Chinese Physical Society

Mﬂﬁﬁ Acta Physica Sinica

. Institute of Physics, CAS

FARORE T R RME IR M AR TR R AR AL IR

BEgth MK I WIS

Mesomechanism of elastic precursor decay in alumina under plate impact loading

Feng Xiao-Wei Li Jun-Cheng Wang Hong-Bo Chang Jing-Zhen

5| H{5 |2 Citation: Acta Physica Sinica, 65, 166201 (2016) DOI: 10.7498/aps.65.166201

7£ 26 %35 View online: http://dx.doi.org/10.7498/aps.65.166201
23 N %% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2016/V65/116

AT RERCH B BB S &
Articles you may be interested in

HEER S HESSE R INER T Z U1A 92 S AR I 4T 4 %
Refractive index of Z-cut quartz under magnetically driven quasi-isentropic compression
VP22 4%.2016, 65(4): 046201  http://dx.doi.org/10.7498/aps.65.046201

o B T E A AR 531 B3 DRI
Molecular dynamics study on the phase transition of high density helium
PP 2EH%.2015, 64(1): 016202  http://dx.doi.org/10.7498/aps.64.016202

BT R — SR B I R SEIR AT T R
Recent advances in hyper-velocity flyer launch experiments on PTS
PP 22 4%.2014, 63(19): 196201 http://dx.doi.org/10.7498/aps.63.196201

MR R B RS ) RN SREG IT 7T
Experimental study of friction effect under impact loading
YH % 4.2013, 62(11): 116203  http://dx.doi.org/10.7498/aps.62.116203

Pro.7Cag.3sMnOg i 58 & 5L 34 22 [ A TR
AC properties of Pry ;Cag 3sMnO3 ceramics
Yy 22422013, 62(2): 026201  http://dx.doi.org/10.7498/aps.62.026201


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.65.166201
http://dx.doi.org/10.7498/aps.65.166201
http://wulixb.iphy.ac.cn/CN/Y2016/V65/I16
http://wulixb.iphy.ac.cn/CN/abstract/abstract66642.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract66642.shtml
http://dx.doi.org/10.7498/aps.65.046201
http://wulixb.iphy.ac.cn/CN/abstract/abstract62316.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract62316.shtml
http://dx.doi.org/10.7498/aps.64.016202
http://wulixb.iphy.ac.cn/CN/abstract/abstract61155.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract61155.shtml
http://dx.doi.org/10.7498/aps.63.196201
http://wulixb.iphy.ac.cn/CN/abstract/abstract53928.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract53928.shtml
http://dx.doi.org/10.7498/aps.62.116203
http://wulixb.iphy.ac.cn/CN/abstract/abstract51866.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract51866.shtml
http://dx.doi.org/10.7498/aps.62.026201

) I8 ¥ 48  Acta Phys. Sin.

Vol. 65, No. 16 (2016) 166201

AR T R M A M BT TR
AR I

e

FRA  THEE

HAE

(h E TRV BT Fe e A TRERTTEPT, 4ifH 621900)

(2016 4E 5 A 5 HigH]; 2016 4 6 7 12 QU FMEHSHR )

A — G SOV RE 1A [ 3 B AR P B i PP B ol TR 48 S 56, S B OGP T84 (VISAR)
DR TR i 1) B TR BE PR AR AR B A TR B DI RE A E 1A [ JE R SR B e R R A K Hugoniot 55 P44 FR
fH, 85 REoR, phil 48 N S Al B AR P AT KB IR Bt — D T E AL P R A A0 S5 1 4
HiBE (HEL) B8, 2t 18RI R A AN F AR AL, 38 1 5 b SRR AH S AR 1) 0 A AR . A
oLty s A8 0 48T R0 B e B A L5 A 1 7 2 L R, AL 22 b 2 W 1 A2 T X S DR R )7 A L

HL, 8 H R R & T HEL B ADRHE 400 5145 51 6 1

FEL A RE B 20 B R 7 A Y T R A

RE AR A LA A AT I8 A 20U 45 44 it 7 Ak S S R 5 51

REEIA: il 4, AR R, SR AT IR IR, AR ) 2

PACS: 62.50.-p, 62.20.x, 81.40.Np

1 5 =

Wi A L LA v o B e R AR P S5 L R
PERE, TN F IR o e AR 2 B T 4252
s i F B S AP e f b DRI, P R A v ok A A
PERTR B 77 5 LRI SR AT N 3RAS T T IZ MR A
IR FL. RSP EM B AR TRESL RS2 T2
IEA, FHAEH SRS 772700 B AR PRI 7807 T S 1 —
JE R, SR He g7 11247 AR HI LA R
IR ) B EAE b e B 2 I —
s 78 ) 574 1 2 A 1) Hugoniot 58 M4 ) BR (HEL)
B 5 J5 2 38 0 S 30T B ) ) BB AR S
IR PRI AR, B IX 5 PRL ) 1 4 0 B 1
FER, H RIS A P EE LI A B .

