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France 

Résumé : Nous analysons la déformation de cisaillement pour différentes vitesses de chargement 
dans le domaine des grandes et très grandes vitesses de déformation. Ainsi, nous présentons 
brièvement les différentes techniques expérimentales utilisées dans ce domaine. Une nouvelle 
technique expérimentale basée sur l'impact direct utilisée en double cisaillement ainsi que la 
géométrie modifiée de l'éprouvette sont discutées. Pour étudier le cisaillement simple, nous avons 
développé un modèle unidimensionnel où la loi de comportement tient compte de la sensibilité à la 
vitesse de déformation et à la température. Pour différentes vitesses de déformation, nous avons 
discuté et déterminer les conditions d'instabilités dans le cas du cisaillement adiabatique. 
Finalement dans le cas de la propagation unidimensionnelle des ondes plastiques, nous avons 
analysé la déformation engendrée par les instabilités thermoplastiques. Nous présentons une 
analyse précise sur la vitesse critique d'impact dans le cas du cisaillement, ainsi, nous avons 
effectué une comparaison entre les résultats théoriques et expérimentaux. 

Abstract : Shear straining at different velocities, including high and very high strain rates, is 
discussed. Some experimental techniques which allows for experiments at high and very high 
strain rates are briefly reviewed. A new experimental technique based on direct impact on 
Modified Double Shear a specimen (MDS) is also reviewed. A one-dimensional model for simple 
shear is applied together with a constitutive relation which takes into account rate and temperature 
sensitivity a generalised condition for instability of adiabatic shearing at different rates has been 
derived and discussed. Finally, an analysis of deformation trapping in shear due to thermoplastic 
instability in one-dimensional plastic wave propagation is analysed. The critical impact velocity in 
shear is analysed in detail and values are compared with preliminary experiments. 

1. INTRODUCTION. 

Materials testing in shear at different strain rates and temperatures can provide fundamental 
information needed to develop constitutive relations. However, when the nominal strain rate is high 
enough, adiabatic instability and strain localization can occur. Still at higher strain rates in shear, for 

example 104 s'1 £ f" < 106 s_1, plastic waves in a deformed material can completely change the mechanics 

of deformation. It is well know that experiments at high strain rates, 103 s"1 < f" < 106 s_1, constitute a 
formidable task concerning their technical difficulties, and only few reliable configurations are available. 
Most experimental studies of both constitutive modeling and adiabatic instabilities make use of the Split 
Hopkinson Torsion Bar (torsional Kolsky apparatus), for example [1-6]. This experimental technique uses 
a thin tubular specimen of short length. Such a test with SHTB has a very limited range (in the logarithmic 
scale of the nominal strain rates), usually around 103 s_1. Another experimental technique is the pressure-
shear impact configuration, which permits conducting constant strain rate tests and strain rate change tests 
at shear rates up to 106 s_1, [7]. The specimen of very small thickness is sandwiched between two hard 
elastic plates to impose conditions of simple shear at very high strain rates by an oblique impact. Although 
the pressure-shear impact technique assures very high shearing rates, maximum strains are limited to the 
order of a few percent. 

One of the most promising specimen configurations which can be applied at low, medium and high 
strain rates in shear is the Double-notch Shear specimen. Such a specimen was first introduced in [8] to 
study dynamic plasticity of single crystals. Later the DS specimen was applied with the loading scheme in 
compression consisting of the incident Hopkinson bar and transmitter Hopkinson tube, [9]. Due to the 
small gauge length (- 0.84 mm) and application of a drop-weight tester with the initial mass velocities of 
the incident bar from -1.2 to -11.0 m s_1, the nominal shear strain rates achieved were in excess of 104 s"1. 
Determination of higher strains in shear than a few percent from DS specimen used in [9] leads to large 
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errors due to non-uniform shear and severe plastic deformation in the specimen supports. More advanced 
plastic strains in the DS specimen were analysed in [l01 using an F E  method. It was found that the 
calibration factors for stress and strain at larger strains are not constant, and there is no simple relation 
between external conditions of loading and stress-strain characteristics. 

2. NEW CONFIGURATION IN IMPACT SHEARING 

Since there is great interest in the study of dynamic plasticity at high strain rates and at large strains 
from one side and adiabatic instabilities from the other, a new configuration for a direct impact on a 
Modified Double Shear specimen has recently been developed, [10,1 l]. 

