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Abstract 11 

Classic lightweight composite armour systems are usually made of ceramics, metals and fabric 12 

laminates separately or combination of two materials to resist a ballistic impact by 7.62 mm projectile. 13 

To enhance the ballistic impact resistance, this paper proposes hybrid laminated structures, which are 14 

developed through combinations of ceramics, Dyneema, Kevlar and compressed wood. There were 15 

twenty-five hybrid ballistic panels manufactured first, which were then subjected to field ballistic tests 16 

with 7.62 mm (×39 mm) bullets in a velocity range from 806.0 to 887.5 m/s. Here, five of twenty-five 17 

panels successfully stopped 7.62 mm projectile. The results of the ballistic performance, energy 18 

absorption, back face signature and failure mode of each type of the composite panels were obtained 19 

and examined. The mechanisms of ballistic resistance associated with different hybrid panels 20 

designed are investigated and discussed. In addition, analytical models are developed to predict 21 

ballistic perforation performance of single material layers and the related hybrid composite structures. 22 

The theoretical predictions of residual velocities are compared with the corresponding experimental 23 

measurements in a good agreement. These results provide the first-hand data to support further 24 

concept design of the hybrid ballistic panels and to validate computer models for optimizing 25 

lightweight composite armour.    26 
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 28 
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1 Introduction 29 

      Composite materials are increasingly used in aerospace, automotive, infrastructure and military 30 

industries. Laminated composite material is one of the composite materials, which consists of several 31 

laminates of same fibre reinforced plies or hybrid laminates with at least two different materials, 32 

bonded with each other to form a multilayer structure. Hybrid laminated structure can be used to 33 

significantly improve the strength, fatigue life, corrosion resistance, stiffness, thermal and acoustic 34 

insulation, with a low self-weight [1]. Different from common laminates, an effective ballistic 35 

composite laminate is usually made of two primary layers to resist ballistic impact, one is a relatively 36 

hard facing plate, and the other is a relatively tough backing plate [2-9]. In general, during ballistic 37 

impact it is desired that the bullet can be blunt and eroded when striking a hard plate, and the tough 38 

backing material can support the ceramics and efficiently absorb the energy during the bullet 39 

penetration [10-13]. Wood is one of natural materials, which is widely used in building structures [14-40 

16]. In general, the wood has high stiffness- and high strength-to-weight ratios as one of 41 

environmentally friendly and economically beneficial construction materials [17-21]. To improve 42 

mechanical properties of wood, densification technology can be used to enhance the mechanical 43 

properties of virgin wood by decreasing the pores and voids between cell walls [20-21]. Basically, the 44 

only effective direction for densification is the radial direction of wood, through which a flatten 45 

compressed wood piece can be obtained without any fracture [22].  Sanborn et al. [23] undertook 46 

ballistic tests using a powder gun on two different softwood (Spruce Pine Fir South (SPF-S) and the 47 

Southern Yellow Pine (SYP) by using a 12.7 mm steel sphere projectile made of hardened impact-48 

resistant S-2 tool steel. The dimensions of the CLT (cross laminated timber) panel were 305 mm×305 49 

mm, the thickness varied in the number of plies, and the majority of striking velocities was less than 50 

762 m/s. When the striking velocity was around 800 m/s and thickness was 5-ply (thickness=175 51 

mm), the average residential velocity of SPF-S and SYP were 400 m/s and 300 m/s, respectively. The 52 

experimental results showed that the ballistic performance of the SYP was better than the SPF-S 53 

specimens with varying thickness. However, according to the authors’ best knowledge, it seems no 54 

work being carried out on ballistic tests of compressed wood. 55 
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     Liu et al. [11] carried out a series of high velocity ballistic experiments on alumina ceramic 56 

composite armour with a tough backing material. They found the 18 mm thick alumina ceramic layer 57 

with a 10 mm back laminate of Ti6Al4V/UHMWPE/Ti6Al4V could resist a 12.7 mm armour piercing 58 

projectile with an impact velocity of about 800 m/s. The middle UHMWPE (Ultra High Molecular 59 

Weight Polyethylene Fibre) layer showed a high buffer performance and had a good energy balance 60 

function between the first and outermost Ti6Al4V layers. Shen et al. [12] undertook the high velocity 61 

ballistic experiments on SiC ceramics/UHMWPE composite laminates. Based on the sensitivity 62 

analysis of material and adhesive parameters by using a validated numerical model, the bulging 63 

deformation decreased with increasing the adhesive strength. Therefore, the adhesive strength could 64 

be taken as a reliable constraint to achieve the minimum bulging deformation and the minimum 65 

laminate thickness. Based on the experimental investigations by Maffeo and Cunniff [24], the ceramic 66 

layer and Kevlar29 composite laminates with polyethylene resin had a higher ballistic performance 67 

than using PVB-phenolic resin. However, the ceramic layer and Kevlar KM2 composite laminates 68 

with PVB-phenolic resin had a higher ballistic performance than the laminates with polyethylene 69 

resin. Krishnan et al. [2] proposed that some delamination and energy dissipation of the ceramic and 70 

UHMWPE composite armour during the ballistic test was due to the friction between the armour 71 

laminates or between the projectile and the armour laminates. Ong et al. [25] created a new composite 72 

armour which was composed of ceramic tile, Dyneema, porous foam plate and aluminium plate in 73 

sequence. Through the experimental work, they investigated the failure mechanisms of the constituent 74 

layers and energy absorption. Although this composite laminate concept was correct, they still needed 75 

to optimize the thickness of each layer to achieve a good ballistic performance with the minimum 76 

weight. Braga et al. [26] conducted series of high energy ballistic experiments on non-woven curaua 77 

fabric composites and aramid laminates. A hybrid composite panel was composed of a front layer of 78 

Al2O3 ceramic, a second layer of fabric or aramid, and a back layer of an aluminium alloy, the ballistic 79 

performance of curaua non-woven fabric composites was better than the aramid fabric (Kevlar) 80 

laminates. 81 
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     Based on the review of the previous work, the research on the ballistic resistance of laminated 82 

composite structures is primarily focused on the ceramics combined with a metal or a reinforced 83 

fabric material. To date, there is limited work on the ballistic response of hybrid laminates consisted 84 

of ceramics, Dyneema, Kevlar and compressed wood. Therefore, the aim of the current paper is to 85 

investigate ballistic resistance of various hybrid laminated structures subjected to high velocity impact 86 

by a 7.62 mm incendiary projectile. Here, various hybrid laminated structures were first designed and 87 

fabricated. Then a series of ballistic impact tests were undertaken to investigate the ballistic response 88 

of those hybrid laminated structures made of combinations of silicon carbide or boron carbide, 89 

Dyneema, Kevlar and compressed wood. The ballistic impact tests were also carried out on panels 90 

made of a single material for comparison purpose and providing basic data for analytical models, 91 

which were developed to predict ballistic perforation performance of single material layers and the 92 

related hybrid composite structures. The perforation resistance and failure modes of the hybrid panels 93 

tested were assessed, together with the areal density. The outputs provide useful data for designing 94 

ballistic hybrid laminates.  95 

2 Experimental procedure 96 

2.1 Specimen preparation 97 

        The Kevlar fibre prepreg used in making hybrid ballistic panels was manufactured by the 98 

DupontTM Company (Kevlar○R). It is named Kevlar prepreg 2851HPP, which has a high performance 99 

proprietary PVB modified phenolic resin pre-impregnated rolled-goods. The yarn type is K129, with 100 

the thickness of 0.4 mm and the areal density of 450 g/m2 per layer. The type of Dyneema ply was 101 

