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The Changes of Mechanical Properties in Structural
Materials Caused by Transmission of Strong Shock
Waves and the Application to Fragmentation Modeling
for Exploding Cylinders

Tetsuyuki HIROE Kumamoto Univ., Professor
Kazuhito FUIIWARA Kumamoto Univ., Professor
Hidehiro HATA Kumamoto Univ., Assistant Professor

Explosive driven fracture such as fragmentation or spallation in a structural
body will be preceded by a strong compression process, and precompression
effects on the state of the material are clearly important to understand
following shock-induced damages or failures. In this study, incident shock
waves in plate specimens of 304 stainless steel, aluminum alloys A5052 and
A2017 were generated by plane detonation waves in the high explosive PETN
initiated using wire-row explosion techniques, and the compressed specimens
were successfully recovered without severe damages due to tensile stress
states with use of momentum trap method. A hydro code, Autodyn-2D was
applied to determine test conditions: thicknesses of explosives, air-layer
attenuators as necessary, specimens and momentum traps and to evaluate
experimental results, simulating time-histories of stress waves in the layers of
the test assembly. Microhardness distributions in cross-sections, tensile
strength, fracture ductility €; and flow stresses 6, at the strain of 20% were
measured for the recovered specimens, using miniature tensile and
compression test pieces machined from them. They were compared with those
of specimens from unloaded plates, revealing significant increase of hardness,
tensile strength and flow stresses and unique changes of elongation and
ductility for shocked specimens according to the amplitudes of the transmitted
compression waves and the materials especially between the stainless steel
and aluminum alloys. The results were effectively applied to take the
precompression effects into consideration of the strain-rate dependency of
fragmentation energy values I" derived from the previous explosion tests for
cylinders of the same materials of 304SS and A5052 using a fragmentation
model proposed by Grady.
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ESY

) Direct AT-attached
Unit:[mm] PETN
TP MT TP AT MT
5 - - -
5 10 - - -
15 - - -
5 - - -
A2017-T4 10 10 10 10
15 10
15 10 15
5 - - -
15 10 10 10
15
15 10 15
AS5052 10 12 10 10 12
10 10 10
10
10 15 10 15
SUS304 20
15 10 10 10
15
15 10 15
Momentum Trap (MT:50 X 50X t2)
Unit:
nit:[mm] Specimen (TP:50 X 50Xt1)
[Occasionally used]
Polyethyl Attenuator-Air Layer
R/ (50 X 50X 10)
¥ h"\,\‘

. 7/ , Copper Wire Rows

Fig.2.2 Schematics of Assembly for Recovery of Explosively
Precompressed Specimen Circular Plate
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PETN ( ¢ 16, L100 [mm])

SUS304 Cylinder ( ¢ o34, t3, L100 [mm])

PETN (¢ 28, L100 [mm])
Copper Wires

Fig.3.1.1 Schematic of Test Assembly Unifornr Exploding Cylinder -
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Fig.3.1.3 Calculation Mesh for AUTODYN-3D (SUS304¢o,=34mm, t=3mm, PETN@=38mm)

Tension ,_2 ' T T

&S |

=™

S0 1

g

E | sus304

er2F $=34,t=3,PETN ¢ =28

£ Target

3 | ——No.1(in)

Eat —No.2 .

b i —No.3 ]

Compression cb_ 6 1 o J__,"NO.I4(0l‘lt) |
0 10 20 30 40 50
Time[ u s]

Fig.3.1.3 0-Direction Stress Time-histries in Parts of a Cylinder Body PETN¢38[mm]
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Fig.3.1.4 @-Direction Stress Time-histries in Parts of a Cylinder Body PETNg16[mm]

Fig.3.1.3, Fig3.1.4 2> 5 SU304 M & IER LI T ZhORKERIS 1 &, 2 OBE
S % Table3.1.1 IR T,

Table3.1.1 Analytic Results of Maximum Values of Precompressional Shock Wave SUS304