Because description of the experimental setup and the test theory have been published elsewhere, 
only a brief summary of this new experimental technique will be given here. The MDS specimen is loaded 
by the direct impact, as is shown in Fig.1. The direct impact of a flat-ended bar on the MDS specimen 
gives more flexibility in programming of the nominal strain rate in shearing, by simply changing the impact 
velocity. Also the risetime of the incident wave which is inevitably present in the case of the bar-tube 
configuration is practically eliminated in the direct impact setup. The flat-ended projectiles of different 
length and diameter dp = l 0  mm are launched from an air gun with desired velocity V0 ; 1 m/s I V0 1200 
m/s. The impact velocity V0 is measured by the setup consisting of three sources of light L fiber optic leads 
1,2,3, three independent photodiodes F and two time counters TCl and TC2. 

Fig. l 

Axial displacement Ux (t) of the central part of the MDS specimen is measured as a function of time 
by an optical displacement transducer E, acting as a non-contact displacement gage. The optical transducer 
reacts to the axial movements of a small black and white target cemented to the central part of the MDS 
specimen. 

Axial force transmitted by the specimen symmetric supports can be determined as a function of time 
from the transmitted longitudinal elastic wave &T (t) measured by strain gages T1, DC supply unit S and 
amplifier Al. All electric signals, that is voltages of displacement and transmitted wave, are recorded by 
digital oscilloscope DO and stored in the computer hard disk PC for further analyses. After signal 
calibrations and elimination of time, a force-displacement curve can be constructed for the MDS specimen 

and ~(r) or r (Q characteristics can be determined, where Z is the shear stress and is the shear strain, r 
= d T/dt. The exact thwq of this test is given elsewhere, [ l  l]. 

Due to modification of the geometry of the double shear specimen, that is, increase of the deforming 
part to 2.0 mm (gage length), stress concentrations in the notch have been relieved and a more uniform 
strain field achieved. In addition, the external parts of the MDS specimen have been extended and they are 
rigidly clamped before each test to the Hopkinson tube. Such a procedure substantially reduces rotations of 
the external parts of the MDS specimen during plastic deformation, and equalizes the plastic field over the 
gage length. The technique has already shown its usefulness in testing of materials at high strain rates in 
shearing, up to - 105 S-l. 

3. SOME EXPERIMENTAL RESULTS 

A series of experiments with different impact velocities, up to 100 m/s, were performed on low- 



alloy steel XC 18 (French standards) of the following composition in percent : C 0.17 ; Mn 0.58 ; Si 0.21 ; 
S 0.032 ; P 0.024. After machining all specimens were vacuum annealed at - 1000 K for 1 112 h and . 
furnace cooled. The rate sensitivity of this steel was within the range of strain rates 102 S-l S r I 105 S- l 
as reported in [ l  l]. Those experiments have revealed a high strain rate sensitivity at strain rates above 
- 103 sl. For example, the coefficient of pseudo-viscosity 5 in the relation 

A . 
zy =zy +cy l- (1) 

is 14.3 kPa.s for the upper yield point and 4.0 kPa.s for the lower yield stress, [ l  l]. 
Another series of experiments was canied out on VAR 4340 steel, heat treated up to - 52 HRC. It 

was found that the coefficient of pseudo-viscosity 6 for this steel (at the point of fracture with very limited 
plastic deformation) was cF = 6.45 kPa.s. 

The test performed on both steels at very high nominal strain rates have revealed a critical impact 
velocity in shear. The critical impact velocity in shear is the result of the deformation trapping due to 
adiabatic instability and strain localization superimposed on plastic wave propagation in shear. For the 
steels tested the critical impact velocities could be estimated as = 90 m/s for XC18 and fit, = 140 m/s 
for VAR 4340 (- 52 HRC). Those values of eC give respectively the following values of the nominal strain 

rates : l?c = 4.5 X l@ S-l and == 8 X l@ S-l for 4340 steel. Experimental evidence for the critical 
impact velocity in shear is shown in Fig.2 for XCl8 steel and in Fig.3 for VAR 4340. 
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Fig.2 Fig.3 

Fig. 2 shows the critical strains (up to fracture) determined as a function of the nominal strain rate log i'. . 
The mean values are indicated as circles. Indeed, at log Tc = 4.65 an abrupt decrease of the total strain 
(elastic plus plastic) is evident. Similarly for the VAR 4340 steel, decrease of the fracture shear stress 

occurs at log Tc = 4.8. Because this steel was very hard an analysis of the final plastic deformation was 
difficult, and instead Fig. 3 was obtained. Existence of the critical impact velocity in shear is an analog to 
the von Khrmh critical impact velocity in impact tension, [12, 131. 