SEL P TR SR JBE A o U T 55 ) P B R AL, L
M AL BT 4T B 1) Hugoniot 5814 B¢ IR & 2R AE A REHHE T
Je M BRBH SR BE 0 ) B B 1 da AR, B, Gust A

DOI: 10.7498 /aps.65.166201

Royce ! 75 S0 A0 85 A1 A0 B P 2w 300 0 281 56628 Rip
K 99 e AL o 3% A 5 ) 388 m it B AE, 1 7 A
DAL L AD85S, A1995 %544 K 7 I & R I 1Z%
#. Rosenberg % P F| F AR 8110 & T 465 N 76%
199% EALER PR & ) HEL, 48 HAE X 75 Fl g % o
Y5 2 B BE 5 ) R AT K R I 4. Bourne
26 ) [ st 45 AR A 4 N 96% HI AL AR &
HE L B S B 3P T IR UL %, Staehler %5 [
1540 5 5 99.99% B A8 5 P o U 1 [ 1) 32
Wk, Murray 25 Pl E—20 % 82 7 = FOAS [ 40 5
FAL AR PR (880, 975 AIT999) £8P B b iy T fty gt ik
IO S BRI, R IR 0 5 Mk e 3 P i IR
FIRILZ I AR EL, AL kR 454
MAEFIRTIZ I G A B REm. SR1M, SCRR [6, 7] 1Y
S 28 AN R IR 5, Marom 25 Bl i\ Ay
ZIL R T BE S F AR T I R 2 5 .

ZE L FTIR, W AR R 1 R S RO
R EAAEAFE —ERF. H R TAES, Mk

* EF A RRREIES (S 11502258, 11272300) A1rh E TREAFEFT JEBE R HR & 34 (S 2014B0101009) #5111,

T BfE/E#E. E-mail: xiaowei_feng@126.com
© 2016 FEYIEF S Chinese Physical Society

http://wulizb.iphy.ac.cn

166201-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.65.166201
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 16 (2016) 166201

I HEL % /& A i vH I g i 45, HAEshdi k0~
a5 B A A 5 R AR AR, AR SR b il BT T
Gy AR AR T, X AT W] RE 45 T B 45 R A R
2. BRI, ASCRIH VISAR R4 1 b T 5
DIRE, sk AT AN [F] J5 B S AL B P B 1 (1 HEL
R G ILBNE F AN R DR . RN, A S AR 4
P TVNG SER LIS $-30 $I% Se st 8- ik s v g 232D
2 A L 5 (51T St O ) 2 e B ] 500 1%
BRI 1 HLE R A T AR, X TR ke
BEATRE, Foh o A 40 0 2247 O BOR AR AE
FUBE (pm 5 2%) ). #OA SCILHE T S50 10 B0 W 2 1 4
WSR3 RENS RAL AL B0 b B AW 45 H
I F Sy A AR RSP ELAE b oy 38T T ) 0 S
AL JZ R S i S SR D ) ) B2

2 RN ET R & E AR

AL LNAAGAR B &R TR B (W & &4 53 1)
JREHN: 92.85%A1,03, 4.89%Si04, 0.36%Ca0
F 1.90%Lag03), 4T BE N KR FIH
Hi oK AR 75 5 I 2 792543 0 3RAS T W B A
6 B BE AN R . e M A rh LI AN

L pE Y /N WK

B E(1—v)
TN T 20

E
W+ o) (1)
X, e NNBBE, o BB, B yrEsia
v ATERSEE. el (1) Fn] DU HESR 15 A A0 R P &
ORI SRR & B AITARA Lo, PRI IEA J1 225
Bl 1 s,

