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ABSTRACT

This paper studies on the dynamic properties of Ti-6Al-4V alloy. After forming the four different micro
structures(equiaxed, lamellar, and 2 bimodals) through heat treatments, static and dynamic properties of each
structure were investigated quantitatively. Dynamic behaviors of the alloy are observed by the compressive split
Hopkinson pressure bar(SHPB) tests. In additon, parameters of Johnson-Cook equation were determined from the
SHPB test results. In order to verify the suitability of the parameters, high velocity impact tests were performed
and the results were compared with the numerical analysis results. Although the flow stress and the fracture strain
of the bimodal structures were higher than those of the equiaxed structure at the static tests, the superior dynamic
properties were observed at the equiaxed structure due to the effects of higher maximum flow stress and fracture
strain. From the numerical analysis, J-C parameters which are determined on this study describe well the dynamic

behavior of Ti-6Al-4V alloy. Experimental and analysis results are consistent with = 5 % of an average error.

Key Words : Ti-6Al-4V(EJElE 64 315), Dynamic Behavior(s% %), Compressive Split Hopkinson Pressure Bar Test
(%5 7<= 5 23)), High Velocity Impact Test(2L<;: 5=213]), Johnson-Cook Equation(E-3 H7424])
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Table 1. Chemical composition of Ti—6Al-4V alloy
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& s =44, 54 HEgEAS Ad/ENsta HEA
Zol|A mMzRA e JaS 1173 Johnson-Cook ©]
T 2ol 7123 A5 FHHAHAS AAHsG o, 1%
a FETA B3 1% FE Ay 9 FAHHS T3
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A zAe| wWE Ti-6Al4V a9 71AZ EAT
= 34 HPYAE 2 3% 5 EAS B4y Y5t
E] dHE 21 g2 & Z7te] AAS FH|EtL F
= A Ag dF E0E B A, 1 FEHYS 4
A st
o]

& 2.1 ¥X2l(Heat treatment) =A

ar oA AMEE Ti-6Al4V o] EtxAde

-l Table 13} 731, o] A4S Table 2¢F #o] 3¢tA4] A4

ol g2 AN WA, BEgdd 2724 43

= A7]1e] gy AFHo R WIA 7] Y3 AEAH 4

A A2 FHStep NS B3 F4 27 o] dojzl}. o]
225 AdAE(Step 2)3te] AT 2= wt =

Component Al V Fe C O N H Ti
Wit(%) 5.96 3.88 0.1 0.001 0.097 0.006 0.008 Bal.
Table 2. Details of heat treatment conditions
Specimen Step1 Step2 Step3 Resulting Microstructure
Type A - Equiaxed a (~100 Vol.%)
Type B 950 €/ 900 C /1 hr, AC 704 C / Equiaxed a (~60 Vol%) + Lamella
4 hr, FC
Type C (1 “C/min) 950 C / 1 hr, AC 2 hr, AC Equiaxed a (~40 Vol%) + Lamella
Type D 980 C /1 hr, AC Lamella (~100 Vol.%)
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Table 3. Results of quasi—static compression tests

. Maximum S Fahuye
Specimen Stress (e of o) strain
(MPa) max (EFalm're)

Type A 1148+21 0.47+0.04 0.51£0.04

* %@%

% Type B 1172+8 0.51+0.00 0.6120.02
Fig. 1. Micro structures for (a) Type A(equiexied), Type C 1188+2 0.48+0.01 0.57+0.01
(b) Type B(bimodal 1), (c) Type Clbimodal Type D | 1142423 0.34+0.01 0.38+0.01

2) and (d) Type D(lamella)

n

3 &5 sl = &

oot

1400
' ' ' ' ' (Compressive Split Hopkinson Bar test)
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2 o] 7ZHVASCOMAX 350, HRc = 58)% A&} T},

400 - —Type A |

-—--TypeB
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Fig. 2. Results of gquasi—static compression test (| | — i
A s ||
2.2 &8& A#(Quasi-static test) —— itk
X2 4] A g8l 7144 58S A5t e o
7 Aol ge dEAEE FYRAG. dHRYe e
274 10 mm, o] 10 mme] A5F AlHe] thel - T
Instron 8502 ¢4 AL E o]g3t] AWMPE & ‘,E,TP.W /.
h= (2><10-3 /S)oﬂ A AAEFITEE 1 mm/ming AE2AFHE et vlcity s Srin Curve
(crosshead) =2 uicto] WhAl & wj7}x] QF&s)od, Fig. 3. Schematic diagram of the compressive

