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Z1<& HHTSHB, Tensile split Hopkinson bar)2] <=7 WHol| sl =2l8la, o] & o]&3le] 1% dFvF
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4+eh3] H(EBSD, Electron backscattered diffraction) 415 &3dto] SH4stoH, 54 Wy & g J4-&
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‘3 ¥H(DIC, Digital image correlation) 7|'H-& ©]-&ste] S48ttt ol& &3 % ¥ME T dehvs ¢F
vl o] AAARD A WE Y AAEA el B vAl 23] AddAle] s =9kl

Abstract: In this study, we modified the conventional tensile split Hopkinson bar(TSHB) apparatus typically used for
the high strength steel to evaluate the tensile deformation behavior of soft metallic sheet materials under high strain
rates. Stress-strain curves of high purity single and multi-crystalline materials were obtained using this experimental
procedure. Grain morphology and initial crystallographic orientation were characterized by EBSD(Electron
Backscattered Diffraction) method measured in a FE-SEM(Field emission-scanning electron microscopy). The
fractured surfaces were observed by using optical microscopy. The relationship between plastic deformation of
aluminum crystalline materials under high-strain rates and the initial microstructure and the crystallographic
orientations has been addressed.

o] T4 5Ae @ A= 1949 W Kolsky”

.M 2 o] o3& Syl Ag WMo It BA AH

HAA EAdshy] AlEekl o o] thekgk A

dubgom 34 % Feln AR $H AL o gx Wy A g At Bus A8
TAH EE AH ST sheldel B AT 2 5 g0 23719 Ave 2E &% delAd Aw
ApelE YEtl= AoR dEA vk offE A o gy Exe] Zad @ Ao ZatEo
00 Hdle Asa, e % A AlE A

+ Corresponding Author, korean@postech.ac.kr S WA A oy AR FEoloA 1 FoA
© 2016 The Korean Society of Mechanical Engineers o] Z7latw Qb AEA D g So $i B




N
ol

bye - g

TFE T A % s g R wS-

s FE A AlsE "y A o
1Th® AAp AF Aol = &
3 A71&2 Qlste] &2 Ao LA
g Ak dE 5o viEA F= Z# 9d(Lead
frame) = A7] H¥#F9 A <EF(Interconnect)ol] A}
|5 7Y Be e Ad el HEE
&= oF 10%~10° /s o)™, €143 2 7] FH(PCB, printed
circuit board)@} 58 3 Z XA (AP, Application processor)
& d4dst7] $1% HEZ Fo'd(Bump coining) 3%
Al #o|Yd F|=(Coining head)e] 3}el w}& Hz ]
FE HEv oF 10° /s ootk 53], &
TFZREAAME F2EY A S (Dimension)”}
v A2 o] 54 7 o](Characteristic length)ll

[

hyi
44
)
=

o o
Lrl e fob
(it z

A

= O

Aoelr] wEel Ang ot A4UE 1o 4
Aok wele] M Wy ojwie] Tl

EluA foh meta 54 stF shellAY FERE
of A AA % AP FUHE A e AlSA
A 4 =4 AAEe g Ao vAl =
Ao e T4 =4 W77t eukEolof gkt
Hopkinson?ol 9l3) &4 =4 AL 93 &
712~ ®}(Split Hopkinson Pressure Bar, SHPB) “& %] 7}
T o2 W2 dgAEc] SHPB FAE ©]
sto] 4 sk% tellA e v An(was, &

A% WAl et 24 9 Aol

1)
7= F=2
Sk BARE 7hEsll o o] %ol 9174 (Tension),
=

sl A &= 54
T = Aot

Nicholas®&= 183 F21<& vp FX]9

AQtstlom o5 o]&ste] dFH|E, H o
54 EAS 43U Nemat-Nasser 52 5%
st shollA wlEl gl dA HP Rt AlH
M A2E 2y El(Momentum trap) 52 A}
&5 Agtsidlon, o]F o]&ste] o5 H AF

