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Abstract: Industrial plastics have seen considerable progress recently, particularly in 

manufacturing non-lethal projectile holders for shock absorption. In this work, a variety of 

percentages of alumina (Al2O3) and carbon black (CB) were incorporated into high-density 

polyethylene (HDPE) to investigate the additive material effect on the consistency of HDPE 

projectile holders. The final product with the desired properties was controlled via physical, 

thermal, and mechanical analysis. Our research focuses on nanocomposites with a 

semicrystalline HDPE matrix strengthened among various nanocomposites. In the presence of 

compatibility, mixtures of variable compositions from 0 to 3% by weight were prepared. The 

reinforcement used was verified by X-ray diffraction (XRD) characterization, and 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were used for 

thermal property investigation. Alumina particles increased the composites’ thermal system 

and glass transition temperature. Mechanical experiments indicate that incorporating alumina 

into the matrix diminishes impact resistance while augmenting static rupture stress. Scanning 

electron microscopy (SEM) revealed a consistent load distribution. Ultimately, we will conduct 

a statistical analysis to compare the experimental outcomes and translate them into 

mathematical answers that elucidate the impact of filler materials on the HDPE matrix. 

Keywords: non-lethal projectile holders; high-density polyethylene; X-ray diffraction; 

differential scanning calorimetry; thermogravimetric analysis; scanning electron microscopy; 

statistical study 

1. Introduction 

The demand for polyethylene to meet the national market is rising worldwide. 

Due to its highly crystalline structure, polyethylene is the most rigid and the least 

versatile of all polyethylene forms. High-density polyethylene (HDPE) has very few 

branches. The density is, therefore, constantly more significant than 940 kg/m3. The 

rigid and somewhat harsh character of a wide range of treatments is proper. 

Polyethylene materials show viscoelastic behavior, which is approached because their 

stress response is between the elastic solid and the viscous fluid. The viscoelasticity 

principle is then implemented as a suitable synthesis of the two ideal behavioral forms.  

The polymer of the polyolefin class remains the world’s most enormous plastic 

volume manufactured in various applications [1]. Moreover, the course is among the 

most versatile thermoplastic polymers, the properties of which can be easily changed 

or processed [2,3]. Since a 3D structure was developed, in addition to the polymer’s 

dimensional and thermal stability [4,5], this structure offers greater tensile strength, 

increased stiffness, and chemical resistance [6,7]. It is also affected by temperature 

and its hydrocarbon solubility [8]. 
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The primary objective of this endeavor is to develop loaded nanocomposites. 

Natural clay is ideal for reinforcement and is easily removable. They elucidate the 

fabrication of organic matrix composites to ceramic and metal matrices  [9]. In this 

respect, alumina is an up-and-coming candidate. Its principal particle size is ten 

nanometers. Alumina agglomerates can be broken during the molten phase in the 

HDPE case [10,11]. That alumina is scattered in the water, and its subdivisions are 

distributed separately in the associated watery media. Siengchin et al. [12] used this 

alumina characteristic and mixed it with polyoxymethylene, polyamide [13], and a PE-

based thermoplastic elastomer [14]. Alumina, scattered in the water, was put into the 

molten polymer and evaporated afterwards. The construction of that extruder screw 

and the added use of the vacuum pump were facilitated. The alumina level dispersion 

for the water-based mixture was marginally higher than for the conventional molten 

mixture for the thermoplastic elastomer [15]. They prove alumina can be incorporated 

into polyolefins without additional polymer treatment or additives. Polyethylene is the 

most significant synthetic polymer, which is simple to transform and has an essential 

shock-absorbing property. It is the best component for making non-lethal projectile 

holders [16–18].  

This research aims to create projectile carriers of high-density polyethylene with 

the desired properties for a non-lethal application regulated by their physical, 

mechanical, and morphological characteristics [19]. Also, the thermal properties and 

effect of the addition of alumina (Al2O3) are evaluated, and carbon black (CB) in high-

density polyethylene (HDPE) has been integrated to research additive material effect 

on the consistency of high-density polyethylene projectile holders [19]. We address 

the development of polyethylene with materials that make it more efficient. Various 

avenues have been explored to react to this continuous race to increase the properties 

of materials while maintaining low cost, particularly reinforcing polymer materials 

using nanometric artefacts [20,21]. 

Our HDPE mixture blends have been prepared in granules in an extruder. From 

the multiple tests carried out (fluidity index, density, traction, hardness, impact 

resistance, and Vicat) on the samples prepared, we could research the impact of the 

carbon black and alumina rate on the different properties of HDPE mixtures and find 

the best suitable percentage. Mechanical research seeks to assess the effect of alumina 

levels on tensile and impact properties. TGA and DSC can be used to determine the 

effects of various levels of alumina on composite thermal properties. X-ray diffraction 

(XRD) characterizes alumina used to reinforce composites. SEM microscopy is used 

to research the influence of alumina on the mixture’s morphology. The diagram 

displays our experimental approach (see Figure S1 in the support information SM). 

2. Experimental methods 

2.1. Materials 

2.1.1. High-density polyethylene (HDPE) 

We chose high-density polyethylene grade PE80 made by CPK2 Skikda, which 

features colorless and waxed strength. It melts at about 85 °C–140 °C, with a glass 

transition temperature of −110 °C [22]. The maximum temperature is 120 °C, and the 
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minimum is 100 °C. The hardness is by SD65, so it becomes crisp at −25 °C. They 

come from the polymerization of the gaseous ethylene monomer into a homopolymer, 

developed as a white granule, which was used in this analysis. This grade is 

appropriate for the manufacture of projectile holders for shock proofing. The main 

properties of HDPE are shown in Tables S1–S4 in SM. 

2.1.2. Carbon black (CB) 

The black carbon used is an ENSACO 250 G type, which the Bental Company 

provides. It is a powder made of spherical molecules with an average diameter of 45 

nm and can cross several hundred nanometers in length and exceed one micrometer. 

These totals are formed into groups or pools, which is this powder’s secondary 

structure. We used carbon black in this study under Reference (CI 77266, black color)  

according to CI and CAS No. 1333-86-4 under the Criteria, Equity, Health, and Safety 

Committee CNSST [23,24]. It is a perfect enhancement. These carbohydrates are used 

as a pigment/coloring if combined with plastic materials in limited quantities [25]. The 

characteristics of the carbon black core are seen in Table S5 in SM.  

2.1.3. Alumina (Al2O3) 

The alumina provided by the rental company, used as reinforcement for high-

density polyethylene, has a density of 3.72 g/cm3, a grain size of 6 μm, white color, a 

hardness of 45 N at 78 N, and a maximum temperature of 1600/2912 °C/°F. It is a 

material with a practical, fillable surface, and essential aluminium oxide. By heating 

it at 150 °C to 350 °C, we can restore the original efficiency of activated alumina. The 

water in it is removed when the dryer is heated. They mean that activated alumina can 

be repeatedly regenerated and recycled. The alumina core characteristics are given in 

Table S6 in SM. 

2.2. Sample preparation 

2.2.1. Mixture preparation 

We analyzed HDPE/CB and HDPE/alumina mixtures to reach the optimum 

carbon black and alumina ratio. They were the method of preparing mixtures in a 

molten state. The proportions of mixtures used are: 100/0%, 99.5/0.5%, 99/1%, 

98.5/1.5%, 98/2%, 97.5/2.5%, and 97/3%. Simple HDPE compounds are given in 

Table 1. 

Table 1. Essential compounds in the preparation of HDPE. 

Mixture HDPE_1 HDPE_2 HDPE_3 HDPE_4 HDPE_5 HDPE_6 

CB % wt 
0.5 1 1.5 2 2.5 3 

Al2O3 % wt 

Note that carbon black and alumina inputs of 0.5% and 3% are in excess. 

