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Abstract: This study evaluates the ballistic performance of composites reinforced with aramid fibers, 

focusing on the comparison betsween artisanal twill-structured fabrics (SKRC) and commercial plain-

weave fabrics (TLRC). The composites were manufactured using a compression molding technique 

and subjected to ballistics tests with expansive hollow-point bullets, based NIJ 0108.01 standard. Key 

parameters analyzed included projectile deformation, delamination behavior, and the coverage 

factor of the fabrics. The SKRC composite exhibited superior ballistic performance, attributed to its 

higher coverage factor and enhanced interaction with primary yarns, resulting in greater energy 

absorption and bullet deformation. Conversely, the TLRC composite demonstrated limited 

resistance, with reduced delamination and inefficiency in dissipating kinetic energy. MO showed 

distinct deformation profiles of the projectiles and delamination zones, correlating these behaviors 

with the reinforcement structure's mechanical response. These findings highlight the potential of 

artisanal twill-structured fabrics for ballistic applications, emphasizing the importance of 

reinforcement content and fabric architecture in improving composite performance. This study 

contributes to the advancement of terminal ballistics and the development of lightweight, high-

performance materials for protective equipment. Future research should explore optimization of 

stacking sequences and reinforcement content to further enhance ballistic protection. 

Keywords: Ballistic protection; Aramid Fabrics; Terminal ballistic; Composite  

 

1. Introduction 

Composite materials for ballistic applications have been a prominent focus of research for 

decades [1-8]. Since ancient times, humans have developed protective structures to mitigate injuries 

caused by various forms of physical combat [9]. With advancements in weaponry and ammunition, 

the need for lightweight, flexible, and high-energy-absorbing materials has become paramount. The 

20th century marked a turning point in this field, with the discovery of advanced textile materials 

like para-aramid and UHMWPE, paving the way for innovative solutions in ballistic protection. [10; 

11]. 

The evolution of military weaponry, tactics, and ammunition technology necessitated the 

development of advanced ballistic protection systems. These systems must not only provide effective 

protection against damage but also possess properties such as resistance, flexibility, lightness, and 

high energy absorption capacity. Technological innovations and manufacturing advancements in the 

20th century led to the discovery of high-performance textile materials, such as para-aramid and 

UHMWPE fibers, revolutionizing the field of ballistic protection (9-13). Composite materials offer an 

alternative approach to developing advanced ballistic protection systems [11; 12; 14;15]. Defined as 
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the combination of two or more materials with distinct mechanical behaviors, composites exhibit 

enhanced performance when compared to their individual components. The matrix encases the 

reinforcing component, establishing either a chemical or physical bond known as the interface [13; 

15;16]. The interface between the matrix and the fiber reinforcement is critical for dispersing the forces 

generated during ballistic impact. It facilitates energy dissipation through the interaction of the 

matrix and reinforcement, thereby decelerating the projectile and enhancing the composite’s 

resistance to impact energies. In this case, the fibers during the impact have as a fundamental element 

the friction present in the threads that are immediately positioned in the contact area of the projectile 

and the maximum load of distributed tension [5;17-19]. 

High-performance fibers with ballistic protection capabilities substantially reduce the weight of 

protective equipment. However, significant investment in research and advanced techniques is 

essential to analyze the mechanics of damage caused by projectile impacts. In addition, few 

researchers have also comprehensively analyzed and discussed various research papers on 

modelling and simulation, experimental testing, ballistic penetration resistance, projectile 

characteristics, failure modes of ballistic materials, and composites for different applications. [20-27]. 

According to Tocchetto [28], ballistic science is divided into external and terminal ballistics. 

External ballistics evaluates the forces acting on a projectile in motion and its trajectory, while 

terminal ballistics focuses on the behavior of a projectile upon impact with a target. Regarding 

external ballistics, two behaviors are present in the projectile's behavior: rotation and nutation. 