938 fx KI&71[GPa) @16 B K& 71[GPa) ¢ WEE[%]
5.037 3.345 534
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Fig.3.1.6 Numerical Time-histries of Stress Distribution for SUS304 TP10/MT10/AT5(0-30 us)
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Table3.1.3 Analytic Results of Estimated Values of Precompressional Shock Wave SUS304

ELEERIR ATS5[mm] AT10[mm]
B KEMEIG /1{GPa) 9.73 5.43 3.93
BERE%] 0 4556 59.7
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Fig.3.1.8 6-Direction Stress Time-histries in Parts of a Cylinder Body PETN@39[mm]

s
|

Tension

(=]

¢ =35,t=3,PETN ¢ =16 -

0 -direction stress[GPa]
T T ‘l’d T T

Target
No.1(in)
2 —No.2 .
_ —No.3
Compression oY ——No.4(out)
-0 10 20 30 40 50
Time| u s]

Fig.3.1.9 8-Direction Stress Time-histries in Parts of a Cylinder Body PETN¢16[mm]
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Table 3.1.3 Analytic Results of Estimated Values of Precompressional Shock Wave A5053

038 K> /1[GPa] 16 K 1[GPa) B E[%)
5.161 3.155 58.3
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Fig.3.1.10 Numerical Time-histries of Stress Distribution for A5053 TP10/MT13/AT10(0-14.8us)
Fig3.1.9, Fig3.1.10 b ZNENDOFHE U ERER /1 & R L% Table3.4 i2F77T,

Table3.1.4 Analytic Results of Maximum Values of Precompressional Shock Wave SUS304
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JRIEERZEN LR M E ., AR OEZED X D ICEoiciiliL, £oWimEmo
BEEZ~A 70ty — ABERREE AT, EENERBRE EMH L,

By W—REX LiX, MEAH 136 EOENAED S A ¥EY REFERAV., $5—F
WETHRRE 2 LML &, ECEAALELAOREHE CHEXZRLEZETH 3,
Ey h—REEIX, UTORTEREINL TS,

bR EZAWT HY ZEH L7,

BB SRR 2 —ICHB L & W RED T CEREITo ke, F 7Y V7,
Bra A M ARNTE Ol L OFT A SIS 1[mm]EIRE. R F I S[mm]ERE TITo 7%,
ZDR %, Figdl.1lZmR7,

(Top: Momentum Trap Side]
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S e 3 : Increment 1[mm]
- 1
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Bottom: Explosive Side
Fig.4.1.1 Scematics of Measeurement Points for Vickers Hardness at Cross Section of Specimen
Circular Plate

A2017-T4, SUS304, A5052 DEFRFEF % Tabled.1.1, Tabled.1.2, Tabled.1.3 IZ5R7T, Ei-eth b
DK 72X % Fig4.1.1, Fig4.1.2, Fig4.1.3 ITRT,
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Table4.1.1 Increace Ratio for All Average Values of Vickers Hardness Compared Virgin
A2017-T4&A2017-T4 AT-attached .

- ERA Hvm T LR [%]
Virgin 144 -

OTP5MTS 159 10.03
OTP5MT10 168 16.26
OTP5MT15 178 23.06
OTP10MTS 170 18.11
OTP10MT10 179 23.86
OTP10MT15 171 18.68
OTP15MTS5 172 19.48
OTP15MT10 179 23.70
OTP15MT15 173 19.71
OTP10MT10/AT10 162 12.29
OTP10MT15/AT10 158 9.22
OTP15MT10/AT10 154 6.78
OTP15MT15/AT10 155 7.42

190— T
A2017 Attermmated TPIOMTIO0
—O—Shocke

““V!m!nd

180

5 170
160

150 131 13 s 153 .

