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Fig.1-5 Schematics of EOI test configuration (left) and typical high-speed photograph of
fractured ceramic (right). ([65] Fig.1)
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Fig.2-7  Rear-face photo of the impact fracture of Mullite.
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Fig.2-8 Rear face of the alumina (A99) specimen after projectile impact.
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Fig.2-17 SEM image of cone crack surface (boron carbide).
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Fig.2-20 SEM image of cone crack surface (alumina (A99)).
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Fig.2-23 SEM image of cone crack surface (silicon nitride).
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Fig.2-25 SEM image of fracture surface in SEPB specimen (alumina(A99.99 1300 )).
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Fig.2-26 SEM image of fracture surface in SEPB specimen (boron carbide).
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Fig.2-29 SEM image of fracture surface in SEPB specimen (alumina (A99)).
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Fig.2-32 SEM image of fracture surface in SEPB specimen (silicon nitride).
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Fig.2-33 Raman spectra of Zirconia (3Y-TZP) surface.
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Fig.2-34 Image of phenomenon under projectile impact (Zirconia(3Y-TPZ).
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Fig.2-35 Optical microscope image of debris collected from boron carbide.
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Fig.2-36 Optical microscope image of debris collected from alumina-zirconia.
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Table 2-1 Mechanical properties of specimens.

Density | Flexural | Fracture Young’s | Poisson Hv
[g/lcm?] | Strength| Toughness | Modulus ratio
[MPa] | [MPa m°53] [GPal

Boron Carbide 2.376 271 3.4 402 0.163 2408
Alumina(A96) 3.651 373 3.1 302 0.224 | 1158
Alumina(A99) 3.930 284 4.7 388 0.233 | 1624
Alumina(A99.99 1300°C) 3.934 591 2.9 397 0.235 1951
Alumina(A99.99 1450°C) 3.964 444 4.1 399 0.237 1729
Alumina(A99.99 1600°C) 3.933 334 5.8 394 0.236 1456
Zirconia (3Y-TZP) 6.055 890 4.8 214 0.314 1292
Alumina-Zirconia 4.257 673 3.9 366 0.241 1756
Mullite 3.054 277 1.6 208 0.271 1035
Silicon Nitride 3.216 876 6.9 302 0.275 1506

Table 2-2 Mechanical properties of SUJ2.

Density |Young’s Modulus Hv
[g/cm3] [GPal
SUJ2 73.8 210 800
Table 2-3 Measurement conditions.
Ar ion laser 514.5 nm | Exposure time 30s
Laser power 400 mW Cumulated number | 2
Laser diameter 2 pm Field lens diamete | 50 times the pupil diameter
Eyesight 40 pm
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Table 2-4 Range of fracture toughness and main fracture mode.

Main fracture mode

1.6 <Kic< 3.4 Transgranular fracture

3.1 <Kic< 4.7 Both transgranular and intergranular
fractures

5.8 <Kic< 6.9 Intergranular fractures

Table 2-5 Area ratio of transgranular fracture and critical energy release rate.

Area ratio of Critical energy
transgranular release rate
fracture [J/m?]
(SEPB specimen)
Alumina(A99.99 1300°C) 0.91 20
Alumina(A99.99 1450°C) 0.26 40
Alumina(A99.99 1600°C) 0.11 81

Table 2-6 Critical energy release rate of intergranular fracture and transgranular

fracture.
Critical energy release rate
[J/m2]
Gricinter 73
Grctrans 11
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Table 2-7 Calculation results of the percentage of the energy consumed by surface

formation to kinetic energy of the projectile.

