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Two strain rate change tests for derivation of constitutive relationship of 
metals at very high rates of strain 

J. Shioiri, K. Sakino and T. Santoh 

College of Engineering, Hosei University, Koganei, Tokyo 184, Japan 

Resume Deux types de test de changement de la vitesse de deformation 
ont ete effectues comme suit. Un test de reduction de la vitesse de 
deformation a et8 conduit sur l'aluminium, le cuivre, le fer et le 
niobium a des vitesses de deformation allant jusqu'a environ 20000/s. 
Des mesures d'attenuation de l'onde ultrasonore superposee a la 
deformation plastique dynamique - test associant le changement de la 
vitesse de deformation a la perturbation de haute frequence de celle-ci 
- ont ete faites sur l'aluminium et le cuivre a des vitesses de 
deformation jusqu'a environ 10000/s. Les resultats de ces deux tests 
montrent que, l'histoire de la vitesse de deformation a un effet faible 
sur le stress de dbformation. 

Abstract Two types of strain rate change test are conducted. The 
strain rate reduction test is made for aluminium, copper, iron and 
niobium at strain rates up to about 20000/s. The attenuation 
measurement of the ultrasonic pulse superimposed upon the dynamic plastic 
deformation, a kind of strain rate change test with a high frequency 
perturbation of the strain rate, is made for aluminium and copper at 
strain rates up to about 10000/s. Results show that, in the above 
high strain rate range, the effect of the strain rate history upon 
the strain rate dependency of the flow stress is small. 

1. INTRODUCTION 

The flow stress of metallic materials depends upon both the strain rate 
at the instant and the history of the strain rate. Evaluation of the roles of 
these two factors is important in order to clarify the microscopic mechanism 
of deformation and, further, to derive a constitutive relationship which 
covers wide ranges of the strain rate and the temperature. Experimentally, the 
evaluation of the effect of the strain rate history has been made mostly with 
the strain rate change test, the measurement of the response of the flow 
stress to a sudden change in the strain rate. At very high strain rates. 
however, because of limitations in the time resolution capability, this type 
of test is difficult, and tests have been made mostly at strain rates below 
2000/s, except for the test utilising the flying plate technique for foil 
specimens. "' This paper describes two types of strain rate change test 
conducted by the present authors' group in a higher strain rate range together 
with discussion on the constitutive relationship based upon the results of the 
above experiments. 

Sakino and Shioiri"' devised a new apparatus for the strain rate 
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reduction test which has a high time resolution capability. Tests have been 
conducted for aluminium, copper, iron and niobium at strain rates up to 
20000/s. Besides, Shioiri et a1. '3' showed that the attenuation of the 
ultrasonic pulse superimposed upon the dynamic pl.astic deformation gives the 
component of the strain rate sensitivity (d a /dlog E ) due to the instantaneous 
strain rate. The above ultrasonic measurement can be regarded as a strain rate 
change test utilising a high frequency perturbation of the strain rate. Very 
recently, the ultrasonic measurements were made for aluminium and copper at 
strain rates up to 12000/s and 10000/s, respectively. 

2.STKAIN RATE REDUCTION TEST 

Recently, Sakino and Shioiri "' developed a new apparatus for the strain 
rate reduction test at very high strain rates. The apparatus is, as shown in 
Fig.1, composed of three main parts, i.e., a projectile, a decelerator and a 
pressure bar for the stress measurement. The specimen attached at the end of 
the pressure bar with a thin grease film is directly compressed by the 
projectile. During the compression the projectile collides with the 
deceleretor and the velocity of the front of the projectile and, accordingly, 
the strain rate of the specimen are suddenly decreased. The details of the 
apparatus and t.he method of measurement were already reported in Ref. ( 2 ) .  

In this system, there are two prcblems .which affect the time resolution 
capability. One is the quality of the strain rate change. The test on this 
point was made a.nd it was shown that a well-controlled stepwise change in the 
velocity of the front surface of the projectile can be obtained. "' The other 
is the time resolution capability of the flow stress measurement system which 
is affected by the dispersion of the elastic wave in the pressure bar and the 
frequency response of the strain gauge system including the electronic 
apparatus. By impacting upon the end surface of pressure bar with a bar of the 
same material and diameter, the response of the flow stress measurement system 
to a unit step input was obtained. Utilising the obtained response function, 
the deconvolution method was applied .to the o-t data stored in the transient 
digital memory to obtain the real a-t relationship , and accordingly the load 
exerted by the specimen upon the pressure bar. '4 '  The resolution tiaes of both 
the loading system and the stress measurement system are about 0.5psec. 

