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Abstract 
This article explores the ballistic and mechanical performance of HDPE matrix composites 

reinforced with alumina and silicon carbide particles, to be used as lightweight body armor. The 
composites were processed by hot pressing, with the addition of ceramic fillers in fractions of 0, 40, 
50, 60, 70, and 80 wt%, forming the sample groups A00, A40, A50, A60, A70, and A80. After processing, 
the composites were evaluated by tensile tests, Izod impact, and Shore D hardness. In addition, depth 
of penetration (DOP) and energy absorption tests were performed with chronograph simulating .22 
ammunition in the ballistic test. Samples A80 and A70 had the lowest DOP result (15.98 mm and 
17.98 mm respectively) indicating that these samples had the best ballistic performance. Mechanical 
tests performed on samples A00, A40, A50, and A60 showed that the deformation and tensile strength 
were reduced with the addition of ceramic reinforcement. Impact resistance also decreased. Shore D 
hardness showed a considerable increase in hardness of A40, A50, and A60 compared to A00. 

1. Introduction  
 
Firearm injuries have been a universal problem from a human, 

medical and economic point of view [1,2]. Its incidence is different 
between countries and its characteristics vary in several aspects [3], 
being often lethal when affecting victims [4]. Brazil has one of the 
highest homicide rates in the world. According to data from the 
Ministry of Health of Brazil, 58,138 people died from homicide in 
Brazil in 2015 (28.4 per 100,000 population), in which about three 
quarters were killed by firearms [5]. 

One of the biggest challenges in the military sector is to obtain 
efficiency in the weight versus ballistic efficiency ratio of bulletproof 
vests. To achieve this feat, a multilayer reinforcement system (MAS) 
is normally used, in which this model has a front layer made of 
advanced ceramic. This material has high hardness and can resist the 
initial impact of the projectile and damage it [6]. Modern ballistic 
vests are made from advanced ceramics, where the most common 
are alumina (Al2O3), silicon carbide (SiC), and boron carbide (B4C) 
[7,8], in addition to being reinforced with fabric fibers and/or natural 
fibers [9-12]. Three factors make ballistic armor efficient: mobility, 
penetration resistance, and high impact absorption. One of the biggest 
challenges in making these shields is to improve these factors so as 
not to harm other properties. Thus, the development of new composites 
can help provide lighter and more efficient equipment compared to 
conventional protections of monolithic plates [13-17]. 

The low porosity of advanced ceramics provides superior mechanical 
properties such as high dynamic compressive strength, high hardness, 
and low density. Alumina is one of the most used ceramics due to its 
easy processing, low cost, and diversity of application sectors, however, 
it has low toughness and fracture energy. Its low fracture toughness 
can become a limiting factor for its application [18]. The addition 
of silicon carbide (SiC) to alumina showed better results compared 
to research with the addition of zirconia to alumina. Silicon carbide 
(SiC) increased the modulus of elasticity of the material, exhibiting 
low density, greater flexural strength, greater hardness, and fracture 
toughness [19-22]. The use of a thermoplastic polymer with alumina, 
forming a composite, can be an alternative to the problem of low 
fracture toughness of ceramic [23]. It is important to develop alternatives 
to improve the strength of a multi-layer ballistic protection system. 
The low toughness and brittleness of ceramics result in less resistance 
to subsequent ballistic impacts, especially at points close to the previous 
impact. High-density polyethylene (HDPE) has several advantages 
over other polymers, such as low production cost, excellent chemical, 
physical, mechanical, and thermal properties, good flexibility, and 
considerable hardness at low temperatures. Research has shown that 
the addition of alumina as a reinforcing filler in the HDPE matrix 
promotes changes in the thermal, physical and mechanical properties 
of the composite, as well as changes in the crystallinity of the polymer. 
The effects presented by the authors showed an increase in the modulus 
of elasticity of up to 501% compared to the pure matrix [24-26]. 
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This paper presents a study of HDPE matrix composite reinforced 
with alumina (Al2O3) particles and silicon carbide (SiC) particles 
and evaluates the mechanical and ballistic behavior of this composite, 
to be used as lightweight body armor. The brittle behavior of ceramic 
materials motivated the use of HDPE matrix composites capable of 
mitigating problems such as toughness and ballistic strength [27-29].  
 
