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Dynamic Material Property of Mn~B Alloy High-Strength Steel

Chang Choi*, Sungin Hong**

ABSTRACT

The dynamic material property of Mn-B alloy high-strength steel is investigated through the rod impact
test which is one of simple test methods for the analysis of the material behavior under high-strain-rate.
Rod impact test is performed to produce the deformed shape of rod and analyzed by the one-dimensional
theory based on conservation law and the two-dimensional hydrocode AUTODYN-2D. The dynamic yield
stress is determined and compared with the static yield stress to investigate the strain-rate sensitivity of
Mn-B alloy high-strength steel.

Key Words : MnB Alloy High-Strength Steel (4322 &34 272=7), Rod Impact Test (8-3241%), Hydrocode
(#A$Ye T&37), Dynamic Yield Stress (54 35-83), Strain-Rate Sensitivity (2 &&= WE)

1.ME B4g 2733t 1293 (conservation law) S o4
gt &4, £AAA (shock wave propagation) )&
THAESET (High-strain-rate) 1A AzY 9I3A £ o) 5% Y, BALEBAR (elasto-plastic wave
B2 B8] §3ed ke AlgaHe] o858 T gle propagation) o] &% ol-&@ A, fexE L §&L
o, 53] A& 4E54-L A A% Aoz A AN T e o] 43 §4 Fo st AR
welEA A Y (drop weight test), E¥71EEAE (Hop- ‘7"“ WA E AR e AT,
kinson bar test), WFREAE (semi-infinite bar HEWAL o]43 42 JEZ &% v &4 ¢
test), 224 A9 (rod impact test), BFHAE HA2AA (rate-independent rigid-perfectly plastic
(plate impact test) Fo] o|&E 3 Jep*?. material) £ 71 S8 A dedd SAG
B2ANEL 7Y EST Hoe] ADPE FolA Ol 2t w4 o] Bolt, TE FEA g FAYELY
WYL Qe 4 9= A=A ZAY (rigid anvil)ol (dynamic yield stress)& A7) Asted olgHe
FHEDE 713 EYARH (flat~ended cylindrical HEYAL o] &3 4] oA, Taylor® ¢ Hawk-
rod specimen)€ TEQE FEA7] F MY ¥ yard™e 47t £EFREPH D U EEEE 2 ol &

* o apatera
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3o AR FAFELIYT FFANYHUY 3E I8
T RYYYE B3ANEH P9 ) FYYSH
@ % (initlal nominal compressive strain)¥ #+=
UERSlEh o2 BH 3AARNY MRPAT B
AE fedtgen, 489 FAFESES 23T + o
& P E AN
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3.2}, Taylor®t Hawkyard® o|&€¥%= g3 59
WEAFE AWee A #AE & F 9o 4
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o 987 59L& Gillis S o3t AAE 7 £F
FRERAT Hawkyardd] ¢J3te] A8 ojux] B
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momentum and energy-based theory)<r A48
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HEMPA &% 4 dae 235448 985% 2449
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23849, Johnson® Cook"™ % Zerilli®h Arm-
strong"'2 A5 HBEAE (strain hardening), ¥
YELEAE (strain-rate hardening), €93t (ther-
mal softening)Z ZE sl 47 494 T4
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2.1 AEH

554N g AN ARHY e FEEY T2
A2 AE4HD Y Mp-B 84 A7E ZFezA F
7 16 mm ¥ 19 mme #A47} ) E4HAT. FA 16

_ mm B3AE 9mm FART BE7} 4% 5L e
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e, g8 (rolling direction) L FAF52 w3k
(rolling transverse direction)® 7144 34 4L
Table 1o Aela5ct. 852 A8 4L 24 €
=+ 7K B2 BAE 7AEEA Aty en
173& 10mmol 2 Aoy 40mmelth B =84 A}
AREA 9 B/ 9ET 2AE AHdetd A 9
= % AldHe) AHE #A FARNZM AL
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AR AR AR T met Re GA%F, Te ¢
1z akE BASkR, Al HA 23 4z ¥ AEEY
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Add B AR e o AU B g E= AE #
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Table 1. Staticimechanical properties of Mn:B alloy
high-strength steel
Material Spedimen T, (MPa) Y, (MFa) Elongaton)
:;'.? 1%35':”"0’” AR 1715 11158 0.1660
rr';n:i: E'T ton AT 1160.4 1084 01600
g;ﬁ;iﬁez:n S 10853 1008.4 01908
rr:;v‘a?s: "[;::'G on BT 1047.8 10028 018 |