130[] A2017-T4 TPIOMTIO b 140 -
—o—Shocked
120 +vm i i n ] 1 L ) 1 30 L n 1 4 1 i L A 1 " 1
0 5 10 15 20 258 0 5 10 15 20 25
Location from center [mmy] Location from center {mm}

Fig.4.1.1 Typical Vickers Hardness Distribution in the cross section of Recovered Specimen
A2017-T4 TP10/MT10 & A2017-T4 TP10/MT10/AT10
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Table4.1.2 Increace Ratio for All Average Values of Vickers Hardness Compared Virgin

i 1 " I " H i
0 5 10 15 20 25

SUS304 & SUS304 AT-attached
ERA Hvm LA B%]

Virgin 238 -

OTP10/MT10 305 28

OTP10/MT15 326 37

OTP15/MT15 319 34

OTP10/MT15 No.2 374 58

OTP15/MT10 408 72

DTP10/MT10/AT10 310 30

DTP10/MT15/AT10 297 25

nTP15/MT10/AT10 426 79

BTP15/MT15/AT10 341 44
440———F———1—— 50—+
ol “mEean |1 0 [reomomenn ]
380 ==l 420 3
2 =/
220 - S
20— : 1015 20 25

Location from center [mm)]

Location from Center [mm]

Fig 4.1.2 Typical Vickers Hardness Distribution in the cross section of Recovered Specimen
SUS304 TP10/MT15 & SUS304 TP10/MT15/AT10

Table4.1.3 Increace Ratio for All Average Values of Vickers Hardness Compared Virgin

A5052 & A5052 AT-attached
EBRA Hvm L HR[%]
Virgin 83 -
BTP10/MT12 90 9.0
zTP10/MT12/AT10 89 7.9
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Fig.4.1.3 Vickers Hardness Distribution in the cross section of Recovered Specimen
A5052 TP10/MT12 & AS5052 TP10/MT12/AT10

Vickers BEERRIZOVWTOH K

2 UT, HRESRMIIAEMIIH L T2 THEE LASERTE R, YHOoTHET
i, ERBEAUED O OFEE ORE LTI WHRBTLOMNEOBREN —E LA T
HEEZTWE, LL, BENICEOBEMPHIBBEBFEL A, K¥EEE S TR
o,

A2017-T4 * SUS304 + A5052 =R DM B2 AV T 2N THE BRI - HREEEM &
P U ER, HoBEEIToN, TNETAOMEICEE LAEIL, 4 THD, &F
BRI % Tabled.1.8.1 IZFT,

Table4.1.8.1 Vickers Hardness Summary of Average Data for All Specimen

Test Name HvM
A2017-T4 Di 172
A2017-T4 AT 157

SUS304 Di 346

SUS304 AT 343

A5052 Di 90

A5052 AT 89

Table4.1.8.1 & ¥ 2 TOMEIT, HEMBEEOIZ ) PHRERBETTN L0 bEENRKEL
ROTWBRERENE, ZOZ L Ly, HRAKEFZRT HEBERE DK ST L > THRAKIC
RETESBRELLTVWAIENELD, TRENOMEHZ L > THBEICL-TEXL
NHEEBIX, FRaRETHD,
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FIBERE Ip:3[mm], B O:2[mm])& 725> TV 5, AREDOER TIL REBEA IR OE XX, 10[mm],
15mm]D L LTS, BES 15[mm]DFIE, BHREERE LEIRABRA 2610 1Y
DIEX I+ 555 7d, Figd22 IRTBHIZ 2 KD I =F 273 ERBRAF 2V HT - &
KR Lie, TDOZ 2T & » T 1 MOBRBRA BN 2BBEDT— 4 2525 2 LBHES,
FhiE. BEMD OB =RBRAIE, FHRAED b OFBEEOTEHEITITZ T T ICMHE
BIEMEAER L EERR BoTHEYT, bI—FRDE—AVF A b7 v 7K
RNORM-7RBRAIE, LEREOLOLIIHIC, FEEORENHY . SOITHRBRAIERT
ORI L 2 HHREEHE OV — I BRI RoTWBAYTHD EELDRD,

i

3 < ISmm B | |
Fig.4.2.1 Typical Photograph of Tensile Specimen Mchined from Recovered Specimen Circular
Plate

memum Trap Side

- g,

~
TP15MTxx ex .