Therefore, mixing well to have a good dispersion of additives in the product HDPE is 

important. The application of the thermoplastic matrix combined with the carbon black 

and alumina takes place through two main stages: Extrusion, which allows both 

components to be blended and extruded in the molded state, and cut into granules, 

which prepares the plate for various tests by thermal compression. The working 



Journal of Polymer Science and Engineering 2025, 8(1), 4772.  

4 

conditions are selected to homogenize the scattering and load distribution in the matrix 

material without deteriorating the matrix or the load. 

It is important to note that our study focuses exclusively on the effect of filler 

ratios on the characteristics of HDPE composites rather than including an original, 

unfilled HDPE sample for direct comparison. This approach aims to isolate and 

analyze the performance changes induced by varying proportions of carbon black and 

alumina as fillers. Previous studies have established the baseline properties of unfilled 

HDPE, such as its density, thermal properties, and mechanical behavior, which are 

used as references in this context [26,27]. The chosen methodology allows for a more 

precise assessment of the influence of filler content on composite material 

performance while leveraging existing knowledge about pure HDPE properties [28]. 

2.2.2. Extrusion 

Our HDPE mixture blends have been prepared in granules in an extruder. 

Products in HDPE granules and (carbon black and alumina) powder are inserted into 

the extruder in the required proportions for each desired composition according to the 

following operating conditions in Table 2.  

Table 2. Extruder lamination chamber operating temperatures. 

Screw Rotation Speed (VR) (revolutions/min) 30 

The zone 1 2 3 4 (The sector) 

Temperature (°C) 150 170 180 180 

2.2.3. Compression thermal 

This technique was used to process 2 mm, 3 mm, and 6 mm thick plates using a 

thermo-compression bonding hydraulic press with leaves of the brand IQAP LAP, 

PLA-30. The material extruded at the extrusion period is placed in the mold over and 

above two sheets of isolated polystyrene interposed between two sheets of metal and 

thermally pressed over several phases, as seen in Table 3. 

Table 3. Working conditions and steps of the hydraulic press. 

Initial temperature (°C) 190 

Cooling rate (°C/min) 15 

Step Time (min) Heat (°C) Pressure (bar) 

1 1 190 10 

2 3 190 50 

3 7 80 100 

4 5 40 50 

5 2 30 1 

2.2.4. Test specimen’s preparation 

Standardized test parts that correspond to the acceptable Izod, Vicat, traction, 

hardness, and density tests are required for HDPE mixtures. The specimens are 

prepared using notch screw punching and notching machines according to 

measurements, form specifications, and standards. The ASTM D-256 Izod impact test 
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uses a pendulum device to measure the impact resistance of materials, commonly 

applied to plastics and composites.  

As per ASTM D256, the samples for measurements are made of a 6 mm thick 

plate: l = 100 mm and l = 12.7 mm, with a central notch (V) of 2.5 mm wide. Three 

experiments are performed, and the average value is used in Izod and Charpy’s notches 

unit. The device is CEAST type 6951, its principle is to make a 2.5 mm “V” shaped 

notch in a test piece of dimension (127 × 12.7 × 3 mm) after preparing them as 

described in standard ASTM D256 to perform the Izod test. Table 4 displays the test 

components prepared from HDPE mixtures in various shapes and sizes depending on 

their use. 

Table 4. Preparation of the various test specimens. 

Standards test 
Specimens 

HDPE/Alumina HDPE/CB 

Vicat/ASTM D1525 standard 

  

Izod/ASTM D256 standard 

  

Tensile/ASTM D638 standard 

  

2.3. Characterization of supports HDPE 

2.3.1 Physical test 

Density at 23 °C 

Density of 23 °C is calculated using the CEAST type 6001 ASTM D1505 

gradient column technique. The samples to be examined can be washed and weighed. 

In addition, they are cutting the pieces from the center of gravity of a circle of 2 mm 

in thickness that has already been molded using a hydraulic press. The samples rinsed 

with isopropanol are put in the column, and three tests measure their height to assess 

the average density values [29]. An Excel file is built on the PC for the density 

calculation formula one, and the apparatus of the two gradient density columns at 

23 °C. 

Density at 23 °C = (
𝑌

𝑍
) . (𝐵 − 𝐴) + 𝐴 (1) 

With: 

Y: The distance between the sample and the low-density float. 

Z: The distance between the two floats. 

A: Density of the 1st upper float. 

B: Density of 2nd lower float. 
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2.3.2. Thermal characterization 

Fluidity index (MFI) 

HDPE is extruded onto a 2 mm by 8 mm die at 190 °C, with a 2.16 g load. This 

test was conducted with a fluid meter, Tinius Olsen model MP600, in compliance with 

the ASTM 1238 standard. Preheat and clear the plastome cylinder first. Please put in 

the already cleaned die while testing its diameter. First, preheat to at least 190 ± 2 °C 

for 15 min before the test. Pour the sample to be analyzed into a cylinder [30], preheat 

without weight for 3 min and weight for 3 min while releasing air bubbles, and then 

break this excessive extruder into bits. 

Softening temperature (Vicat) 

This process was performed according to standard ASTM D1525 to determine 

the temperature at which a pointed needle carrying 10 N penetrates a standardized 

sample (10 × 10 × 3 mm) at 1 mm, immersed in a silicone oil bath heated in a CEAST 

HDT-Vicat unit. The six stations are removed from the tub, the loads are lifted in the 

bathroom, and the test sample is put beneath the needles of each station. The load is 

added, the stations are lowered into the bath, the system is turned on, and the sensors 

are adjusted while they are set to zero. Then, the test is performed. A continuous rise 

in the temperature is required at a rate of 50 °C/h, and the test is completed. Three 

trials were conducted for each mixture of compositions. The CEAST HDT-Vicat unit. 

2.3.3. Physical-chemical tests 

Thermogravimetric analysis (TGA) 

ATG Q500 High Resolution works from the ambient temperature until 1000 °C, 

based on the sample’s composition. The analyzer used is of the type TA Q-50 (TA 

Instruments). The specimens were examined at a temperature increase of 500 °C by a 

heat threshold of 10 °C/min and then at a flux rate of argon of 40 mL/min. This analysis 

technique records the variation of a sample’s mass as the temperature changes linearly. 

The pieces to be examined (m0 = 3 to 5 mg) are put in a precise platinum boat. It’s 

then heated at 1000 °C above room temperature. At the same time, the weight change 

is calculated as the product degrades. TGA was used in this work to evaluate how 

alumina content affects HDPE/BC, HDPE/alumina, and thermal stability. 

Differential scanning calorimetry (DSC)  

DSC differential analyses are a technique that allows observation and 

measurement of the changes in enthalpy of a substance in a regulated thermal cycle 

depending on the temperature or time. Relevant heat power with temperature choice 

modulated DSC Q20 TA instruments has been measured. DSC may be used to assess 

the thermal transitions of the polymer, i.e., the changes in material properties when the 

temperature of the material is changed [31]. Two hollows are there. In the first one, 

“the dug sample,” we placed our polymer sample (m0 = 3 mg). The other one is “the 

reference,” which we leave blank. Each trough has a heater [32]. The summary of the 

steps is as follows: 

• Temperature ramp at 20 °C/min. 

• Temperature range: 20 °C to 200 °C. 

• Current scanning: Nitrogen (N2). 
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The software for the analysis supplied with the device “Universal Analysis” is 

used to process the data obtained to determine thermodynamic amounts linked to 

various transitions. Data from the standard graphical analysis software and methods 

for determining the melting temperature and sample peak areas will be used. By 

Equation (2), the amount of crystallinity (TC) was defined as follows [33]: 

𝑇𝐶 = (
∆H 𝑓

𝑐𝑎𝑙

∆H 𝑓
𝜒 ) × 100 (2) 

where: 

∆H 𝑓
𝑐𝑎𝑙: Denotes the measured heat of melting (J/g). 

∆H 𝑓
𝜒

: Standard thermal melting points for crystalline HDPE (287 J/g). 

X-ray diffraction (XRD) 

The system is an X-ray diffractometer, category X’PERT PRO PHILIPS MPD. 

