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Dynamic Deformation Under a Modified Split Hopkinson 
Pressure Bar Experiment 
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This paper presents a modified spl i t -Hopkinson pressure bar (SHPB) technique. The 

dynamic stress-strain behaviors were estimated at room temperature and subzero temperature to 

-75~ by using the conventional SHPB and compared with a modified SHPB technique. A 

computer simulation using a finite element algorithm is also performed to study the dynamic 

material responses. Furthermore, we attempt to find a proper material constitutive law by using 

the simulation process. It is suggested that the modified SHPB test used in this study can be 

successfully utilized to offer an experimental condition of a higher strain rate than that obtained 

from the conventional SHPB test. 
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1. Introduction 

The stress-strain responses and dynamic frac- 

ture characteristics of various engineering mate- 

rials under dynamic loading conditions have been 

determined mainly using the Split Hopkinson 

Pressure Bar (SHPB) technique and instrumented 

Charpy impact test by many researchers (Lee, 

1997, Meyers, 1994, Meyer, 1992, Zukas, 1990). 

The SHPB technique has been popularly used for 

strain rates ranging fi'om 102 to 104/s. To enhance 

the strain rate up to 107/s, various types of accel- 

erators, such as electrostatic, electromagnetic, 

explosive and plasma accelerators, light-gas guns 

or pub;ed lasers have been used in conjunction 

with the high velocity impact SHPB technique. 

This paper presents a simple way to achieve the 

high slrain rate loading condition. A modified 

SHPB technique is described in order to deter- 

mine the dynamic stress-strain behavior. This 

paper also presents experimental results for AI 

2024 T3 (which is known as a ductile aluminum 

alloy at room temperature under the static load- 

ing condition) obtained from both the conven- 
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tional and the modified SHPB techniques under 

compressive loadings at low temperatures to 

-75~ Constitutive equations fit to the dynamic 

stress-strain response are also discussed. 

2. Basic  Principle  

2.1 The conventional SHPB test 
The principle relevant equations for the SHPB 

technique are well documented (Meyers, 1994, 

Zukas, 1990, Dharan and Hauser, 1970). A brief 

summary is given below. A small specimen is 

positioned between two long bars made of a high 

strength material. The bars remain elastic while 

the specimen deforms plastically under a striker 

impact loading. Figure I shows a schematic dia- 

gram of the specimen and elastic stress waves for 

the compressive SHPB test. 

When the incident bar is impacted by the 

striker bar, rectangular stress pulse is generated 

and travels along the incident bar until it hits the 

specimen. Part of the incident stress pulse is 

reflected from the specimen because of the mate- 

rial impedance mismatch between the specimen 

and incident bar, and part of it transmits through 

the specimen. Within the specimen positioned 

between the incident and transmitted bars, the 
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Fig. 1 

ez : incident strain, eR : reflected strain, 
eT : transmitted strain 

A schematic diagram of specimen and elastic 
stress waves for the SHPB test (the subscripts 
l, R, and T refer to the incident, reflected and 
transmitted pulses, respectively). 

stress pulses are reflected back and forth at both 

ends of the specimen to reach an equilibrium 

state. The transmitted pulse emitted from the 

specimen travels along the transmitted bar until it 

hits the end of the bar. 

The incident and transmitted bars are long 

enough to minimize the effect of reflected stress 

waves from the end of the bars on the strain gage 

positioned on the bars. The stress pulse is 

assumed to be a nondispersive elastic wave and 

the specimen is usually short so that the equilib- 

rium state can be reached after many stress wave 

reflections take place within the specimen. The 

stress and strain in the specimen can be obtained 

in terms of the recorded strains of the two bars as 

- -  2c0 t 

where E, A, and Co are the elastic modulus, the 

cross sectional area and the longitudinal wave 

speed of the bars, respectively. L and As are the 

length and the cross-sectional area of the speci- 

men, respectively. 

2.2 A m o d i f i e d  S H P B  t e s t  

The technique modified by Hauser (Dharan 

and Hauser, 1970) was utilized to measure the 

material response under the strain rate higher 

than that obtained by using the conventional 

SHPB technique. A loading device was construct- 

ed to achieve the high stresses necessary. Figure 2 

shows an experimental arrangement for the 

Fig. 2 A schematic experimental arrangement for a 
modified SHPB technique. 