2.  Experimental  
 
2.1 Sample preparation 

 
The materials used to make the composites were alumina Alundum 

RR (A620), 60 mesh, hardness 9.25 (Fisher Scientific, USA), 
HDPE IE59U3 powder (Braskem, Brazil) and silicon carbide (SiC) 
powders SIKA SINTEX 13C (Fiven, Norway) with 100 µm average 
diameter. 

Alumina, silicon carbide and HDPE were mixed by mechanical 
stirring for 10 min in a vertical milling machine. Homogenization 
took place during along with bonding of the HDPE with the ceramic 
particles by friction stir weld. Percentages of alumina between 39 wt% 
and 79 wt% plus 1 wt% of silicon carbide were used, and the samples 
were identified according to Table 1. A sample with 100% HDPE was 
added for control. Table 1 also presents the alumina volume fractions 
for each composite. 

The alumina, silicon carbide, and HDPE mixtures were hot-
pressed, at 200℃, in a SOLAB SL-11 press with the aid of a mold 
(51 mm in diameter and 5 mm in thickness). Figure 1 shows the loads 
and times used in this process. Before unmolding the samples, another 
stage of compression at room temperature (25℃) was performed, 
using a load of 30 kN for 10 min. 
 
2.2  Ballistic tests 

 
The depth of penetration test (DOP) was used in this study 

to evaluate the ballistic performance of composites. The depth 
of penetration value is determined by the depth of the impact cavity 
created by the material positioned behind the target [30,31]. The 
samples used in the ballistic tests were produced with the dimensions 
as presented earlier in section 2.1 (51 mm in diameter and 5 mm 
thickness). Ballistic tests were carried out with compressed air rifle 
model SSS and Gunpower (Figure 2(a)) with two communicating 
cylinders (0.5 L and 6 L) and an estimated pressure of 28 MPa. 
Lead projectiles 0.22 LR caliber (Figure 2(b)), with a mass of 3.3 g, 
were used. The velocity on each shot was measured using a Chrony 
Model MK3 Ballistic Air Chronograph (Figure 2(c)) device with 
an accuracy of 0.15 m⋅s-1. The distance between the air rifle and the 
composite was 5 m. The samples were fixed on a wooden board, as 
shown in Figure 3. The wooden board has the function of housing 
the projectile, in case the projectile passes through the sample, 
allowing the quantification of the penetration depth (DOP). Images 
of the samples after penetration were recorded with a digital camera. 
The energy absorbed by the target is calculated using Equation (1): 

 

    Eabs = mp(vi
2 -vr

2 )
2

  (1) 

Where Eabs is the absorbed energy by the composite (J), mp is 
the projectile mass (g), vi is the impact speed and vr is the residual 
speed (m⋅s-1). A second ballistic shot was performed to measure 
the depth of penetration (DOP) in each disc. After the bullet hits the 
samples, it lodges inside the wood plate. Measuring bullet penetration 
in the wood plate is important to understand how much the composite 
was able to withstand the ballistic impact [32]. To perform the 
ballistic tests, 7 samples were used for each group. 
 
Table 1. Samples identification. 
 
Identification Composition 
A00 100% HDPE 
A40 HDPE + 39 wt% Al2O3 + 1 wt% SiC 
A50 HDPE + 49 wt% Al2O3 + 1 wt% SiC 
A60 HDPE + 59 wt% Al2O3 + 1 wt% SiC 
A70 HDPE + 69 wt% Al2O3 + 1 wt% SiC 
A80 HDPE + 79 wt% Al2O3 + 1 wt% SiC 

 

 

Figure 1. Relation of loading time versus sample compression load. 
 