The X-ray spring is a ceramic tube with an anode made of copper and a 40 KV power 

supply. The diffractometer equipment consists of a rear sample monochromator with 

a slit collimator scaling counter. The powder is spread over a flat sample holder using 

a glass plate to achieve a surface plane and then mounted in the diffractometer [34]. 

XRD is commonly used to assess their structure and the distance between the sheets 

in the analysis of clays. However, the XRD analysis was used only to evaluate the 

existence of the alumina in the composites. This approach involves sending an X-ray 

beam at wavelength A, directing it at the sample, and analyzing the diffracted signal. 

For each angle of the beam’s incidence, the amplitude of the diffracted signal is the 

same as the X-ray peak. Suppose a wavelength A x-ray hits at an angle θ to all the 

reticular planes of the crystalline alumina body, separated by a distance d. In that case, 

a phenomenon of diffraction occurs from the so-called Bragg law (3): 

𝐴 = 2𝑑 sin (3) 

With: 

A: The beam’s wavelength 

d: The distance between the levels 

θ: The angle of the incident ray 

A diagram characteristic is obtained by recording diffraction peaks’ proximal 

upper and intensities [35]. 

2.3.4. Mechanical tests 

Traction uniaxial 

Tensile testing is the most frequently used experimental tool in studying 

mechanical behavior. The test is conducted in compliance with ASTM D638. Tensile 

testing was performed on a GALDABINI 25 KN style system operated by the software 

“SUN”. The tensile properties of the curves are evaluated. The device is activated, and 

the software is evaluated for all requisite parameters. The specimen is situated between 

the two jaws, connected to a force sensor and a movable stretching apparatus, and 

subjected to tensile forces. From this test, the elasticity of the materials can be 

obtained, which is seen as the plastic material’s potential, without splitting, to deform 

[36,37]. The larger the A%, the more pliable the material is the % extension A: 
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a. If A% > 5%, the materials are called ductile. 

b. If A% < 5%, the materials are considered fragile or breakable. 

Resilience of impact 

The impact resistance test following the ASTM D256 standard is performed using 

a resile impactor-type CEAST system by applying mechanical stress with a high 

energy impact rate, which leads to a fraction of a second breakdown of a test tube. 

This test allows the fragility or elasticity of the substance to be deduced under certain 

experimental conditions. The test part is set with a CEAST notching unit. It is noticed 

to 2.5 mm in depth and then hammered by 1 joule under the striker’s impact, which is 

attached to the end of a released pendulum and produces a shock. The specimen is 

destroyed. The characteristic calculated is the resistance to effects (4): 

𝑎 = An/𝑒(J/m) (4) 

where: 

a: Resilience to impact (J/m). 

An: Average of absorbed energy (J). 

e: The thickness of the test piece (m). 

The failure form of each sample should be in one of four categories: 

C: A break in which the specimen is split into two or more sections (complete 

break). 

H: A break or portion of the sample cannot be assisted over the horizontal when 

the vertical angle of the other part of the sample is less than 90°, including an 

incomplete break. 

P: An incomplete break is not known as a hinge break, but it breaks at least 90% 

of the distance from the top to the opposite side (partial break). 

K: An incomplete rupture is a fracture where the fracture goes from the top of 

the notch to the opposite side by less than 90%. 

Hardness of Shore D 

The Shore D method, developed for rigid polymers, was used for this test, and 

ASTM D2240 was used for dimensional flats (150 × 150 × 6 mm). The sample was 

loaded with 4.5 to 5 kg on a CEAST type 6767 durometer needle. Once the hand has 

been stabilized, the hardness value is read-only. Three sample measurements were 

made at points around 3 mm apart and about 12 mm from each other at the edge of the 

sample. The findings are seen in the three experiments on average.  

Charpy method 

Impact tests are used to characterize the embrittlement of a material. They consist 

of breaking a notched Charpy test under the impact of a “pendulum.” We measure the 

energy the rupture absorbs, making it possible to return to the material’s resilience. 

Impact resistance characterizes the energy absorbed during the rupture of a smooth or 

notched bar under the action of a striker endowed with sufficient kinetic energy. A 

pendulum mass is used. The angle of the rise of the pendulum after the impact makes 

it possible to calculate the braking energy. Each device generally has several 

interchangeable pendulums (hammers) corresponding to various energy levels. A 

range of 0.5 to 50 J applies to all plastics. Shorter length (L = 85 mm). The shock 

effects of applying mechanical stress at high speed (several meters per second) and 



Journal of Polymer Science and Engineering 2025, 8(1), 4772.  

9 

high energy cause a specimen to rupture in a split second. Under given experimental 

conditions, it allows for judging the fragility of a material-test piece assembly, with 

the brittleness being synonymous with low elongation rather than low breaking 

energy. The effect depends on the molecular relaxation process associated with the 

rupture time, temperature, geometry (notches), and heterogeneity (defects) that 

generate stress concentrations. 

2.3.5. Microstructural characterization 

Scanning electron microscopy (SEM) 

A JEOL JSM 5800 scanning electron microscope operates at 10 kV. SEM enables 

the monitoring of the surface morphology of samples with a considerably higher field 

depth than when exposed to the electron beam in an optical microscope by emissions 

of secondary electrons, backscattered electrons, Auger electrons, visible photons, 

ultraviolet UV, infrared IR, X-rays [38]. SEM is a microscopic technique based on 

interactions between electronics and matter made up of an electron beam scanning the 

sample’s surface and transmitting these particulates. These particles can be examined 

through various detectors, which allow the reconstruction of a three-dimensional 

surface picture. 

3. Results 

3.1. Physical test 

3.1.1. The density of HDPE 

We obtain the following diagram in Figure 1 by increasing the density to 23 °C 

depending on the carbon black and alumina percentages: 

 

Figure 1. For HDPE mixtures, the density variation at 23 °C is determined by the 

carbon black and alumina rates. 

A variety of findings arise from this analysis. It is worth stressing that the density 

of HDPE/CB and HDPE/alumina mixtures changes increasingly with increased 
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carbon black and alumina content, which is clarified by including an extra mass in the 

neutral polymer. 

3.1.2. Resistance to slow cracking in a medium of “stress cracking” 

The effects of stress cracking are summarized in Table 5 below: 

Table 5. Stress cracking occurs in HDPE/CB and HDPE/alumina mixtures. 

Mixture % wt 0.5 1 1.5 2 2.5 3 

Fractional time of the specimens 

(HDPE/CB) Hour 
< 15 < 15 < 15 

Test sections crack 

during the tests. 

Test sections break 

during the tests. 

Test sections crack 

during the tests. 

Fractional time of the specimens 

(HDPE/Alumina) Hour 
< 15 < 15 < 15 < 15 

Test sections crack 

during the tests. 

Test sections crack 

during the tests. 

According to our stress-cracking findings, these blends have low resistance to 

slow cracking in a surfactant medium. 

The observed density decrease at 3% alumina can be attributed to non-uniform 

dispersion and agglomeration of alumina particles, which hinder homogeneous matrix 

formation and increase free volume. 

3.2. Thermal characterization 

3.2.1. The melt flow index MFI 

By taking the MFI as a percentage of the mixture, we get the following graph, 

Figure 2: 

 

Figure 2. The percentage variance of MFI in the mixture. 
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material flow and, thus, a higher fluidity index, reducing the mixture’s viscosity. As 

the percentage rise in alumina indicates an increase in MFI, we see an increase in 

processability because MFI indicates polymer viscosity. 

3.2.2. Vicat softening point 

By increasing the Vicat temperature as a percentage of the mixture, we obtain the 

following Figure 3: 

 

Figure 3. The graph shows the variance of Vicat softening temperature depending 

on the additive percentage. 

Figure 3 demonstrates the temperature fluctuations of the HDPE/CB and 

HDPE/alumina mixture softening from Vicat. These findings suggest that Vicat’s 
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in Figure 4. 
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Figure 4. The diagram shows the hardness variance of Shore D as a carbon black 

and alumina percentage. 

