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Fig. 1 (a) Static and dynamic Vickers hardness data for

various load ranges on the strengthened and raw glass

surfaces. This data reveals ISE and significant
increases in material hardness under dynamic loading
for both surfaces. (b) Variation in static hardness with
depth from edge-to-edge on the strengthened and the

unstrengthened surfaces!?”)
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Table 1 Basic properties and relative dissipation coefficient of projectile energy of typical transparent armored surface
131]

materials
T Density p/  Elastic modulus E/  Micro-hardness  Fracture toughness ~ Relative dissipation coefficient Expectation
es
P -em™ GPa Hy/GPa Kic/ MPa-m'"? of projectile energy D, formula
g J] 2y
Float Glass 2.4-2.6 73.4 5.61 0.8 1.0 D= HyE |E
ALO; (Crystal) 3.97 344 21.16 3.0 2.42 K2\ p
MgALLO4 (Ceramic) 3.59 260 15.00 1.7 3.70 D = D
=
AION (Ceramic) 3.69 334 17.38 24 3.09 " Dpjoat gtass
£2 RHEEKNAEBABREARRSHEZE KNKKEBLAETAEENNFHES KR

Table 2 The mechanical property parameter table of graphite-doped sapphire single crystal grown by temperature ladder
method and iron-titanium co-doped sapphire single crystal grown by bubble method**"!

Type C:Sapphire C:Sapphire C:Sapphire C:Sapphire Fe,Ti:Sapphire Fe,Ti:Sapphire Sapphire
TGT NO.0 TGT NO.1 TGT NO.2 TGT NO.3 KY Unannealed KY Annealed KY
Fracture strength/Mpa 488.25 597.75 752.00 447.50 720 600 480
Deviation/% 11.67 11.05 6.58 18.92 / / /
Fracture toughness/(Mpa-m'?) 1.99 2.41 2.81 1.86 2.16 2.87 2.01
Deviation/% 6.41 4.45 5.66 7.02 / / /
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Fig. 2 Physical picture of iron-titanium co-doped sapphire
single crystal and the comparison picture of sapphire**=>"
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Fig. 3 Optical defects due to LiF (a) Decorated grain boundaries
of MgAl,O, ceramic; (b) Remnant liquid phase at grain
boundaries; (c) Amorphous phaseat triple-junctions
(TEM); (d) Typical mottled-contrast magnesiumand
fluorine-rich phase at triple-junction (TEM)M*!
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Fig. 4 Twin boundary, crack propagation and dislocation migration of AION
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Fig. 5 Research progress of Shanghai Institute of Ceramics in the preparation of AION ceramics
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Table 3 Impact test results, cracking results of laminated glass with different glass thickness, cracking results of laminated
glass with different PVB thickness, lamination results of different glass thickness and cracking results of different
PVB sandwich thickness'®!

. Damage .
. . Impact Impact  Fragment Destruction . Ratio of

Specification/ . . Fragment Destructive  energy of Remarks
No. velocity/  energy/  velocity/ speed/ energy

mm B B mass/g 5 energy/J glass/ . column

(m's™) g (m's™) (m's) O increase/%
@m")

0311401 3+1.14+3 17.4 1.87 - 0 17.4 1.87 0.31 - Generate microcracks
0611401 6+1.14+6 26.3 4.27 - 0 26.3 4.27 0.36 16 Micro-cracks

are generated

on the back surface
1011401 10+1.14+10  63.1 24.61 - 0 63.1 24.61 1.23 241 Micro-cracks

are generated

on the back surface

No. Specification/ Impact Impact  Fragment Fragment Destruction Destructive Damage Ratio of energy Remarks
mm velocity/  energy/g velocity/ mass/g speed/ energy/J energy of increase/ column
(m's™) (m's™) (ms™) PVB/(Jm™") %
0611401 6+1.14+6 26.3 4.27 - 0 26.3 4.27 3.75 - Micro-cracks

are generated

on the back surface
0622801 6+2.28+6 28.1 4.88 - 0 28.1 4.88 2.14 —42.9 The front glass is

intact, and the back

glass produces

micro-cracks
0634201 6+3.42+6 30.4 5.71 - 0 30.4 5.71 1.66 -22.4 Generate

microcracks

No. Specification/ Impact Impact  Fragment Fragment Spallation Spallation Damage energy Ratio of Remarks
mm velocity/  energy/ velocity/ mass/g velocity/ energy/J of glass/ energy column
(m's™) g (m's™) (ms™) @'m™h increase/%
0311403 3+1.14+3 41.8 10.80 - 0.3 41.8 10.80 1.80 - Cracks appeared

on the front side,
and a small amount
of debris flew out
from the back

0611403 6+1.14+6 56.3 19.59 - 0.2 56.3 19.59 1.63 -9.44 A small amount of
debris flew out of
the back