Rotation occurs when the projectile is expelled by the combustion of gunpowder and has its direction 

guided by the ray present in the barrel of firearms, nutation occurs when the tip of the projectile 

oscillates around an axis. The caliber of a weapon is determined by a few variables, such as the 

diameter of the case, the amount of gunpowder, the diameter and length of the projectile. In this way, 

calibers have a maximum and minimum value that qualify them in terms of the amount of kinetic 

energy the projectile achieves after being shot. The author also points out that two factors must be 

considered when talking about the damage caused by firearm projectiles: lethality and stopping 

power. Considering that every weapon can be lethal when evaluating the place where the projectile 

hit, while stopping power would refer to the number of shots needed for an aggressor to cease the 

violent act. This variable therefore considers not only where the attacker would be shot but, above 

all, the amount of energy transferred to the target on impact. If we consider projectiles of the same 

caliber, keeping the amount of gunpowder and the diameter of the projectile constant, and evaluate 

the behavior of projectiles with different geometries. For example, a projectile that expands on contact 

with the target will increase its area of contact and will therefore transfer more of its kinetic energy 

to the target.  

Projectiles can be classified according to their geometry, as follows: ogival-OG, flat-topped-PP, 

semi-sharp-edged-SCV, sharp-edged-CV, expansive hollow-point-EXPO, fully jacketed-ET, 

obturated jacketed-EO and pointed-PT. Expanding hollow-point projectiles are made of lead, which 

is a soft, high-density metal. When it hits a target, it deforms, having grooves in its structure that 

guide the projectile's direction of deformation. Based on the representation in Figure 1 it is possible 

to observe the deformation of the projectile when fired at a fluid that is denser than air, in this case 

water [28]. 

 

Figure 1. – Bullet hollow point [28]. 

The development of textile materials as reinforcement structures in polymer composites has 

been extensively studied within the field of structural materials. These studies have focused on the 
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type of fiber used as well as their arrangement (geometry) in the polymer matrix, with the main 

characteristic being the individual properties of the constituents and their combination so that a new 

product can be developed. The area of textile engineering has a wide scope in terms of knowledge of 

fibers, their properties, and applications, since without fibers this area has no identity [23; 24; 29; 30]. 

Aramid fibers are 43% lighter and twice as strong as glass fibers, while being ten times stronger 

than aluminum. Moreover, aramid fibers exhibit excellent thermal stability over a wide temperature 

range and retain their mechanical properties even when exposed to extreme conditions, such as 

temperatures as low as -196°C. Additionally, they have a melting point exceeding 427°C. Twaron is 

a para-aramid fiber made by the Japanese company Teijin. It has low creep, a high melting point, and 

good resistance to bending and abrasion [30; 31]. Aramid is the material most found in relevant 

literature, as it is widely used in the manufacture of composite materials, especially for ballistic 

applications [2; 9; 13; 23-27;30-34]. 

Fibers with high tensile strength and a high modulus of elasticity are capable of absorbing 

significant amounts of energy. Materials with a high tensile modulus and low density efficiently 

transmit shock waves from the impact point, distributing energy across a broader area and 

minimizing impact damage [19;29; 30]. Most of the projectile's kinetic energy is transferred to the 

yarns that are directly in contact with the projectile, while the contribution of the orthogonal yarns to 

energy absorption is reduced [19; 24; 35-37]. Upon impact with a target, an expanding projectile 

deforms by increasing its diameter and reducing its length [24; 28]. As the target resists penetration, 

the contact area between the projectile and the target grows, facilitating a broader propagation of 

kinetic energy, as shown in Figure 2 [25]. 

 

Figure 2. - Simulation of wave propagation and deformation of a projectile in a ballistic impact [25]. 

When a projectile impacts a fabric, the warp and weft yarns separate, creating a distinctive 

geometry known as a wedge [19;22;30;34], as shown in the images in Figures 3. 

 

Figure 3. – Simulation of the fabric's deformation in contact with a projectile. 

In the simulation carried out with the projectile and the fabric (Figure 3), it was possible to 

observe behavior similar to that reported by Liu (2021) [34], where the moment the projectile strikes 

that fabric, it comes into contact with the primary yarns, deforming and spreading apart the 

surrounding interwoven yarns. This interaction compresses the secondary yarns, forming an opening 

referred to as a wedge. As a result, the cross-sections of the yarns are deformed as the yarns are being 

compressed, and as consequence, the attachment points between the yarns are resistant to 

deformation. When a fabric is unbalanced, such as the twill structure, the fabric interlocks, causing 

its cross-sections to deform to avoid interference. This behavior is due to the shear of the fabric's 

yarns, which is a consequence of the formation of folds and ripples, providing a rigid elastic response, 
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followed by a condescending response, where the yarns begin to rotate mainly due to friction. [18;19; 

33-36] 

This interaction compresses the secondary yarns, forming an opening referred to as a wedge. 

