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Abstract 

AlMgB14 is a promising candidate for ballistic protection due to high hardness and low density, but its 
mechanical behaviours under dynamic loads remain unclear. In this study, the impact responses and failure 
mechanisms of AlMgB14 under dynamic loading were systematically evaluated through experimental methods. 
The ultimate compressive strength of AlMgB14 remained basically unchanged under the strain rate from 250 
s-1 to 400 s-1. The average residual depth of penetration of AlMgB14 was 43.37 mm, which revealed a high 
mass efficiency. Target plate test showed that the typical failure mode of AlMgB14 ceramic had radial and 
circumferential cracks around the bullet hole, which absorbed lots of impact energy of the projectile, leading to 
the lower bulge of the backing material. This study provides the ballistic performance evaluation on AlMgB14 
for the design of protective structures using this ultra-hard material. 
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1. General Introduction 
In modern warfare, the amalgamation of shrapnel and shockwaves poses a formidable challenge to 
the protective capabilities of conventional body armour systems. The typical body armour systems 
can be divided into soft and hard body armour[1]. The types of soft body armour are basically made 
of high-performance fibres with light weight and typical flexibility, such as aramid, and ultra-high 
molecular weight polyethylene (UHMWPE) fibers[2], [3], [4]. Soft armour is capable of protecting wearer 
against low to medium project velocities (up to 500 m/s)[5], which is widely used in personnel ballistic 
protective clothing for military and law enforcement application. On the other hand, hard body armour 
is designed to against higher projectile velocities (850 m/s or higher), which is mainly composed of 
ceramic, metal and composite plates[6]. 
During ballistic impact, the high hardness and high compressive strength of ceramic materials 
contribute to deflect or destruct the projectile tip, and distribute the load over a large area of the 
backing[7], [8]. In general, alumina (Al2O3), silicon carbide (SiC) and boron carbide (B4C) have been 
widely applied in armour design[9], [10]. Among them, B4C is much lighter (2.5 g/cm3)[11] and possesses 
higher hardness (25.5 GPa)[12], and thus is well-known for its ballistic resistance. The ceramics in 
hard armour system destroy the projectile tip due to their high strength and hardness, and absorb 
impact energy due to high fracture toughness[13]. The lightweight requirements of military equipment 
necessitate the development of new and more advanced ceramic materials. The aluminum 
magnesium boride AlMgB14 is a very promising candidate for ballistic protection because of its high 
hardness and fracture toughness, and low density. AlMgB14 has the similar density (2.59 g/cm3) to 
B4C[14], while it excels in higher hardness (25 to 35 GPa) and fracture toughness (5.59 ± 0.42 
MPaꞏm1/2)[15], [16]. 
Most research on AlMgB14 mainly focused on its synthesis, manufacture and structure[17], [18], [19], while 
the mechanical properties of AlMgB14 have been reported only in a limited number of works. The 
coefficient of thermal expansion of AlMgB14 was measured by dilatometry and by high temperature 
X-ray diffraction, which is close to that of Ti and steel[20]. The flexural strength and flexural modulus 
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of AlMgB14-based ceramic materials from varying hot-pressing conditions were investigated[21]. 
However, the ballistic properties of AlMgB14 have been rarely reported, which limits the further 
application of this material in body armour system. This paper systematically investigated the impact 
behaviours and failure mechanisms of AlMgB14 under dynamic loads through a combination of 
experimental tests, providing crucial insights for the design and development of innovative protective 
structures using AlMgB14 ceramic. 

2. Experimental Methods 
2.1 SHPB Test 
To examine the mechanical properties of AlMgB14 under dynamic loading, the split Hopkinson 
pressure bar (SHPB) test was conducted using cylindrical specimens. Before the test, the loading 
surfaces of the specimen were polished and lubricated to minimize the interfacial friction. The 
schematics of the SHPB test is shown in Fig. 1. A pair of tungsten alloy cushion block was placed 
between the incident bar and the projection bar. The strain rate taken in the SHPB test was between 
250s⁻¹ and 400s⁻¹. 

 
Fig. 1 Schematic split Hopkinson pressure bar 

2.2 DOP Test 
To evaluate the ballistic resistance of AlMgB14, the depth of penetration (DOP) test was conducted. 
Fig. 2 shows a schematic of DOP test setup, which is mainly composed of a launch device and a 
combined target. The velocity of 12.7 mm projectile was 840 m/s. The test target is a AlMgB14 
ceramic plate with a thickness of 6 mm, and the backing material is a cylindrical ingot made of 2024 
aluminum alloy with a radius of 80 mm and a height of 100 mm, which can be regarded as a semi-
infinitely thick target plate in the test. Four AlMgB14 tiles (AMB-1 to AMB-4) with 2024 aluminum alloy 
as the backing material were carried out for DOP tests. The DOP test of AlMgB14 ceramics was 
carried out for four times. After the test, the AlMgB14 ceramic plates were removed, and the depth of 
penetration in the 2024 aluminum alloy was measured. 