Figure 4 shows the hardness difference depending on the black carbon rate for 

HDPE/CB and HDPE/alumina mixtures. Based on this calculation, it can be noted that 

the hardness of the neutral HDPE and the HDPE/CB 0.5% mix in carbon black are 

identical. Carbon black increases hardness by 1%, 1.5%, 2.5%, and 3%, but not 2%. 

It is concluded that adding carbon black improves the hardness of HDPE. The increase 

in hardness is slight because of the percentage by weight of alumina, which means that 

the more the rate of alumina increases, the more deformation resistance increases.  The 

lower impact resistance at 2.5% filler concentration correlates with agglomeration of 

filler particles, leading to stress concentration points in the composite matrix. 

3.3.2. Resistance by Izod impacts 

The shift in impact resistance Izod as a feature of the mixture percentage is seen 

in the following Figure 5: 

 

Figure 5. The graph shows the impact resistance Izod resilience difference in carbon 

black percentage. 

Notes: With: Cb: Complete breaking; Ib: Incomplete breaking; Nb: No breaking. 
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Figure 5 shows the difference in resilience depending on the HDPE/CB and 

HDPE/alumina levels. It can be understood that the two curves practically overlap, 

and as the percentage of HDPE/CB and HDPE/alumina mixtures increases, the impact 

resistance increases. With an incomplete fracture of 50% of the specimen’s HDPE. 

Where a fracture extends less than 90% from the top of the notch to the opposite side 

of the fracture, at 5% to 1%, the impact resistance of the materials produced decreases 

compared to virgin HDPE due to the lack of HDPE/CB interaction that favors the 

interaction of carbon black in particles and leads to increased particle size. In this case, 

a weaker external force will cause HDPE/CB to break down the material. 

However, with carbon black, the impact resistance increases from 1% to 1.5%, 

which can lighten the interface voltage, better distribute the matrix’s phase-part, and 

augment the material’s durability to resist the spread. In carbon black, this increase 

continues to hit a limit of 2%, which provided better behaviors about impact resistance 

where there was no breakdown. They are the case with neutral HDPE, representing 

the dominant HDPE and 2% HDPE/CB in mixture strength characteristics. 

Then, the decrease in impact resistance of materials with a high carbon black rate 

of 2.5% and 3% thus increases the rigidity of the manufactured material considerably, 

decreasing the impact resistance of carbon black with greater rigidity than HDPE. 

Writers were caused by the molecular increase in weight and the effect of increasing 

interfacial tension, resulting in a poor scatter in the matrix of the dispersed phase 

particles. Moreover, this reduction contributes to the formation of aggregates, which 

results in low material impact resistance and, therefore, degradation of the strength of 

the HDPE/CB mixture. 

3.3.3. Traction test 

Three essential parameters that define the conduct of traction materials can be 

drawn: 

3.3.4. Elastic tensile strength σ  

The following diagram displays the results of the ratio of elastic tensile power in 

carbon black and alumina percentages, as shown in Figure 6. 

 

Figure 6. The variation in elastic tensile power in carbon black and alumina 

percentage. 
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Figure 6 illustrates the variance of elastic stress to the carbon black feature and 

alumina concentration. The adjustable tensile strength progressively escalates with 

carbon black and alumina percentages. The carbon black gradually imparts elasticity 

to the HDPE, influenced by the characteristics of the chains and the length and 

entanglement of inter-chain interactions. The yield point of materials produced by the 

weight of carbon black at 0.5% and 1% is lower than pure HDPE. Writers are 

consistent with a ductile-break transition in the charged polymer’s behavior. The 

tensile yield usually increases with the carbon black incorporation rate for a 2% to 5% 

carbon black load. We observe a unity between the two curves, which confirms that 

polyethylene’s behavior is the same with the same proportions of additives due to their 

participation in mechanical properties. 

3.3.5. deformation at the break (ɛr)  

The results of the break elongation are shown in Figure 7:  

 

Figure 7. Break elongation (ɛr) differences in carbon black and alumina percentages. 

Figure 7 shows the break’s elongation difference depending on the carbon black 

and alumina percentages. HDPE is a highly flexible polymer with more significant 

deformation than 500% before failure. If carbon black is applied to HDPE, the 

decrease in the elongation is reduced to ɛr ˂ 5% for 0.5% of carbon black, causing the 

polymer to crack break. Then, we see a difference in the extension of materials formed 

by the weight of carbon black of 1 to 5% and ɛr ˃ 5%. They are correlated with the 

brittle-ductile transformation of colored polymer behavior. The break elongation rises 

rapidly to 2% of carbon black and has the highest extension of 270.95%. Beyond 2%, 

deformations decrease, and the matrix and the additive interaction can occur due to 

strong interactions. Writers lead to a limitation of the movement of interfacial 

macromolecular chains. 

3.3.6. Tensile strength Rr 

The Rr tensile strength results are shown in Figure 8. 
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Figure 8. The graph shows the variance of the rupture strength Rr according to 

carbon black and alumina percentages. 

Figure 8 indicates a change in Rr’s breaking intensity with the black carbon rate 

for HDPE/CB and HDPE/alumina mixtures. When the elastic boundary is exceeded, 

the crystal lattice atoms have switched to the action of an elongation power. In plastic 

behavior, it is essential to consider crystal defects, particularly dislocations. Adding 

carbon black and alumina gradually raises its breaking strength to 2.5%, giving us the 

best breaking strength. Due to increased molecular weight, carbon black gives HDPE 

the ductility property, leading to new interactive dislocations and interactions. After 

2.5%, the tension of the colored material decreases owing to interactions between the 

matrix and additive. Molecular orientation, weight, crystallinity, and glass transition 

temperature affect tensile effects [39]. 

3.4. Physico-chemical characterization 

3.4.1. Thermogravimetric analysis (TGA) 

Thermogravimetric methods demonstrated a boost in thermal stability. In the 

presence of alumina, HDPE combinations have a higher degradation temperature. 

Figure 9 indicates the mass loss curves of a 2.5% alumina mixture relative to an 

unfilled HDPE. These findings are consistent with Ling et al. [40]. It can be noted that 

alumina has become an additional thermo-oxidant stabilizer in nanocomposites. Its 

influence was quantified by weight loss-based temperature based on traces of TGA. 

The presence of alumina in polyoxymethylene improves thermal performance [12]. 

Furthermore, adding alumina has increased polyolefins’ stability against 

photochemical degradation [41,42]. Clarifying the alumina method to boost HDPE 

and other polymers’ thermo-oxidative resilience is complicated and acute. 
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Figure 9. The curve of mass loss without and with load samples. 

Both materials undergo deterioration by the identical mechanism of 

depolymerization, which is a consequence of the breakdown of volatile compounds. 

The clay-reinforced material exhibits enhanced thermal stability, especially during the 

initial degradation phase. Certain writers contend that incorporating alumina sheets 

can improve performance by inhibiting the diffusion of volatile compounds and 

preventing their leaking into the polymer matrix  [43]. They further show that if 

alumina particles improve a polymer’s thermal stability, they act as thermal insulators 

and, more precisely, as barriers to carrying volatile materials. The degradation 

temperature increased after adding clay. This thermal stability improvement depends 

heavily on the polymer blend filler’s percentage and dispersion status. The degradation 

temperature is observed to drop from 421.55 °C to 462.68 °C, a rise of 41.13 °C in the 

presence of 2.5% clay. This increase is due to a protective surface coating. This result 

corresponds to Lai et al. [44], whose research on HDPE and alumina nanocomposites 

demonstrated that the temperature dropped from 330.3 °C for HDPE laden with 

alumina alone to 412.8 °C for HDPE alone. 

Figures 10 and 11 gather composite TGA curves with different filler percentages. 

The curve form obtained shows similar degradation for all samples: HDPE_2, 

HDPE_4, HDPE_5, and HDPE_1. The HDPE_3 and HDPE_6 have a slower 

degradation rate and produce significantly higher residues. 
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Figure 10. The shift of the % mass loss as a temperature element on TGA curves for 

different HDPE impact loads. 