Other factors to consider are the size of the ballistic projectile, its movement to form a cone on the 

rear face of the target, the shear of the projectile, the traction of the primary yarns of the composite, 

the elastic deformation of the secondary yarns, and the deformation of the projectile while it is in 

contact with the fabric. [30]. 

Aliverdipour (2020) [17] perforated different fabrics with different pointed geometries with 

perpendicular incidence on the fabric, with the angle of the perforating profile and the types of fabric 

used as variables. After the tests, the author concluded that the more acute angles were easier to 

pierce. 

Fabrics behave in a singular pattern when faced with a type of stress, be it compression, in tensile 

or shear, but this response is possible due to the material's mobility. Since the fabric is integrated into 

a composite as a reinforcing structure, its behavior is also affected by the interface between the fiber 

and the matrix [35-42]. In a composite, the matrix is the initial point of impact for a projectile, 

propagating energy to the reinforcement fibers. In this way, the limiting conditions of the yarn during 

the transverse impact will have a direct influence on how the stress and energy will be distributed 

individually in the fibers. When a projectile impacts fabrics, two types of yarns play distinct roles. 

Primary yarns, or main yarns, directly interact with the projectile, inducing transverse deflection. 

Secondary yarns, while not in direct contact, assist in propagating longitudinal waves. During a high-

velocity impact on fabric, the projectile displaces primary yarns, generating a longitudinal wave that 

propagates rapidly from the impact center along the yarn's axis [35]. From the longitudinal wave, the 

primary yarn moves towards the center of impact due to its deformation. As the fabric deforms, it 

maintains transverse deflection until the yarns reach their breaking stress. As the projectile penetrates 

the reinforcement layers, the interface influences the composite's behavior by affecting yarn 

compression and shear, effectively dissipating kinetic energy Figure 4. [21;26;27;39;40]  

 

Figure 4. -Representation of ballistic impact on fabric [40]. 

This study aims to manufacture and evaluate the influence of reinforcement structures on the 

ballistic performance of composites reinforced with aramid fibers, tested with hollow-point bullets. 

For this purpose, aramid fabrics were used as a reinforcing element in the form of a commercial plain 

weave fabric and a handcrafted twill fabric developed specifically for this work at the UFRN Fabric 

Laboratory. 

2. Materials and Methods 

The matrix employed was a pre-accelerated orthophthalic polyester resin supplied by IBEX 

Química Indústria e Comércio-Br, polymerized using Butanox M50 at a 1% v/v ratio. 
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The reinforcement materials included para-aramid fabric with a twill structure (SK), featuring a 

fabric weight of 369 g/m². This fabric was produced using a handloom machine in the Weaving 

Laboratory at UFRN, utilizing TWARON 2040 1100 Dtex yarn supplied by Teijin Aramid.  

Commercial para-aramid fabric plain weave as structure (TL) supplied by Texiglass Indústria e 

Comércio Têxtil, Fabric weight of 187g/m². Figure 5 shows the images of the reinforcements used in 

the production of the composite and the characteristics of the reinforcements are described in Table.1. 

 

Figure 5. - Figure 3.1 - Fabrics used as reinforcements in the composites - SK – artisanal Twill Structure; TL – 

commercial Plain weave Structure. 

The fabric manufacturing process encompassed the preparation of warp, weft, and weaving 

stages, utilizing artisanal equipment to produce the final product. Figure 6 shows the handloom 

process of producing the twill structure fabric. 

 

Figure 6. – (a) weft production; (b) handloom machine; (c) fabric produced. 

The fabric weight is determined by the ratio of mass per unit area, calculated as the mass of the 

fabric per unit length and total width, in accordance with ABNT NBR 10591. To better understand 

the characteristics of fabrics used as reinforcements in composites, the coverage factor (k) is applied, 

as described in Equation 1. This parameter directly influences the impregnation of the reinforcement 

by the matrix during the lamination process." 

This parameter is related to the proportion that a fabric is covered by warp or weft yarns, or 

both. Considering that a fabric is formed by the interweaving of warp and weft threads, during the 

weaving process there will always be a space for the other set of threads to interweave. 

