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Failure characteristics of three transparent ceramics materials
under the edge-on impact loading

HAN Guoqing, ZHANG Xianfeng, TAN Mengting, BAO Kuo, LI Yi
(School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094, Jiangsu, China)

Abstract: Compared with traditional transparent materials, transparent ceramics have excellent impact resistance at the same
areal density, which contributes to its giant potential in the field of transparent armor protection. The studies of the damage
response and damage evolution law of transparent ceramics under impact play a vital role in the structural design and
protection of transparent ceramic armors. In order to compare the difference between traditional transparent materials and
typical transparent ceramic materials under the impact damage process, a 9 mm-ballistic gun launch platform was used to
conduct edge-on impact (EOI) tests on three transparent materials, including float glass, YAG transparent ceramics and
magnesium aluminum spinel transparent ceramics. The impact process of the fragments was captured by a high-speed video
camera, and the change rule of the crushing zone and the propagation distance of the main crack over time was analyzed. The
results show that the area of the crushing zone in three materials was negatively correlated with the strength of the material
when the fragment impact velocity ranged from 200 to 300 m/s. For the same material, within this velocity range, the impact
velocity of the fragments had no significant effect on the propagation velocity of the main crack. Besides, the macroscale
differences on the damage evolution characteristics of three materials are investigated. Through the scanning electron

microscope (SEM) observation on the recovered ceramic fragments, the similarities and differences on the damage
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characteristics of the two transparent ceramic materials at the mesoscale are analyzed in detail. The change that intergranular
fracture transformed into transgranular fracture on the radial crack occurred in both spinel and YAG transparent ceramics,
while the ring fracture surfaces were almost all along the intergranular fracture. Compared with the magnesium aluminum
spinel transparent ceramics, YAG transparent ceramics possessed “peel off” phenomenon that fracture occurred along the
grain boundary. Besides, the transgranular fracture surface in MgAl,O, transparent ceramics was in jagged irregular shape,
while that of YAG transparent ceramics was smooth.

Keywords: transparent ceramics; edge-on impact test; macroscopic fracture characteristics; intergranular fracture;

transgranular fracture
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S5 fff 44 B 12 545 (scanning electron microscope, SEM) X [L A FE 5t 4T AU, 73 4fr YAG i%E
HH B e 5 B AR A T A 8 T P TR AL RS B SRR Y 25 57

1 EOIixi

1.1 SEEDAAARY
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Fig. 1 Tungsten carbide projectile
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Table 1 Tungsten carbide projectile size and material parameters

PR EAE/mm il R B %% HE/(grem™) % G H P R/ GPa YU /GPa NEL/NA
9 8 14.9 90.5 621 1.84 0.24

P2 BEERAR A A TP
Fig.2 A MgALO, spinel transparent ceramic target
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Table 2 Target size and material parameters

Wik RRE, SRIRJERE MORMEEE RpIHLRY o BUWIRY  SUYISTRY  Hugoniotdfih:  JRZLIRE/
(mmxmm) mm (kg-m™) GPa GPa GPa e FR/GPa MPa
RO 70x70 8 2 480 92.76 0.159 45.4 40.0 5.95
YAGBF % 90x90 9 4550 282.00 0.250 188.0 112.8 12.00 548
BRI AT B I P 70x70 6 3573 281.00 0.277 210.0 110.0 13.50 528
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Projectile Ceramic tile
Gas launcher A
_EES—O —mf—

=L Ny
: . Flash

(a) Schematic of EOI test set up (b) Picture of target fixation

P 3 A ) s T 1 B A 5 IR R

Fig. 3 Schematic of EOI test set up and target fixation

Ultra high-speed camera
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WS AN [R] o 32y T Wl R A 0 4 o 1) JRE T 4 6 S B AR R X R i T S A e i
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Table 3 Test parameters and fragmentation of the projectile

Ik Rk (jii:m) PREE wrmatn mses
Glass-1 70.10x70.10x7.76 198 IEfE P20
TR Glass-2 70.06x63.36x7.78 262 IEfE PR 20
Glass-3 70.08x69.98x7.78 287 IE g P20
YAG-1 90.08x90.10x9.06 142 Pt R
YAGIE % YAG-2 90.04x90.12x9.04 237 IE g TehiE
YAG-3 90.06x90.10x9.04 284 Pt R
Spinel-1 70.04x70.02x6.04 202 IEfE e
BERRAR i A B P Spinel-2 70.02x70.20%6.04 250 i 2
Spinel-3 70.02x70.04x5.96 280 IE g e

20 mm

17.46 ps 38.88 us

(a) Glass-1

20mm

(c) Spinel-1

4 ZRAPEHER A il RIS AR

Fig. 4 Damage process of three transparent materials impacted by the tungsten carbide fragments