FIFH 100 mm — Z A8 M X Mg BERE ik
7P b R 4E Ak, B — kS5 AT IRAS AN AR
JELFE (R ot A5 AR (] oo TR 70 ) S 3 s . R O
T T (VISAR) 0 34 FF 5 1 E Bl T 2 T
il 7 R A I R, S B AN 1A 1 AN 2 B
. VRS EAR 40 mm, JREZ1 N4, 6, 8 Al
10 mm, JEEH €A IR ST A $95 mm x 5 mm.
SIS VT FRRE R0 TR T TN 2 Y
J LE B R Bl R 110,

SR W R IR B el TR e R D R 0 3 B
7, SBR[ D 431—442 m /s,
AL AL R it Ak A TR o i R R 7S 1 3
TR, AR FE R, R ) B R R R R

Cy =

1 RILEREHHEA RS

Table 1. Constituent properties of aluminas studied.

4k R p/kgm—3 WP PEIE ¢ /m-s™! M E ¢ /mes™1 WY E E/GPa THRALE v
A 3896 10421 6111 359.95 0.237
TR 8931 3940 1940 90.1 0.34
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Fig. 1. Schematic diagram of impact experiment.
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Fig. 2. Photographs of double-speimen target.

FRAAERFE, BI: B T B Se e i — AN BEUE
LTk BT B, X A R AR R S DX, Ll S
{E AP EHE B HEL XS B d i . bes,
i T B2 2 T 4R 2218 b T 2 — AN I - 5,
HHPRZARLNE T BOY < BB IER, B BRI
SRR PE, 2 W] S0 A0 i e 1) AR s i R R A B
AR B e, B T 2 B I
B RIS T, RN ERIEE BRI R
FERE A H L I R RHIE S CA SRR P R
Pl SER A R, BT InE AR AR R A ) 1) 22

500
T (a) h=8122mm
w
E 400t \
~
>
B
k3]
S 300t \
[}
>
8 —
& 200 ud h =10.156 mm
=
=
wn
@ L
é 100 V=431.79 m/s

Flyer = 5.055 mm
0 - . , .
05 1.0 15 20 25 3.0
Time/ps
500
(¢) h=8254mm
400 |

h =10.16 mm

«

&

S~

>

i

i3}

L 300¢f

[}

>

8

& 2001wy

5

5

wn

o L

E 100 V'=441.06 m/s

Flyer = 5.053 mm

0

0.5 1.0 1.5 2.0 2.5 3.0

Time/ps

K3 sl g T AR P e B i g e D AR

Free surface velocity/m-s—1!

Free surface velocity/m-s—1!

(a)

5tt, FARZR PRI Bt 26 TR 7 A7 AN

e T 3 i £ e B A AR 2 M B B A
XA B Hugoniot #PERK IR, AT AR 3 3 & <7 18
sEHR E 12

1

OH = 5 Poc1U, (2)

K, po NIARIRIGE % S o) A REI A T,
wpp SRR R BR G B E B TR . 3 AT, H
i T S0 5 1 28 1 2R PR B 1 AR 4R 1 2 1) 8 A B
SRR A TR NP I X . R AR A
TE I ERTH G 5 R RS A I B R T g,
— R B — AT, A SO ik EIF e R A
LA s U un (W 3 BT, ) H
(2) A5 T S A ES B B 1 Hugoniot 5814 85 R oy,
T2 .

H 2% 2 v dks W, A B B B R B HEL
%14 5.04—5.87 GPa. Rosenberg %5 2 F| ] 45 4R i1
W& ADS5 S AL B M & (po = 3.700 g/cm?) [
HEL = 4.8—6.3 GPa, Grady T4 1 7 AD995
AR M & I HEL=6.2+0.4 GPa, 52 sz5615 5|
HEL #k. BT AR R H o Kl 46 T A

500
b) &
O
400f  ~
"
Vi
300"
h =8.252 mm

2001

100 1
V=439.46 m/s
Flyer = 5.047 mm

0 0.5 1.0 1.5 2.0 2.5 3.0
Time/ps
500
(d) h=4.114 mm

400 [

300
h =6.079 mm

UH
2001
1001 V=442.19 m/s
Flyer = 5.047 mm
0 .

02 04 06 08 1.0 1.2 14 1.6

Time/ps

FEf 15 (b) FEf 25 (c) FEdh 35 (d) FEdh 4

Fig. 3. The histories of free surface velocity of shocked alumina: (a) No. 1; (b) No. 2; (c) No. 3; (d) No. 4.
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Table 2. Hugoniot elastic limit of alumina ceramics.