Z1-8-2(True Stress) - ¥ E(True Strain)¥} et ¥ hopkinson bar apparatus
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Fig. 4. Results of compressive Hopkinson bar test
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Fig. 5. Variation of flow stress at strain of 0.1(0o.1), maximum flow stress(Cma) and strain of maximum flow stress(e,)
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Equation)] 3}&}H|E}E -3}31 ). Johnson-Cook 73"
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A = Static yield stress

B = Hardening modulus

n = Hardening exponent

C' = Strain rate coefficient

m = Thermal softening exponent

¢ = Strain rate

e.U = Reference strain rate

7, = Melting temperature

7, = Room temperature
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Table 4. Johnson—-Cook parameter on each specimens

Specimen (Mﬁa) (l\/ll;a) n C
Type A 895.5 910.0 0.6955 0.0222
Type B 9123 790.0 0.6385 0.0207
Type C 933.9 665.0 0.5364 0.0184
Type D 944.4 513.8 0.4023 0.0160
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of met 2 Aol Hel, §54 2A(Type Aol 71 Impact Final Final
1 FAZH(Type D)o] 7 & whd F &3hx4 Specimen velocity diameter length
(Type B, )& A9l fAkarTh (m/s) (mm) (mm)
Bl %7‘3@ ot WM Aol Fig 29} o] 23+ 208 11.33 46.79
Aol S5 =Xl M x& Amet A4S e 246 11.93 45.71
WA, 1&5F=qMe 554 24 vE) w4 T
SEEIAE saudlth 554 4o] B 240l Type & | 2% 1 4746
265 Fail -
Chamber 288 Fail -
v Barrel Gas gun
(Maraging) Separator ) 210 11.39 46.83
I ‘\'\F 215 11.50 46.65
Projectile L.
iy St Type B 23 Fail -
) . . 237 Fail -
Fig. 6. High velocity impact test system a
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215 Fail -
Type C 219 Fail -
238 Fail -
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130 10.64 48.74
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Type D 164 Fail -
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Fig. 7. Result of high velocity impact test 210 Fail )
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Fig 10. Changes in ratio of deformed shape for the
different mesh densities
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Table 6. Final deformed diameter of the projectile

Impact Final deformed diameter (mm)

velocity

(m/s) Type A | Type B | Type C | Type D
100 10.42 10.42 10.40 10.40
150 10.94 10.96 10.96 11.00
200 11.54 11.58 11.62 11.74
250 12.22 12.30 12.40 12.62
300 12.98 13.12 13.28 13.62

Table 7. Final deformed length of the projectile

Impact Final deformed length (mm)

velocity

(m/s) | Type A | Type B | Type C | Type D
100 49.10 49.12 49.14 49.16
150 48.27 48.16 48.19 48.21
200 46.81 46.83 46.87 46.89
250 45.38 45.40 45.45 45.46
300 43.76 43.77 43.82 43.82
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Fig. 13. Notation of initial shape and final
deformed shape
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between experiment and simulation
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Fig. 15. Comparison on the ratio of deformed length
between experiment and simulation

Table 8. Comparison on the deformed diameter
between experiment and simulation

g A5l

| " Deformed
Specimen vr(]aqlgiii Diameter bifiierenees
P Y (mm) (%) *
(m/s) :
Exp. Sim.
208 11.33 11.63 +2.72
Type A 246 11.93 12.16 +1.92
256 11.53 12.31 +6.72

Type B 210 11.39 11.72 +2.86

Type C 215 11.50 11.79 +2.50

211 11.31 11.80 +4.32

Type D
130 10.64 10.75 +0.98

*Differences =
Deformed diameter of the sepcimen € ~ ulation
Deformed diameter of the sepcimen € experiment
% 100%
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Table 9. Comparison on the deformed length between
experiment and simulation

| Deformed
Specimen Vr;giitit Diameter bifiierenees
P Y (mm) (%) ~
(m/s) :
Exp. Sim.
208 46.79 46.59 -0.42
Type A 246 4571 | 4550 -0.44
256 47.46 45.19 -4.72
Type B 210 46.83 | 4655 -0.59
Type C 215 46.65 46.41 -0.49
211 47.05 46.56 -1.03
Type D
130 48.74 48.62 -0.23
*Differences =

Deformedlength of the sepcimen € ~ ulation

Deformedlength of the sepcimen € experiment
% 100%
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