A typical response of the flow stress for a sudden change in the strain 
rate is shown in Fig.2. Denoting, as shown in Fig.3, the flow stress fall due 
to the strain rate reduction by A a and the flow stress difference betveen 
two constant strain rate flows at the strain rates before and after the strain 
rate reduction by A a d ,  the ratio ( A  a f / A  a d )  can be regarded as a measure 
of the dependency of the flow stress upon the instantaneous strain rate. In 
Fig.4, the results for aluminium, copper, niobium and 0.01%C iron are 
summarised in terms of 
( A  a , / A  a dl. From 
the above results for 
typical FCC and Bcc 
metals, it may be con- 
cluded that at very 
high strain rates, 
where in case of Fcc 
metals the steep rise 
in the strain rate sen- 
sitivity (da/'dlog~ ) 
appears, the instanta- 
neous strain rate plays 
a dominant role in the 
strain rate dependency 
of the flow stress. 
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Fig.1 Devised apparatus for strain rate 
reduction test 



Fig.2 Response of flow stress 
to sudden strain rate 
reduction (aluminium) 
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3.ULTRASONIC ATTENUATION METHOD 

Shioiri and Satoh tried the time resolved measurement of the attenuation 
of the ultrasonic pulse superimposed upon the dynamic plastic deformation. 
Nicroscopically, the attenuation data can give information on dislocations 
under dynamic plastic deforrnati~n.'"*~) While, continuum-mechanically, the 
superposition of the ultrasonic wave upon the dynamic plastic deformation can 
be regarded as a strain rate change test utilising a high frequency 
perturbation in the strain rate, and the attenuation can be related to the 
dependency of the flow stress upon the instantaneous strain rate as 

where a is the flow stress, E the strain rate, Q the orientation factor 
determined by the direction of the dynarnic deforn~ation and Lllat. of the 
propagation of the ultrasonic pulse, G the shearing modulus, (A 2 ) the 
attenuation caused by the dynamic deformation upon which the ultrasonic pulse 
is superimposed, f is the ultrasonic frequency. '3' 

The details of the experimental technique were reported in Ref.(3). The 
specimen is compressed dynamically with the standard split Hopkinson pressure 
bar method, and the ultrasonic pulse is sent at a right angle to the axis of 
the dynamic compression. In this case, assuming the Schmid factor of the 
active slip system of the dynamic compression to be 0.5, Q is given by 

where E is the longitudinal modulus and v is Poisson's ratio. '7' 

Since, at very high strain rates, the attenuation of the ultrasonic pulse 
becomes very high and accordingly the received ultrasonic signal becomes very 
weak, the background noise in the receiving system causes a difficulty. In the 
present measurements, a special attention was paid to the suppression of the 
noise. As a result, the strain rate dependence of the attenuation at very high 
strain rates obtained in the present measurements differs a little from the 
results of the previous measurements reported in Ref.(3). The results of the 
present measurements for polycrystalline 5N aluminium and 4N copper are shown 
in Fig.5. As was predicted in the previous work. "'the attenuation has a 
maximum at a strain rate of about 5000/s and at higher strain rates it 
gradually decreases. In the previous measurements, '3'the above maximum was not 
observed, but, at strain rates above about 5000/s, the attenuation plotted 
against the strain rate was flat. 

Strain rate (11s) 

Fig.5 Ultrasonic attenuation 
vs. strain rate 
(aluminium and copper) 
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of flow stress vs. 
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Using, Eqs.(l and 2), the strain rate sensitivity of the flow stress 
(d a /dlog s ) was calculated from the attenuation data. The results are shown 
in Fig. 6. For comparison, (d a /dlog E ) caiculated from the flow stress data 
are also shown. A close agreement is observed. If it is considered that 
(d a /dlog & ) ca.lculated from the attenuation, data does not include the effect 
of the strain rate history while (da/dloge ) calculated from the flow stress 
data does the effect of the strain rate history, it may he concluded that at 
least in the strain rate range in which the present ultrasonic measurements 
were conducted, the e,ffect of the strain rate history upon the strain rate 
sensitivity (do/dlog~ ) is small and the effect of the instanta,neous strain 
rate is dominant. 