 

Figure 11. Differential curves, DTG of HDPE. 

At a room temperature of about 23 °C, the glass transition temperature of 

polyethylene is proportional to the filler used  [22,45]. With this temperature limit, the 

weak bonds are beginning to melt, and thermal agitation is necessary to deform the 

carbon chain [46]. It displays residual masses and degradation temperatures for 

various HDPE mixtures (Table 6). 

Table 6. The residual masses and degradation temperatures for different mixtures of HDPE. 
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HDPE_3 5.103 99.33 0.89 468 
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3.4.2. Differential scanning calorimetry (DSC) 

The DSC thermogram for HDPE in Figure 12 reveals a melting peak 

(endothermic reaction). It is observed in the lower section of the thermogram and has 

been achieved by heating the polymer, directed downward, to illustrate an endothermic 

melting process. The temperature of melting Tf is determined at the lowest point of the 

peak, and fusion enthalpy, with the enthalpy for the Tf beginning and Tf, is offset 

between two temperatures. As these limits are not always easy to find, we used the 

post-fusion baseline to define the peak of fusion (the peak area). The heating and 

cooling curves obtained from HDPE, HDPE/CB 2%, HDPE/Alumina 2.5%, and 

mixtures (1, 2 and 3) are shown in Figure 12. 

 

Figure 12. DSC curves for heat indicate the temperature of crystallization melting. 

Additives can affect the mixture’s glass transition temperature. The effects of 

alumina on glass transition temperature were observed in thermoplastic polymer 

matrices due to the influence of alumina pieces on polyethylene chain mobility. These 

behaviors can contribute to morphology changes depending on the rate of alumina 

introduction. Leszczyńska et al. made similar observations when studying 

mechanisms to boost thermal stability with montmorillonite polymer layers [47].  

Table 7 presents experimental findings from the DSC thermogram of the six 

samples, for example, characteristic temperatures Tf and Tc and fusion ∆Hf and ∆Hc 

enthalpies, along with the degree of crystallinity. Molten endotherms and 

crystallization exotherms have defined the following parameters: 

Tg: Glass transition temperature at which amorphous HDPE changes from hard 

to soft °C.  

Tm: Crystalline fusion space equivalent to heat °C first and second.  

ΔHf: Fusion heat, measured in the region below the endotherm J/g. 

Tc: Temperature crystallization is identical to the first and second 

refrigeration °C. 

ΔHc: Crystallization enthalpy assessed from the exotherm field J/g. 

TC: Crystallinity in combinations HDPE % and crystalline HDPE compared to 

100% following Equation (2) above. 
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Table 7. DSC determines the glass transition temperature and melting temperatures of our HDPE. 

Samples Tg °C Tm °C TC % ∆Hf J/g Tc °C ∆Hc J/g Effect 

HDPE_1 −107 133 60 125 107 −140 Endothermic 

HDPE_2 −106 134 47.6 123 106 −117 Endothermic 

HDPE_3 −107 137 63 125 107 −128 Endothermic 

HDPE_4 −107 133 52 121 107 −123 Endothermic 

HDPE_5 −104 134 44 122 104 −115 Endothermic 

HDPE_6 −106 135 45 123 106 −126 Endothermic 

The change in glass transition temperature and melting temperature implies a 

difference in the range of use. The material has the desired temperature in the 

mechanical component, which shows solid mechanical resistance. The analysis of the 

DSC allowed an upsurge in the level of crystallinity to be seen, which could be the 

product of added additives. The melting temperature depends on many factors, 

including molecular weight, crystallinity, and chemicals [48]. 

3.4.3. X-ray diffraction 

One of our goals is to research composite morphology and properties. Therefore, 

characterizing alumina is essential. Figure 13 presents the diffractogram test. The 

diffractograms obtained for six HDPE samples in this work have nearly similar forms. 

Figure 13 shows a standard diffractogram obtained for HDPE in this work. The 

general format is consistent with the literature for polyethylene diffractograms. 

Characteristic peaks are well-defined for polyethylene at diffraction angles of 21.4°, 

23.8°, and 36.5°. The intensities of such additional peaks, present in some and not 

others, can be due to the samples of fillers, additives, and antioxidants. The x-ray 

diffractograms of these analyzed samples were identical in form. They show that the 

basic crystalline structure is the same for all these samples. Variations in the method 

of manufacture subject to these samples can, therefore, not influence the crystalline 

structure. However, many physical processes can modify a polymer sample’s 

crystallinity. Any combination of these may change the finished product’s 

crystallinity. 

 

Figure 13. Diffraction of X-ray curves of HDPE. 
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In the six samples of the HDPE mixture, a weak diffraction peak at 26° was 

present only in sample HDPE_3. The ‘d’ value calculated for this diffraction angle is 

3.396 A. For this diffraction angle, no diffraction peak would be detected in specimens 

HDPE_1, HDPE_2, HDPE_4, HDPE_5, and HDPE_6. The diffraction peaks at 21.4°, 

23.8°, 29.5°, 30.5°, and 36.5 ° were detected in all the HDPE samples manufactured 

in Table 8. 

Table 8. The distance interplanar D is the relative intensity I for 06-angle samples of HDPE. 

Sample 
21.4 23.8 26 29.5 30.5 36.5 

D A I % D A I % D A I % D A I % D A I % D A I % 

HDPE_1 4.121 100 3.725 22.26 * * 3.042 1.94 2.958 0.89 2.472 7.44 

HDPE_2 3.931 100 3.569 16.6 * * 2.994 14.71 2.845 0.74 2.405 7.66 

HDPE_3 3.935 100 3.555 20.73 3.396 0.57 3.014 3.85 2.93 3.92 2.407 6.73 

HDPE_4 4.041 100 3.639 20.42 * * 2.979 2.25 2.934 1.16 2.447 6.67 

HDPE_5 4.306 100 3.887 21.25 * * 3.05 1.35 2.969 2.82 2.538 7.22 

HDPE_6 4.021 100 3.634 17.41 * * 3.065 0.67 2.937 1.36 2.438 6.17 

The XRD results show that each sample’s “d” values are not unique. They 

indicate that each piece was made using a different manufacturing process. Also, 

comparing XRD data from the output of the six HDPE samples is instructive for the 

extra peaks in the XRD spectrum. The findings of this study show that the presence of 

additional peaks at various diffraction angles in the XRD spectrum of HDPE is due to 

the change in the manufacturing method and the various additives and proportions in 

the samples. Thus, it is possible to infer that the accepted XRD HDPE studies show 

HDPE sample characterization using the data obtained for six identical HDPE 

samples. HDPE and alumina 2.5% weight show that the polyolefin matrices have 

proper clay exfoliation. The findings are consistent with previous results [49–51]. The 

XRD analysis revealed changes in crystallinity due to filler addition, particularly a 

shift in the diffraction peaks corresponding to increased interlayer spacing. This effect 

is indicative of partial alignment and interaction between the filler and the HDPE 

matrix. 

3.5. Microstructural characterization 

3.5.1. Scanning electron microscopy (SEM) 

Scanning electron microscopy allows the compatibility effect to be obtained, on 

the one hand, and direct observation of the diffusion of polymer matrix charges. This 

study helps identify and partly understand the phenomenon causing poor quality of 

mechanical properties. These depend on the mixture’s composition, processing 

methods, and thermomechanical background. To observe the microstructure and 

compare the distribution of alumina fillers in the HDPE matrix, we choose HDPE_1, 

HDPE_3, and HDPE_5, which contain 0.5, 1.5, and 2.5 weight alumina fillers, 

respectively, as seen in Figure 14. 
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Figure 14. SEM micrographs were taken from a mixture of HDPE_1, HDPE_3, and HDPE_5 alumina weighing 

0.5%, 1.5%, and 2.5% by weight, and a histogram of the distribution of the mean filler alumina diameter in various 

produced HDPE. 