Explosive(PETN) Side
Fig.4.2.2 Schematics of Extracting Tensile Specimens
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A2017-T4, SUS304, A5052 D FEGRHE R % Table.2.1, Table4.2.2, Table4.2.3 IR Y, Eethd
ONEHE CFHl L 721X % Fig.4.2.3, Fig4.2.4, Fig4.2.5 127 $,

Table 4.2.3 All Experimental Results of Tensile Test for A2017-T4 &A2017-T4 AT-attached

Test Name sp[MPa] %] AM%]

Virgin 4292 29.09 21.33
OTP10/MT10 5176 14.94 11.67
OTP10/MT15 489.0 10.65 8.33

OTP15/MT 5 ex 491.0 4.55 4.67
OTP15/MT10 ex 5298 13.43 1133
OTP15/MT10 mt 508.6 13.48 10.33
OTP15/MT15 ex 4955 6.20 5.67
OTP15/MT15 mt 475.1 7.86 8.00
OTP10/MT10/AT10 479.1 19.58 13.17
OTP10/MT15/AT10 4756 1857 13.67
OTP15/MT10/AT10 ex 4708 13.15 15.58
OTP15/MT10/AT10 mt 4629 19.17 14.67
OTP15/MT15/AT10 ex 490.5 120 18.67
OTP15/MT15/AT10 mt 4658 20.26 11.17
700 - | 50
— A2017-T4 ‘éf‘;e. - ] g
- ™is
= 600 1. 8
o a 30 ﬁ g
5 | 5%
2 ° {20 g
v S00- ] A B~
g - 4 n 110 S
= o 1 e
| 1 I ! |
400 o > Y 0

Fig.4.2.3 Comparison of A2017-T4 All Average Data between Virgin, Direct and AT-attached
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Table 4.2.4 All Experimental Results of Tensile Test for SUS304 &SUS304 AT-attached

Test Name sg[MPa] %] A[%]
Virgin 698.1 4391 60.17
OTP10/MT10 9134 3241 21.00
OTP15/MTI5 ex 925.5 30.79 14.50
OTP15/MT15 mt 907.7 3429 36.00
OTP10/MT15 830.5 4032 51.63
OTP15/MT10 ex 8238 41.00 40.73
OTP15/MT10 mt 804.3 39.63 46.60
OTP10/MT10/AT10 8104 53.60 77.40
nTP10/MT15/AT10 766.9 43.58 55.87
nTP15/MT10/AT10 ex 780.8 45.96 73.07
BTP15/MT10/AT10 mt 7772 52.20 73.03
TP15/MT15/AT10 ex 765.7 4293 60.37
BTP15/MT15/AT10 mt 754.8 4536 66.63
1000 . : : r . 80
) i SUS304 T
a oA Iirgin ; 70
- —O——aA——E—Attenuate )
a 900 o - o——4A— 8 Direct a —60
B 150
S 800- . y :
= i . L 40
Q
g T00F o 130
&t 10
600—— : ' ' 10
Op (I) 2.

Reduction of Area [%]
Elongation [%]

Fig.4.2.4 Comparison of SUS304 All Average Data between Virgin, Direct and AT-attached
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Table 4.2.5 All Experimental Results of Tensile Test for A5052 & A5052 AT-attached

Test Name sg[MPa] %] A{%]
»Virgin nol 2164 68.54 43.13
oVirgin no2 2189 5535 37.17
,Virgin no3 2159 5793 51.90
2Virgin no4 2154 56.84 4543
Virgin Ave.(No.2-No.4) 216.7 56.71 44.83
BTP1OMT12 250.5 50.24 24.13
uTP10MT12at 2434 43.72 23.83
300 I ' T ' T
—
o]
E i 8
o
]
= 2001 A
F :
L - a
b A
N
o 100
b~ AS052
< —O0—A—0— Virgi
= i Virgin
ﬁ —o—A—@—Attenuated
—o—A—8—Direct
0 I L l s I
Op (I) l

o 8383238 3 8
Reduction of Area [%)]
Elongation [%]