F5 Stoll A &4 vl-9-7Jo] &3 (Bauschinger effect)

AAE

0

O

& F743dth Rittel T%& HdY Ao 4=
AlHe] 15 H(Groove) IS 7HEstd 4EY
0= vk A AAERY Ad HEgel tigk &
g - HYgE FAS 4o, FEeLHs o8
sho] At A Wil FaAdel tete] S5t
Atk AEx O g wEgE £E 9 2w
He ol A 2l gto]27F X70 # X80 o] HIEH =
de SAGAT. 2 fox &R F§F,
e, SFAR o T Azl o nid

four

E A Fol F38EA
ey olelgk R HE ATES FE G
A 7 A (Polycrystalline material)®] &2 s}5 3}l A
o] AANARl &8 - HYPE F4ES ded A5-A
A e, Wy sy AdE wA x4 54
oL} Wigl el tigh B4 =4 Holr) FES
2 WY stollA thARA ] WY
2AH 1Y ds Age ost W
wAEtE = Ales ofA &
, S A (Single crystal)> 24 H W
Al(Grain boundary)7} EA3FA] 7] wiE
Az Wy WAYSTS AFst7lel A%
o| A gk, G AAA L] F2 7ol digk A
217 o]t} Lindholm 592 54 ¥3 3o
dFuE A $Y-HYEE s
AR TA wrele] wE 7

A Y

o

w8 o rir

=
2 M o ¥8

3@ My o
O

+
i

oft
o

ol
o

o
2 b
o M
B
Ir
o
ne
u
=)

oX, mrﬁ‘ 2 X 10 o
O
S
o
S
ol =
ofN ol

e e

o L o g
e 2

$Q
2o

&

o

o

o

4N K1 2 ox ox o O pfL oo
2

>

=)

il

olo

1

|

g

oft

e oM.

o, o

k1

B

ac)

.

(E

o
o N

(]
w

32

o
it

o
Eomu fo 4 o Bopf O o

e 2 Hu

0
ias
o,
—‘E J
=
ul{
o
it

O

oM.

4o &
oft
td
[
=
Mz

N
-~
olf

ol
L

o o o e ok
offt
>~ 2
i
&)
=2
>
rlr
>
W)
hu)

»
¢
O
i

o A

-

2
au)

[o [0 M\
o o 3 o
)

ox
b f o

=

=

v

N,

ol

(o]

(e
B oo

ae)
2l
o
¥o,
T
o

ot
A
o
[

b=}
Ho
offt

|
(& oo My
ox off 1M ol o ox T o

fr
[-40
o
Q
f
2
>,
1 ﬂ_l_ll
o oj o
i3
ox,
ol
rlr
ap "
HY
o JE
o

Hl(Tensile Split Hopkinson Bar, TSHB)<]

sl =ofslaL, olE o] &8t
HE 92A 2 "E AR T4 =4
Stk e A A Al (Multi-crystalline  material) &=
ol AL o] 2uig A8 ddY 4
(Large columnar grain)= 7} A &2A WHY
ol /i AFHY wA 24 W3t e &
ool dvh &4 1 AF 5 Al 1
B3t dnjg oz AFste] Rl
g A5 AAsH wele WHste AR
] (Electron backscattered diffraction, EBSD)

A== 3|

o 1

B A B 54 g8
=

T

ol

Ay 4y
AN HT o ot H1 2

2 off T ol L
K

tlo

A

A

)

2 ox (U
o Job o Ok Hdu o Y lo o H

Mo ax

oL H L O o
oftt
gt OF O

(2
M
fol



A FNLE v AAES ol §F ATulE wag L We

1 o LY o

X
[o

olgstel HRAA olF Fil 57
UEhe gREe] ANEe &
2 g9l 9 Azgse A s
ol shde.