Dyneema○R Unidirectional (UD) HB210, manufactured by DSM Company. It was made of UHMWPE 102 

that belongs to SK99 fibre type, with the density of 980 kg/m3 and the layer thickness of 0.2 mm. The 103 

compressed wood was made of Scots pine.  104 

The constituent materials of UHMWPE fibre and Kevlar fibre laminates as well as compressed wood 105 

panels were made separately using a hot press machine (Hare, UK) with a capacity of 200 tons and 106 

the temperature up to 400 oC. Both Kevlar and Dyneema laminates were produced following the 107 

manufacture processes provided by the suppliers, with recommended pressure cycles. There seems no 108 
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common standard on producing various hybrid ballistic panels. For the Kevlar laminates, the curing 109 

pressure and temperature were 20 bars and 170 oC, and the curing cycle remained for 15 minutes. For 110 

the Dyneema laminates, the curing pressure and temperature were 165 bars and 130 oC, and the curing 111 

cycle remained for 40 minutes. As for the compressed wood, there were five steps during the hot-112 

pressing procedure. The first step was pressure control, the curing pressure and temperature were 100 113 

bars and 150 oC remaining for 1 hour. Then, for the second to fifth steps, the curing pressure and 114 

temperature were 2000 bars and 150 oC controlled by position. The position control of the height of 115 

each step was gradually decreased by 1/6 of the original panel thickness and kept for 5 minutes. At the 116 

end of the hot compressing on wood, the final thickness was 1/3 of its original thickness with a 117 

compressive ratio of 67 %. The press direction is along the radial direction of the wood.  118 

Moreover, the silicon carbide (SiC) and boron carbide (B4C) tiles were provided by Diamond Age 119 

Company. The plane dimensions of constituent panels are same as 100 mm´100 mm, with a thickness 120 

of 5 mm. All hybrid panels were fabricated by bonding constituent panels with epoxy resin (ET515 2-121 

component structural adhesive, which has a good bond strength to a wide variety of substrates 122 

including metals and composites suitable for applications subject to vibration or shock) under room 123 

temperature for 24 hours, complying with the specific combinations as designed. Table 1 shows the 124 

six classifications of the fourteen types of hybrid panels, with the corresponding images being shown 125 

in Figure 1. Here, K, D, and T represent the abbreviation of Kevlar, Dyneema and compressed wood 126 

in Table 1. 127 

Table 1. Hybrid composite laminate combinations in the sample preparation. 128 

Classification 
No. 

Classification Composition type 

 

I 

Ceramic + Fibre 

Reinforcement Material 

5mmSiC+10mmK 

5mmSiC+10mmD 

5mmB4C+10mmK 

5mmB4C+10mmD 

 

II 

Ceramic + Thin Compressed 

Wood + Fibre Reinforcement 

Material 

5mmSiC+2mmT+1.6mmK+ 

3mmT+1.6mmK+1mmT+1.8

mmD 
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 130 

 131 

 132 

 133 

    134 

             (a) Classification I                                                (b) Classification II 135 

  136 

                   (c) Classification III                                             (d) Classification IV 137 

5mmB4C+2mmT+1.6mmK+

3mmT+1.6mmK+1mmT+1.8

mmD 

 

III 

Thick Compressed Wood + 

Thin Compressed Wood + 

Fibre Reinforcement Material 

5mmT+(2mmK+2mmT+ 

2mmD)´5 

 

IV 

Thick Compressed Wood + 

Fibre Reinforcement Material 

15mmT+5mmK+5mmD 

 

V 

Double Ceramic +Compressed 

Wood + Fibre Reinforcement 

Material 

5mmSiC+4.8mmT+5mmB4C

+2.25mmD 

 

VI 

Single plate of Ceramic, Fibre 

Reinforcement Material or 

Compressed Wood 

10mmSiC 

10mmB4C 

10mmK 

10mmD 

15mmT 
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  138 

                   (e) Classification V                                             (f) Classification VI 139 

Figure 1. Images of five types of hybrid lamianted panels and single compressed wood panels. 140 

2.2 Ballistic impact test 141 

        In the ballistic tests, a projectile of 7.62 × 39 mm (including hard steel core, lead filler and 142 

copper jacket) was launched by a normal ballistic rifle. A thin steel plate (150´150´2 mm3) was 143 

attached to the back face of the target, to prevent the fabric to be pulled out of the fixture during the 144 

ballistic impact test. The initial projectile velocity before the penetration is defined as Vi and the 145 

residual velocity after the full perforation as Vr. A high-speed camera (Phantom v2640) was used to 146 

record the dynamic deformation of the hybrid laminated structure during the penetration process in 147 

order to estimate Vi and Vr. Figure 2 shows the schematic of the ballistic test setup, in which the 148 

projectile trajectory was perpendicular to the centre of the hybrid laminated target. Moreover, the 149 

bullet penetration location of all the targets were almost the same. Additionally, the initial velocity of 150 

the projectile was in the range from 806.0 to 887.5 m/s, due to the uncertainty of emission.  151 

 152 

Figure 2. Schematic of ballistic test setting.             153 
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        The geometry of the hybrid composite panel sample and the clamping device during the high-154 

velocity impact tests are presented in Figure 3. As shown in Figure 3(a), the target panel was bonded to 155 

the middle of the 150 mm ´ 150 mm steel plate, which was acted as a rear support plate for the whole 156 

of structure. Eight M10 screws were used to clamp the target.  Figures 3(a) and 3(b) show the front and 157 

the rear clamp plates with a square opening area of 70 mm ´ 70 mm at the centre. There were also four 158 

aluminium rectangular bars fixed around the composite panel to prevent the target from moving side 159 

way. The assembly drawing of the clamp with a target panel is illustrated in Figure 3(c), with the 160 

thickness of the front clamp, the steel rear plate, and the back clamp plate being 10, 2 and 8 mm, 161 

respectively. The thickness of the aluminium rectangular bar was slightly less than the thickness of the 162 

hybrid composite panels to ensure a tight clamping, which are 10, 15, 20, 25 and 38 mm for different 163 

hybrid panels, respectively. This could effectively protect the target panel in case it would fly out. 164 

Therefore, all the plates were screwed and tighten by the gaskets and the bolts at both sides.  165 

(a) 166 

 167 

 (b) 168 
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  169 

(c)170 

 171 

Figure 3. (a) geometry of the front steel clamp plate (b) geometry of the back steel clamp plate 172 
(c) schematic diagram of the assembled clamp with the hybrid composite panel (all 173 
dimensions in mm).                       174 

3 Predict perforation behaviour of different material layers by a bullet 175 

Analytical models are developed to predict ballistic resistance of a single material layer and the 176 

related hybrid panels. As the penetration process of a bullet through ceramic and steel has been widely 177 

studied, the analytical models of these materials have been simplified and expressed in a uniformed 178 

formula. However, the failure of plain-woven fabric layer varies at different impact velocities and has 179 

a significant influence on the final perforation. Therefore, the deformation of plain-woven fabric layer 180 

during penetration by a bullet is a crucial problem to be dealt in the current paper. An idealised model 181 

of a composite structure penetrated by a bullet is proposed in Fig. 4, with assumptions being made as 182 

follows: 183 

(1) Core of bullet is perfectly rigid, 184 

(2) The damage evolution in ceramic is ignored, 185 
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(3) Longitudinal and transverse wave velocities are the same in all the layers of plain-woven target, 186 