𝐾 = 𝑛√𝑇𝑡/10   (1) 

𝐾1 =
𝑛1(√𝑇𝑡1)

10
  (warp)  (2) 

𝐾2 =
𝑛2√𝑇𝑡2

10
  (weft) (3) 

Were: 

K = cover factor; 

n = yarn/cm, (warp) or batidas/cm, se (trama); 

Tt = linear density of the yarn in Tex 

Thus, for any Cf we will have: 

 𝑘 =
28.𝐶𝑓

√𝑉
   (4) 

Where: 

V = specific volume of the yarn, in cm3 / g; 

Cf = fractional coverage (warp or weft). 

When d=p, i.e., when Cf = 1.0, the fabric has maximum theoretical coverage. The coverage factor 

(k) for this particular case will be: 
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 𝑘 =
28

√𝑉
    (5) 

To provide a more accurate result, the formula in equation (6) is considered more appropriate: 

𝐾𝑡 = 𝑘1 + 𝑘2 −
𝑘1.𝑘2

28
    (6) 

Were: 

Kt = cover factor of fabric; 

K1 = cover factor of warp; 

K2 = cover factor of weft. 

 

The characteristics of the fabrics used are described in table 1 

Table 1. Data sheet of fabrics used as reinforcements in composites. 

 

The composite was fabricated using the compression molding technique. It consisted of a 

laminate with four layers of twill fabric, developed with para-aramid fibers on a laboratory scale 

using a handloom machine, and eight layers of commercial fabric and the configuration of the 

composites as presented in Table 3.2 The polyester resin is catalyzed using Butanox M50 at 1% was 

poured over the fabrics. The mold closed and the system pressed less than 5 ton for 12h at room 

temperature figure x. After this stage, the closed mold was post-cured in an oven at a temperature of 

70°C for 4 hours. 

 

Figure 3. 4: a) steel mold; b) compression molding. 

The configuration of the composites produced as showed in Table 2. 

Table 2. - Ballistic plate configuration: SKRC (twill fabric-reinforced composite); TLRC (plain weave-reinforced 

composite). 
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The ballistic test was designed in accordance with NIJ 0108.01, which outlines the firing 

parameters specified in the standard. The test used. 38 SPL +P+, EXPO/SJHP ammunition produced 

by CBC, supplied by the General Command of the RN Military Police. Figure 7 shows the dimensions 

of the plate and the positioning of the target for the test. 

In order to assess the propagation of the impact waves after the shot and consequently the level 

of damage to a “soft” body, i.e., to obtain the standard deformation of the projectile. For this purpose, 

Italian-made Roma DAS No. 1 ballistic clay was used. The composites were positioned in a pine wood 

box measuring 1.2 m x 0.40 m x 1.15 m, with a frame for fixing the target, ballistic plate, and ballistic 

clay. Three tables were used for positioning the target and the test, two measuring 0.60m x 0.40m x 

1.15m for positioning the chronograph support and one measuring 0.40m x 0.40m x 1.15m for 

positioning the target and plasticine, as shown in Figure 8.  

 

Figure 7. - Composite plate size and target location. 

 

Figure 8. - Ballistic test layout - Arrangement of tables and apparatus. 

The chronographs used were the Prochrono DLX model manufactured by Competition 

Electronics, with the first chronograph 2 meters away from the shooter and 1 meter away from the 

second chronograph, which in turn was 2 meters away from the target. According to the shooter, 

normally projectiles tend to lose altitude after hitting a target. For safety reasons, a chronograph was 

not used behind the target, but rather 2 tires for projectile recovery in the event of a perforation of the 

ballistic plates. The test was conducted by the PM/RN with weapons and ammunition from the 

corporation and qualified shooter. 

Post-ballistic testing, the composites were assessed for the extent of post-impact damage and the 

morphological changes in the projectiles. The evaluation of the level of damage to the plates, the entry 

and exit diameters of the projectiles, were measured using a Vinwer digital pachymeter where the 

maximum diameter (Dmax) and minimum diameter (Dmin) were measured on the front and rear views 

of the ballistic plates.  

