to an increase in the indicators of
mechanical properties such as hardness, com-
pressive strength, and shock resistance, while
the elastic modulus became lower. In addi-
tion, the properties (shock resistance, modulus
of elasticity) were calculated when treated at
temperatures of 80 °C and 150 °C. These values
decreased as the samples cooled. The compres-
sive strength and hardness decreased when
treated at temperatures of 80 150 °C, while
they increased as the samples cooled. It was
found that the thermal conductivity of the un-
saturated polyester increased with increasing
temperatures, reaching 80-150 °C due to the
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Fig.14. Scanning electron microscope images: a) pure polyester, b) polyester and Al,O5 mixture.

effect of reinforcing the unsaturated polyester
with Al,O3. The final result showed that at a
temperature of 80 °C, the material possessed
the best physical (mechanical) properties.

References

1. Sulyman, E. Zeki, & Sulyman, N. Zeki, (2020).
Preparation of polymeric composites from poly-
propylene and palm fronds and the study of
some of their physical properties. Baghdad Sci-
ence Journal, 17(3), 0772-0772.

2. Sulyman, E. Zeki., Hamid, A. S., & Thaer, A. H.
(2019). Preparation of polymeric aggregate of
unsaturated poly ester with sawdust and study-
ing its physical and mechanicalproperties. Inter-
national Journal of Research in Pharmaceutical
Sciences, 10(3), 2280-2289.

3. Chawla, K. K. (2012). Composite materials: sci-
ence and engineering. Springer Science & Busi-
ness Media.

4. Sulyman, E. Zeki., Abed, A. G., & Younis, A. Q.
(2019). Gravimetric and differential thermal
analysis and activation energy studies of unsat-
urated polyester using date seeds powder and
walnut shells. International Journal of Research
in Pharmaceutical Sciences, 10(4), 3811-3821

5. Fan, J., & Njuguna, J. (2016). An introduction
to lightweight composite materials and their use
in transport structures. In Lightweight Compos-
ite Structures in Transport (pp. 3-34). Woodhead
Publishing.

6. Rajak, D. K., Wagh, P. H., & Linul, E. (2021).
Manufacturing technologies of carbon/glass fi-
ber-reinforced polymer composites and their
properties: A review. Polymers, 13(21), 3721.

7. Orouji, M., Zahrai, S. M., & Najaf, E. (2021, Oc-
tober). Effect of glass powder & polypropylene
fibers on compressive and flexural strengths,

Functional Materials, 33, 1, 2026



K. Mahfoudh ,E.Z. Sulyman |/ Improving the mechanical and thermal ...

10.

11.

12.

13.

14.

15.

16.

toughness and ductility of concrete: an envi-
ronmental approach. In Structures (Vol. 33, pp.
4616-4628). Elsevier.

. Sawpan, M. A. (2010). Mechanical performance

of industrial hemp fibre reinforced polylactide
and unsaturated polyester composites (Doctoral
dissertation, The University of Waikato).

. Hasan, K. M. (2022). Sustainable Polymeric

Composites Reinforced by Fiber-Fabric Materi-
als for Advanced Application (Doctoral disserta-
tion, soe).

Mohmmed, S. D., Sulyman, E. Z., Saad-Aldeen,
R. A., & Hammadi, E. Q. (2021). Study the me-
chanical and physical properties of an epoxy
compound with Sulfur. Iraqi National Journal
of Chemistry, 21(3), 1-10.

Kaminski, M. D., Ghebremeskel, A. N., Nunez,
L., Kasza, K. E., Chang, F., Chien, T. H., ... &
Hafeli, U. O. (2004). Magnetically responsive mi-
croparticles for targeted drug and radionuclide
delivery (No. ANL-03/28). Argonne National
Lab., IL (US).

Murray, P. (2019). Development of an Automat-
ed In-Line Resin Metering and Mixing System
for Composites in the Automotive Industry. Ecole
Polytechnique, Montreal (Canada).

Calabrese, E., Raimondo, M., Catauro, M., Ver-
tuccio, L., Lamberti, P., Raimo, R., ... & Guad-
agno, L. (2023). Thermal and electrical charac-
terization of polyester resins suitable for electric
motor insulation. Polymers, 15(6), 1374.
Lakshmanan, K., Pandian, P., Sivaprakasam,
R., & Sundaram, K. (2025). Studies on Progress
of Aluminum Based Composites for Automotive
Applications and its Damping Characteristics—
A Review. Mechanics of Advanced Composite
Structures, 12(1), 25-42.

Fang, X., Ning, H., Zhang, Z., Yao, R., Huang,
Y., Yang, Y., ... & Peng, J. (2024). Preparation
of High-Performance Transparent Al203 Dielec-
tric Films via Self-Exothermic Reaction Based
on Solution Method and Applications. Microma-
chines, 15(9), 1140.

Gangwar, J., Gupta, B. K., Tripathi, S. K., &
Srivastava, A. K. (2015). Phase dependent ther-

Functional Materials, 33, 1, 2026

17.

18.

19.

20.

21.

22.

23.

24.

25.

mal and spectroscopic responses of Al,O5 nano-
structures with different morphogenesis. Na-
noscale, 7(32), 13313-13344.

I. N. Deeb, M. Khoury. 2023. “Study of the Effect
of Fiber Length and the Percentage of Glass Fi-
bers Used with Plasticizers in Improving the Re-
sistance of Cement Mortar to Compression and
Bending.” Al-Baath University Journal 45(1).
M. M. Saleh, H. Khemakhem, I. K. Jassim,
R. H. Al-Saga. 2024. “Structure and Me-
chanical Properties of Cermet Ni-Al/MSZ
Thick Coating Prepared by Flame Spraying
Technique.”Ochrona przed Korozjg 67(1): 9-14.
DOI: 10.15199/40.2024.1.2.

Marshall, G. P., Williams, J. G., & Turner, C.
E. (1973). Fracture toughness and absorbed en-
ergy measurements in impact tests on brittle
materials. Journal of Materials Science, 8, 949-
956.

Engel, P. A. (2014). Impact wear of materi-
als (Vol. 2). Elsevier.

Biswas, B., Bandyopadhyay, N. R., & Sinha, A.
(2019). Mechanical and dynamic mechanical
properties of unsaturated polyester resin-based
composites. In Unsaturated Polyester Resins (pp.
407-434). Elsevier. https://doi.org/10.1016/B978-
0-12-816129-6.00016-8

Mahmood, S. F., Jalal, S. K., & AL-saqa, R. H.
(2024). High Pressure Effects on Thermo Elas-
tic Properties of Germanium with Different
Nanoparticle Size. Journal of Computational
Analysis & Applications, 33(7).

Caruso, M. M., Davis, D. A., Shen, Q., Odom, S. A.,
Sottos, N. R., White, S. R., & Moore, J. S. (2009).
Mechanically-induced chemical changes in poly-
meric materials. Chemical reviews, 109(11),
5755-5798. https://doi.org/10.1021/cr9001353
Tritt, T. M. (Ed.). (2005). Thermal conductivity:
theory, properties, and applications. Springer
Science & Business Media.

Hemadi, E. K., Al-Ahmady, K. K., & Sulyman,
E. Z. (2024). Improving mechanical and ther-
mal properties of unsaturated polyester resin by
adding automotive glass waste. Ochrona przed
Korozja, (10), 294-305.

91