Fig. 3 Fundamental concept for determination of 
the stress, strain and strain rate from the 
strain-gage output and the striker velocity. 

modified SHPB experiment, where V1 and V2 are 

the particle velocities in the specimen ends, 

respectively. 

A limitation of the conventional SHPB tech- 

nique is that the striker impact velocity is 

restricted to keep the input bar material within 

the elastic range. The striker impact velocities are, 

thus, limited to velocities less than 

Vy ay (3) pC 
where Vy is the limiting striker impact velocity. 

ay, p, and C are the elastic limit, the mass density 

and the longitudinal wave velocity in the incident 

bar, respectively. 

Vy for the material used in the conventional 

SHPB test is 80m/s. To allow the higher striker 

impact velocities, the incident bar was removed 

and the striker impact bar was permitted to hit the 

specimen directly. The transmitted bar backs up 

the specimen as in the conventional SHPB tech- 

nique. Figure 3 shows the basic concept for 

determination of the stress, strain and strain rate 

from the strain gage output in the transmitted bar. 

The particle velocity in the specimen at inter- 
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face 1 was assumed to be the same as that of the 

striker velocity with a finite rise time. The stress 

transmitted by the specimen travels along the 

transmitted elastic output bar. The magnitude of 

the dynamic strain was monitored by the strain 

gages on the bar. The dynamic stress was deter- 

mined by using Hooke's law as ou  The 

particle velocity, Vz, in the specimen at interlace 

2 ca~ be obtained as 

(rE (4) 
� 8 9  Oe " CF 

where the subscript E refers to the elastic trans- 

mitted bar. Then, the average strain rate in the 

specimen at any time during dynamic deforma- 

tion can be estimated as 

~ =  � 8 8  -�89 (5) 
L 

where L is the gage length of the specimen. The 

average strain of the specimen can be given by 

e = f '  1/1- L �89 (6) 

The average stress at any time in the specimen 

corrected by reflecting the radial stresses due to 

the radial and tangential particle velocities is 

given by 

o'= crx- o'r (7) 

where 

~.~= AE 6E, a, -- 3 . [ ao \2 v~ 
-g~\7o] ( 1 - c ~ )  ~ 

A~ and As indicate the cross-sectional area of the 

elastic transmitted bar and the specimen, respec- 

tively p, a~ and 10 are the density of the specimen 

material  the initial dimensions of the radius and 

the length of the specimen. ~x is the constant axial 

velocity and Ex can be determined from the exper- 

imental data. Eqs. (6) and (7) are solvable fol- 

lowing the procedure appeared in F:igure 3 using 

stress-time relationship measured by the strain 

gages on the elastic transmitted bar. 

3. Experimental Results 

Figure 4 shows the general experimental 

setup and various striker bars, specimen geometry 

(a) A general view of SHPB experiment setup. (b) Various striker bars. 

(c) Specimen geometry. (d) Subzero temperature test setup. 

Fig. 4 General views and schemetic diagrams of various SHPB experimental equipments. 
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and a setup for the subzero  t empera tu re  experi-  

ment used for the conven t iona l  and a modif ied  

SHPB techniques.  Min imiz ing  the inert ia  effect to 

radial  d i rec t ion  appeared  in Eq. (7), we chose the 

rat io  of  the d iamete r  to length of  the specimen as 

2 : 1 to meet the cond i t ion  of  Eq. (8) (Davies  and 

Hunter ,  1963). 

L /~,;  <s) ~--v' a- 

(a) Conventional  SHPB. 
Fig. 7 Stress-strain relationships of AI 2024 T3 at 

different striker velocities by using tile con- 
vemional SHPB. 

Fig. 5 
(b) Modified SHPR 

Typical strain output and a computer simula- 
tion for two results. Fig. 8 Stress--strain relationships of AI 2024-T3 at 

difl-erenl temperatures by using the conven- 
tional SHPB. 

Fig. 6 Experimental stresses (o',) with calibration 
stresses (oh-) Fig. 9 Stress strain betmvior at various strain rates. 
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where vs is the poisson ratio of the specimen. 