Optical microscopy analyses were carried out at the Rio Grande do Norte Police Criminalistics 

Institute (ITEP-RN) using a Leica FS-M microscope. In order to evaluate the delamination of the 

composite after ballistic impact, samples were cut using a machine with a vibrating disk, and the 

images were evaluated at magnifications of 4X, 10X, 20X, and 40X, observing the front, back, and side 

views of the plates. Free image software was used to delineate the delamination zones and thus 

measure the area and perimeter. A 4X magnification was used to evaluate the deformation of the 

bullet after the shooting test on the composites and the projectile fired in ballistic clay was used as a 

parameter for comparing the composites 
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Feret index, Equation 3, was used to measure the ratio between the largest diameter (Dmax) and 

the smallest diameter (Dmin) of a delamination resulting from the impact of the projectile on the 

ballistic plate. This analysis was carried out using the images obtained by optical microscopy and the 

free Imaje.JS software to demarcate the delamination zones, thus making it possible to measure the 

morphology of the deformation represented by the delamination. If, Feret index was closer to 1 the 

more homogeneous the impact dispersion and the closer to 0 the more heterogeneous this dispersion.  

𝐹𝑒𝑟𝑒𝑡 =
𝐷𝑚𝑖𝑛

𝐷𝑚𝑎𝑥
     (6)  

3. Results 

To compare and understand the ballistic behavior of the composites, a projectile was fired at 

ballistic clay. This material, which reproduces the behavior of soft tissues in the human body, was 

used to analyze the deformation profile of an expanding hollow-point bullet after impact.. The images 

shown in Figure 9 and 10 refer to the deformation of the plasticine and the projectile, respectively. 

 

Figure 9. - Ballistic clay after bullet shoot (a) frontal view, (b) posterior view. 

The images showed a standard circular entry hole (a) and a conical exit (b) in the ballistic clay, 

characteristic of the behavior of soft tissues, such as those in the human body. It is also possible to see 

brown particles, highlighted in red in image (b), which are the result of the projectile friction on the 

plasticine. The deformation profile of the bullet was evaluated using optical microscopy at 4X 

magnification. The analysis showed a mushroom-shaped deformation, characteristic of soft body 

impacts, as reported in the literature [29]. 

 

Figure 10. - Optical microscopy of the bullet after impacting the ballistic clay at 4X magnification - (a) frontal 

view, (b) posterior view, (c) lateral view. 

Following the ballistic testing of the composites, the entry and exit diameters of the projectiles 

were measured, as detailed in Table 3 and Figure 11." 

 

Figure 11. -Measures of composite delamination after ballistic impact. 

Table 3. - Measurements of the perforations caused by the ammunition in the composites. 
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As presented in Table 3, the SKRC and TLRC composites displayed slight differences in their 

inlet diameters, while their outlet diameters remained comparable. However, when we look at the 

images in Figure 12, despite the projectile having transfixed the plate, in the projectile entry profile 

(a), it is possible to see darkened yarns due to the impact of the projectile, as well as the rupture with 

contraction of the primary and secondary yarns of the reinforcement structure. Additionally, a 

delamination region, caused by the dissipation of energy from the projectile's impact on the 

composite, was observed. This phenomenon is linked to the influence of the reinforcement structure 

on the composite's mechanical response to high-velocity impacts. When analyzing the projectile exit 

profile at (b), we see fibrillation characteristic of aramid fiber and a substantial increase in the exit 

diameter. This behavior is expected due to the expansion capacity of the projectile used, as well as 

the fact that the reinforcement structure is a balanced mesh with a low coverage factor. The side view 

(c) shows the delamination of the composite after the ballistic impact, red highlight in the image. 

 

Figure 12. - Optical microscopy of TLRC composite after ballistic test (a) front view, (b) back view c) side profile 

view. 

Based on the images in Figure 13 (a), the projectile's entry profile follows the diagonal direction 

characteristic of the twill structure, with more breaks in the primary threads than in the secondary 

threads. Compared to the TLRC composite, Figure 12, this behavior can be associated with the fact 

that the twill structure has 5 times more primary yarns than the flat fabric structure, and consequently 

the coverage factor of the twill is much higher Table.1. The back view (b) shows the formation of a 

cone without an exit hole due to the deformation of the fibers caused by the impact. It is also 

important to mention that, during this test, the bullet was recovered in front of the plate, indicating 

that the reinforcement structure acted as an energy-absorbing element. In this way, the exit hole can 

be associated with the impact waves resulting from the expansion of the projectile. When viewing 

the side profile of the plate (c), the delamination of the plate after the ballistic impact is clearly visible. 
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Figure 13. - Optical microscopy of SKRC composite after ballistic test (a) front view, (b) back view, (c) profile 

side view. 