$.DISCUSSION AND CONCLUSION 

As is shown in Section 2, the results of the strain rate reduction tests 
for both FCC and Bcc metals conducted in the strain rate range from about 5000 
to 20000/s indicate that the strain rate dependency of the flow stress is 
governed mainly by the instantaneous strain rate and the effect of the strain 
rate history is small. The same conclusion was drawn from the results of the 
ultrasonic measur.ements concerning the strain rate sensitivity of the flow 
stress (d a /dlog e ) of the FCC metals at strain raies ranging from about 1000 
to 10000/s. 

In most FCC metals, at strain rates below about 5000/s, a-log& 
relationship is linear. While, at strain rates above about 5000/s, a - E  
relatiocship becomes linear. This transition appears on a-log& diagram as 
the well-known steep rise of the flow stress at strain rates above about 
5000/s. Therefore, the so-called steep rise in the flow stress at very high 
strain rates is of qualitative nature rather than of quantitative nature. If 
the experimental results that the strain rate dependency of the flow stress is 
mainly due to the instantaneous strain rate are taken into account, the above 
transition in the relationship between a and E may be reasonably attributed 
to the transition in the rate controlling mechanism of dislocation motion from 
the thermally assisted cutting of forest dislocations to the viscous drag, and 
the kinetic model presented in the previous work'5. 6'may be the basis for the 
constitutive relationship. 

It is widely known that the strain rate and temperature dependencies of 
the f10.w stress of Bcc metals are large but no steep change in the gradient of 
a-logs curve is observed. Figcre 7 shows the result of measurements in the 
present work for 0.01% carbon iron at strain rates up to 30000/s. From the 
microscopic point of view, the deformation of bcc metals is characterised by 
the high Peierls force. The deformation occurs mainly by the motion of the 
screw dislocations overcoming the high Peierls potential with the aid of the 
motion of the kink, and the dsformation is ra,te-controlled by the rate of the 
fvrmation of the kink pair. The kink pair is formed with the aid of the 
thermal activation, and accordingly it is widely accepted that the strain rate 
is expressed in the form of the Arrhenius equation 

where Y the shear strain rate, ? a constant with the dimension of the 
strain rate, E ( z )  the activation energy for formation of the kink pair, z 
the resolved shear stress, k Boltzmann's constant, and T is the absolute 
temperature. Aono et al. 'g'made measurements for single crystals of extremely 
high purity iron and 150atppm C iron and confirmed that Eq.(3) holds. The 
measurements were made at low strain rates, but the temperature range covered 
very low temperature and E ( z )  was determined over a wide range of stress 
including the very high stress which is seen in the present work at very high 
strain rztes. Asszming z =O. 5 u and E =@. 5 7 ,  Eq. (3) is fitted to the 
experimental values in Pig.7 using E(z) determined by Aono et al. for 
150atppm C iron crystal. BY taking logo. 57 0=5.36, as is seen in Fig, 7 a good 
correlation is observed between the experimental flow stress and the 
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Fig.7 Strain rate dependency of flow stress of iron: 
solid line is calculated using E(z) of Aon~.'~' 

calculated curve. In the Hrrhenius equation, generally speaking, the 
pre-exponential term (in the present ca.se Y o)  has a less importance compared 
with the exponential term; in a - i o ~ a  diagrar, the shape of the curve is 
determined by the exponential term and by changing the pre-expoaential term 
the curve moves along the horizontal axis without changing its shape. 
Therefore, boldly speaking, the strain rate dependency of the flow stress 
obtained in the present experiments is caused by the stress dependency of the 
rate of the kink pair formation, and accordingly is governed by the 
instantaneous strain rate. In fact, in the experimental results siloan in 
Fig. 4(c), ( A  a , / A  a ,) is nearly 100%. Further, it must be noted that the 
carbon content of 150atppm is as high as about, 70% of the saturation content 
for a iron but E(z) obtained by Aono et al. for 15Oatppm C iron differs very 
little from that for extra pure iron. This means that, as far as a iron 
(ferrite) is concerned, the effect of the carbon content is small. In case of 
the low carbon steel for engineering use, however, the volume fraction of 
pearl;-te which is harder than ferrite, should be considered for deriving the 
constitutive relationship. 

From the present study, it is concluded that, in both FCC metals 
(aluminium and copper) and BCC metals (iron and niobium), the strain rate 
dependency of t.he flow stress at strain rates up to about- 20000/s is governed 
mainly by the instantaneous strain rate. 
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