Crack Area ratio of | Critical Energy Percentage of the
surface transgranular | energy consumed by | energy consumed by
areas fracture release surface surface formation to
[mm?] rate [J/m2] | formation [J] | kinetic energy of the
projectile [%]
Mullite 7740 0.97 11 0.09 0.63
Alumina(A99.99
8346 0.88 20 0.17 1.11
1300°C)
Alumina(A99.99
7112 0.25 40 0.28 1.72
1450°C)
Alumina(A99.99
4201 0.10 81 0.34 2.17
1600°C)
Silicon Nitride 3358 0.02 145 0.49 3.21
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Fig.3-2 Schematic image for a two-stage light gas accelerator.
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Fig.3-3 Schematic image of the set up of High Speed Camera.
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Fig.3-4 Schematic image for calculation of absorbed energy.
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Fig.3-6 Schematic image of the set up of PVDF gauge.
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Fig.3-7 Specimen after impact test (Plain mortar impacted at 664m/s).
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Surface of
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Fig.3-8 Specimen after impact test Mortar 0.5 Back surface impacted at 654m/s).
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Fig.3-9 Specimen after impact test Mortar 1.5 Back surface impacted at 830m/s).
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Fig.3-10 Back surface observation of impact fracture of a specimen (Plain mortar

impacted at 725m/s).
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Fig.3-12 Back surface observation of impact fracture of a specimen (Mortar 1.5

impacted at 830m/s).
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Fig.3-14 Optical microscope observation near the cone crack after impact test (Mortar
0.5).
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Fig.3-16 Stress diagram of Mortar 1.5.
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Table 3-1 Properties of specimens.

Fiber Volume Compressive Tensile Fracture
W/B length fraction strength strength toughness
[mm] | of fiber [%] [MPal [MPal] [MPal
Plain mortar | 0.22 95 5.4
Mortar 0.5 0.22 91 6.1 5.5
Mortar 1.5 0.22 87 9.8 17.1
Table 3-2 Properties of PE fiber.
Fiber diameter [mm] 0.012
Fiber length [mm] 6
Tensile strength [MPal] 2700
Modulus of elongation [GPal 88

Table 3-3 Generated pressure.

Specimen Pressure [GPal
Plain mortar 0.782

Mortar 0.5 0.704

Mortar 1.5 0.711
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Table 3-4 Predicted ballistic limit.

Actual Predicted
range value
[m/s] [m/s]
Plain mortar 204-316 621
Mortar 0.5 482-698 597
Mortar 1.5 405-749 543
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Fig.4-1 Schematic image of the set up of High Speed Camera.
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Fig.4-3 Projectiles after impact test.

Impact point

Fig.4-4 Front and rear face of the specimen after impact test
(Projectile: PE 335m/s 4.66J).
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Fig.4-5 Front and rear face of the specimen after impact test
(Projectile: PA66 371m/s 6.88J).

/'Impact point
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Fig.4-6 Front and rear face of the specimen after impact test
(Projectile: Al 345m/s 9.34J).
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Penetration point

Fig.4-7 Front and rear face of the specimen after impact test
(Projectile: Alumina 367m/s 9.02J  Absorbed energy: 7.80J).

Penetration point

Fig.4-8 Front and rear face of the specimen after impact test
(Projectile: Ferrite 350m/s 10.54J  Absorbed energy: 7.10J).
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Fig.4-9 Front and rear face of the specimen after impact test
(Projectile: WC 298m/s 22.29J  Absorbed energy: 7.47J).

Penetration point

Fig.4-10 Front and rear face of the specimen after impact test
(Projectile: SUJ2 370m/s 17.80J  Absorbed energy: 7.89J).
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Fig.4-12 Penetration range in kinetic energy.
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Fig.4-14 Penetration range in stress.
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Table 4-1 Mechanical properties of projectiles.

Projectile Polyethylene Alumina Ferrite Polyamide
PE PA66
Diameter(mm) 5.5 4 4 5.4
Mass(g) 0.083 0.13 0.17 0.1
Density(g/cm?) 0.95 3.7 5.1 1.2
) Tungsten
Projectile Aluminum carbide P4SUJ2 d6SUJ2
Al we
Diameter(mm) 4.8 4 4 6
Mass(g) 0.16 0.5 0.26 0.88
Density(g/cm?) 2.8 15 7.8 7.8
Table 4-2 Summary of impact test.
Projectile Results of impact test
PE No penetration, no crack generation
PA66, Al No penetration, crack generation

Alumina, Ferrite, WC,SUJ2

Penetration

Velocity ranging from 30m/s to 350m/s
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Fig.5-1 Schematic image of A-QI and A-CP.