 

Figure 2. (a) Chrony Model MK3 Ballistic Air Chronograph,  (b) Lead 
projectiles 0.22 LR caliber, and (c) Compressed air rifle model SSS. 
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Figure 3. Positioning scheme for ballistic testing (1) composite, (2) projectile, 
(3) wood plate, and (4) depth of penetration (DOP). 
 
2.3  Mechanics tests 
 
2.3.1  Tensile tests 
 

All the tensile tests were performed following standard methods. 
The tensile tests were carried out at 5 mm⋅min-1 in a Universal Testing 
Machine (Instron, Brazil), according to ASTM D 638-14 standard [33], 
using type IV samples, with dimensions of 36 mm × 6 mm × 4 mm. 
To perform the tensile tests, 7 samples were used for each group. 
 
2.3.2  Izod impact test 
 

For Izod impact tests, 7 specimens with dimensions of 63.5 mm × 
12.7 mm × 6 mm and a 45° notch were produced for each group. 
The test was performed in accord with ASTM D 256-10 standard 
[34] (Resil Impact, Korea) using a 5.5 J hammer, and a steel mill 
was used to print the dimension of 2.54 mm deep in a 45° angulation 
[35,36]. 
 
2.3.3  Shore D Hardness test 
 

The hardness test was carried out using a Shore-D hardness 
tester according to ASTM D 2240-15 standard [37], the diameter of 
the steel indenter was 1.4 mm, 30° conical pointed tip with a radius 
of 0.1 mm. The penetrated depth of the indenter mark was used to 
characterize the hardness value. The test was performed at room 
temperature, considering the maximum hardness value [28]. Five 
indentations were performed in different regions of the sample, for 
the average calculation of hardness. 
 
2.3.4  Scanning Electron Microscopy (SEM) 
 

After the ballistic test, the fracture surfaces of the samples were 
analyzed by scanning electron microscopy. The samples were cut 
in specific regions preserving the fracture surface after firing. A Quanta 
FEG 250 microscope (Termo Fisher Scientific, USA) was used, 
equipped with a field emission electron gun, operating at 5 kV in 
low vacuum mode (at 80 Pa pressure). The purpose of the analysis 
was to identify the types of fractures present in these composites 

after ballistic impact. The samples were coated with a thin gold layer 
using a cathodic sputter model ACE 600 (Leica, Germany) for 30 min. 

 
3.  Results and discussion 
 
3.1  Ballistic performance 
 

All the shots went through the samples. For each composition, 
seven samples were used. Figure 4 shows the energy absorption 
during the ballistic impact, followed by Table 2, showing the values 
of disk mass (mc), projectile mass (mp), initial speed (Vi), residual 
speed (Vr), and absorbed energy (Eabs) for each composition. 

The composites had low energy absorption in general, however, 
the A80 sample had the highest energy absorption value during ballistic 
impact. Samples A00, A60, and A70 presented values in the same 
energy absorption range. As the concentration of Al2O3 is increased, 
the energy absorption in penetration is also high, except for A40 
which showed a reduction in energy and an increase in penetration 
depth. This low concentration of alumina in the matrix and consequent 
reduction in energy absorption is due to the introduction of defects 
in the matrix, without a significant contribution to the increase 
in strength [24,25]. Only in the composition of the A80 group that 
there was a significant increase in energy absorption. 

The A80 samples showed the best ballistic performance, due to 
the lower penetration of the projectile, followed by A70 and A60. 
The A40 had the worst performance among all groups, being worse 
than the A00. According to Lins et al [38] the addition of Al2O3 to 
HDPE causes an increase in the elastic modulus of the composite, 
improving mechanical properties, but high levels of Al2O3 in the 
HDPE matrix cause agglomerates to spread throughout the composite, 
impairing the mechanical performance of the material. 