(4) Friction between the bullet and the composite is neglected. 187 

 188 

Fig. 4. The model of a composite structure penetrated by a bullet 189 

3.1 Ceramic and steel 190 

It was observed through the experiments that the residual velocity of bullet after perforation of a 191 

composite plain weave layer (either Kevlar or Dyneema) is high enough to perforate the thin steel 192 

back plate. There is a further velocity decay after a bullet perforates the steel, which is attributed to 193 

the work of resistant force offered by the steel back plate. The principle of velocity decay of a bullet 194 

in the perforation of a single ceramic or compressed wood plate can be regarded as the same as that of 195 

a bullet in perforation of steel. The residual velocity of a bullet after the perforation of ceramic, steel 196 

or compressed wood can be written as 197 

                              (1) 198 

where σt is the resistance of target, Ap is the cross-sectional area of projectile, h is the thickness of 199 

target, vi and vr are impact velocity and residual velocity of a bullet, mp is the mass of bullet, 200 

respectively. 201 

3.2 Fibre reinforced materials 202 

During the penetration of a 7.62mm bullet through woven fabric composite, the initial kinetic energy 203 

is absorbed by the kinetic energy of moving cone (EKE), shear plugging (ESP), the deformation of 204 

2 2 t p
r i

p

A h
v v
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secondary yarns (ED), tensile failure of primary yarns (ETF), delamination (EDL), matrix cracking (EMC) 205 

and energy absorbed by friction (EF) [27]. 206 

According to the failure mode observed in the experiment, neither the shear plugging of the composite 207 

layer nor that of steel plate occur during the perforation. Therefore, the energy absorbed due to shear 208 

plugging is taken as zero.  209 

The cone formation and the damage propagation in the composite during ballistic impact are shown in 210 

Fig. 5. rpi refers to the distance covered by the plastic wave till time t. 211 

 212 

 213 

Fig. 5. Cone formation in woven fabric composite during ballistic impact [27] 214 

The strain is generated instantaneously in yarn when the bullet impacts the target, which can be 215 

obtained through the following equation [28]. 216 

   (2) 217 

where v is the impact velocity of bullet, E is Young’s modulus of yarn, ρ is volume density of yarn 218 

and ε is strain. 219 

The transverse wave velocity at the base of the cone (Fig. 5) to spread is 220 

𝑐! = #$(1 + 𝜀)𝜀－𝜀*+"#   (3) 221 
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The plastic wave propagates at a velocity of 222 

𝑐$ = ,
%
#
#&'
&(
*
()(!

                (4) 223 

Assuming that ti=i△t, the radius rti and rpi (Fig. 5) can be written as 224 

    (5) 225 

    (6) 226 

Strain at the point of impact is given by 227 

  (7) 228 

where a is the yarn width, d is the projectile diameter, b is the stress wave transmission factor, zi is the 229 

height of the cone, which equals to the distance traveled by the projectile. 230 
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"
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"
#,!

    (8) 231 

   (9) 232 

  (10) 233 

                                                                                                                                                                                                               234 

The force of projectile acts on the surface of the woven fabrics is  235 

     (11) 236 
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The secondary yarns experience different strains from A to B (Fig. 5). At the centre point (impact 237 

location), the strain of the secondary yarn is equal to the primary yarn, while at the fixed boundary, 238 

the strain is 0. Thus, the strain can be expressed as 239 

   (12) 240 

where εpy is the strain at the outermost primary yarn in that layer. The energy absorbed in the 241 

formation of all the secondary yarns can be then obtained. 242 

 (13) 243 

The energy absorbed by the tensile failure of the primary yarn is written as 244 

   (14) 245 

where N is the number of yarns failed, A is the cross-section area of yarn, ε0 is the maximum strain in 246 

a yarn. 247 

The energy absorbed by the delamination and matrix cracking are written as 248 

   (15) 249 

where Aql is the quasi-lemniscate reduction factor, GIIcd is the critical dynamic strain energy release 250 

rate at mode II (the interlaminar strength of the composite decreases due to matrix cracking, with the 251 

delamination being resulted from further loading and deformation), Pd is the percentage of 252 

delaminating layers. Furthermore, there is 253 

𝐸/0+ =0 𝑃m𝜋(𝑟1+2 − 𝑟1(+.%)2 )
+

5)%
𝐴67𝐸,!ℎ   (16) 254 

where Pm is the percentage of matrix cracking, Emt is energy absorbed by matrix cracking per unit 255 

volume. 256 
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There are likely different modes of perforation by a bullet. At a high impact velocity (higher than 257 

) the strain exceeds the maximum strain and yarn suffers tensile failure at the 258 

instance of impact with negligible deformation at failure. The energy absorbed by the fibre is 259 

composed of tensile failure of primary yarns (ETF), delamination (EDL) and matrix cracking (EMC). At 260 

a low impact velocity, the bullet pushes the fibre to form a cone, the kinetic energy of bullet is 261 

consumed by the deformation of secondary yarns (ED). The yarn cannot be prolonged when the strain 262 

in yarn reaches the maximum strain. According to the boundary conditions, the maximum distance of 263 

a bullet, db, without penetrating yarn can be written as, 264 

    (17) 265 

where B is the radius of the yarn being constrained. 266 

When a bullet is not stopped by the energy absorption due to deformation of secondary yarns, the 267 

bullet begins to perforate the yarn. For the analysis of a bullet perforation through woven fabric 268 

composites, the deformation of secondary yarns should be included. 269 

 270 

4 Results and discussion 271 

4.1 Perforation of the hybrid panels subjected to the high-velocity impact 272 

          From the high-velocity impact tests, it was observed that some of the composite panels were 273 

partially penetrated, and the others were fully perforated. The kinetic energy absorbed ( 𝐸89:	) by the 274 

different composite panels during the high-velocity impact tests can be given as:  275 

𝐸89: =
%
2
𝑚𝑉+2 −

%
2
𝑚𝑉*2                                                                                                        (18) 276 

where m is the mass of the 7.62 mm projectile, 𝑉+ is the initial striking velocity, 𝑉* is the residual 277 

velocity. The mass loss of the bullet is neglected. Although the core is deformed, it still attaches to the 278 

jacket. Therefore, the failure of bullet is assumed not to cause significant loss of the bullet mass. 279 

2
0 0 0 0(2 (1 ) )E e e e e

r
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          The results of high-velocity impact tests for all composite panels are illustrated in Table 2, 280 

which includes areal density, initial and residual velocity, energy absorption and constituent materials. 281 

Except for sample C1 (armor piercing), all other tests used 7.62 mm projectile.  282 

Table 2. Ballistic test results of all composite panels. 283 

Composite Panel Back 
steel 
plate 

Sample 
No. 