Fig.5-2 Schematic image of stereovision.
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Fig.5-3 Schematic image of Epipolar geometry.

Fig.5-4 Image of calibration plate.
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Fig.5-6 Schenatics of image analysis.

-99-



Q Specimen Launching tube
\ \
/’ \ Proj?:tile \
High-speed cameras H @) —
\4
Q ‘
Flash light sources Observation windows

Fig.5-7 Experimental setup for 3D measurement.
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Fig.5-8 Experimental setup for side-view measurement.
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Fig.5-9 An example record of spherical projectile impacting A-QI at 181m/s.
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Fig.5-10 Results of 3D measurement of A-QI (at 10, 30, and 50 s from left to right).

Z [mm]

3

2.79375

. 25875

;. 2.38125 -
2175
1.96875
1.7625
1.55625
1.35
1.14375
0.9375
0.73125
0.525
0.31875
0.1125
-0.09375
-0.3

1EaRiC

L

& & B B B B B T w v om o=

Fig.5-11 Results of 3D measurement of A-CP (at 10, 16, and 30 s from left to right).
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Table 5-1 Ballistic limit range for penetration in A-QI and A-CP.

Specimen Ballistic limit range
for penetration [m/s]
A-QI 192-199
A-CP 186-191

Table 5-2 Conditions for 3D measurement.

Specimen Projectile velocity Measurement
[m/s] result

A-QI 175 no penetration

A-CP 177 no penetration

Table 5-3 Conditions for the side-view measurement.

Specimen Projectile velocity Measurement
[m/s] result

A-QI 181 no penetration

A-CP 185 no penetration
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Curing agents and curing accelerator

Jeffamine D-400(n=5 6,Mw 400)
Jeffamine D-2000(n=5 6,Mw 2000)

H2N—$H—CH2—{— O—CH;~CH —NH,
CH, CH,

Boron trifluoride monoethyl amine(Mw=112.89)

NH,

XTJ-542 (Mw=1000)
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H,N—CH—CH;+ o—CH2—<I:H—]5{-0—CHZ—cHZ—cHZ—CHZ-]g[—o—cHZ—CHaB—NH2

CH;

Jeffamine AC-399 Mixture of the below compounds

H2 H2 H2 H2
CH,—CH;—OH c—cC c—C
iy’ 2 / \ / \
N— CH,—CH,;~OH N, NH HN,  N=CHsCH;NH,
™ CH,—CH;—OH c—C c—C
H2 H2 H2 H2
Triethanolamine Pierazine N-(2-aminoethl)pierazine
(65.00-79.99%) (20.00-34.99%) (10.00-19.99%)

Fig.6-3 Chemical structural formula of prepolymer, curing agents and curing accelerator.
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Epikote828 D-400
(66.7 ) (333wt )

\4
Mixing stirring

v

Fabriciation
( Hand lay up)

Reduced pressure 25Torr 15min
l Heatup time 20min

Pre heating 60  30min
Reduced pressure 25Torr 15min

l Heatup time 30min

Primary Curing 70  2h
l Heatup time 60min

Secondary Curing 125  3h

Cooling to room temperature

Resin A

D-400
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_ Epikote828 ~ XTJ-542
Epikote828 BF;MEA Epkote828 D-2000 (fz.g ) (671wt )
976 ) (24wt ) (56.8 ) (142wt )

AC-339
l (55wt ) !

Mixing stirring Mixing  stirring Mixing stirring

Placing inside an ultrasound bath
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i i . . lHeatup time 20min
Heatup time 35min l Heatup time 20min
Pre heating 60  30min

Pre heating 90  60min )
Reduced pressure 25Torr 15min

Reduced pressure 25Torr 30min
l Heatup time 60min

Pre heating 60  30min
Reduced pressure 25Torr 15min

. . Heatup time 30min
l Heatup time 30min

Primary Curing 70 2h

Primary Curing 105  2h Primary Curing 70 2h

. . l Heatup time 60min
Heatup time 120min Heatup time 60min
Secondary Curing 125  3h

Secondary Curing 175  3h Secondary Curing 125  3h

Cooling to room temperature

Cooling to room temperature Cooling to room temperature

Resin B Resin C Resin D

Fig.6-4 Flow chart of preparing CFRP consisting different matrix.

instrument

Fig.6-5 The way of tensile test.
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Fig.6-6 The ballistic range used in experiment.
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Stress
Projectile
t=5mm
CFRP
t=1.2mm

PVDF gauge

CFRP

t=2.4mm

Fig.6-7 Schematic view of the projectile and the specimen in stress measurement.