Corroborating the results obtained for the samples with high 
reinforcement loading, Figueiredo et al [23] point out that low 
concentrations of alumina do not contribute significantly to the increase 
in penetration resistance. Additions above 60 wt% of Al2O3 contribute 
to the crystallization of the regions around the particles, increasing 
hardness and improving ballistic performance. 

 

 

Figure 4. Ballistic absorbed energy and DOP values for composites.
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Table 2. Results of ballistic impact measuring the Eabs. 
 
SAMPLE Mc  

(g) 
mp  
(g) 

Vi  
(m⋅s-1) 

Vr  
(m⋅s-1) 

Eabs  
(J) 

DOP ( 
mm) 

A00 7.92 ± 0.20 3.36 ± 0.06 253.90 ±13.89 225.00 ±17.27 23.25 ± 2.33 25.11 ± 2.70 
A40 12.29 ± 1.76 3.36 ± 0.06 256.40 ± 4.55 234.77 ± 4.33 17.85 ± 3.60 27.11 ± 2.84 
A50 13.31 ± 1.11 3.36 ± 0.06 253.98 ± 2.38 227.32 ± 4.39 21.56 ± 3.01 23.69 ± 2.94 
A60 14.81 ± 1.74 3.36 ± 0.06 257.26 ± 3.95 228.48 ± 3.19 23.48 ± 2.40 19.41 ± 2.30 
A70 15.75 ± 3.12 3.36 ± 0.06 257.98 ± 2.30 230.79 ± 2.58 22.32 ± 3.43 17.98 ± 2.25 
A80 21.78 ± 1.22 3.36 ± 0.06 257.86 ± 3.39 219.15 ± 6.18 32.49 ± 4.50 15.98 ± 1.55 

Figure 5 shows the samples after the ballistic test impact. Samples 
A00, A40, A50, A60 and A80 did not show long-range cracks and 
fractures due to impact. Sample A70 had a crack that starts in the impact 
region and extends to the edge of the sample.  

The ballistic performance of lightweight armors produced with 
thermoplastic polymers and ceramic reinforcements has been studied 
by several researchers in recent years. Chagas et al [57] investigated 
the ballistic performance of lightweight armors made of ultra-high 
molecular weight polyethylene (UHMWPE) reinforced with boron 
carbide (B4C) nanoparticles in small fractions (0, 0.01, 0.05, and 
0.1 wt%). The authors reported that the addition of 0.05 wt% of B4C 
promoted an improvement in ballistic performance, in which a depth 
of penetration (DOP) value of approximately 14 mm was presented 
against .22 LR ammunition, a value slightly higher than that found 
in the present work for the A80 group. Fejdyś et al [58] investigated 
the ballistic performance of UHMWPE matrix composites reinforced 
with alumina and silicon carbide particles, in which the composites  

underwent an accelerated aging process. After accelerated aging 
considering a condition of 6 years of use, the composites showed 
a reduction in ballistic performance. Thus, the authors related the 
time of use of the lightweight armor with its durability. Oliveira et al 
[32] investigated the ballistic properties of low-density polyethylene 
composites (LDPE) reinforced with alumina particles in a concentration 
ranging from 0 wt% to 100 wt%. The authors observed that fractions 
of 80 wt% and 85 wt% resulted in the best results of ballistic 
resistance, in which the penetration of an ammunition caliber .22 LR, 
was almost null. Figueiredo et al [55] performed ballistic tests with 
.22 LR ammunition in UHMWPE/Al2O3 composites subjected to 
gamma radiation at different ratios (0, 25, 50, and 75 kGy). The 
composites in general showed absorption of ballistic energy around 
20% to 30%, results compatible with the present study, however, 
the addition of 80 wt% Al2O3 and 50 kGy of gamma radiation resulted 
in the absorption of approximately 65%, resulting in improved ballistic 
performance. 
 