Fig.4.2.5 Comparison of A5052 All Average Data between Virgin, Direct and AT-attached

75



FRRBRRRICOVWTOEE
A2017-T4, SUS304, A5052 D =FERDHFHI OV T, EEIRIKE L HIRBSEHRIEET
NOBIERBEEBE LN, TOKRIE, TLThOMEICRHRENRH D, HRLTWDHZ
LS X, SIRMEBNEMELBLTERELTWAZLTHD, &b, TOLRE
HEREREFMREBEETNL Y bEBBEEDIZINKRES LR LEL W) | HRBEMS
W HB LT R T,
3B ThEThOMEOE BRI L IR EEHHRET TV OLBIC OV TERT 5.

(0)A2017-T4

Wikt ELEHREY:, HRERETT VO RME - M0 B OFHEELHE LR
% Fig4.28.1 {Z;RY, A2017-T4 Tik, 5I3RMEE D L AMEME, BRERSICHAI L. Eit
BTERX, SRR SICRH LTV SERHEA LT,

(0)SUS304

Wtchkf, BRI, HRBEREETNOSRME - MO - Y OEHME LB LK
% Fig4.2.82 IZ7R%, SUS304 TiX, il L7zili v 51 IR5REE I B4 iR U - SR X
AL TRKEL 2o T, EEDOEBETHIMUL - KV ¢ i3 SUS304 DA L
O ER L ok, HEBREE TOMREERM OFIRRRTIE, LaM Ly biEkL T
W DEH, ERBERTHREETATIE, HOL - KD o LA LTWEDTH S,

(0)AS5052

ickt. EHSRIEE, HRBEREETTAO5RME - B - K OFHEE L LR
% Fig, 4283 177, AS5052 Hithod 2 1l RRETREIR X Hehl L TEIRME DS LR L,
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43 HERERR

P, SIRARTIE, HRENOER LI =Fa T RBABRAFPNETE D HOF
BT —DEEDIENPHET, FHIHERDBRRIEHZTARDL BN TERRREZ EM L
Too ERERBRTIE, BRIS/E LT 02%M /) 002 (Proof Stress)Z MIE LTV A3, RAREAR
R4 LT, TRENOMBIOY L 7 REBMT B & AR EZRIEEATEMD Y > 7 ROME
LV BKRIBITNEDPSEDOTHD, ZORREE LT, RRAICRET HE&BOMMERR
RLTWEERBTOND, FE, EHRREZEBL VB LIERBRFCRETS4B
BEH LT, ZOE I, 02%M51 oo, PRIEDEEEIZ/NESNWHD & RoTe,

% 2T, Z OEITIIMBHEMAR T & 5 HLBIBRIE 7T oy(The Stress of at the point of Proportional
Point)% R, X HIT, A 20[%UVEB TORIE L,Z Diin/1 %8 T 62 (The Stress at the
point of Strain 20 %) & E L7,

R=F = T ERERBR A IIEM L7305 Figd.3.1 O LTIV Lz, Aikihd
LB D 3 AL, Eh %z P0ah> 6 Center, Middle, Out & FEEZ 212 L7, ~HEEiL. H
B 5mm], M 7.5mm] CEHRLBIOLENR2:3 ¢RB X9z, £, ERFIKBOE
E# Fig4321377d, |

Fig.4.3.1 Typical Photograph of Machining Miniature Compressional Test Pieces from Recovery

Spesimen Circular Plate
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Fig.4.3.2 Typical Photograph of Compressional MIniature Test Piece, Comparing before
" Experiment and after A5052
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Table4.3.1 All Average Data of Compressional Tests for A2017-T4& A2017-T4 AT-attached