No. Specification/ Impact Impact  Fragment Fragment Spallation Spallation Damage energy Ratio of energy Remarks

mm velocity/  energy/ velocity/ mass/g velocity/ energy/J of PVB/(J'm™") increase/% column
msh g (ms™) (ms™)

0611403 6+1.14+6 56.3 19.59 - 0.2 56.3 19.59 17.18 - A small amount of
debris flew out of
the back

0622803 6+2.28+6 61.1 23.07 - 0.3 61.1 23.07 10.12 —41.09 Cracks appeared

on the front, and
a small amount

of debris flew out

0634203 6+3.42+6 68.2 28.74 - 28.74 68.2 28.74 8.40 -16.70 A small amount
of debris flew
out of the back
3) AHEER R JUE AT, HAEH B Bow 207E B 4655 S A0 57 1

BT HURE RS —Fh ARE SOy E8EN) JEFEIEA N A RER AL A8 & O, TG RAT 7 T30k
SRS TRRSMR, W TRIEFEIUGE AR R IR R B A 5
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Table 4 Test results of physical properties of PC after adding 5% of S different toughening agents
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Melting Tensile Elongation Flexural Flexural Notched impact Notched impact Heat distortion

flow rate/ strength/ at break/% strength/ modulus/ strength (23 C)/ strength (-30 C)/ temperature
(g-(10 min) ™) MPa MPa (kJ-m?) (kJ-m?) (0.45 MPa)/'C

1 11.6 62.4+£1.5 81+5 91.240. 8 2146+15 10. 0+0. 4 9. 8+0. 2 141.7

2 9.6 58.5+2.2 98+9 86.5+0. 5 2070423 52.3+£2.7 28.7+1.5 139.1

3 9.3 58.4+3. 1 101+11 85.9+1.5 2039+8 54.2+1. 1 32.843.2 139.5

4 10.8 56.4+1.4 105+9 87.4+1.0 2082432 57.0+3.6 15.5+1.8 140. 6

5 10.1 56.4+0.5 89+3 83.3+£2.4 201317 57.8+2. 4 33.7+2.8 139.7

6 10.3 57.1£1.5 97+3 83.6+1.2 2017+20 53.4+1.4 40.4+4. 4 138.8
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Fig. 7 Shooting test (sample thickness: 26 mm) with 7.62mm lead core at (400+20) m/s (a) Polyurethane elastomer, (b) Bullet-proof

glass, (¢) Polycarbonate!®®!
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Fig. 8 (a) Bless and Chen armor structure diagram™, (b) Actual test armor structure diagram and (c) Damage area diagram after

impact test !}
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Fig. 9 Schematic diagram of Dolan's armor structure and the results of the shooting experiment
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Fig. 10 Schematic diagram of transparent armor structure with three functional layers (a) Strassburger et al. 's structure and (b) Patel
et al. 's structure !, (c) Physical diagram of transparent armor target plate of new structure, (d) 429 m/s spherical steel

impacting new armor with AION ceramics as the attack surface
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Fig. 11 (a) Relationship between residual velocity and surface density of ceramic (single crystal)/glass/polycarbonate target and (b)
Relationship between thickness of different attack surfaces and surface density of new structural transparent armor under the
same protection grade!'"’
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Fig. 12 (a) Schematic diagram of the new structural glass type transparent armor and the cracking trend of the sample after wet heat
aging and thermal cycling test; (b) Physical diagram of the sample after 70 ‘C thermal cycling without wet heat aging,
1008 h wet heat aging, and 3.5 h immersion in 85 °‘C water I**;
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Fig. 13 Crack growth of glass armor after being subjected to a bomb impact !
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Fig. 14 Damage condition of glass type transparent armor edge impact test. Adhesive material: polyurethane adhesive 2x2.54 mm
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Table S Experimental and theoretical cleavage energy of sapphire single crystal

Plane structural indices Shappel cleavability® E/GPa  Kc/(MPa'm'?) Cleavageb/(J ‘m?) y/(J ‘m>T) y/(J ‘m>M") y/(J ‘m2-H?)
C (0001) 9.5 465 4.54 21.54 6.5 5.9 4.8
R (10T2) 12.4 440 2.38 6.45 6.4 5.6 4.8
M (10T0) 10.2 430 3.14 11.43 6.9 6.5 -