(Note) T, : Nominal tensife strength, Y, : Nominal yield strangth
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Table 2. Relation between true stress and true plastic
gtrain for Mn-B alloy

Spacmen A, (MPa) B, (MPa) n Ramarks
AR 11158 £21.03 0462 | A +Bg)
AT 11084 574.85 04605 | 0. : True siress
B | wed | s nugg | - e plsto s
BT 10028 548.66 o417

2.2 MY A Ul

243 AA e Fig. 15 o] AN4dHE 71&57] A% &
AHE Agste ELEA (explosion system), ABH
F27) (specimen loader). A/BHE Jl&o] o) Fo] 2
£ 7153 (accelerating tube). A 3HY FF £EZ
2R87] A48 £=343AA (velocity measurement
system), N EHS) HNE L AR 2A (rigid anvil), 2
1 28 95 F ¥Yd A8y e AT HeY
(recovery box) &8 T4 E 0] it}

a3 = 33 Ao Qg 99& eFeg &
AN FARA, FAFZGL AFdHY FEEE W5
2 93t 0.3-0.6gramE H 9] oFeko] o] 4H Ao, 7}
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1000mm, W7A-& 10mmeltt. &4 A|gH FESE
272 7l&nel 279 FAFER Atold AP TH
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2o mFAF 1 FAAM (photeelectronic sensor:
Keyence FS2-65)) AZAA AN@Hs) FHALE &
A 23Ze o3ty FAste] APt TAe 158
2 FESE AEHe H¥E AY RELEAM AERY
25 A9 A PR f5td 2edR® 500
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Fig.1 Experimental setup for rod impact test

2.3 49 Zn

BE5A NEES B FENY T FESE VY
FAAWE o) (final total deformed length) L,, &
EHAA Y] JFNYAA (final deformed diameter)
D, 59 W3 Ao, NP MR
Fig.2¢F 2}, A714 Vi Al@¥e] Zad 558 99
£58 vepdth

BR 407 BT 409

AR 4 AT 410

V=173.01 mfs V=181.49 mjs  V=19570 mjs Va173.91 m/s

Fig.2 Deformed shape of rod specimens.
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o L/Le] & @& vehlz glon, ol AF st
9 XAl 2 AR P EEES A Mn-B 16.0 mm &
A9 2ol Mn-B 19.0 mm BA 2} & AL o}
Bhj

1.00
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FaT
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0.95 +ar
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Fig. 3 Variation of nondimensionalized final total deformed
length L/L with impact velocity V.
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EZANERL ndog FAYd 2EA7H AEH
£ W% E doH, 38 F 999 ATeA B
Zo] (deformed length), PI'¥¥Ze] (undeformed
length), A1EH E¢ ¥4 Hdle 2% da& e
g vARF R &re PR FAE £ 3t Ag=
&xulo &y ERLAAAoln, EFEANENY & 7
Zb uke] RE2 FAHT $¥E Bol 9w AN 2
A A% dAgd dygos ae, 8T 4A49E
Rie FAAGT e A RAEN BYREY 0¥y
FEo #FANE nesld d494A4 (continuity
equation), €5 %434 (momentum equation),
AR Y (energy equation) & 94& 4 Yok, o= F
H 224AgHe 27 AR FALE 53
FE-28 Y& 4(1)3 Zo] 2713AYEHUIE (initial
nominal compressive strain) e 9 g2 EAETH
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714 p = AR Lol Vi PR £7] 38
Zolvh. E vlE¥ZLo] x B W] hE 4(2) B
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Fig. 4 Variation of dynamic yield stress Y with impact velocity V
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Fig 5 Variation of strain-rate €with impact velocity V
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2 (8)F ol&dle AR FAALYWUYEL AW
FER WE3S Table 2914 238 A2 2683
&EHEE B Y 3 K5eEE 2H
AR HAgS 5FFANEH BEHEH 728 o2
of g5t AAE FHFELHA vt W Table
354 2, Q714 v, & I A8 R B FEYEY
Y. B g 3A4E8E | V)Y, ¥8EsEE 17
E, e, {7 HYESEOT BY ¢EgH dig A
4 FELHY H9d AFELE WZE (strain-rate
sensitivity) ol 9Jo1A Mn-B 32 1.17- 1.27¢1 &
< vehgs o,