Areal 
density 
(kg/m2) 

Actual 
thickness 
(mm) 

Initial 
velocity 
(vi)(m/s) 

Residual 
velocity 
(vr)(m/s) 

Energy 
absorption 
(Eabs, J） 

Failure 
mode 

5mmSiC+10mmK Yes A1 28.02 15.28 825.00 201.00 3431.6 FP 

5mmSiC+10mmK Yes A2 28.28 15.27 825.43 124.98 3568.2 FP 

5mmSiC+10mmD Yes A3 25.17 14.02 812.00 0 3534.1 PP 

5mmSiC+10mmD Yes A4 25.14 14.40 836.25 0 3748.3 PP 

5mmSiC+10mmD Yes A5 25.18 14.67 840.50 0 3786.5 PP 

5mmB4C+10mmK Yes A6 24.56 15.33 835.82 161.69 3604.3 FP 

5mmB4C+10mmK Yes A7 24.43 15.08 833.64 397.03 2880.1 FP 

5mmB4C+10mmK Yes A8 24.54 15.11 836.17 45.90 3736.3 FP 

5mmB4C+10mmD Yes A9 21.54 13.72 827.27 0 3668.3 PP 

5mmSiC+2mmT+1.6

mmK+3mmT+1.6m

mK+1mmT+1.8mmD 

Yes B1 29.54 17.20 821.89 293.23 3159.8 FP 

5mmSiC+2mmT+1.6

mmK+3mmT+1.6m

mK+1mmT+1.8mmD 

Yes B2 30.11 17.57 830.32 431.74 2696.3 FP 

5mmB4C+2mmT+1.6

mmK+3mmT+1.6m

mK+1mmT+1.8mmD 

Yes B3 27.83 17.49 831.93 477.98 2485.1 FP 

5mmB4C+2mmT+1.6

mmK+3mmT+1.6m

mK+1mmT+1.8mmD 

Yes B4 27.64 18.27 840.36 366.29 3066.1 FP 

5mmB4C+2mmT+1.6

mmK+3mmT+1.6m

mK+1mmT+1.8mmD 

Yes B5 26.31 18.73 846.61 489.57 2557.1 FP 

5mmT+(2mmK+2m

mT+2mmD)´5 

Yes C1 43.11 37.92 832.21 668.54 1316.6 FP 

5mmT+(2mmK+2m

mT+2mmD)´5 

Yes C2 43.40 38.53 822.13 644.30 1397.8 FP 

15mmT+5mmK+5m

mD 

Yes D1 29.51 25.11 836.63 665.50 1377.8 FP 
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15mmT+5mmK+5m

mD 

Yes D2 28.53 24.65 839.63 716.62 1026.1 FP 

5mmSiC+4.8mmT+5

mmB4C+2.25mmD 

Yes E1 38.50 17.74 838.20 0 3765.8 PP 

10mmSiC None F1 33.40 10.49 814.00 490.35 2262.7 FP 

10mmB4C Yes F2 26.10 10.42 829.88 229.74 3408.5 FP 

10mmK Yes F3 11.50 9.93 826.56 749.73 649.1 FP 

10mmD Yes F4 8.50 8.53 836.90 767.45 597.2 FP 

15mmT None F5 17.90 15.00 887.50 862.50 234.5 FP 

15mmT None F6 18.90 14.90 806.00 720.00 703.4 FP 

PP: partial penetration; FP: full perforation 284 

Most of hybrid panels were bonded with a thin steel plate at the back side, which was used to 285 

accommodate the back face fabrics peeled off. However, the values of the areal density for these 286 

panels do not include the thin steel back plate. The areal density of the targets is in a range from 17.90 287 

to 43.40 kg/m2, and their actual thickness is from 8.53 to 38.53 mm. As mentioned before, the initial 288 

velocity was varied from 806.0 to 887.5 m/s. However, the residual velocity was in a range from 0 289 

m/s (no perforation) to 862.5m/s (fully perforated). There were five panels which successfully resist 290 

the bullet, i.e. partial penetration (PP), and the rest of twenty panels were with full perforation (FP). 291 

For samples A1-A9, they consisted of 5 mm ceramic (SiC or B4C) front plate, 10 mm fabric laminates 292 

(Dyneema or Kevlar) and 2 mm steel back plate. It was found that the SiC and B4C tiles with 293 

Dyneema (A3-A5 and A9) could resist the ballistic impact. The panel A9 made of B4C tile and 294 

Dyneema and steel back plate has the lowest areal density (21.54 kg/m2) with an overall thickness of 295 

13.72 mm, among the four partial penetration panels. However, the panels made of SiC or B4C and 296 

Kevlar (A1, A2, and A6 - A8) were perforated, with various residual velocity from 46 to 397 m/s. It is 297 

surprised that there are largely scattered residual velocities for 5 mm B4C and 10 mm Kevlar panels.  298 

          The samples B1- B5, which were made of ceramic SiC or B4C tile with multiple thin 299 

compressed wood (CW) and fabric laminates (Table 2), were fully perforated, with residual velocities 300 

in a range from 293 and 490 m/s. Such the combinations of SiC or B4C, CW and Kevlar or Dyneema 301 

seem not effective. It is understandable that the areal density of the SiC based panels (B1 and B2) is 302 

higher than the B4C based panels (B3, B4 and B5), due to the higher density of SiC. The energy 303 
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absorptions of those panels are related to the corresponding residual velocities. Regarding to CW 304 

based panels with thin Kevlar and Dyneema laminates (C1 and C2), they are relatively easily 305 

perforated by both the 7.62mm Armor-piercing incendiary projectile and 7.62 mm ordinary projectile, 306 

with large residual velocities of 669 and 644 m/s. The energy absorption of C2 was slightly higher 307 

than C1, as the projectile of the former is more powerful than the latter However, the sensitivity of the 308 

projectile type to this kind of panel is low.  309 

          The panels D1 and D2, fabricated with a thick compressed wood (10 mm) and thick fabric 310 

laminates (5 mm Kevlar and 5 mm Dyneema), do not show a good resistance to ballistic impact, with 311 

a high residual velocity of 717 m/s. The front face of type C and type D panels was compressed wood 312 

without any ceramic tiles, which is not effective. Therefore, it is crucial to have a ceramic front layer 313 

to blunt the bullet before it enters the fibre reinforced composite. Type A panels not only have much 314 

lower areal density and thickness than Type C panels, but also their energy absorption are three times 315 

of that of the latter.  316 

          Panel E1 (Table 2), which is made of both SiC and B4C tiles with compressed wood and 317 

Dyneema fabric laminates, resists the bullet successfully. The thickness of panel E1 is only half of 318 

that of panel C2, but with relatively high areal density in comparison to type A, B and D panels. 319 

Finally, type F panels made of a single material demonstrate various ballistic resistances. It clearly 320 

shows that the residual velocities of the Kevlar panel (F3), Dyneema panel (F4) and CW panels (F5 321 

and F6) are much higher than that of both ceramic targets (F1 and F2). This again indicates the 322 

importance of the ceramic layer placed in the front. Otherwise, much thicker fibre reinforced 323 

composite are needed to resist the bullet. 324 

          Figs. 6 and 7 show the relationship between areal density and energy absorption and residual 325 

velocity of all the hybrid and single material panels tested, respectively. As expected, relatively thin 326 

single material panels, i.e. type F, have the lowest areal density and energy absorption and highest 327 

residual velocity, except for ceramic panels. The SiC panel (F1) has a higher areal density than the 328 

B4C tile (F2) with a thin steel back plate. As a result, the B4C panel absorbed more energy with lower 329 

residual velocity than the SiC one. Among type A, B and D panels with moderate areal density, type 330 
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A panels have the better performance than other types, especially for panel A9 (5 mm B4C, 10 mm 331 

Dyneema) which has the lowest areal density, thickness and relatively high energy absorption (Fig. 6) 332 

and zero residual velocity (Fig. 7). In addition, the panels made of 5 mm B4C and 10 mm Kevlar also 333 

show a reasonably good performance with relatively low areal density, residual velocity and high 334 

energy absorption. As for the type B panels, although B4C front plate has slightly lower areal density 335 

than SiC one, the average energy absorption of the B4C based hybrid panels (B3, B4 and B5) is in fact 336 

lower than that of the SiC based ones (B1 and B2, Fig. 6). As a result, the average residual velocity of 337 

the B4C hybrid panels is slightly higher than that of the SiC based ones (B1 and B2, Fig. 7). This may 338 

be attributed to the lamination combinations, in which SiC layer seems working well with other 339 

materials lamination. Regarding type D and type C panels, they both have compressed wood 340 

constituent plates. Type D panels have a 15 mm thick compressed wood front plate, whilst type C 341 

panels have a 5 mm thick compressed wood front plate, followed by five thin compressed wood plates 342 