A2017-T4

Test Name op [MPa] co2 [MPa]
Virgin 198 526
OTP10/MTS5 Ave. 393 525
OTP10/MT10 Ave. 415 568
OTP10/MT15 Ave. 389 562
OTP15/MT10 Ave. 371 544
OTP15/MT15 Ave. 417 556
OTP10/MT10/AT10 Ave. 350 613
OTP10/MT15/AT10 Ave. 313 544
OTP15/MT10 /AT10Ave. 337 539
OTP15/MT15/AT10 Ave. 328 541
700 .
600 .
gsoo
4000 P
E 300} &
2 Shocked Out |1 100 o Shockedout | ]
0.1 ' 0.2 0.1 '
Strain Strain

Fig.4.3.3 Typical Stress-Strain Plots of A2017-T4 TP10/MT10 & A2017-T4 TP10/MT10/AT10
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SUS304

Table4.3.2 All Average Data of Compressional Tests for SUS304 & SUS304 AT-attached

g

Test Name op [MPa] co2 [MPa]
Virgin 300 738
OTP10/MT10 Ave. 515 974
OTP10/MT15 Ave. 613 1060
OTP15/MT15 Ave. 520 1010
OTP10/MT15 no2 Ave. 568 972
OTP15/MT10 Ave. 557 966
TP10/MT10/AT10 Ave. 364 829
TP10/MT15/AT10 Ave. 459 862
TP15/MT10/AT10 Ave. 354 794
TP15/MT15/AT10 Ave. 408 834

Stress [MPa] _,
& (-3 ®
g 8 8 8

SUS304 TP10/MT10
¢ Virgin Ave.

© Shocked Center
A Shocked Middle
O Shocked Out

Strain

SUS304AT TP1O/MT10
4 Virgin Ave.
O Shocked Center

0.2

Fig.4.3.3 Typical Stress-Strain Plots of SUS304 TP10/MT10 & SUS304 TP10/MT10/AT10
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AS5052
Table4.3.3 All Average Data of Compressional Tests for A5052
[MPa] Op Co2
Virgin 118.7 2409
TP10/MT12 Ave. 209.7 261.8
TP10/MT12/AT10 Ave. 156.4 259.1
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Fig.4.3.3 Typical Stress-Strain Plots of A5052 TP10/MT12 & A5052 TP10/MT12/AT10
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200~ o A2017-T4

o ¢ Center TP10/MT10 |
10$ © Center TP10/MT10/AT10 |

¢ Virgin
' 0.1 ' 0.2
Strain

Fig.4.3.7.1 Comparison Virgin, Direct and AT-attached for Stress-Strain Plots for A2017-T4

Table4.3.7.1 All Average Data of Compressional Tests for A2017-T4

[MPa] Cp Go2
Virgin 1983 526.1
Direct Ave. 396.9 551.0
AT-attached Ave. 3320 559.1

Table4.3.7.2 Increacing Ratio of All Average Data for Virgin A2017-T4

[%] Cp o2
Direct Ave. 100.1 4.7
AT-attached Ave. 674 6.3
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* SUS304
ELBESRIREE & RPN EM R E T A2 L L TRE DR, ThThOBEENET 3,

s EEBEIR S TP L CTHBBRIS ISR EL 2B Z L AW L,
CBH-OTRIFZ 7% RD LIRS #B ATt Akt L R REH SIS S AHE
B—EOHRER L ETHBRREMR L, o T, MIB{LE TRV, Lkhf -
BRI - RESREH O=>TR%ETHILELS,
- R BGEIBH TIXOT 5 20%ALE CTOREA1X, Center, Middle, Out ® 3 AKDRBIE R
ERI—TH D, I=F 2 7R RBULE : Center, Middle, Out IZ{& SRV E VS
;-9

E R L HREREHREE TN OLBIBRISS o, & OTH 20%B DI H 692 DFE
B & A &ht & R LTz b D% Fig4.3.7.2, Table43.7.3 12" %, ¥7-. Table4.3.7.4 2k
e 3 Eh b0 LBERETFT,
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®
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Fig.4.3.7.2 Comparison Virgin, Direct and AT-attached for Stress-Strain Plots for SUS304