Figure 14 depicts SEM images of a mixture of HDPE_1, HDPE_3, and HDPE_5 

alumina weighing 0.5, 1.5, and 2.5% by weight. Alumina can be shown to be refined 

and evenly distributed in the matrices. Alumina remains in fine dispersion when added 

in more significant quantities, as shown in HDPE_3. HDPE demonstrates the high 

magnification SEM image where the alumina particles are already agglomerated. 

Their average size is submicrometric; hence, their compounds are nanocomposites. 

3.5.2. Descriptive statistics microstructural 

We summarize the distribution of the HDPE, and the filler is given in Table 9. 
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Table 9. Calculation of radii values of filler alumina materials in matrices nanocomposites HDPE. 

Mixture Alumina (% wt) Dimensions Minimum Maximum Mean  

HDPE_1 0.5 
Diameter (µm) 0.03 2.38 0.487 

Area (µm2) 0.001 0.29 4.292 

HDPE_3 1.5 
Diameter (µm) 0.08 1.56 0.557 

Area (µm2) 0.005 1.93 0.282 

HDPE_5 2.5 
Diameter (µm) 0.16 13.14 1.829 

Area (µm2) 0.02 135.67 5.008 

4. Statistical study 

4.1. Estimating linear regression for study tests 

Linear regression was conducted for each study test utilizing carbon black and 

alumina within the HDPE matrix to identify the optimal alternative for maximizing 

performance in this process. This is accomplished by estimating the linear regression 

for each test individually. Utilizing the Linear Programming matrix enables the 

attainment of the largest feasible quantity to optimize performance across all tests 

conducted in this study. 

4.1.1. Estimating the linear regression for all tests that rely on carbon black in 

the filler 

Table 10 summarizes the results of linear regression estimation for all tests that 

were layered using carbon black, and the results were as follows: 

Table 10. Estimation of linear regression for tests based on filling with carbon black 

R-sq. 

 Coef P value R-sq 

Density/CB  

Intercept 0.946 0.000 
0.7714 

Mixture (M) 0.0051 0.021 

MFI/CB  

Intercept 0.0306 0.001 
0.9882 

Mixture (M) 0.032 0.000 

T/CB  

Intercept 120.4 0.000 
0.3143 

Mixture (M) 0.6285 0.247 

D/CB  

Intercept 66.3333 0.000 
0.4286 

Mixture (M) 0.5714 0.158 

R/CB  

Intercept 332.8667 0.001 
0.4922 

Mixture (M) −35.5428 0.120 
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Table 10. (Continued). 

 Coef P value R-sq 

O/CB  

Intercept 9.1606 0.004 
0.8963 

Mixture (M) 4.8005 0.004 

e/CB  

Intercept −2.4 0.983 
0.2453 

Mixture (M) 62.2285 0.318 

Rr/CB  

Intercept 3.6413 0.000 
0.1794 

Mixture (M) 0.1297 0.403 

Note: Output by Stata 15.1. 

We note from the results of the linear regression estimation for the test that 

applied carbon black that the estimates of the independent variable Mixture (M) were 

significant for the Denstiy/CB, MFI/CB, and O/CB tests, and this indicates that the 

estimates are close to being correct with reality. However, for the T/CB, D/CB, R/CB, 

e/CB, and Rr/CB tests, the independent variable Mixture (M) was not significant. This 

is due to the instability of the values of the results of these tests. This means that the 

results are estimates of these tests. It does not accurately approximate reality. Looking 

at the value of the coefficient of determination (R-sq), we note that most of the tests 

that can be said to be estimated well by linear regression are Denstiy/CB, MFI/CB, 

and O/CB, as the coefficient of determination exceeded the values of 70%. 

4.1.2. Estimating the linear regression for all tests in which alumina was applied 

in the filler 

The linear regression estimation results for each test, depending on the amount 

of alumina in the filler, are compiled in Table 11.  The following were the outcomes: 

Table 11. Summarizes the results of linear regression estimation for all tests in 

which the filler was applied using alumina, and the results were as follows. 

 Coef. P-value R-sq 

Density/Alumina  

Intercept 0.9453 0.000 
0.6312 

Mixture (M) 0.0102 0.059 

MFI/Alumina  

Intercept 0.0573 0.481 
0.8416 

Mixture (M) 0.1748 0.010 

T/Alumina  

Intercept 121.8 0.000 
0.9143 

Mixture (M) 1.8285 0.003 

D/Alumina  

Intercept 59.8666 0.000 
0.9844 

Mixture (M) 2.4571 0.000 
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Table 11. (Continued). 

 Coef. P-value R-sq 

R/Alumina  

Intercept 333.9333 0.000 
0.5581 

Mixture (M) −36.3428 0.088 

O/CB  

Intercept 7.2593 0.073 
0.4029 

Mixture (M) 6.5965 0.013 

e/alumina  

Intercept −20.6 0.794 
0.8212 

Mixture (M) 62.3428 0.176 

Rr/Alumina  

Intercept 5.2233 0.002 
0.1003 

Mixture (M) -0.26 0.541 

Note: Output by Stata 15.1. 

The results of the linear regression estimation for the tests utilizing alumina 

indicate that all estimations of the independent variable Mixture (M) were significant 

across all tests. This indicates that the estimates are close to being true to reality, except 

for the two tests e/alumina and Rr/alumina. This is done by reading the significance 

value (P-value), which was more significant than 0.10, and this indicates a weak linear 

regression estimate of the reality of the values of these two tests. Looking at the value 

of the coefficient of determination (R-sq), we note that most of the tests that can be 

said to be estimated well by linear regression are MFI/alumina, T/alumina, D/alumina, 

and e/alumina. The coefficient of determination exceeded the value of 80%. 

4.1.3. Estimate the linear regression for all tests containing pure HDPE 

The table below summarizes the results of linear regression estimation for all tests 

applied to pure HDPE. The results of the tests were as follows: 

Table 12. Estimating the linear regression for all tests applied to pure HDPE. 

 Coef. P-value R-sq 

mg  

Intercept 5.5048 0.000 
0.6701 

HDPE −0.2720 0.046 

loss  

Intercept 99.924 0.000 
0.4996 

HDPE −0.3811 0.116 

Residue  

Intercept 0.8486 0.006 
0.1362 

HDPE −0.032 0.471 

T  

Intercept 459.4667 0.000 
0.7329 

HDPE 3.3428 0.030 
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Table 12. (Continued). 

 Coef. P-value R-sq 

Tg  

Intercept −170.2667 0.000 
0.2530 

HDPE 0.3142 0.309 

Tm  

Intercept 133.7333 0.000 
0.0454 

HDPE 0.1714 0.685 

Tc  

Intercept 61.6133 0.001 
0.4218 

HDPE −2.7657 0.163 

Hf  

Intercept 124.8667 0.000 
0.3217 

HDPE −0.4857 0.240 

Te  

Intercept 107.2667 0.000 
0.2530 

HDPE −0.3142 0.309 

Hc  

Intercept −132.9333 0.000 
0.2327 

HDP 2.3142 0.333 

Note: Output by Stata 15.1. 

We note from the results of linear regression estimation for the tests applied to 

pure HDPE material that all estimates of the independent variable Mixture (M) were 

not significant for all tests, and this indicates that the estimates are not close to validity 

in all cases except for the mg test. This is done by reading the significance value (P-

value), which was less than 0.10. This indicates the approach to estimating linear 

regression to the reality of the values of these two tests in a significant way. By looking 

at the coefficient of determination (R-sq) value, we notice that most of the tests that 

can be said to be regression Linearity estimated it well for both mg and T, as the 

coefficient of determination exceeded 67%. This indicates the importance of fillers in 

HDPE. 

4.2. Results of the Linear Programming matrix 

To choose the best mixture that achieves the best results for the experiments 

applied based on carbon black and alumina, and also to determine the best result for 

HDPE. The Linear Programming matrix was relied upon to achieve the maximum 

possible amount. The restrictions of the matrix extracted from the linear regression 

estimates for the best experiments that we obtained are presented in the following 

table: 
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Table 13. Matrix linear programming constraints results obtained.  