(each thickness=2 mm) combined with fabric (Kevlar and Dyneema) laminates. The areal density of 343 

type D is approximately 25 % lower than type C type panels. However, the average energy absorption 344 

and residual velocity of the latter are only increased and decreased by 12 % and 5 % in comparison to 345 

the former, respectively.  346 

          Although type E panel has a high energy absorption value and zero residual velocity, the 347 

corresponding areal density is also high, due to using two 5 mm ceramic tiles in the panel. Based on 348 

the experimental investigations of panel G1 by Nguyen et al. [29] shown in Fig. 7, G1 is a 100 mm ´ 349 

100 mm ´ 10 mm Dyneema target (areal density = 9.8 kg/m2) and perforated by a 20 mm FSP 350 

projectile. The initial velocity is 836 m/s, and the residual velocity is 762 m/s. The areal density of the 351 

panel G1 is approximately 15% higher than the panel F4. However, the average residual velocity of 352 

the panel G1 is almost same as that of F4. Furthermore, the panel G2 [12], fabricated with nine 353 

mosaic thick SiC tiles (8 mm) and thick fabric laminates (8 mm Dyneema), with a high areal density 354 

of 33.56 kg/m2 also a high residual velocity of 100 m/s. Compared to the panels A3 - A5, not only the 355 

panel G2 has higher areal density, but also it has higher residual velocity.  356 
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 357 

Figure 6. Relationship between areal density and energy absorption of different panels. 358 

                       359 
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                Figure 7. Relationship between areal density and residual velocity of different panels. 360 

4.2 Failure mode of the hybrid panels subjected to the high-velocity impact 361 

          After the ballistic tests, the bulging deformations (or signatures) of the hybrid laminated panels 362 

were measured. The schematic diagrams for measuring h1, h2 and h3 are shown in Fig. 8, together with 363 

failure modes for panels A3 and A4. There are two cases of the bulged back steel plate, i.e. (1) no 364 

splitting damage (Fig.8a), (2) partial edge tearing (Fig. 8b). The maximum bulging deformation from 365 

the position of the undeformed steel plate to the peak point of the doom is defined as h1 (Fig. 8c), the 366 

maximum bulging deformation from the bulged fabric to the undeformed steel plate as h2 (Fig. 8d) 367 

and the maximum crater depth as h3 (Fig. 8c), which are listed in Table 4 for panels with such the 368 

measurements. As shown in Fig. 8(c), if the back steel plate is not perforated, i.e. the hybrid panel is 369 

partially penetrated by the projectile, the bulging deformation from the steel (h1) and the maximum 370 

crater depth (h3) can be measured. If the hybrid target is fully penetrated, h3 cannot be measured. 371 

However, in the partial damaged back steel plate shown in Fig. 8(d), if the fabric layer is partially 372 

penetrated, the bulging deformation from the steel (h1), the bulging deformation from the fabric (h2) 373 

and the maximum crater depth (h3) can be measured. If the target is perforated, together with the steel 374 

plate, it is only necessary to measure h1 and h2. 375 

（a）                                                 （b） 376 

   377 

(c) 378 
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 379 

 380 

 381 

 382 

(d) 383 

                              384 

Figure 8. Failure modes: (a) image of composite panel A3 after the ballistic test (b) image of composite 385 
panel A4 after the ballistic test (c) schematic diagram for measuring the bulging deformation on the 386 
non-perforated back steel plate (d) schematic diagram for measuring the bulging deformation on the 387 
partially tearing steel plate. 388 

          As shown in Table 3, for all panels with full perforation, only the back steel plates on panels 389 

A1, A3, B5, F3 and F4 were not separated from the fabric layer, i.e. the steel plate was still covering 390 

the fibre reinforced composite layer. Therefore, it is difficult to observe the residual deformation 391 

mode of the fabric layer and to tell how the perforation process affect the bulging pattern of the back 392 

steel plate, as cutting through the central cross-section of the panels will certainly alter the 393 

deformation mode.  For panels A4 to A9, the back steel plate was partially split from the hybrid 394 

panels, and the maximum and minimum bulging deformations of the steel plate were 52.5 mm (panel 395 

A8) and 21.8 mm (panel A7), respectively. Both the back steel plates of targets A1 and A3 were not 396 

split, with h1 (21.8 mm) of A1 being slightly greater than that of A3 (20.5 mm). Then, h2 of panels 397 
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A4, A5 and A9 (partial penetration case) were higher than that of panels A6 - A8 (full perforation). 398 

Also, panel A5 absorbed the highest energy, associated with the largest h2. However, panels A6 - A8 399 

were fully perforated by the projectile and the permanent bulging deformations of the fabric layer (h2) 400 

were lower than that of the partially penetrated panels, due to the more recovered deformations. 401 

Moreover, for the hybrid laminated panels (5 mm ceramic, 10 mm Dyneema with 2 mm steel back 402 

plate), it was found that the maximum crater depth (h3) was increasing with the growth of the energy 403 

absorption of the panels with partial penetration (A3 - A5 and A9). Moreover, h3 of panel E1 was only 404 

12.2 mm, which was less than the above four panels, although the energy absorption of E1 was also 405 

close to theirs. This was because the bulging deformation of the ceramic or compressed wood 406 

laminates was negligible, but the original thickness of fabric laminate was only 2.3 mm. Therefore, 407 

the value of the maximum crater depth (h3) was primarily influenced by the thickness of the fabric 408 

laminates.  409 

         In type B panels, panel B1 shows the highest energy absorption, but its permanent displacement 410 

on the back face, h1, is relatively low. In fact, the difference on h1 of type B panels in comparison to 411 

the average value is less than 20 %, with three panels (B1-B3) being close to the averaged h1, as the 412 

design of the hybrid laminates is similar. The back face signature, i.e. bulging deformations of the 413 

back steel plate (h1), is closely related to energy absorption, for these ceramic, thin fabric and 414 

compressed wood laminated hybrid panels. Compared panel C2 with panels D1 and D2, the back steel 415 

plate of C2 was not split at the clamping boundary, with its permanent displacement, h1, being equal 416 

to 15.6 mm, which is much higher than the permanent displacement h2 of the back fabric layer of 417 

panels D1 and D2 (6.78 and 2.02 mm). This is partially due to the total fabric laminate thickness of 418 

type C panel (fabric thickness=20 mm) being twice of type D panel (fabric thickness=10 mm), and 419 

partially non-edge failure of the back steel plate. Panels D1 and D2 were both composed of a thick 420 

compressed wood with thick fabric laminates, closed by a thin steel plate. In terms of type F panels 421 

(Table 3), the deformations of the panels with ceramic tiles and CW plate were negligible. The 422 

Dyneema panel (F4) has a bigger bugling deformation (h1 = 14.20 mm) compared to that (10.14 mm) 423 
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of the Kevlar one (F3) with a similar thickness, as the former has more stretchable ability than the 424 

latter. 425 

Table 3. Bulging deformations of all panels tested. 426 

 
Hybrid Panel 

Panel 
No. 