4
U O{N m

oL
£

s

Qi oft Mr
o

rr

2. A ™

2.1 Al EH|

EoAFo| = WA A (fee, face-centered-cubic)
T2E M A9 B WY AFS 249
FolA BAE7] 98le] 4% 99.999%9] <Fn|
+(Cu<0.2ppm, Fe:0.882 ppm, Mg: 1.23 ppm, Si: 0.847
ppm)= AFg3ste] ©@AA 2 xdist AAHHE 7}
A A AR Ak FFEvES 4

=

=AY A|(SFE, stacking fault energy)’} =o} 7

9 olele] B4 Tl WE 79w & UeuA &
7wl WE HAYE BA6 gl FHL
Zkar 3l

A 3 2 HyA4de WydE 9 U (Strain-

H}
o
annealed method) & o]&3le] A z}slgict. o] W

HE 24 W1 5 EAd Al 2Ase A2A
(Recrystallization) @735 &3 Aoz wWE A7H
el dek= A7]e] 244 A7 7 A8
A 2= 7 A= Aol vk Alzd GAA

2 HE|AA A= 9lolo] HHTFE(EDM, electric
discharge machining)¥} =
o]9} Zo] Z+7t 7 mm 9 4 mm 9 A AJHo =

AAstda, 7hs 5 LAske I eEe Al
371 flske] 500 CollA 2 A7 &9 &9 A&
shoitt.

Al el Argst el S AARALE AL
& 1) 7 (Tescan, Mira II LMH)°l|A] EBSD & ©]-&3}
o] 43ttt EBSD F4= 98l 7144 2 A
3l AviHE et vEA Aol 4
EBSD 54 A tidd =4 <93 ojmx] ¢jr
e BA7] 98t oA $ dEhves 24449
AE B dAvjdomiE st o de

Keller &N (A2F 45 %, AAF 15 %, E4F 15 %, &
T 25 %)= ARESESlth WY A 9Ad AlH 9
EBSD ZAL 1 um 2] 28 =7](Step size), 160 fps

(Frame per second)®] £%=2 1 mm® W&S 435}

A, dAA AJHL 30 ym & =¥ 7], 160 fps
2 AA A d9S T 20 HEe %Xéfz} % 0]

v

o gt
/‘é (Surface roughness formatlon) So7
ol SAAY} A AlE B

271,70 fps = =gk

o

A EH A 25

22 X QlE A
TSHB #H|+= Fig. 1 of vebdl mpel o] 19
&(Incident bar), %2 AKStriker) ¥ % = -&(Transmitter
bar) o= FAEO Utk FAARE F7IStel oS
dH o AZE EWA|(Flange)®t FE3H A%
SHIE A 7 AR dETe
Al el AWMZMA et frt Aol E%}?&

s TAAYL FYE URE dgHc o
dHFE FHE2 @A W o glow 77
2 2ERIACIAE Sl AAARE(E), T
HHYP E(ep) LY TAHP E(eg)e S ST
Ao WMy Fol HAEE $8 2 MYgES o
& TS ol &3t AHT & o

elt) = [—%sﬁff}df €]

olt) = Eerlt) @
o714, A oF A, &= ZH7E AT Bo dE Aol
C ¢ E < 474 &9 9 £x¢ dAFE U

B39 Zolelnh

Efie] L2 Al Alo] A - (2
Ao ALg® TSHB #H|e] FZA et ¢
g%  aga =989 AAle vl A%

(Maraging steel)o]™, 274> 25 19 mm °|™, 4
o= Z}7} 0.4 m, 1.5m, 20 m °|t}. X2 H7F
9 ooAde Z+ZE 157 mm ¢ 28 mm o], YHET
= °]5(Coupling) 2 0= A ZAs}3iT)

2 Ago| A A}gE TSHB FHl= 7]Ee u7
Lol ad QU APAl Boll dAlsteE ' W
P S457] ekl 55 2 (Metal foil) & Ej
o] M&M A} ED-DY-031CF-350/LE (R=350%2,
Gage factor: 3.223.0%) ~E=AA | AE AH-&3F3
oq. 7L1:7]. ohg]. 1_,_1: ol—Eu].rr /\1‘6-1}\] ge_d]
7 HAEHA Fokrh webA, moke &9 0t
HES 9ol A (Pin type) thH] 100~150 Hj<]
o] 5 Al4*(Gain factor)E Zt HEEA o] ~EY
AA A E A& Th(Table 1).