Table 3. Strain-rate sensitivity of Mn-B alloy

Speciman | Yu (MP2) Y (MPg) Yo | Y €, (x 1000fsac)
AR 1643,02 140787 17 CEO
AT 1745.44 ’ 1373.75 127 64789
EA 1576.26 T 129205 122 61837
— |
—F_rmm X 51620

4.1 7N gAY

oAl FAFHA 3t} Mn-B TEA A= 29
FAGEEEE AA ) A AUTODYN-2D 4]
o3t 4 FP5tt. AUTODYN-2DE Feate
W 7123 FA89e 2239 (hydrocode) 22A
A2e MEAZL Ye7] A& Gd TR 7T
4 (constitutive equation)® e 4 (equation
of state) < -8t B X34 AL FANF Y
£ Johnson® Cook™e] 25te] AAE 4¥= FALH
Aol Aetgdegs A& A4 (bulk modulus)E
o] &3 A% Ae|ulg o] AMEH AT}

Johnson¥ Cook 01249 fr@tadge 7128 44
A z2aRe A er A(9)8 Zol 7}
$%5%9 (equivalent flow stress)¥r 7t 57} 24489
& (equivalent plastic strain) & , T34 $7F 44
HEST (dimensionless equivalent plastic strain-
rate) &*, B7F 2% (homologous temperature) T
gl E3 (thermal softening) & 223 £x9&
A AR A& o) g5g et
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0; =[A+Be"|[L+Clné*|[1- T*"] )

A71A g & e A7 4(10) 2AD)H Zo] FHe
R, ¢ v 57 2R EST, £ v VE B 249
HESEY 1.0/sec o1z, T= A2Y 2%, T2 484
o %, T,& AR 44 £xold.

£ = ¢/, 10)
1 =[r-1, 1, -1,] an

A A, B, n, C, m A9 93 AFHE geto|
HEN 4% F£A89 dg 3ol Fldel ik @ &
A Al4d Mn-B #¥&9 AB4Te Table 4 ¥
5 2o, MY ESEAS C 2 49944 me Mn-B
el g 71 & Fg o] 881, ARAS A, B, nd
Table 291 &2 HHEST 1.0 sec'olA Y gto 2 HE
stof At

Table 4. Mi-B alloy constants for AUTODYN-2D simulation.

Density (p) 78 giem®
Bulk Modulus (K) 159 Mbar
Shear Modulus (G) 8.18xE-1 Mbar
Strain-Rate Canstant (C) 0.0049
Thermal SoHening Exponent (m) 1.08
Raferenca Temperaturs (Ty) 288 °K
Maiting Temperature (Ty) 1.793E+3 °K

Table 5. Work-hardening coefficients A, B, and n of M- B alloy.

Specimen A (Mbar) B (Mbar) n
AR 11549 x 10° 642,77 x 10° 04632
AT 1147.2 x 10° 59476 x 10% 0.4605
BR 10437 x 10° 601,67 x 10* 04459
BT 10379 x 10° 567.96 x 10° 04417

4.2 siA Aot

Table 69l Aeld Hgol ofste] AHd dF 4L
Johnson-Cook T4¥W34& ol &3tef AUTODYN-
2D gjste] Al & ol A5t Hlmdte] & A7 Figs. 6-
97} Zo] WHELEAS C=0.0049% o|&T dAe
A Ao ZA A¥o) vt FAAYEZ ] 2]
A thd 2 FE vdehia glen HFEEY A 9o
e 2 2 e it