-129 -



Zalm]

A

Fig.6-8 Schematic image of concentrated load.

Fig.6-9 Schematic image of cylindrical-coordinate system.
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Fig.6-10 Schematic image of a circular disc element.

Fig.6-11 Fracture section of A, B, C, D-ARD after tensile test.
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Fig.6-12 SEM observations of fracture face of CFRPs after tensile test.
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Fig.6-13 Fracture appearances after flexure test.
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Time [jusec]

Fig.6-14 Stress diagram of A-ARD, A-HTD, A-T1.

2.5
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Time [jusec]

Fig.6-15 Stress diagram of B-ARD, B-HTD, B-T1.
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Stress [GPa]
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Time [jasec]
Fig.6-16 Stress diagram of C-ARD, C-HTD, C-T1.
—— D-ARD

0.5 1 15 2 2.5
Time[jasec]

Fig.6-17 Stress diagram of D-ARD, D-HTD, D-T1.
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Fig.6-18 Amount of mass loss against surface density.

A-ARD B-ARD

10mm | 10mm

C-ARD D-ARD
Fig.6-19 Postmortem observations on rear surface of A-ARD, B-ARD, C-ARD, D-ARD.
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-—

C-HTD D-HTD
Fig.6-20 Postmortem observations on rear surface of A-HTD, B-HTD, C-HTD, D-HTD.
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C-T1 D-T1
Fig.6-21 Postmortem observations on rear surface of A- T1, B- T1, C- T1, D-T1.
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l Projectile l Projectile

A-ARD B-ARD

ﬂ

C-ARD D-ARD
Fig.6-22 Postmortem observations on through-hole section of A-ARD, B-ARD, C-ARD, D-ARD.
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C-HTD D-HTD
Fig.6-23 Postmortem observations on through-hole section of
A-HTD, B-HTD, C-HTD, D-HTD.
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l Projectile l Projectile

A-T1 B-T1

ﬂ Projectile ﬂ Projectile

C-T1 D-T1
Fig.6-24 Postmortem observations on through-hole section of A-T1, B-T, C-T1, D-T1.
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Fig.6-25 Absorbed energy against surface density.
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Specimen Specimen
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~ movement of movement of
- projectile projectile
D-ARD D-T1

Fig.6-26 Pictures of projectile impacting D-ARD and D-T1.
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Fig.6-27 Ballistic limit range for penetrating.

-142 -



st [riirn]
3

280875
2.6175
242025
30
2,235
2.04375
1.8525
1.66125
1.47
1.275875
1.0875
0.59525
0.705 1S
0.51375

0.3225

0.13125

: 06702 :
0.06 5 2214 - a1.4060:2

Opasec 10pasec

g0.2

- oolal
20asec 60 asec
Fig.6-28 Example results of 3D measurement of D-T1 (at 0, 10, 20, and 60jisec).
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Fig.6-30 Reslut of ultrasonic inspection (D-T1 impacted at 269m/s).
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Fig.6-31 Reslut of ultrasonic inspection (B-ARD impacted at 106m/s).

Fig.6-32 Reslut of ultrasonic inspection (B-T1 impacted at 201m/s).
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Fig.6-33 Absorbed energy and strain energy.
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Fig.6-34 Relationship between force P and time until crack formation of A-ARD.
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Fig.6-35 Relationship between force P and time until crack formation of B-ARD.
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Fig.6-36 Relationship between force P and time until crack formation of C-ARD.
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Fig.6-37 Relationship between force P and time until crack formation of D-ARD.
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Fig.6-38 Relationship between force P and time until crack formation of A-T1.
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Fig.6-39 Relationship between force P and time until crack formation of B-T1.
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Fig.6-40 Relationship between force P and time until crack formation of C-T1.
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Fig.6-41 Relationship between force P and time until crack formation of D-T1.
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Fig.6-42 Relationships between a/w and time until crack formation of D-ARD and D-T1.