 
Fig.2 (a) Schematic of depth of penetration (DOP) test. (b) Target configuration in DOP test. 

2.3 Target Plate Test 
To evaluate the ballistic performance of AlMgB14, the ballistic test of AlMgB14 bonded with appropriate 
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backing materials was conducted. Due to the limitation of the preparation process, only the AlMgB14 
ceramic plates with the maximum size of 100 × 100 mm can be prepared. Therefore, multiple target 
tiles are spliced together to form a standard test target plate.  
The process for the preparation of target plate is shown in Fig. 3(a). First, 6 pieces of 100 mm × 100 
mm and 3 pieces of 50 mm × 100 mm AlMgB14 ceramic tiles with a thickness of 7 mm were prepared. 
Then these AlMgB14 tiles were glued together to form a whole ceramic plate of 300 mm × 250 mm. 
The second metallic plate was made of 1 mm TC4 with same length and width as the ceramic plate. 
The back plate was made of UHMWPE with a thickness of 10 mm and the same size as the TC4 
metal plate. Epoxy resin glues were used to bond three layers together to form a laminated target 
plate (7 mm AlMgB14+1 mm TC4+10 mm UHMWPE) with a surface density of 32.77 kg/m2. The front 
and side views of the test target is shown in Fig. 3(a) and 3(b), and the experimental plate is shown 
in Fig. 3(c). The plate is numbered and divided into 8 targets (#1‒#8). After the test is completed, 
the strike-face ceramic and the backing material are recycled, and the diameter of the hole in the 
strike-face material and the bulge deformation of the backing material are measured. 

 

 
Fig. 3 Schematics of the (a) front view and (b) side view of the target plate. (c) Experimental target 

plate. 

3. Results and Discussion 
3.1 Dynamic Compressive Strength 
Fig. 4 shows the compressive strength of AlMgB14 at different strain rates. As the strain rate 
increased from 250 s-1 to 400 s-1, the ultimate compressive strength remained basically unchanged. 
The result indicated that the dynamic compressive strength of AlMgB14 ceramics was insensitive to 
strain rate at the range of 250 s-1‒400 s-1.  

 
Fig.4 Compressive strength of AlMgB14 at different strain rates 
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3.2 DOP Test Results 
Fig. 5(a) shows the failure morphology of the 2024 aluminum alloy target in DOP test with AlMgB14 
tile, and Fig. 5(b) shows the failure morphology of reference 2024 aluminum alloy. Different from the 
flanging and tearing damage at the bullet hole in a reference semi-infinite 2024 aluminum alloy, the 
bullet hole in the combined target with AlMgB14 tile and semi-infinite 2024 aluminum alloy was more 
rounded, and presented a funnel-shaped hole. This phenomenon can be attributed to the interaction 
between the projectile and AlMgB14 ceramics during the penetration process. The AlMgB14 ceramic, 
owing to its high hardness, exerts abrasive and blunting effects on the projectile. This interaction 
decreases the projectile's mass and velocity, subsequently enhancing the penetration resistance of 
the target plates. As a result, the final bullet hole is smooth and rounded. 

 
Fig.5 Failure morphology of (a) the 2024 aluminum alloy target in DOP test with AlMgB14 tile[22] and 

(b) the reference 2024 aluminum alloy[23]. 
The experimental results of the DOP test of four AlMgB14 ceramic tiles are shown in Table 1. The 
result shows that the average residual DOP of AlMgB14 was 43.37 mm. Compared with the reference 
penetration of 70 mm in a semi-infinite 2024 aluminum alloy[23], the penetration depth in this study is 
38.04% less than that of reference test. The AlMgB14 ceramic plate with a thickness of 6 mm exhibits 
protective performance comparable to that of D95 ceramic plate with a thickness of 10 mm[24], and 
the density of AlMgB14 ceramic is only 70% of that of D95 ceramic. It can be concluded that AlMgB14 
ceramics present significant advantages as a ballistic material, characterized by their low density, 
high hardness, and superior penetration resistance. 
Table 1 Ballistic experimental results on AlMgB14 tiles radially confined with 2024 aluminum alloy[22] 

Experiment 
Nos. 