KH s/ bl up/
JBEE/mm m-s~! JEE/mm m-s!
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SR o1/GPa

4.148  282.42 5.73
No. 2 5.047  439.46

8.252  260.64 5.29

8.254  267.14 5.42
No. 3 5.053  441.06
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Fig. 4. Plot of HEL vs tile thickness for alumina.
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Fig. 5. SEM image of AD995 alumina showing the

flaw distribution.
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Fig. 6. Mesoscale simulation model of alumina.
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Table 3. The parameters for JH-2 model of alumina and soda-lime glass.

kL po/kgm~3  G/GPa K;/GPa K3/GPa K3/GPa T*/MPa A B
Ak (16] 3896 120.34 173.59 102.59 53.29 262 0.88 0.28
SL g3 [17] 2530 26.9 71.6 -209 324 27.8 0.75 0.2

C M N Dy Do f ou/GPa
0.007 0.60 0.64 0.01 0.70 1.0 5.87
0.035 1.0 0.72 0.043 0.85 1.0 1.003

F4 TEER I J-C AL S 4 Griineisen RE T FESHL
Table 4. The parameters for J-C model and Griineisen EOS of OFHC copper.

g po/kgm™3  G/GPa  Cp/m-s! Ty /K Tm/K  A/MPa  B/MPa
Te 4 116] 8931 50.96 3241 298 1356 90 292
C m n Cy/Tkg LK™ éo/s™1 A vy
0.025 1.09 0.31 383 1.0 1.50 1.96
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Fig. 7. Mesoscale simulation of the response of alumina at various impact velocities: (a) Stress distribution
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contours of meso-structure at the impact velocity of 200 m/s (frame interval is 4 ns); (b) stress distribution

contours of meso-structure at the impact velocity of 450 m/s (frame interval is 4 ns).
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Abstract

The Hugoniot elastic limit (HEL) of ceramics is explained as the limit of elastic response and the onset of failure
under dynamic uniaxial strain loading, which is an important parameter for understanding the dynamic properties of
ceramic materials. Previous experimental impact studies showed an interesting phenomenon that the HEL decreases with
the increase of sample thickness, which is termed the elastic precursor decay. This phenomenon has not been explained
by a suitable mechanism to date.

Recently it has become apparent that mechanical response of polycrystalline ceramics is governed by mechanism
operating at a grain level. So the objective of the present work is to develop a mechanism that can illustrate this
phenomenon on a mesoscale. In this paper, the plate impact experiments of alumina with varying thickness values are
conducted by using one-stage light gas gun. The histories of the rear free surface velocity of the samples are recorded
by a Velocity Interferometer System for Any Reflector (VISAR). The HELs of alumina samples with different thickness
values are obtained from turning point of elastic phase to inelastic phase in the temporal curves of free surface velocity. It
is confirmed that the HEL of alumina decreases with increasing the sample thickness obviously, namely elastic precursor
decay phenomenon. It is considered that this phenomenon is related to the failure mechanism of shocked alumina at a
grain level. Thus, the mesoscopic model of alumina, including alumina grain phase and glass binder phase, is developed
according to the microstructure properties of tested sample observed experimentally. Mesoscale simulations are presented
to study the mesoscale failure properties of alumina at various impact velocities. The results show that inelastic responses,
such as microcracking, grain plasticity, are observed in microstructure of alumina even when the peak-shock stress is less
than the magnitude of HEL. As is well known, the evolution process of cracking or plasticity is the energy dissipation
process essentially, which will reduce the amplitude of elastic wave. Furthermore, the properties of elastic precursor wave
propagation in microstructure of alumina are also captured in the present simulations. Since the acoustic impedance
of glass binder phase is much lower than that of alumina grain phase, complex reflection and transmission of elastic
wave will occur at grain boundaries. Due to a large number of randomly oriented crystals, the wave front, well defined
at the continuum, is dispersed to lateral or reverse directions at these length-scales, which can also decay the elastic
precursor amplitude in the initial propagating direction. Therefore, the results suggest that energy dissipation caused
by the failure process should occur below HEL and energy dispersion due to reflection and transmission of elastic wave

at grain boundaries should play a dominant role in the phenomenon of elastic precursor decay.

Keywords: shock compression, alumina, elastic precursor decay, meso-mechanical response
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