Transmitter bar . Incident bar airpump | Striker Hange Damper
-
Sion e { o souse F:p
el
ifier RN i

<« <: >
(e =
Fig. 1 Schematic drawing of tensile split Hopkinson bar
apparatus



26 ERSINE LR

Table 1 Specification of strain gages

ED-DY-031CF-350/LE ~ AFP0500-090

0.79 mm 0.06 mm
322+3% 140£5 %
350 £0.8% 500 =Nom Q

Gage length
Gage factor
Resistance
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threaded tensile grip is applied and (b) new grip
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Fig. 3 Assembly of the tensile specimen and grips with
adhesive

Fig. 4 Speckle pattern formed on the surface of the pure
aluminum tensile specimen
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Table 2 Schmid factors for aluminum single crystals
under uniaxial tension

Slip | Slip plane |  Slip Schmid factor
system | normal | direction No.l No.5 No.9
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B2 [0-11] | 012 017 007
B4 (LD | 1017 | 003 031  0.12
B5 [1-10] | 009 048  0.19
Cl [011] | 017 017 004
c3 | CHID | r1o1) | 032 006 002
Cs [1-10] | 049 010  0.05
DI [011] | 020 017 046
D4 (I-11) | [-101] | 024 007 040
D6 [110] | 044 011 006
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Fig. 5 Inverse pole figure of pure aluminum single
crystals(No.01, 05, 09)

Fig. 6 Inverse pole figure map of pure aluminum multi-
crystalline tensile specimen
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Fig. 8 Inverse pole figure map of No. 01 single crystal
specimen after fracture
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Fig. 9 Distribution of axial displacements of single
crystal tensile specimens measured by digital
image correlation method (a) No. 1 (b) No. 5 (c)

No. 9
o|elell A YA W9 FA(Pile-up)ell ©]FF A
A 73HGrain boundary strengthening) 7|72 {13+
Aoz dadAn HAdEs oF 110 MPa 2 ¢4
A A vzek oy, G Al e
Mg go] oF 02¢ A Fol= &4 Ashrt At
W HFAor WHEFPEC] °F 04 I FHoMA
o] dojdt} A3} Aol doju= WY ES
AR Al A AE AsrF el WP ES H|
S5k W9joltk. WMy Ul ofe] UMY AAH
o] oA HeE= stgs AASH H WE
o] MY HA AolxFeo 5EA AAY o] WHFP
o] JFE = w43t ddo] DA Hia WEE
o] ¢ 04 21 FHolA A" el T3 A
M=o oate] frsgHol AA FHASA Hrh
53] @A4A AHI v2g FFo] AFENA S
FTAAsH] 348 Fhste A4S thAA 9
HYP oAM= FAl9 el5A A58 Ao|A {9 &
A AR F2 &gtk S 9n| s
3.2 CIX[E ofo|X| Mar(e Aot

Fig. 9 © 17 A1 AA A F93F w7 oF
3mm Y wl, AJHS AlojA] FAe LA et= Fit
g Moo R E pICc 7|Ho g A3 Av=E
Ebd Aolok 47 A Wy P4 AolH
oo ddstA MEFo] JFHe Gk

(Diffused necking) FEjS] Aok W=7} A &kT),
944 No. 01 7 No. 05 AJHLS W &



30 saE - A3 -

Fig. 10 Distribution of the axial displacement of a
multicrystal tensile specimen measured by
digital image correlation method
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Fig. 12 Deformed shape of the fractured poly crystal and
SEM image near the triple junction formed by
G03, G04, and G06
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