4. ANALYSIS OF THE CRITICAL IMPACT VELOCITY 

When the strain rate of plastic deformation is high enough a phenomenon observed is formation of 
the so called adiabatic shear bands. The work of plastic deformation is dissipated locally as heat, and if time 
of deformation is short the heating process is adiabatic. The adiabatic heating tends to reduce the flow 
stress which, in turn, leads to defummation instability and localization. The adiabatic shear bands form 
along the direction of the maximal shear stress. The condition for stability in ,the quasi-static conditions of 
deformation in shear leads to the formula. 

A number of authors have used instability criterion (2), for example Recht [l41 and others, in 
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derivation of the critical strain Tc at which condition (2) is satisfied. Here a more general discussion of the 
criterion (2) is offered. Because many authors use constitutive relations in the form of multiplication 
functions 

z = f l  m f 2 ( n f 3 ( i . )  (3) 
where T is the absolute temperature, and the strain-rate and temperature history effects are neglected, the 
instability criterion will be derived using eqs (2) and (3). After differentiation of (3) and introduction into 
(2) the following relation is obtained 

Condition (4) can be satisfied only $ v'ery specific processes for plastic deformation, one of them is 
adiabatic deformation at constant strain rate. Thus, the condition (4) reduces to 

Assuming constitutive relation (3) it follows from the principle of energy conservation 

Where 6 (T,Q is a coefficient taking into account the stored energy in the material, p (T) is the mass 
density and CV (T) is the specific heat at constant volume. In general, both p and CV are functions of the 
absolute temperature T. If the explicit forms of the partial differentials derived after (3) along with (6) are 
introduced into (5) the condition (5) transforms into 

Since only f 2 (Tc) depends on the critical strain the explicit equation for f 2 (T,) is 

The expression [*] ln  has real and imaginary parts. Inversion off 2(Tc) makes it possible to find Tc, 
-1 

rc = f 2  [.]l12 (9) 
Existence of the real f 2 (Tc) is only possible if the expression [.l inside the square brackets is 

positive. Since p, C, and (1-5) must be always positive and the function of strain rate sensitivity, f g  ( h ,  
is assumed also positive, the only term which may be negative is (a  fdaT)/(af l / ~ T ) .  The most 
common case is the thermal softening which leads to negative value of (af llaT), of course, if (a f2fdT) is 

at the same time positive. The r6le of a positive rate sensitivity is quite interesting, that is if f g  (0 is an . 
increasing function of strain rate T. The positive rate sensitivity has a negative effect on the onset of 
adiabatic instability, that is, Tc is reduced when strain rate is increased. 

Voa K h h n  noted that, according to rate-independent wave theory applied to one-dimensional 
tension, the strain level at which the tangent modulus becomes zero propagates at zero speed. By analogy, 
it is possible to construct a model of the plastic wave trapping in shear, based on the criterion of adiabatic 
instability, eqs. (2)  and (8). According to the rate-independent theory of elastic-plastic wave propagation, 
as applied to shear deformation, the wave equation is as follows 

J 

where U is displacement along x-axis and waves propagate along y-axis (perpendicular) ; the wave speed is 
defined as 



Eq. (1 1) reduces to C2 = CI/P for the elastic case. 

Along the non-linear characteristics C2p = +(dy/dt) the following relation holds 
r r l 

where 6 is the mass velocity, 6 = (aU/at). It is clear from (2), (5) and ( l  l )  that the wave-speed is zero if 
condition (2) is satisfied, that is C2p (Tc) = 0, and at the same time the intergral in (12) reaches the 
maximum value, thus 

r c  

6, cn; d r  (13) 
0 . 

where Tc is defined by eq (9).The wave speed in the adiabatic conditions of deformation, and T = const, 
can be written as 

Finally, the critical impact velocity' in shear is given by 

where the upper limit of integration is given by (9). 
Analytic solutions for Tc, C2, (T) and 6, are possible if the constitutive relation is sufficiently 

simple. 
For example, assuming 

2 = BT-V (To+F)n rrn 
explicit expressions for rc ,  C2, and ec are 

Preliminary numerical calculations have been performed to determine fit, assuming different strain rates at 
room temperature ; the material constants have been taken for XC18 steel : B= 1092 MPan ; n= 0.21 ; 
m=0.0192 ; 6= 0.21 ; p= 7.835 ; C,= 445 JIkgK and 5=0,1. In addition, different levels of the initial 

deformation Ti were considered : = 0 ; 0.50 ; 1.0 ; 1.5 and 2.0. Since the cold rolled steel was analysed 
the function f2 was assumed as f2 = (To + T)", with ro = 0.44. The final result is shown in Fig.4 ; it 
indicates that the order of 6~ is correct. For example, for T=0, fit = 129 m/s and for r = 0.25, ec = 98.0 
4 s .  these values are very close to the value found from Fig.2. 
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