IG5 3 Rl A B RESS SR A] 6 FT 7R, 456 i B K TR B i, e B 2k B AR T
75 P e T P R e R A, L R ) WA R I A T 3 W g e AR R I e . XU el TN TR R R Y
HNVLEE A AR, T B R AR A AR 25 57
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(a) 202 m/s (b) 250 m/s (c) 280 m/s
B 5 BRAGES M A DA [ 3 i o AR 2 A 37 A P Y (A B e i 10

Fig. 5 Fragmentation of tungsten carbide fragments impacting MgAl,O, transparent ceramics with different impact velocities

(a) Glass-2 (b) YAG-2 (c) Spinel-2

6 MGt

Fig. 6 Recovered samples

1.4 BURSHR

A Ao i T AR A 1 0 T, 5 R 5 N 220 R B DX TR BRL(S) 5 SRy R, 1AL T B ik
AR T A AP YT R E K 3R AR I BT — 2 SRS, R RSN K E X TR
JEREES (D)

o

. Impact direction

P07 R R A R

Fig. 7 Crush zone and main crack propagation distance
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G o TP B B S A R Ry R DX T R ) B T 357 B T 1 I R ) R, 2 B R R B R A B B
RE A% o b b SR R T B RE L 6 L 3 R ORI i AR A DX TR AR, A RV 1 S 1 e A R Xk
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500 1
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—e— Glass-2 (262 m/s)
ra —a— Glass-3 (287 m/s)
o — 7 YAG-2 (237 m/s)
--#-- Spinel-1 (202 m/s)
--<-- Spinel-2 (250 m/s)
--#-- Spinel-3 (280 m/s)

10 20 30 40 50 60 70
t/us

P8 e DX TR A ol o ] 4 £

Fig. 8 Evolution of the crushing zone area with impact time
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50} A Glass-3 (287 m/s) A oL AYAG3@84ms) 7
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(a) Glass (b) YAG
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(c) Spinel
B9 FRAE R B b A R Ak R
Fig. 9 Distance of the main crack propagation as a function of impact time
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o L 2.3 AR IR A IR IR | YAG 5 W P SR AR AR i W B A BRI B R EOT i
BN 1Y 22 WUBE I RRAE K A5 05 3 A B R AT 20 Fr . BOT 386 v, 3 P8 07 0 9 1 4 2 P2 4 1 10 FF s
Hth ABC bk o 5 R IS L, PR N ¢ o TEIEMEIS I DEF JoRie T, Had B Ny ¢ I 11
T, #E BOL a5 o (5 FH G 3L, AT AAR 35 07 b L 2% B 0% 5 R 00 76 A RE b A A 36 o e RIS R s
X GHIJ, Fol R BE N veo [, BEDE T 7 (HE BR oh, SR BRI %E AC B IR A BRI BEER , 700
A DX ) = R TR AR IR B IX B ADHJ VL e AFH T o

Longitudinal
wave front

Transversal
wave front

7.70 ps
€10 EOL X% il LIRS R = 11 A ek A BOL gD
Fig. 10 Schematic of wave and crack propagation Fig. 11 EOI test on starphire glass
in a plate caused by EOT test with steel sphere™

I RE SR RS 5 1 W] P R S R b B AR E . AN 12 R, R SRS AR S R AR B
Bege = R BT BB DX, B3 8 DX R J7 AT 0 2 SR, TR L B X N 22 A 23 ) 8 A R B IX
W7 BT 160 S B0, A58 T DA S ol 32 2R 0K Ak 2 1) M e B R R T 4, B o il B R G R S AR A
W FIEBEER S e ERE0GE TR LM TTIY BT B REIX o [RIRE, AR T 15 W] F e bR, RS
PR i B P AR 2 R AR PR EE AR 1], S BN R A P BT AR SR, R e B R AR O
FREUE R SR A RSN R o RS X A R i T R R B G, e R R
7 A2 B Rayleigh 95 b e ) 7 ) 5B JE[RIVE S Bon o 33 o AN )43 o 32 B2 R 77 05 5 rh SR B IX
B9 R B0, e B RE A BB 1R o R R T, TR B SR B TR R Y R IS, WA 13 R

Fault zone
S i
Secondary crack zone

Crush zone

~ .—'f/ Main crack

96.00 jis

B 12 LB (Glass-1) 48 EOL RS R AYBEIR R
Fig. 12 Failure characteristics of float glass (Glass-1) under EOI test
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8 3 et 2 A TR g A A E AT AT, AT LA B R B DX AR i 2 R 4 o R0 46 L O RO RS
DO WY R B2, B PRI I D o W TFIE B0 3 4 il B A R AT 0 W, 19 B3 A B 1Y
UERBUR YA REH N 3 372 mis, TFIL B AR PH ¢ — B2 3 500 m/s, FWIEIE B HAT TS