 

Figure 5. Photograph of samples after ballistic test: (a) A00, (b) A40, (c) A50, (d) A60, (e) A70, and (f) A80. Red circles indicate the penetration location. 
The front view of the sample is indicated by the numbers written on the samples. 
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3.2  Microstructural analysis 
 

Figure 6 shows the fracture surfaces analyzed by SEM. After 
ballistic testing, the fracture regions were separated for viewing under 
the microscope. Sample A00 (Figure 6(a)) presents ductile fracture 
due to the absence of ceramic reinforcements and severe plastic 
deformation present in the specimen. Sample A40 (Figure 6(b)) shows 
a debonding of the matrix/particle interface, and also shows cracks  
in the Al2O3 particles, dispersed from the HDPE matrix. Samples A50 
and A60 (Figures 6(c) and 6(d)) showed ductile mechanisms related 
to the propagation of shock wave in the material, in addition to fragile 
fracture in regions with ceramic reinforcement. Sample A70 showed 
ductile fracture in the HDPE matrix, and also resulting from the 
debonding of the ceramic, which can be seen in Figure 6(e).  Sample 
A80 (Figure 6(f)) also had a predominantly fragile fracture, with 
some small stretches showing ductile fracture. 

The interfacial adhesion of the polymeric matrix with the ceramic 
reinforcements did not occur optimally, as can be seen in Figure 6(b), 
for example, where there is the presence of ceramic particles detached 
from the matrix after the ballistic test. A composite with good interfacial 
adhesion would absorb a greater amount of energy during the ballistic 
event, besides the composite being able to keep the ceramic particles 
encapsulated inside the matrix. As an alternative to promote better 
interfacial adhesion in composites reinforced with ceramic particles, 
techniques such as extrusion [39] and direct ink writing (DIW) [40] 
have emerged as potential processing techniques for the production 
of thermoplastic composites. 
 
3.3  Mechanical characterization of A00, A40, A50, and 
A60 composites 
 

Mechanical tests could not be performed on samples A70 and 
A80. The high addition of ceramic reinforcement did not allow the 
composites to be processed satisfactorily. The A00 samples had 
a maximum tensile strength of 26.65 MPa, close to that provided by 

the manufacturer (27 MPa). Vijay et al [41] obtained results of 27 MPa 
indicating the mechanical stability of pure HDPE. The graph in Figure 7 
and the results of Table 3 show the tensile values for the A00, A40, 
A50, and A60 samples. The deformation of A00 was 1026%, higher 
than that found by Coutinho et al [29] who obtained 800% for HDPE 
samples processed under the same condition. According to Kaya et al 
[42] a problem related to the plastic deformation tensile test of semi-
crystalline polymeric materials, as the deformation mechanism is complex, 
because the material has crystalline regions randomly arranged between 
amorphous regions. During the deformation process, the polymer chains 
stretch until the chains split, resulting in material rupture. This makes 
thermoplastic polymers reach high strains. 

The addition of Al2O3 and SiC in HDPE reduced the maximum 
stress and strain of the composites, as the ceramic reinforcement played 
a barrier role, preventing the chains from stretching, resulting in a brittle 
fracture. However, the addition of ceramic reinforcement resulted 
in greater stability for the composites. One factor that resulted in poor 
performance in the tensile test was the weak affinity of polymer chains 
with ceramic particles [43]. The loss of ductility of a composite is a result 
of the fragility of ceramic materials [32,44,45]. According to Chee et al 
[36] plastic deformation in the polymer matrix is a predominant 
mechanism in energy absorption, being reduced with the addition 
of reinforcement. In the case of composites reinforced by ceramic 
particles, the main deformation process is the displacement between 
the matrix/reinforcement interface, which provides an increase in the 
volume of material in the deformation, displacing the particles and 
generating voids in the matrix [46]. 