Table4.3.7.3 All Average Data of Compressional Tests for SUS304

[MPa] Sp Co2
Virgin 300.2 737.6
Direct Ave. 554.5 996.3
AT-attached Ave. 396.2 829.6

Table4.3.7.4 Increacing Ratio of All Average Data for Virgin SUS304

[%] Op Cp2
Direct Ave. 847 35.1
AT-attached Ave. 320 12.5
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+ A5052
BRI IR L R EREM R TS L2 R L THEEDOEY, TRAThOKRERNES
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EA-OTHZT 7LD BRI MIE{L 2R L TVWAR, SRR I3
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Fig.4.3.7.3 Comparison Virgin, Direct and AT-attached for Stress-Strain Plots forA5052
Table4.3.7.5 All Average Data of Compressional Tests for AS052

[MPa] Cp Go2
Virgin 118.7 240.9
Direct Ave. 209.7 261.8
AT-attached Ave. 156.4 259.1

Table4.3.7.6 Increacing Ratio of All Average Data for Virgin A5052

[%] Gp Go2
Direct Ave. 76.6 8.7
AT-attached Ave. 318 7.6
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* A2017-T4
Table 5.1 All T" data of A2017-T4

Test Name I'%]
Virgin 100
OTP10/MTI10 47
OTP10/MT15 35
OTP15/MT10 ex 43
OTP15/MT10 mt 44
OTP15/MT15 ex 20
OTP15/MT15 mt 25
OTP10/MT10/AT10 74
OTP10/MT15/AT10 62
OTP15/MT10/AT10 ex 42
OTP15/MT10/AT10 mt 63
OTP15/MT15/AT10 ex 38
aTP15/MT15/AT10 mt 68
160 T T T T T
A2017-T4 | -
140 " Virgin 71  Tahle5.2 Ratio of Fragmentation Energy
120 o pil-attached| _ to Virgin A2017-T4
100 = - Name r I [%]
° -
= 80 ] Ave.[MPa]
60 a i Vu‘gm 181 100
1 | AT-attached 105 58
40 .
: Direct 64 36
20 ! 1 | s [l
Virgin AT-attached Direct

Fig 5.1 Fragmentation Energy Ratio to Virgin A2017-T4
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* SUS304

Table 5.2 Al T data of SUS304
Test Name I'[%]
Virgin 100
OTP10/MT10 89
OTP1O/MT15 118
OTP15/MT10 ex 119
OTP15/MT10 mt 114
DTP15/MTI5 ex 87
OTP15/MT15 mt 99
OTP10/MT10/AT10 149
OTP10/MT15/AT10 116
OTP15/MT10/AT10 ex 115
OTP15/MT10/AT10 mt 137
OTP15/MT15/AT10 ex 110
OTP15/MT15/AT10 mt 118
160— T T
140 i
120 * Tahle5.3.7 Ratio of Fragmentation
100 = * Energy to Virgin SUS304
~ 80 . T Ave[MPa] | T'[%]
60 SUS304 Virgin 427 100
40 3 Virgin ved I| | ATattached | 529 124
20l . 2 Direct ] | Direct 446 105
Virgin AT-attached Direct

Fig.5.2 Fragmentation Energy Ratio to Virgin SUS304

87




- A5052

Test Name I'[%]
Virgin 100
OTP10/MT12 - 74
OTP10/MT12/AT10 91
160— T T - T
140 .
120 .
1 Tahle5.3.4 Ratio of Fragmentation
S100- = - o
o ° . Energy to Virgin A5052
~ 80 .
A . I" Ave.[MPa] | T"[%]
. . Voo I Virgin 202 100
40 A AT-attached [| | AT-attached 185 74
20l . ® Direct 1 :
Virgin AT-attached Direct Direct 149 91

Fig.5.2 Fragmentation Energy Ratio to Virgin A5052
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Fig.5.3 Relations between average fragmentation energy values calculated from Grady’s model and
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strain rates for cylinders of SUS304 (smooth) and A5052
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