Figure 5 shows the typical strain output 

obtairted by the conventional and the modified 

Fig. 10 Stress-strain relationships of A1 2024-T3 at 
different temperatures and striker velocities 
by using a modified SHPB. 

SHPB techniques. Solutions obtained by a com- 

puter simulation (dotted in the figure) are found 

to agree well with the experimental results. 

Figure 6 shows experimental stresses with cali- 

bration stresses by using Eq. (7). 

Figures 7 and 8 show the stress-strain relation- 

ships at different striker velocities and different 

temperatures by using the conventional SHPB. 

Figure 9 shows stress-strain behaviors at vari- 

ous strain rates by using the conventional SHPB 

and a modified SHPB techniques. 

Figure 10 shows the stress-strain relationships 

at different striker velocities and different temper- 

atures by using the modified SHPB. It is interest- 

ing to note that the effect of strain rate is more 

pronounced than that of temperature. We may 

need to do in-depth investigation on this curious 

findings. 

The stress-strain behaviors at room and subzer- 

(a) Conventional SHPB at room temperature. (b) Conventional SHPB at -75~ (continued) 

(c) Modified SHPB at room temperature. (continued) (d) Modified SHPB at -60~ (continued) 
Fig. 11 Dynamic stress-strain behaviors for AI 2024-T3 obtained from two SHPB techniques and 

a computer simulation 
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o temperatures for AI 2024-T3 specimens esti- 

mated by two techniques are shown in Fig 11. A 

computer simulation using the Johnson-Cook 

constitutive model such as Eq. (9) (Meyers, 1994 

and Zukas, 1990) is also included in Fig. 11. 

~ 7 = I a + / ~ ( ~ - ~ ) n ] [ l + ~ - l n g * ] [ l - ( T * )  m] (9) 

where a is the yield stress constant,/3' is the strain 

hardening coefficient, n is the strain hardening 

exponent, 7 is the strain rate dependent coeffi- 

cient and m is the temperature dependence expo- 

nent. Johnson-Cook provided constants such as 

a, /3, 7", ~a and rn, for 6 ductile and 6 less ductile 

materials, including Cu, Fe, brass, Ni, C steel, 

tool steel, AI alloys, and DU. By this broad 

source of data, the Johnson-Cook equations are 

often used as constitutive equations for the numer- 

ical analysis like FEM (Meyer, 1992). ~*(--~/~0, 

where G0=standard equivalent plastic strain rate) 

can be obtained by the experiment, and the 

homologuous temperature T* is the ratio of the 

current temperature to the melting temperature, 

where T * = ( T - T r ) / ( T m - T r ) ,  T~ is the 

room temperature and Tm is the melting tempera- 

ture. 

All the unknown parameters were determined 

by using nonlinear least square best fitting proce- 

dures. 

The agreement between the experimental results 

and numerical simulations is found to be reason- 

ably good up to the strain of about 0.2 . 

The strain rates estimated by using a the 

modified SHPB test with the same striker veloc- 

ities are approximately 5 times higher than those 

obtained from the conventional SHPB test. 

Fig. 12 Relationship between strain rates and yield 
stresses for A1 2024-]-3. 
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Furthermore, we could obtain the stress-strain 

data up to a very high deformation state of a 

strain about 0.7 by using the modified SHPB test 

as shown in Fig. 10. The variations of the yield 

stress in accordance with the strain rate for AI 

2024-T3 are given in Fig 12. A typical linear 

relationship is noted between the strain rate and 

yield stresses on a semi-log scale . 

4. Conclusions 

Under the similar experimental condition, the 

higher strain rate deformation, 5 times higher 

than those by using the conventional SHPB test, 

was obtained with the help of a modified SHPB 

test procedure for AI 2024 T3 which behaves as a 

ductile material at room temperature under static 

loading conditions. The deviation of the yield 

stresses from the linear relationship between the 

logarithmic strain rate and the yield stresses is 

pronounced at a strain rate of around 104/s as 

appeared in many published studies. It seems that 

the necessary experimental conditions for the 

quasi-equilibrium state are obtained in the speci- 

men during the modified SHPB test procedure. 

The effect of low temperature to -75~ on 

the dynamic stress-strain relationship is found to 

be negligible under strain rate of 2.7--3.1 x 103/s 

loading condition. 
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