Bulging 
deformation from 

Steel h1 (mm) 

Bulging 
deformation from 

fabric h2 (mm) 

Maximum 
crater depth  

h3 (mm) 
5mmSiC+10mmK A1 21.82 N. A N. A 

5mmSiC+10mmD A3 20.52 N. A 19.82 

5mmSiC+10mmD A4 44.70* 20.53 21.06 

5mmSiC+10mmD A5 34.06 21.78 25.48 

5mmB4C+10mmK A6 31.35 14.38 N. A 

5mmB4C+10mmK A7 21.75 10.35 N. A 

5mmB4C+10mmK A8 52.46* 10.06 N. A 

5mmB4C+10mmD A9 26.14 14.56 20.66 

5mmSiC+2mmT+1.6mm

K+3mmT+1.6mmK+1m

mT+1.8mmD 

B1 23.21 N. A N. A 

5mmSiC+2mmT+1.6mm

K+3mmT+1.6mmK+1m

mT+1.8mmD 

B2 23.56 N. A N. A 

5mmB4C+2mmT+1.6m

mK+3mmT+1.6mmK+1

mmT+1.8mmD 

B3 23.50 N. A N. A 

5mmB4C+2mmT+1.6m

mK+3mmT+1.6mmK+1

mmT+1.8mmD 

B4 28.17 N. A N. A 

5mmB4C+2mmT+1.6m

mK+3mmT+1.6mmK+1

mmT+1.8mmD 

B5 18.87 N. A N. A 

5mmT+(2mmK+2mmT+

2mmD)´5 

C2 15.60 N. A N. A 

15mmT+5mmK+5mmD D1 28.05 6.78 N. A 

15mmT+5mmK+5mmD D2 12.16 2.02 N. A 

5mmSiC+4.8mmT+ 

5mmB4C+2.25mmD 

E1 32.36 N. A 12.16 

10mmK F3 10.14 N. A N. A 

10mmD F4 14.20 N. A N. A 

  *Fail to meet NIJ standard 0101.06 [30] 427 
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         The typical failure modes of type A panels after ballistic impact tests are shown in Figs. 9 - 12 428 

(A1, A4, A6 and A9). Both SiC and B4C ceramic front tiles were completely smashed into many small 429 

fragments along radial cracks originated from the striking location after the bullet struck and penetrate 430 

them. However, as the back fabric layer was Dyneema for panels A4 and A9, more fragments were 431 

remained in the panel for both types of ceramic front plates (Figs. 10 and 12), in comparison to panels 432 

A1 and A6 (Figs. 9 and 11). This is because Dyneema fabric has a higher out-of-plane Young’s 433 

modulus than Kevlar fabric, so that it can provide sufficient support to the ceramic tile, reduce 434 

bending deformation, as well as delay the occurrence of tensile fracturing of the ceramic tile. The 435 

back steel plates for panels A1 and A6 were perforated with a typical ductile failure mode of a 436 

metallic material (Figs. 9 and 11). The back steel plate of panel A1 is still partially bonded to the 437 

Kevlar fibric layer after the ballistic test, however the back steel plate of panel A6 was torn apart from 438 

the clamping boundary. Therefore, it can be observed from Fig. 10 that there were two slight draw-in 439 

of the Kevlar layer at the clamping edge due to the large bulge deformation during test, and the bullet 440 

hole was closed by the surrounded Kevlar fibres. Both panels A4 and A9 were partial penetrated, with 441 

the corresponding bulge deformations being clearly seen in the diagram. Panel A9 shows more drawn-442 

in of Dyneema than A4, even the former had delamination between ceramic tile and Dyneema 443 

laminate.   444 

 445 

Fig. 9. Failure mode of panel A1 (5 mm SiC + 10 mm Kevlar + 2 mm back steel plate):  the front face 446 
(left) and back face (right). 447 
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 448 

Fig. 10. Failure mode of panel A4 (5 mm SiC + 10 mm Dyneema with a 2 mm steel plate): the front 449 
face (left), back face (middle) and with back plate being removed (right). 450 

 451 

Fig. 11. Failure mode of panel A6 (5 mm B4C + 10 mm Kevlar with a 2 mm steel plate): the front face 452 
(left), back face (middle) and with back plate being removed (right). 453 

 454 

Fig. 12. Failure mode of panel A9 (5 mm B4C + 10 mm Dyneema with a 2 mm steel plate): the front 455 
face (left), back face (middle) and with back plate being removed (right). 456 

         In terms of type B panels, the only difference of them is the ceramic material on the front face, 457 

i.e. SiC or B4C. The failure modes of both types of panels are similar, as presented in Figs. 13 and 14. 458 

Both the ceramic tiles were fragmented after bullet struck, and the back steel plates were perforated 459 

with a bulge deformation, showing a ductile failure mode. The bullet holes on the back Dyneema 460 

material of both B2 and B4 panels could be clearly seen. There were also some drawn-in of Dyneema 461 

material (Figs. 13 and 14).   462 
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 463 

Fig. 13. Failure mode of B2 (5 mm SiC + 6 mm compressed wood + 5 mm fabric laminates in total 464 
with a 2 mm steel plate): the front face (left), back face (middle) and with back plate being removed 465 
(right). 466 

 467 

Fig. 14. Failure mode of B4 (5 mm B4C + 6 mm compressed wood + 5 mm fabric laminates in total 468 
with a 2 mm steel plate): the front face (left), back face (middle) and with back plate being removed 469 
(right). 470 

         On type C and D panels, they were made of the compressed wood, Kevlar, Dyneema, and steel 471 

plate (thin plate for recording signature). As shown in Fig. 15 (panel C2) and Fig. 16 (panel D1), 472 

bullet hole cannot be clearly observed on the front compressed wood plate, due to the restored 473 

expansion of compressed wood. The failure mode on the back steel plate with a clear hole for both 474 

panels are similar. Fig. 17 shows that panel E1 was not perforated by the projectile, just with a doom 475 

signature on the back steel plate. However, the front ceramic tile was completely smashed with radial 476 

cracks, as expected.   477 
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 478 

Fig. 15. Failure mode of C2 (5 mm compressed wood + 2 mm ´ 5 plates Kevlar + 2 mm ´ 5 plates 479 
Dyneema +  2 mm ´ 5 plates compressed wood with a 2 mm steel plate): the front face (left), back face 480 
(middle) and with back plate being removed (right). 481 

 482 

Fig. 16. Failure mode of D1 (15 mm compressed wood + 5 mm Kevlar + 5 mm Dyneema with a 2 mm 483 
steel plate): the front face (left), back face (middle) and with back plate being removed (right). 484 

 485 

Fig. 17. Failure mode of E1 (5 mm SiC + 4.8 mm compressed wood + 5 mm B4C + 2.25 mm Dyneema 486 
with a 2 mm steel plate): the front face (left) and back face (right).  487 

         Type F panels were used to show ballistic behaviour of a single material to provide basic data 488 

for validating analytical models and calibrating computer models. Figs. 18 and 19 show the failure 489 

modes of 10 mm SiC panel (F1) without any back plate and 10 mm B4C panel with a 2 mm back steel 490 

plate (F2). The SiC ceramic panel was completely smashed (Fig. 18), as expected, due to no back 491 

steel plate. The front face of B4C ceramic layer was fragmented along the radial directions originated 492 
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from the striking location and there was a bullet hole in the centre (Fig. 19). The back steel plate 493 

showed a ductile failure mode with a bulge deformation and a bullet hole.  494 

 495 

Fig. 18. Failure mode of F1 (10 mm SiC): the front face (left) and back face (right).  496 