- 149 -



10

8
6 — QOpasec|- -
= — 2 J4sec
E 4 —4pasec|
i — Basec
n
2
0
) 10 15 20 25 30 35 40 45
-2
X-axis [mm]

Fig.6-43 Relationships between strain as a function of X-axis distance in D-ARD.
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Fig.6-44 Relationships between strain as a function of X-axis distance in D-T1.
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Fig.6-45 Schematic image of measuring method of strain.

Fig.6-46 Reslut of ultrasonic inspection (D-ARD impacted at 373m/s).
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Fig.6-47 Reslut of ultrasonic inspection (D-T1 impacted at 365m/s).

Fig.6-48 Reslut of ultrasonic inspection (B-ARD impacted at 339m/s).
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Fig.6-49 Reslut of ultrasonic inspection (B-T1 impacted at 343m/s).
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Fig.6-50 Schematic image of ideal impact phenomenon.
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Table 6-1 Characteristics of Carbon fiber.

Tensile Tensile Tensile Fiber )
Strength Modulus fracture Diameter Density
Fiber [MPal] [GPal strain  [%] (uml] glem?]
YSH-50A(CF) 3830 520 0.7 7 2.1
T700S(CF) 4900 230 2.1 7 1.8
Table 6-2 Composition of the matrix resins [%].
Epikote828 D-400 D-2000 BFsMEA AC-339 | XTJ-542
A 66.7 33.3
B 97.6 2.4
C 56.8 23.5 14.2 5.5
D 42.9 57.1

Table 6-3 Summary of tensile test of epoxy resins.

Yong's modulus Maximum tensile Breaking
[GPal stress [MPal elongation [%]
A 3.07 50.5 11.6
B 2.77 74.4 6.4
C 1.14 26.1 59.1
D 0.00467 0.676 14.7
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Table 6-4Notification of samples used in the present study.

Sample | Resin Fiber Sample Resin Fiber
A-ARD A | CF(YSH-50A  As Recived) A-T1 A CF(T7009)
A-HTD A CF(YSH-50A Heat Treated) | B-T1 B CF(T7008S)
B-ARD B CF(YSH-50A  As Recived) C-T1 C CF(T7008S)
B-HTD B CF(YSH-50A Heat Treated) | D-T1 D CF(T700S)
C-ARD C CF(YSH-50A  As Recived)
C-HTD C CF(YSH-50A Heat Treated)
D-ARD D CF(YSH-50A  As Recived)
D-HTD D CF(YSH-50A Heat Treated)
Table 6-5 Summary of tensile test of CFRPs.
A-ARD | A-HTD | B-ARD | B-HTD | C-ARD | C-HTD | D-ARD | D-HTD
Tesile 669 708 640 824 529 573 335 292
Strength
[MPal [70.0] | [32.7] | [66.3] | [33.8] | [66.6] | [51.0] [28] [44.3]
Young's 144 149 138 159 136 122 101 125
Modulus
[12.5] | [7.49] | [3.92] | [6.04] | [9.06] | [12.4] [11] [10.6]
[GPal
0.434 | 0.412 | 0.439 | 0.498 | 0.360 | 0.446 | 0.265 | 0.205
Fracture [0.0606 | [0.0111 | [0.0469 | [0.0448 | [0.0530 | [0.0389 | [0.0294 | [0.0408
strain  [%] ] ] ] ] ] ] ] ]
A-T1 B-T1 C-T1 D-T1
Tesile Strength [MPal 087 1019 o4 097
[51.6] [72.6] [99.7] [22.6]
Young's Modulus 60 62 65 42
[GPa] [4.1] [2.2] [5.3] [5.0]
Fracture strain [ 1.611 1.615 1.33 0.9572
[0.1107] [0.0612] [0.1316] [0.2143]

[ ]:SD(Standard Deviation)
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Table 6-6 Summary of flexural test of CFRPs.