Matrix constraints 

HDPE Alumina HDPE 

0.0102 𝑀𝑤𝑡 ≤ 0.0247 

0.1748 𝑀𝑤𝑡 ≤ 0.6227 

1.8258 𝑀𝑤𝑡 ≤ 6.2 

2.4571 𝑀𝑤𝑡 ≤ 7.1334 

−36.3428 𝑀𝑤𝑡 ≤ −5.9333 

6.5965 𝑀𝑤𝑡 ≤ 17.0307 

62.3428 𝑀𝑤𝑡 ≤ 269.6 

−0.26 𝑀𝑤𝑡 ≤ 0.3677 

𝑀𝑤𝑡 ≤ 3 

𝑀𝑤𝑡 ≥ 0 

0.0051 𝑀𝑤𝑡 ≤ 0.014 

0.32 𝑀𝑤𝑡 ≤ 0.994 

0.6285 𝑀𝑤𝑡 ≤ 2.6 

0.5714 𝑀𝑤𝑡 ≤ 1.67 

−35.5428 𝑀𝑤𝑡 ≤ −7.8667 

4.8005 𝑀𝑤𝑡 ≤ 13.0994 

62.2285 𝑀𝑤𝑡 ≤ 272.4 

0.1297 𝑀𝑤𝑡 ≤ 0.7187 

𝑀𝑤𝑡 ≤ 3 

𝑀𝑤𝑡 ≥ 0 

0.2720 𝐻𝐷𝑃𝐸𝑛 ≤ 0.4018 

−0.3811 𝐻𝐷𝑃𝐸𝑛 ≤ 0.076 

−0.032 𝐻𝐷𝑃𝐸𝑛 ≤ 0.0414 

3.3428 𝐻𝐷𝑃𝐸𝑛 ≤ 21.5333 

−0.3142 𝐻𝐷𝑃𝐸𝑛 ≤ 0.2667 

0.1714 𝐻𝐷𝑃𝐸𝑛 ≤ 3.2667 

−2.7657 𝐻𝐷𝑃𝐸𝑛 ≤ 1.3867 

−0.4857 𝐻𝐷𝑃𝐸𝑛 ≤ 0.1333 

0.3142 𝐻𝐷𝑃𝐸𝑛 ≤ 0.2667 

2.3142 𝐻𝐷𝑃𝐸𝑛 ≤ 7.0667 

𝐻𝐷𝑃𝐸𝑛 ≤ 6 

𝐻𝐷𝑃𝐸𝑛 ≥ 0 

Solution of Matrix Maximization 

2.73 2.42 0.85 

Decision on the optimal solution 

Mixture % wt = 2.5 Mixture % wt = 2.5 HDPE 1 

Note: 1. Outputs via QM software; 2. The constraint indicated in red has been deleted because it 

restricts the results of the Linear Programming matrix. 

The findings of the Linear Programming matrix indicate that maximization was 

attained from the experimental values applied to the mixture of carbon black and 

alumina and pure HDPE. The result was that the best mixture was when we relied on 

carbon black as a filler, according to the result of the Linear Programming matrix, 

which was estimated at 2.73, which is approximately the mixture at Mixture = 2.5. As 

for alumina, the Linear Programming matrix estimated the best mixture to be 2.42, 

approximately mixture = 2.5. Here, a convergence between carbon black and alumina 

can be observed in the results as the best choice for the mixture that achieves the best 

results for the applied experiments. Therefore, it is necessary to compare them to 

determine which material is better between them as the best filler. Pure HDPE was the 

best result, as the Linear Programming matrix estimated it to have a value of 0.85, 

approximately HDPE 1. 

4.3. Comparison between filling with carbon black and alumina 

After determining the best alumina and carbon black mixture, the Linear 

Programming matrix estimated the best mixture ratio as Mixture = 2.5. We compare 

the tests and their results at Mixture = 2.5 to determine which is better. The results are 

shown in the following Table 14: 
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Table 14. Comparison between filling with carbon black and alumina at Mixture = 

2.5. 

Mixture = 2.5 

Experiments CB Alumina 

Density 0.96 0.97 

MFI 0.11 0.46 

T 122 126 

D 67 66 

R 249 250 

o 20.59 23.69 

e 240 244 

Rr 4.36 5.6 

We can summarize the results considered in Figure 15, based on EViews 12 

software: 

 

Figure 15. Comparison between filling with carbon black and alumina at Mixture = 2.5. 

The results of the experiments applied to both carbon black and alumina materials 

at a mixture ratio (Mixture = 2.5) are shown in the figure above and in my table. We 

notice that alumina is superior to carbon black in all experiments except experiment 

D, which is superior to carbon black but by a negligible difference. Hence, it can be 

said that alumina is the most stable material compared to carbon black for all 

experiments. Details of the statistical study and the start of the software work on the 

main properties of HDPE, alumina fillers, and carbon black are shown in the 

supplementary materials in Tables S7–S22 in the SM. These experiments offer 

additional information regarding the statistical analysis performed on HDPE, alumina, 

and carbon black mixtures. The linear regression equations confirm that alumina's 

inclusion in the HDPE matrix leads to a stronger and more stable composite material. 

On the other hand, when carbon black is used as a filler in HDPE, the results are mixed; 
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some properties, such as the melt flow index (MFI), get better, but others, like impact 

resistance, do not improve much when more carbon black is added.  

Table S23 in SM shows the linear regression equations used to study the leftover 

masses and breakdown temperatures of various HDPE mixtures. The data suggests 

that alumina enhances the thermal stability of HDPE, with higher filler concentrations 

improving degradation temperatures. However, concentrations above certain 

thresholds (e.g., 3%) lead to a decline in mechanical properties, such as impact 

resistance and elongation, likely due to agglomeration effects. On the other hand, black 

carbon incorporation also improves hardness and impact resistance up to certain 

percentages. However, excessive amounts may lead to negative interactions between 

the filler particles and the polymer matrix, reducing overall material performance. The 

regression analysis confirmed that both alumina and carbon black contributed 

positively to the mechanical strength of the composites, although the optimal 

concentration varied for each filler type. 

Figures S2–S10 in SM show the results of the linear programming analysis for 

carbon black and the matrix for alumina. The linear programming matrix reveals that 

the optimal mixture ratio for carbon black (CB) and alumina is approximately 2.5% 

by weight, both yielding strong results. Specifically, the matrix value maximizes at 

2.73 for carbon black and 2.42 for alumina. Alumina's addition enhances the thermal 

stability of HDPE, improving its resistance to oxidative degradation and elevating its 

glass transition temperature. However, excessive alumina (>3%) tends to negatively 

impact mechanical properties such as impact resistance. In comparison, carbon black 

improves hardness and impact resistance, with an optimal concentration of around 2%, 

yielding the best performance. 

5. Production of non-lethal projectile holders 

After defining the final product composition of the non-lethal projectile holders, 

we designed and manufactured these holders based on nanocomposites and high-

density reinforced polyethylene. In addition to installing the non-lethal projectile 

heads consisting of polyurethane foams [52–54] in the HDPE holders, the 

corresponding image shows the expected shape of the non-lethal projectile [55]. 

Design non-lethal projectile mounts with optimum physical and chemical properties. 