   497 

Fig. 19. Failure mode of F2 (10 mm B4C): the front face (left) and back face (right). 498 

         Figs. 20 and 21 show the failure modes of panel F3 (10 mm Kevlar with a 2 mm back steel 499 

plate) and panel F4 (10 mm Dyneema with a 2 mm back steel plate), respectively. It can be observed 500 

that the perforation holes at the front and back faces of Kevlar based panel (F3) are smaller than those 501 

of Dyneema based panel (F4). This is likely attributed to the different resistances offered by Kevlar 502 

and Dyneema fibres. The former has the less ballistic resistance than the latter, so that the back face 503 

signature of the former is much smaller than that of the latter, due to the less limit on the out-of-plane 504 

deformations of Kevlar.  505 
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 506 

Fig. 20. Failure mode of F3 (10 mm Kevlar with a 2 mm steel plate): the front face (left), back face 507 
(middle) and perforated damage in the back plate (right). 508 

 509 

Fig. 21. Failure mode of F4 (10 mm Dyneema with a 2 mm steel plate): the front face (left), back face 510 
(middle) and perforated damage in the back plate (right). 511 

         Fig. 22 shows the failure mode of 15 mm thick CW panel, with a clear damage generated by the 512 

perforation of bullet at both the front and back faces. However, due to the high velocity impact, wood 513 

fibres closed the bullet hole on both faces. As the impact velocity was quite high which destroyed the 514 

compressed wood easily, thus the compressed wood panel had a crack through the bullet hole, as 515 

shown in Fig. 22 (CW with clamps are removed). There was hardly any permanent deformation on 516 

the compressed wood panel, as it is a brittle material. The results show that compressed wood is not 517 

an effective ballistic material without removing lignin out from the wood [31], even though its density 518 

and mechanical properties are three times of its uncompressed counterpart. 519 

 520 
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Fig. 22. Failure mode of F6 (15 mm compressed wood): the front face (left), back face (middle) and 521 
with clamps being removed (right). 522 

4.3 Comparison of costs 523 

          Known the present prices of constituent materials, a guidance may be given on the effective 524 

cost of hybrid laminated panels. The unit prices of a 100 ´ 100 ´ 5 mm3 SiC or B4C tile are $17.03 525 

and $33.21 per tile, respectively, in the current market. The prices of a single piece of 100´100´45 526 

mm3 original Scots Pine wood and a 100´100´2 mm3 steel plate are approximately $1.49 and $3.62 527 

per piece, respectively. The prices of Kevlar 49 plain weave fabric and Dyneema HB210 ballistic 528 

armor UHMWPE are $54.95 and $30.99 per yard roll, respectively. The price/thickness of five hybrid 529 

panels which successfully resisted bullet is shown in Fig. 23. Thus, concerning the ballistic 530 

performance of each hybrid panels in this study, the composite panel (A5) of a 5 mm SiC tile with 10 531 

mm Dyneema laminates is the most competitive. 532 

 533 

Fig. 23. Comparison of prices of various hybrid panels which successfully resisted bullet. 534 

 535 

4.4 Analytical predictions 536 

4.4.1 Determination of calculation parameters 537 

By applying the analytical model of plain weave, ceramic, steel and compressed wood in Section 3, 538 

the key parameters of target materials can be determined according to the ballistic test results (Table 539 
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2). The parameters determined on plain weave, ceramic, steel and compressed wood are shown in 540 

Tables 4 and 5, respectively. The parameters of mechanical properties of materials used in the 541 

calculations are measured from tests, other parameters are derived from literature [27], and calibrated 542 

by comparing the simulations of composite structures subjected to ballistic impact with the 543 

experimental data under different circumstances.   544 

Table 4. Parameters of plain weave composites used in the calculation 545 

Plain weave 
Young’s 
modulus 
(MPa) 

Maximum 
strain of 

yarn 

Volume density of 
yarn 

(kg/m3) 

Quasi-lemniscate 
area reduction 

factor 

Stress wave 
transmission 

factor 
Kevlar 95 0.025 1158 0.8 0.95 

Dyneema 89[32] 0.035 996 1 0.95 

Plain weave Delamination 
percent 

Matrix crack 
percent 

Mode II dynamic 
critical strain energy 

release rate(J/m2) 

Matrix cracking 
energy (MJ/m3)  

Kevlar 100% 100% 800 0.9  
Dyneema 100% 100% 900 1.5  

 546 

Table 5. Parameters of ceramic, steel and compressed wood used in calculations 547 

Material Density(kg/m3) σt (GPa) 
SiC 3200 4.7 
B4C 2520 7 
Steel 7830 0.87 

Compressed wood 1200 0.35 
 548 

4.4.2 Validation of analytical model 549 

Table 6 shows the comparisons of the residual velocity of bullet and the bulging deformations from 550 

the back steel between the ballistic test data and the calculation results, with relatively small 551 

discrepancies. This indicates that the current analytical model is capable of providing accurate 552 

predictions. However, as the current model ignores the petal perforation of the steel back plate, the 553 

calculated bulging deformations are much smaller than those in the ballistic tests. Thus, the petal 554 

perforation may need to be considered in future. 555 

Table 6. Comparison between ballistic test results and theoretical calculations 556 

Composite 
Panel 

Back 
steel 
plate 

Actual 
Thick-
ness 
(mm) 

Initial 
Velocity 

(m/s) 

Residual velocity 
(m/s) 

Bulging deformation 
from steel 

(mm) 

Test Cal. Error 
(%) Test Cal. Error 

(%) 

10mmSiC None 10.49 814.00 490.35 492.27 0.4 / / / 
10mmB4C Yes 10.42 829.88 229.74 233.45 1.6 / / / 
10mmK Yes 9.93 826.56 749.73 790.50 5.4 10.14 / / 
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10mmD Yes 8.53 836.90 767.45 808.68 5.4 14.2 / / 
15mmT None 15.00 887.50 862.50 853.27 -1.1 / / / 
15mmT None 14.90 806.00 720.00 777.93 8.0 / / / 

5mmSiC+1
0mmK Yes 15.28 825.00 201.00 216.59 7.7 21.82 20.12 -7.8 

5mmSiC+1
0mmD Yes 14.02 812.00 0 0 / 20.52 20.36 -0.8 

5mmB4C+1
0mmK Yes 15.33 835.82 161.69 152.16 -5.9 31.35 19.29 -38.5 

5mmB4C+1
0mmD Yes 13.72 827.27 0 0 / 26.14 20.34 -22.2 

 557 
4.4.3 Prediction of energy absorption and residual velocity in composite structures 558 

Assuming that the impact velocity of a bullet is 825 m/s, using the analytical model developed the 559 

energy absorption in fibre, total energy absorption and residual velocity against the thickness ratio of 560 

ceramic layer to fibre layer are predicted for four composite structures with an areal density of 25, 30, 561 

35 kg/m2, as shown in Figs. 24 - 26, respectively. The minimum thicknesses of a single material layer 562 

to avoid perforation are calculated as 17, 11.7, 30 and 29 mm for SiC, B4C, Kevlar and Dyneema, 563 

respectively. Correspondingly, the minimum areal density of single layer to avoid perforation are 54, 564 

29, 35 and 29 kg/m2 for the above four materials, respectively.  565 

Fig. 24(a) shows that the total energy absorbed by all composite hybrid structures increases greatly in 566 

the initial stage and reaches the highest value (kinetic energy of the bullet: 3400 J) with increasing the 567 

thickness ratio, i.e. with increasing the front ceramic thickness for the given areal density. 568 