AN EG oA o FAL B Al AP ESE
A% C=0.025% Ag3 A7 Awtdo g $X64 24

= 483 §Ae BEEAS UERn gt} olE 7]
&9 HEEETA AT Mp-B ¥4 24E=ZL

& el oL sl

Table 6. Experimental results for L, D.and W,

Specien { V(mfs) { L(mm) | Logom)} | D{mm) | Dr{mm) [ W (mm)
AR4t1 173.01 4001 375631 9.98 12.562 10.243
AT410 16149 39,95 37424 486 12.486 10430
BR407 185.70 4007 37.054 995 13143 10.461
BT408 17381 3998 37498 985 12534 10.480

(Note) W, : Deformed diameter at 0.2L
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1
4| |7~ e=0.0049 ;
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1
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0 5 10 15 20 25 30 kH] 40
X (mm)

Fig. 6 Comparison between experiment and AUTODYN-2D
simulation for the deformed shape of specimen ARA11
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AT41D

V = 181 49m/5
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1{| - €=0.0040
T G=0.0250
Q
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Fig. 7 Comparison between experiment and AUTODYN-2D
simulation for the deformed shape of specimen AT410

AUTODYN-2D9l o1& 487 2A-8 437
93k Table 69 A€ 4BZAS ¢AH AHE
ol 88te] 4(12)-(14)el B o18 2A44 & o843k AL
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Fig. 8 Comparison between experiment and AUTODYN-2D
gimulation for the deformed shape of specimen BRAO7
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Fig. 9 Comparison between experiment and AUTODYN-2D
simulation for the deformed shape of specimen BT409

(Lg/L)s~(Ly/L)e

Lyerror = @, 7Le (12)
Derror = Dy /D)s ~ (Dy [ De (13)
(Dy/ D)e
(W /L)s -(W,/L)e
Weerror = W, 1D)e a4

|L ferrarl + 'D ferrorl + ‘errrorl
3

Total error =

2E WA 72 AAY Aol 2o &% B o]
AL FARA 92 44 A Was] s g
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Table 7. Error analysis

Specimen Ly eror Dr errar Wi ermor Total eor
ARaTY 0600843 0.027945 0117836 0015675
AT410 -0.005093 0001903 0.005453 0.004150
BR407 0.007820 0011284 0003568 " 0.007558
BT409 0.008311 0008702 0004278 0.005763

AgH Q3 FAYEEY v, HYESRE QA
Y/Y S @& vlmste] Table 8o vrehlsich. 44
Aol g A% WYE UAEE 1.16-1.299 #& &
o glen olag XN WHE WRx g 1.26-
1.273% &A% 54& veiz o), A #A0) &
9 A% Ass FuHdEsy ZFERLPAE FPEE
o WEE Ag, NEEET A%, 9938 1A
Johnson~Cook T334 & o]88 0|49 F£X&)4 2]
Ao vind dAde deddan Brstn 434 &
Mol g A& el gith.

Table 8. Comparison between the results of 1D theory and

2D hydrocode

Yo Yoo Ys e
e |y | e | i |0 | O Y L
AR411 | 161600 | 175880 | 198560 | 116 126 62152
ATA0 | 176040 | 173300 | 13800 | 128 127 6.4908
BRAD? | 157460 | 161115 | 12780 | 123 128 61827
BT409 | 154570 | 159195 | 126230 | 1.2 126 80949

5, 2 B

BEZAgA st F2EY T8 AR olfHm
= Mn-B &34 222 84S 438
B8 AEEE 2&02 A FEA F A9ERE
2351, RERHE o] &3 Ut sfHo| 2 o[
FEAE FAEEE Z2ad9 AUTODYN-2D) &
3o] XL g

P A sjao) o g HHX] A FE-FHo v
B4 fE5sH HQl H¥EEE U2 (strain-
rate sensitivity)® Mn-B &84 nA4=7e] A%
T 1.229 & Vel gl :

b Mn-B §54 37579 §4 Wy d@ John-
son-Cook T8 A& o] 48 o)A 4 A EH
oldd gloId Mn-B #3A ZZE Z& WEEEE A
& ©=0.025 g% vehd},
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b A FHe|2e] Ay WHE A3 WIESE
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