W 1 i AR A AR 2, I T AR IR TP AL R AN R 14 B, 24 AL R R RO A L 2k AR Y
RS S R A R, PR AR L, WIET 15 TR, RS TR I O, 37 W1 B bR E 2 B
i YR IR B BE R 2 R A o s BRI 7 A PODR A9 3 B X, BRJE By e D O P AT 2280 A, HL RGO
R ELY T, MR A A “BYr7 o BRI REE th T R LR LT 2T A4 1 SO i i A, B
U B Y7 HLBLE T AR R T RUATT R HE— 2D 5T . TR, e A DXl 2 Y B ] A Ay R R
P7RE, B0 oh TR AR R B R TR B, TEBR A R R T, ALY Rayleigh B KBEROT A
AT Pl 8 7 A B S AR ECIX . Y RSF RYRA i LS5 R i T A&, 18] 14 il XYZ LA K POR IX.
Bl 2 P A A P M 88 1 G AR R, AR = fIE AR RE X 5 TR B i 28078 ) A
I7], 375 W Wl e 11 = 58 8055 U SR BUHE A i aod At P A o) A 5RO i e A 7 SUBRR,, 33Xl 7 WL 2R B 42 fif P e
AR RN T A bt R A B 1) 2R SR TR 5 A ) AT BT o A DAY R L e R A 2Ry
B, AT PRk B, 25 W1 P e A AR A58 B DX PR 49 S P4 g /N R TG R U A 88

— -
F\ X [Fm
/ e,

Propagation of the 7
secondary crack zone

<—-L

O e
I I s
I RI A

Bl 13 PRIEDE (Glass-2) IR BRI 4 TR 14 EOI ide i i S
Fig. 13 Secondary crack zone of float glass (Glass-2) Fig. 14 Reflecton of longitudinal waves in the EOI test
extends along the edge with higher velocity

£

L

f,..

Secondary crack

Radial crack

Main crack

Crack bifurcation

Projectile

K15 EWF% (Spinel-1) 7£ EOI X5 N AR IRAFAE

Fig. 15 Failure characteristics of transparent ceramics (Spinel-1) under EOI test
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3 ERAREM RHA L & A AR 2 4

SRR ol 15 1] W R A A 2 LR BB R AR 2 M), (E P T 3 AR AR A5 A | i £ T2 ol el
e 55 5 TRIAF AR BOR 22 S, (T o a5 B B s s e 380 A O RUBE b RO RBESR AT BT AN [) o 3 91l v, 7 8 B )
EOI {56 /5 101 WA i) Pl e A F 247 240 UL , L A 4 7 35 D g 8 A R 32 i R v o I JHG A OB DA R 1) 22
St o VU R e A o PO R DX P R ) S SR SO L R DX AR R A 1) SR UK THT e B ) 2R
T AT LI, 4l 16 Froi

Radial crack Ring crack  Spall crack
— e e e e e o Wm

(a) Spinel-2 (b) Fragment (¢) YAG-1

K16 BERARAMNIBIMES YAG &I & i 1 i A0S

Fig. 16 Location of fragments in the MgAl,O, spinel ceramics and YAG ceramics

K17 S YAG 325 B B 8 55 B 40 A & A 25 W Pl e 8 o b T 40 UL RUE B ) S PR R A, 90 7 125 T g 8
PR ICTEAEAR 1) R SCWT T, B 16) S0 ] K J2= R RS i E 3 mT RIS 21 A AR AT ST 288 . B AR 25 i
Wi Ll K C Ab i Bty 3 F R T ZLRFAET 2 4nf&] 18 /R, 7E EOLIRSR 1, YAG & BB & 5B F R
s A1 175 ] P 8 7 A8 1) SR S0 2R T L X7 2 DA T 300 5% 114 2 o W 2R 22 328 A0 1) W T e 3 I R U R 2
AR A T2, RS0 DL 2B 2 BT A e i R . X S Rl S TR R b il YAG BB A A R0
M e A MR o (E Sk Rl T 2 ARk BR 1) R4 W b SR EAS TE AN B ., PR 1) 2S00 T Y
R 53 DX 349 Ay i it 45 50 ot T 5 W 2R ) 2 R A

20 um

(a) MgAl,O, spinel transparent ceramic (b) YAG transparent ceramic

17 BERRRAEIES YAG 125 W B % W7 i s 20 4 UL
Fig. 17 Typical fracture characteristics of cross-sections of MgAl,O; spinel transparent ceramic and
YAG transparent ceramic
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Dividing line

Intergranular to
More intergranular fracture transgranular transition

i

Intergranular With
transgranular mixed *

Intergranular with
transgranular mixed

K18 YAG #EWIFGEERE (D) 5 BEARAR bt 5 W B Re (D) A2 1] Bl W 241D L0 & B 2 Al e Ak
Fig. 18 Intergranular with transgranular changes of YAG transparent ceramics (D) and MgAL,O, spinel transparent ceramics ()
on the radial and ring fracture surfaces

AR o) LT AL 48 2 3R ) B0 LT . YAG 300 W e 1B T 561 e h 1 7 1 B 2
GG T %, WA SEM G LRI ELH0 50", WP 1920 R . B fhiA ) 3
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Fig. 19 Transgranular fracture in MgALO; spinel transparent ceramics
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Fig. 20 Peeling-off phenomenon in YAG transparent ceramic crystal
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