An alternative for greater adhesion of the matrix/reinforcement 
interface would be the use of compatibilizers. Grison et al [47] 
report that the addition of 2% maleic anhydride (PP-g-MA) in HDPE 
composites with additions of 9% to 33% of Al2O3, resulted in significant 
improvements in the mechanical properties of the composites, obtaining 
resistance values to a tensile strength of 23.24 MPa and 22.20 MPa 
respectively, results close to those obtained for A00, demonstrating 
that the use of compatibilizer improves the mechanical properties 
of HDPE matrix composites [48,49]. 

 

Figure 6. SEM micrographs of the fracture regions of the shot samples: (a) A00, (b) A40, (c) A50, (d) A60, (e) A70, and (f) A80. 
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Table 3.  Mechanical Characterization for the HDPE composites. 
 
Sample Tensile strength  

(MPa) 
Deformation  
(%) 

Izod energy absorbed  
(J⋅m-1)  

Shore D Hardness 

A00 26.65 ± 1.04 1026.43 ± 16.69 24.13 ± 4.20 46 ± 2.50 
A40 14.44 ± 1.49 100.84 ± 32.64 14.85 ± 3.08 69 ± 1.30 
A50 12.42 ± 1.89 76.75 ± 1.71 13.99 ± 2.81 70.80 ± 1.60 
A60 12.38 ± 0.91 73.53 ± 1.63 18.31 ± 3.61 72 ± 1.40 

 

Figure 7. Tensile Strength of A00, A40, A50, and A60 composites. 
 
Regarding the Izod impact test presented in Table 3, the results obtained 

for the A00 were similar to those of Deepak et al [26], for the same test 
conditions. Semi-crystalline polymers such as HDPE have high tenacity 
under common conditions of use. However, they are sensitive to the notch 
made in the specimen, causing the material to harden [50,51]. 

The standard deviation of the samples was high, demonstrating 
that there was not good adhesion of the ceramic reinforcement to the 
polymer matrix. Another factor related to the results of lower impact 
resistance is the processing of composites. Hot pressing can create 
internal voids during processing, where even with the elimination of 
waste gases, it is not always possible to eliminate them completely. 
During the impact test, the presence of a notch or other stress concentrator 
can change the stress state of the material, making plastic deformation 
difficult and reducing the tenacity of the specimen [52]. The reduction 
in impact energy with increasing ceramic load occurs because plastic 
deformation decreases with the addition of ceramic load [27]. 

Shore D hardness results was shown in Table 3. The values obtained 
for A00 were lower than those established by the manufacturer, where 
61 Shore D is established, and in this work 46 is found. Caraschi and 
Leão [53] found values of hardness around 62, while Koffi et al 
[54] obtained a hardness of 50.6 Shore D for pure HDPE. With the 
addition of ceramic reinforcement, the hardness is high, as Al2O3 and 
SiC have higher hardness than ceramic HDPE, which has a greater 
hardness than polymeric materials [23,55]. 

The use of compatibilizers to improve the matrix/reinforcement 
interface allows the mechanical properties to be improved. The use of 
compatibilizers in composites in HDPE matrix composites allows 
the reinforcement phase to have greater adhesion with the matrix, 
resulting in improved mechanical properties [56]. 

 
 

4.  Conclusions 
 
This study evaluated HDPE matrix composites reinforced with 

alumina and silicon carbide particles and had their mechanical and 
ballistic properties. The ballistic test showed an improvement in the 
ballistic performance of samples with greater additions of ceramic 
reinforcement, resulting in samples A80 and A70 with higher energy 
absorption and lower DOP. The SEM images showed the mechanisms 
of fracture after impact, where the increase in the reinforcement content 
caused an increase in brittle fractures due to the greater presence of 
alumina and silicon carbide. The tensile and impact tests indicated 
a considerable reduction in the deformation and mechanical strength 
of samples A40, A50, and A60, as expected due to the ceramic 
reinforcements. Shore D hardness tests showed a significant increase 
in composite hardness due to additions of alumina and silicon carbide. 
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