* Higher values represent easier cleavage ')

b experimental values from Bradt[lgl, Iwasa and Bradt[mz], T=Tasker[103], M= Mackrodt[m], H=Hartman

(c) Orientation 3, 456 m/s; EMI Test # 17076

MK
-,

14.7 us

[105]

; authors initials; theoretical values from (T), (M), (H)

W va : 14.7 s

o
L
77 us)) 147 ush 19.7 ps. p—
(d) Orientation 4, 454 m/s; EMI Test # 17077
p

(e) Orientation #5, 451 m/s; impact edge is r-plane

Bl 15 SRABIR BT 8 A0 s SRR L b i B A L 8OR 1Y)

Fig. 15 Impact damage and crack morphology of sapphire single crystal spherical edge by shadow diagram analysis
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Extended Abstract

As the “optical shield” for the future warfare, transparent armors exhibit high optical transparency, high hardness, high strength,
and resistance to ballistic and explosive debris impacts. They are widely used on the equipment platforms such as armored vehicles,
armed helicopters, and ship carriers. At present, the transparent armor with a superior elastic resistance is developed. However, the
improvement of armor protection performance and lightweight armor design becomes a challenge, and it is manifested in the
difficulty of balancing its protection performance and optical properties. Based on the research status and existing problems of
transparent armor in the field of protective materials, this review represented the following aspects:

1) The current development status of transparent protective materials are reviewed. It is important to introduce the physical and
chemical properties, mechanism of action, and industrial status of hard protective materials and soft energy absorbing materials for
in-service armor. The research status indicates that sapphire single crystal is the most suitable material for mass production of new
armored projectile surface, and its mechanical properties and industrial advantages do not possess, compared to other hard and
transparent protective materials such as float glass, AION and MgAl,O, ceramics. However, the cleavage fracture of sapphire single
crystals restricts its application potential in transparent protection. Polyurethane adhesive can achieve the high-strength bonding of
inorganic and organic materials in the armor fields, but its poor environmental weather resistance affects the service life of
transparent armor. Polycarbonate board is an ideal soft energy absorbing material with superior optical properties, impact resistance,
and creep resistance. However, it is prone to moisture absorption and fogging, affecting the observation field of transparent armor.

2) The structural design strategy and the analysis of failure behavior are explored in transparent armor. A comparison is made
between the design principles, performance differences, and failure mechanisms of conventional laminated glass structure (or
similar-laminated glass structure) armors and the new structural armors with three functional layers. At present, the core of structure
design is the synergistic matching of hard protective materials and soft energy-absorbing materials in optical properties and protective
performance in the new structural transparent armor. The comparison results of different structural armors indicate that the weight of
new structural armor is reduced by more than 30%, compared with that of conventional glass transparent armor under the same
protection level. The conventional armor has a large damage surface with the first layer and the second layer being crushed and
cracked, after being impacted by the projectile, resulting in the loss of its observation and combat capabilities. The damage surface of
new structural armor shows granular crushing around the impact point, leading to the local area of the armor losing its observation
and combat capabilities. The main causes of failure are the interface delamination cracking and projectile penetration damage in the
optical application field of transparent armor.

3) The evaluation methods of transparent armor are summarized. The comparison results of key evaluation items of transparent
armor procurement indicate that European and American countries focus on the optical properties of armor, while China pays more
attention to the protective performance of armor. The United States establishs a relatively complete transparent armor procurement
specification, and incorporates the optical properties of armor such as transmittance, haze, and light distortion into the procurement
standards. For special night vision application scenarios, the U.S. military focuses on the optical properties of transparent armor
rather than protective performance. However, there is no scientific and effective normative document for armor evaluation methods in
China, and their test and characterization are often based on the evaluation methods of non-transparent protective materials. In
addition, the existing test standards for transparent bulletproof materials do not pay attention to the balanced evaluation between the
optical properties and protective performance of the armor, as well as the adaptability of transparent armor to the environment.

Summary and prospects A key to improve the protective performance and lightweight degree of transparent armor is to achieve
the breakthroughs in the performance of transparent protective materials. It is important to establish and improve the scientific testing
methods and assessment evaluation system of transparent armor for achieving practical application of transparent armor. This review
provides a reference for the structural design and application evaluation methods of the new generation of transparent armor, and
assists the high-quality development of armor industry.

Keywords transparent armor; protective performance; lightweight; structural design; application evaluation