Correspondingly, in this thickness ratio range, the residual velocity of the bullet decreases steeply to 0 569 

m/s and then keeps there till the ratio at 0.4 for Sic/Kevlar panel and higher for other panels, as shown 570 

in Fig. 24(c). Here, the growing ballistic resistance of all composite structures is attributed to the 571 

increase of thickness of ceramic layer. The areal density of the composite structures at 25 kg/m2 is 572 

lower than the minimum areal densities of a single Kevlar or Dyneema panel to avoid perforating, i.e. 573 

34.74 kg/m2 for Kevlar and 28.89 kg/m2 for Dyneema. As a result, the composite structures without 574 

ceramic layer or with a very thin ceramic layer (very low thickness ratio < 0.15) cannot block the 575 

bullet in the low thickness ratio range. With increasing the thickness ratio to 0.4, 0.6, 0.5, 1.1 for 576 

SiC/Kevlar, SiC/Dyneema, B4C/Kevlar and B4C/Dyneema, respectively, the ceramic/fibre hybrid 577 

structures consume the total kinetic energy of the bullet (Fig. 24a). Consequently, the corresponding 578 
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residual velocities become zero in that thickness ratio range (Fig. 24c). However, with further 579 

increasing the thickness ratio, the fibre layer becomes thinner and thinner, so that the hybrid structures 580 

lose necessary support from the fibre layer to back up the brittle ceramic layer. As a result, the total 581 

energy absorption and residual velocity of the bullet are approaching to a certain value for the hybrid 582 

composite structures with SiC and B4C. It is understandable that with increasing the thickness ratio 583 

after the initial up-trend stage, the energy absorption in fibre decreases continuously, due to the fibre 584 

layer getting thinner and thinner (Fig. 24b).  585 

When the areal density of the structures increases to 30 kg/m2, it is larger than the minimum areal 586 

density of a single B4C or Dyneema layers to avoid perforation. Therefore, the B4C/Dyneema 587 

structure can block the bullet at any thickness ratio since the total energy absorption remains 3400 J 588 

and residual velocity of bullet remains 0 m/s, as shown in Figs. 25(a) and 4(c). The SiC/Kevlar 589 

composite shows the similar ballistic performance when the thickness ratio is slightly above zero 590 

(0.04). Differently, the SiC/Dyneema and SiC/Kevlar can resist the impact of the bullet when the 591 

thickness ratio is up to 0.7 and 0.55, respectively. Fig. 25(b) indicates that the energy absorption in 592 

fibre on SiC/Dyneema and B4C/Dyneema panels decreases with the increase of the thickness ratio 593 

from the beginning, whilst that of SiC/Kevlar and B4C/Kevlar increases with the small increase of the 594 

thickness ratio, followed by a continuous decrease. 595 

When the areal density of the hybrid structures is 35 kg/m2, it is again larger than the minimum areal 596 

density of a single B4C, Kevlar or Dyneema layer to avoid perforation. Therefore, the B4C/Kevlar and 597 

B4C/Dyneema panel can block the bullet at any thickness ratio, as shown in Figs. 26(a) and 5(c). 598 

Besides, the energy absorption in B4C/Kevlar and B4C/Dyneema decreases to 0 J, since the bullet is 599 

blocked by the ceramic layer at the front face when the thickness ratio is larger 2.5, as shown in Fig. 600 

26b. For SiC/Kevlar and SiC/Dyneema panels, the total energy absorption decreases and the residual 601 

velocity increases approaching to a constant value, with the further increase of the thickness ratio 602 

from 0.7 and 0.9, respectively. 603 

The calculation results show that at a relatively low areal density (e.g. 25 kg/m2), the thickness ratio 604 

has an optimal range to avoid being perforated. With the increase of areal density of the composite 605 
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structures, the thickness ratio offers limited effects on the ballistic performance of the composite 606 

structures. This indicates that the energy absorption in the composite structures investigated has a 607 

coupling effect in energy absorption between fibre and ceramic layers. The results manifest that an 608 

optimal thickness ratio of ceramic to fibre layers exists in the composite structures studied. The 609 

increase of fibre layer can enhance the ballistic performance of the composite structure at a relatively 610 

low areal density. However, as the fibre layer consumes the kinetic energy of bullet through the large 611 

deformations, the thick fibre layer may cause damage in the object placed behind due to a large back 612 

face signature. 613 

  
(a) total energy absorption, (b) energy absorption in fibre, 

 
(c) residual velocity 

Fig. 24. Predictions of ballistic performance of four composite hybrid structures  614 

with an areal density of 25kg/m2. 615 
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(a) total energy absorption, (b) energy absorption in fibre, 

 
(c) residual velocity 

Fig. 25. Predictions of ballistic performance of four composite hybrid structures  616 

with an areal density of 30 kg/m2. 617 

 618 

  
(a) total energy absorption, (b) energy absorption in fibre, 
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(c) residual velocity 

Fig. 26. Predictions of ballistic performance of four composite hybrid structures  619 

with an areal density of 35 kg/m2. 620 

 621 

5 Conclusions  622 

    Through the current experimental work, various hybrid ballistic laminated panels have been 623 

developed and tested, with their ballistic behaviour being assessed and promising panels being 624 

identified. The details of panel design and manufacturing have been given. Together with the 625 

corresponding ballistic performance, the research outputs provide the first-hand data on ballistic 626 

impact resistance of hybrid laminated and single material panels. There have been fourteen types, in 627 

total 19 hybrid and 6 single material panels, being tested against high velocity impact by a 7.62 mm 628 

projectile. Five hybrid panels have successfully resisted the bullet, whilst twenty panels have been 629 

perforated with various residual velocities. Based on the ballistic results, B4C-Dyneema composite 630 

panel (A9) has delivered the best ballistic performance with the lowest areal density and thickness, 631 

compared with other four partial penetration panels.  632 

As for the material failure modes, the front ceramic tiles were fragmented into small pieces 633 

along the radial cracks originated from the striking centre. Moreover, both Kevlar and Dyneema 634 

backing materials offer a good ballistic resistance after the bullet is blunted by the front hard ceramic 635 

tile, which is reflected by drawn-in of the material at the clamping boundary of the panels. There is 636 

clearly a bullet hole at Dyneema laminates, but such the hole is closed on Kevlar laminates, due to the 637 

different ballistic resistances offered by these two materials. In addition, if the thickness of fabric 638 

panels is the same, the bulged deformation of the Dyneema is normally greater than that of Kevlar due 639 
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to the higher limit on the out of plane deformation. As for the compressed wood, although it is one of 640 

lightweight materials, its ballistic performance and energy absorption are poor.  641 

Analytical models are also developed to predict ballistic perforation performance of single 642 

material layers and the related hybrid composite structures. The theoretical predictions of residual 643 

velocities are validated against the corresponding experimental measurements, with reasonably good 644 

correlation. However, the predictions of bulging deformations for boron carbide-based hybrid panels 645 

are of relatively large discrepancies, due to ignoring the petal formations of the back steel plate. The 646 

parametric studies are also undertaken to predict the total energy absorption, energy absorption in 647 

fibre and residual velocity related to four hybrid composite structures with three areal densities, 648 

providing interesting discussion. 649 

            The research outputs produced in the ballistic impact tests provide the key experimental data, 650 

in terms of bulge deformation, residual velocity and failure mode, together with the theoretical 651 

models, which can be used to help design such the hybrid ballistic panels.  652 

Data availability 653 

The raw/processed data required to reproduce these findings cannot be shared at this time as the data 654 

also forms part of an ongoing study. 655 
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