A-ARD | A-HTD | B-ARD | B-HTD | C-ARD | C-HTD | D-ARD | D-HTD
Flexural 343 352 370 393 240 239 39 37
Strength [MPal | [5.02] | [19.6] | [16.6] | [10.7] | [5.21] | [3.40] | [2.87] | [1.68]

Young's 70.7 73.5 61.4 66.2 59.9 62.5 11.5 10.6
Modulus
[GPal [1.823] | [5.58] | [0.52] | [0.50] | [1.01] | [1.54] | [0.35] | [0.65]
Fracture strain 4.11 4.096 5.001 5.786 4.752 5.43
[mm] [0.118] | [0.095] | [0.507] | [0.248] | [0.39] | [0.601] [-] [-]
A-T1 B-T1 C-T1 D-T1
643 1078 513 81
Flexural Strength [MPal]
[10.56] [80.29] [39.96] [4.73]
49.9 59.5 50.5 16.3
Young's Modulus [GPal
[3.266] [4.739] [1.35] [1.79]
, 7.526 11.65 5.58
Fracture strain [mm]
[0.779] [1.723] [0.171] [-]

[ 1:SD(Standard Deviation)

Table 6-7 Summary of duration of plateau.

Duration of Duration of
plateau [jusec] plateau [sec]
A-ARD 1.2 A-T1 1.25
B-ARD 1.19 B-T1 1.28
C-ARD 1.24 C-T1 1.32
D-ARD 1.24 D-T1 1.29
A-HTD 1.26
B- HTD 1.2
C- HTD 1.19
D- HTD 1.2
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Table 6-8 Summaries of average stress of plateau.

Average stress Average stress of
of plateau plateau [GPal

[GPal
A-ARD 3.85 A-T1 3.76
B-ARD 3.62 B-T1 3.89
C-ARD 3.83 C-T1 3.9
D-ARD 4.03 D-T1 3.49
A-HTD 4.09
B- HTD 3.88
C- HTD 4.17
D- HTD 3.77

Table 6-9 Summaries of calculated flexural rigidity.

Specimen Flexural rigidity
DIN m]

A-ARD 11.17
B-ARD 12.29
C-ARD 9.84
D-ARD 4.94

A-T1 12.65

B-T1 14.43

C-T1 10.08

D-T1 6.89
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Table 6-10 Summaries of percentage of the strain energy to absorbed energy and time until

crack formation.

Percentage of the strain Time until crack

energy to absorbed energy [%] formation [jusec]
A-ARD 1 65 5
A-ARD 2 59 5
B-ARD 1 45 5
B-ARD 2 45 5
C-ARD 1 46 5
C-ARD 2 45 4
D-ARD 1 57 6
D-ARD 2 35 5
AT11 62 11
A-T12 63 14
B-T11 68 8
B-T12 69 8
CTi1 60 14
C-T12 60 13
D-T11 67 17
D-T1 2 62 15
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D00 1 20
Fig. 7-1 Front-face photo of the impact fracture of Alumina(A99.99 1600°C)
(Impacted at 1003 m/s)
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Table 7-1 Results of impact test

Impacted | Residual | Absorbed | Mass loss Area
velocity | velocity energy [] density
[m/s] [m/s] [J] [g/mm?]
CFRP (D-T1) 365 66 16.9 0.005 0.0030
Mortar (mortar 1.5) 778 69.1 78.7 2.813 0.0281
Ceramics
(Alumina(A99.99 1600°C) | ! 2 274 001
Absorbed energy Mass loss
Area density Area density
[J mm?/g] [mm?2]
CFRP (D-T1) 5550 1.642
Mortar (mortar
15) 2795 99.94
Ceramics
(Alumina(A99.99 992 159.12
1600°C))

Table 7-2 Properties of reinforcement

Specimen Reinforcement Tensile strength [MPal] Fiber volume [%]
Mortar (Mortar 1.5) PE fiber 2700 1.5
CFRP (D-T1) T700S (Carbon fiber) 4900 60
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