We have carefully created non-lethal projectile holders by combining high-density 

polyethylene (HDPE) with nanocomposites to improve their physical and chemical 

qualities. By carefully adding materials like alumina (Al₂O₃) and carbon black (CB) 

in different amounts, we have greatly improved how well the HDPE works. Alumina 

helps the material withstand higher temperatures and resist damage from heat and 

oxygen, which is crucial for non-lethal uses. It also facilitates the creation of a more 

robust polymer structure by improving crystallinity and adjusting the glass transition 

temperature of HDPE. In contrast, the addition of carbon black improves mechanical 

properties such as hardness and impact resistance, making the material more resilient 

under stress. However, the addition of excess carbon black can negatively impact some 

properties, such as elongation and fluidity index, which must be carefully controlled 

for optimal material performance. 
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6. Conclusions 

The study aimed to develop relations among the composite chemical and 

microstructural properties based on the thermoplastic matrix and a load of HDPE/CB 

and HDPE/alumina mixtures. The research focused on polyethylene carbon black and 

alumina-based composites. Adding carbon black and alumina to the resin remarkably 

impacts composite material characteristics. They help to increase yields and the young 

module. An interface region can reduce composite deformation due to the coupling 

between the filler and the polymer. The hardness research has shown that the filler’s 

surface treatment plays a significant role, affecting the mixture dispersion of particles 

and adhesion between them. When the physical properties calculated by density are 

used, the changes achieved reflect relatively good interface efficiency. 

The optimal distribution of carbon black and HDPE mixture homogenization 

varies based on the concentration of carbon black and the conditions of mixing and 

extraction. During the second stage, molten thermo-compression molding produces 

the specimens for each test. Various experimental procedures are employed to prepare 

standard samples for characterization testing. The final stage pertains to the practical 

techniques for defining materials through physical, thermal, and mechanical testing of 

HDPE mixes. 

Alumina was introduced into HDPE by mixture in the molten state, up to 3% by 

weight. Alumina is fine and evenly distributed in the corresponding HDPE, though 

agglomerated. The alumina was well dispersed because the gap between HDPE’s 

melting and crystallinity temperature was significantly reduced. Filling with alumina 

greatly enhanced the resulting HDPE matrix’s thermo-oxidative degradation intensity. 

The stabilizing effect of alumina on HDPE was more significant. This result is 

possibly linked to the uptake of the HDPE chain on the alumina surface instead of to 

the synergistic effect of alumina in the HDPE corresponding thermal stabilizer. 

The density of the HDPE mixtures at 23 °C was discovered to be 2%–2.5% 

carbon black (0.951–0.955 g/cm3), which is a perfect ratio. Then, it was found that 

thermal properties such as the HDPE/CB fluidity index remained normal (0.09–0.013) 

for 2% to 3% black carbon percentages. However, the Vicat temperature of the neutral 

resin softening and HDPE/CB mixtures are average (122–127 °C), except for 0.5% 

and 1% of the black carbon percentages. The mechanical characteristics of HDPE/CB 

mixtures have shown that adding black carbon increases our materials’ hardness, 

which often meets the standards (61–67 Shore D). For the 2% carbon black, the Izod 

impact resistance results gave a more durable material than other percentages. For the 

traction, changes in elastic tensile strength depending on the HDPE/CB mixture’s 

carbon black rate gradually give HDPE elasticity properties. HDPE is a flexible 

polymer whose deformation exceeds 500% before breakage but changes its behavior 

using carbon black. The 2.5% mixture of carbon black has the best elongation, which 

explains the material’s rigidity. 

Different HDPE compound nanocomposites have been studied in dispersion and 

morphology. SEM better observes the bulk dispersion quality. Surface morphological 

imaging of nanocomposites by the uniform, non-contact distribution of alumina 

aggregates on the polymer surface. Also, some variations were observed in surface 

lamellas’ orientation and surface ruggedness between nanocomposites and HDPE 
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reference films. According to SEM, dispersion efficiency ranged from the dispersal of 

alumina nanopowder at a mainly nanoscale to the very uneven dispersion of alumina 

particles at the nano-to-micron scale. Alumina nanocomposites lower HDPE matrix 

crystallinity and raise peak melting temperatures. An extended DSC melting rise and 

a substantially increased HDPE/alumina glass transition temperature, respectively. 

Supplementary materials (SM): Work methodology flowchart; The image 

represents a representative granule of HDPE; Automatic hydraulic press representative 

photograph; Representative photo of a single-screw extruder; ASTM-256 Izod Charpy 

resilience pendulum-type shock device; Device for making Izod and Charpy notches; 

Cutting machine tools; Specimens according to ASTM D256 for the Izod impact test; 

The two gradient density column apparatus at 23 °C; Melt flow index apparatus; The 

Vicat temperature measurement device is softening. TGA Schematic TA Q500; 

Measurement of specific heat DSC equipment (a) DSC Qu20, (b) Schematic; a) X-ray 

diffraction machine b) X Pert PRO MPD diffractometer; Finite element mesh for 

ABAQUS code simulations of ISO 527 standard tensile test compliance; Specimen 

(TR140) according to ASTM-648 for tensile testing; Tensile measurement apparatus; 

Specimens of Shore D hardness measures; Schematic representation of the SHORE D 

hardness testing device; Scanning electron microscopy was used. Design non-lethal 

projectile mounts with optimum physical and chemical properties; Main properties of 

HDPE; the MRS classification of polyethylene; common HDPE; Professional needs 

of the main PE80; carbon black’s core characteristics; alumina core characteristics. 

Statistical study: Linear regression equation for Density at 23 °C results for 

HDPE/CB; linear regression equation for testing MFI results for HDPE/CB mixtures; 

linear regression equation for testing The effects of the HDPE/CB mixture led to a 

lower Vicat; linear regression equation for Shore D hardness test results for 

HDPE/CB; linear regression equation for Izod resilience test results for HDPE/CB 

blends; linear regression equation for testing HDPE/CB mixtures yield strong results; 

linear regression equation for testing Elongation results (ɛr) in the break for HDPE/CB; 

linear regression equation for testing Effects of breaking strength Rr for mixtures of 

HDPE/CB; linear regression equation for Density at 23 °C results for HDPE/alumina 

mixtures is linear regression equation for MFI test results for HDPE/alumina mixtures: 

The linear regression equation for testing The effects of the HDPE/alumina mixture 

led to a lower Vicat. Linear regression equation for Shore D hardness test results for 

HDPE/alumina mixtures; linear regression equation for Izod resilience test results for 

HDPE/alumina blends; linear regression equation for testing HDPE/alumina mixtures 

yields strong results linear regression equation for testing elongation results (ɛr) in the 

break for HDPE/alumina mixtures; linear regression equation for testing Effects of 

breaking strength Rr for mixtures of HDPE/alumina: linear regression equation for 

testing The residual masses and degradation temperatures for different mixtures of 

HDPE: Δm (mf−m0) (mg), loss at the end of the process (%), residue at 500 °C (%), 

Tdmax (°C), The linear regression equation for the DSC test determines the glass 

transition temperature and melting temperatures of our HDPE: Tg °C, Tm °C, TC %, 

∆Hf J/g, Tc °C, ∆Hc J/g, the appendix for the Linear Programming class in Carbon 

Black: Matrix, Matrix solution, Matrix ganging, Appendix for the Linear 

Programming matrix for alumina: Matrix, Matrix solution, Matrix ganging, Appendix 
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for the Linear Programming matrix for pure HDPE: Matrix, Matrix solution, Matrix 

ganging; CODE STATA. 

Supplementary materials: These include a detailed work methodology flowchart, as 

well as supplementary tables and figures that elaborate on the material properties and 

experimental methods. Key tables display the physical properties of high-density 

polyethylene (HDPE), such as its density, crystallinity, melting temperature, and glass 

transition temperature, along with the MRS classification and common types of 

HDPE. We also provide additional information about the core characteristics of carbon 

black (CB) and alumina, emphasizing their impact on the mechanical and thermal 

properties of HDPE nanocomposites. The statistical study section presents equations 

and analyzes test results, looking at how different amounts of carbon black and 

alumina fillers affect the density, melt flow index (MFI), Vicat softening point, Shore 

D hardness, and Izod impact resistance of HDPE composites. These linear regressions 

offer clues about the relationships between filler content and the material properties of 

the HDPE/CB and HDPE/alumina mixtures. These supplementary materials are 

instrumental in supporting the research findings and providing additional clarity 

regarding the experimental methodology, results, and analysis. 
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