 

Figure 14. Bullet deformation after impact in relation to the original size (a) and diameter of the projectile (b). 

 

Figure 15. - Optical microscopy of the .38 SPL EXPO bullet -4X. 

 

Figure 16. - Optical microscopy of the bullet after impacting the SKRC composite (a) front view, (b) back view, 

(c) side view. 
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Based on the graphs shown in Figure 14, it is possible to correlate the deformation of the 

projectile in each composite studied in order to establish comparative parameters with both the 

microscopy of each composite (Figures 12 and 13) and the optical microscopy images of the projectiles 

after shooting (Figures 15 and 16). The projectile impacting the TLRC composite plate exhibited a 

44.44% reduction in length and the smallest total diameter increase, measuring 22.50%. This behavior 

may be attributed to the reinforcement structure, plain weave, being inefficient at deforming the 

expansive hollow-point bullet. Thus, as it interacts with the body and finds resistance, it increases its 

diameter area and decreases its length. Consequently, this composite showed low resistance to 

ballistic impact, with perforation of the plate by the projectile. The deformation analysis of the 

projectile impacting the SKRC composite plate revealed a 48.33% reduction in length, demonstrating 

the greater efficiency of this composite's reinforcement structure. These findings are supported by the 

analysis of the delamination area and perimeter variations, along with the Feret index, as presented 

in Tables 4 and 5 

Table 4. Feret index and calculation of the area and perimeter of the delamination of the composites. 

 

Table 5. - Delamination area and perimeter variation. 

 

The data for the TLRC composite indicate a smaller entry delamination area compared to the 

other studied composites. This suggests lower resistance to stopping the projectile, as evidenced by 

the limited delamination. This behavior can be attributed to a low distribution of the efforts made by 

the matrix, with consequent poor action of the reinforcement structure during the ballistic impact. 

Similarly, the increase in the exit area with respect to the entry area indicates that there was a conical 

propagation of the delamination, but if we analyze the Feret index of both the entry and exit 

delamination, it can be seen that this composite has isotropic properties. However, for the SKRC 

composite, the low Feret index indicates inhomogeneous delamination distribution, reflecting the 

material's anisotropic properties. It is also possible to see that despite an increase of 171.47% in its 

delamination area, this material has the largest initial delamination area. This behavior indicates that 

from the moment the projectile struck the composite, it exhibited resistance to perforation. 

4. Conclusions 

The results of this study demonstrate the feasibility of using artisanal twill-structured fabric as 

a reinforcing element in ballistic composites, offering efficient ballistic protection. In this context, it 

can be concluded that the reinforcement structure behaves differently when in contact with an 

expansive .38 hollow-point projectile, taking as a parameter the morphology of the projectile after 

impacting the composite, where it was observed that the coverage factor of the fabrics used was an 

important parameter in understanding the results. Another factor of great importance is related to 

the bullet's entry profile, in which damage follows the direction of the fabric structure that reinforces 

the composite.  

Plain woven fabric is not interesting for use as a reinforcing element in ballistic composites. 

Considering that, in the case of this study, the stacking sequence (0/90) was used to produce the TLRC 

composite, the reinforcement structure did not act satisfactorily in absorbing and dissipating the 
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energy of the projectile impact, causing the sample to be perforated with a high level of damage, with 

deformation in the diameter of the projectile much lower than that of the ballistic clay. 

The SKRC sample, composed of twill-structured fabric, effectively absorbed the bullet's impact, 

even with a low reinforcement content of 27.3%. This behavior is attributed to the fabric's higher 

coverage factor, which enhanced interaction with the primary yarns in the reinforcement structure. 

Consequently, the SKRC composite exhibited greater deformation of the projectile diameter 

compared to TLRC composites. These findings suggest that increasing the reinforcement content or 

optimizing the fabric stacking sequence could further improve its ballistic protection efficiency. 

The analysis of the projectile's deformation profile is a critical parameter for interpreting results. 

This study demonstrates the utility of terminal ballistics in evaluating the behavior of ballistic 

composites. 
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