Residual penetration 
(mm) 

Average residual 
penetration (mm) 

AMB-1 43.44 

43.37 
AMB-2 45.31 
AMB-3 43.69 
AMB-4 41.04 

The ballistic performance of ceramic can be evaluated by comparing the DOP of the projectile in a 
reference semi-infinite thick aluminum alloy (Al-2024) target plate to that of a combined target with 
ceramic armour tile and semi-infinite thick aluminum alloy (Al-2024). The ballistic performance of the 
ceramic is calculated in terms of the mass efficiency Em as given in Equation (1)[25], [26]: 

Em=
PREF-PRES  ρREF

Tt ρt

 (1) 

where PREF  is the baseline penetration of the 2024 aluminum alloy, and PRES  is the residual 
penetration depth of the combined target with ceramic armour tile and aluminum alloy (Al-2024). 
ρREF is the density of the reference 2024 aluminum alloy, and Tt  and ρt are the thickness and density 
of the AlMgB14 tile, respectively. The mass efficiency of AlMgB14 at the projectile velocity of 840 m/s 
is 5. This result indicates that the AlMgB14 is thinner and lighter than the equivalent reference material, 
and has superior performance. 

3.3 Projectile Penetration Results of Target Plate 
Projectile penetration experiments were carried out on eight AlMgB14 ceramic tiles, of which two 
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projectiles penetrated the target plate and the remaining six were stuck in the target plate. Fig. 6 
shows the broken shape of the target plate after projectile penetration test. 

 
Fig. 6 Photograph of target plate after test: (a) front view and (b) back view. 

 
The bulge deformation of each target is shown in Table 2, and Fig. 7 shows the broken morphology 
of the AlMgB14 ceramic panels obtained by X-ray. The average diameter of bullet hole on AlMgB14 
ceramic was 26.71 mm, with a variation coefficient of 16.10%. The average bulge deformation of 
backing UHMWPE was 49.67 mm, with a variation coefficient of 23.97%. The diameter of bullet hole 
in AlMgB14 ceramic is mainly affected by the physico-mechanical properties of the ceramic, such as 
Young’s modulus, hardness, and resistance to brittle fracture, leading to a smaller dispersion in hole 
size. However, the projectile impacted the UHMWPE after destroyed by the ceramic, and thus the 
bulge deformation in the backing material is closely related to the energy absorption in the strike-
face ceramic. Due to the large deviation of the shot position in AlMgB14 tile and the different sizes of 
tiles, the energy absorption in each tile is different, which results in a higher difference in the bulge 
deformation of the backing material. 

Table 2 Impact velocities of projectiles and corresponding deformations of the target plate. 
Parameter #1 #2 #3 #4 #5 #6 #7 #8 

Impact 
velocity (m/s) 

878 873 877 875 877 874 875 878 

Diameter of 
bullet hole 

(mm) 
30.9 22.8 28.1 28.8 33.8 22.5 23.9 22.9 

Bulge 
deformation 

(mm) 
40.4 61.5 37.3 Penetration 40.8 52.8 65.2 Penetration 

The average bulge deformation is 49.67 mm, and largest deformation occurred at target #7. Because 
the impact position of target #7 located between AlMgB14 tiles #7 and #8 (Fig.7 (a)), the cracks 
caused by the projectile in target #7 cannot extend to the surrounding tiles (Fig.7 (c)), which reduces 
the energy absorbed by ceramics and increases the deformation in UHMWPE to absorb redundant 
energy. As shown in Fig. 7(b), the typical failure situation of ceramic panel (target #3) had radial and 
circumferential cracks around the bullet hole, which is consistent with the ceramic failure 
phenomenon in previous studies[27], [28]. When the ceramics are impacted, there are radial cracks and 
circumferential cracks, and the inside of the ceramic will form a cone-shaped failure. It can be inferred 
that the AlMgB14 ceramic can be used as protective materials to absorb impact energy of the 
projectile, and thus leads to the lowest bulge deformation in target #3.  
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Fig. 7 Broken shapes of (a) the whole target plate and (b) #3 and (c) #7 ceramic panels obtained 

by X-ray. 

4. Conclusion 
The impact responses and failure mechanisms of AlMgB14 under dynamic loads were studied 
through experimental methods. The major conclusions drawn from the findings of this study are 
summarized below: 
(1) As the strain rate increased from 250 s-1 to 400 s-1, the ultimate compressive strength of AlMgB14 
remained basically unchanged, which indicates that the strength of AlMgB14 is insensitive to strain 
rate at this range. 

(2) The average residual DOP of AlMgB14 was 43.37 mm, which was 38.04% less than that of 
reference test and revealed a higher mass efficiency. 
(3) The failure morphology of AlMgB14 in target plate test showed radial cracks and circumferential 
cracks, which increased the absorption of impact energy and decreased the bulge deformation in 
backing material. 
This study provides ballistic performance evaluation of the ultra-hard AlMgB14 and demonstrates that 
AlMgB14 has excellent ballistic impact resistance, which can give guidance on the design of 
protective structures using this material. 
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