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I. STATEMENT OF THE PROBLEM 

Adiabatic shear bands are narrow regions, usually a few microns wide, of intense plastic 

deformation that form during high strain-rate plastic deformation of most metals. Tresca1 

seems to be the first to observe these during the hot forging of platinum and he termed 

these "hot lines". Subsequently Massey2 also noticed these during the hot forging process. 

However, the research activity in this area appears to be influenced strongly by the work 

of Zener and Hollomon3 who observed 32 /an wide shear bands during the punching of a 

hole in a steel plate. They also pointed out that the intense plastic deformations of the steel 

heated it up significantly and that it became unstable when the thermal softening equalled 

the hardening caused by strain and strain-rate effects. The reader is referred to Rogers4, 

Clifton5, Olson et al.6, and to recent issues of the Applied Mechanics Reviews7 and the 

Mechanics of Materials Journal8 for a review of the work in this area. 

The experimental work under controlled conditions has been performed on tubular 

specimens using a Kolsky bar by Duffy and his students9,10 and Giovanola11. These tests 

have involved the twisting of a thin tube, observing deformations of a grid pasted on the 

outer surface of the tube and using infrared lamps to measure the temperature rise of a small 

region either included in or enclosing the shear band. Such observations have enhanced 

significantly our understanding of the mechanism of the shear band formation. Recently 

Murphy12 conducted a series of tests in which a steel tube was loaded quasistatically in 

simple compression and then twisted dynamically. He found that an increase in the prior 

compressive load increased the nominal strain at which a shear band initiated. 

In many practical problems such as those encountered in manufacturing processes and 

the penetration of a deformable rod into a steel target, the stress-state at a point is quite 

complicated. Since shear bands are believed to precede shear fractures in these problems, it 

is important to investigate their initiation and growth under combined loading. 



BRIEF REVIEW OF THE COMPLETED WORK 

Mr. Mark Lanham worked on the project during the period 1 June 1992 through 30 

November 1992. He conducted literature survey and established sufficient background to 

begin conducting some meaningful research. However, he decided to withdraw from school. 

In response to an advertisement in Mechanical Engineering, Mr. Forrest Flocker was recruited 

to work on the project. He was supported during the academic year 1993-94 but because of 

a rather heavy course work, he could not devote much time to research. The PI accepted 

a position at the Virginia Tech beginning Fall 1994, and upon his request, the project was 

terminated effective 5 July 1994. Another student, partially supported by the parent grant, 

worked on a similar problem and the results reported below were obtained with his help. 

We have studied the dynamic twisting of a steel tube preloaded quasistatically either 

in simple tension, or simple compression or by an internal pressure. The maximum preload 

applied is such as not to cause plastic deformations of the tube. The material of the tube is 

modeled by the Johnson-Cook13 relation for which the effective stress cre is given by 

at = (A + B (ep)
n) (1 + Din (kp/e0)) (1 - vO) (1) 

where A, B,n, D, v are material parameters, ep is the effective plastic strain, ep the effective 

plastic strain-rate, e0 the reference value of the effective plastic strain-rate usually taken as 

1/sec, and 9 is the temperature rise of a material particle. The tube is taken to be initially 

stress free, and at rest at a uniform temperature. 

The preload is applied slowly with a rise time of 20/zs and is held constant for 30^JS for 

the waves to dissipate out. One end of the tube is kept fixed and the other end is twisted so as 

to produce the desired nominal strain-rate of 5000/sec. The thickness of the tube is assumed 

to vary sinusoidally with the smallest thickness occurring at the central cross-section of the 

tube as shown in Fig. 1. The values of material parameters for the 4340 steel are taken from 

Rajendran's14 report. 



All Dimensions in mm 

Figure 1 - Tube Geometry. 

For the case when the tube is first axially loaded quasistatically either in compression 

or in tension and then twisted, Figs. 2 and 3 illustrate the torque versus average shear strain 

curves for four different values of the axial load. Note that the maximum axial stress applied 

equals 45% of the value of the material parameter A appearing in Eq. 1. Because of the 

prestress, the shear stress and hence the torque required to initiate yielding should be less 

than that necessary when there is no prestress applied. Results plotted in Figs. 2 and 3 

confirm this. The average shear strain ät which a shear band initiates, as indicated by the 

drop in the torque required to deform the tube, increases with an increase in the magnitude 

of the axial compressive prestress and the reverse happens when the prestress is tensile. This 

trend contradicts the experimental observations of Murphy12 who reported that the average 

shear strain at the instant of the initiation of a shear band decreased with an increase in the 

magnitude of the axial compressive prestress. A close examination of the deformed shape of 
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Figure 2 - Torque vs. average shear strain curves for five different 
values of the initial axial compressive stress. The Insert shows the 
distribution of the effective plastic strain, at different times, on a 
radial line in the thinnest cross-section. 
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Figure 3 - Torque vs. average shear strain curves for four different 
values of the initial axial tensile stress. The insert depicts the 
distribution of the effective plastic strain, at different times, on a 
radial line in the thinnest cross-section. 



the tube indicated significant radial displacements of points on the central cross-section- for 

example, see Fig. 4. The inserts in Figs. 2 and 3 depict the distribution of the effective plastic 

strain on a radial line in the thinnest section of the tube. It is clear that deformations of the 

tube are nonhomogeneous with the largest effective plastic strain occurring at points on the 

outermost surface of the tube. For axial prestress equal to 0.09A, the shear band initiates 

at average shear strains of 0.48 and 0.37 for the compressive and tensile cases; however, the 

distribution of the effective plastic strain along the radial direction is essentially the same in 

the two cases. The severe deformations of the central cross-section result in an increase of 

the cross-sectional area for tubes prestressed in compression and in a decrease of the cross- 

sectional area for tubes preloaded in tension. This change in the cross-sectional area delays 

the initiation of the shear band for the tube prestressed in compression and enhances the 

initiation of the shear band in the tube prestressed in tension. We note that the axial length 

of the tube decreases (increases) for the tube prestressed in compression (tension). It is not 

clear whether Murphy's experimental setup allowed for this change in the axial length of the 

specimen. For the case of no preload, the tube length, the inner radius, and the outer radius 

remained unchanged. 

We simulated a case when one end of the tube was held fixed and at the other end the 

axial component of velocity was first increased linearly from zero to the desired value in 20 /is 

so as to induce an axial compressive stress in the tube by the desired amount. Subsequently, 

the axial component of velocity was decreased to zero and a tangential component of velocity 

was prescribed. This type of boundary data resulted in a gradual decrease of the axial 

compressive stress to zero. Analysis of the quasistatic problem involving a cylinder subjected 

to compressive and torsion loads given in Ref. 15 suggests that this trend is consistent with 

the predictions of the Prandl-Reuss theory of plasticity. 

Figure 5 depicts the evolution of the effective plastic strain on an axial line on the 

outer surface of the tube obtained by using a fine mesh. It is evident that deformations are 

nonhomogeneous even at an average shear strain of 0.05 and this  nonhomogeneity  in  the 
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Figure 4 - Sections of the deformed tubes initially prestressed in (a) 
compression and (b) tension. 
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Figure 5 - Distribution of the effective plastic strain at different times 
on a line parallel to the axis of the tube passing though the outermost 
point of the thinnest cross-section. 

deformations increases as the tube continues to be twisted. Eventually the deformations 

localize into the central element. Once it happens, the material outside of this element does 

not undergo any more plastic deformations, and some parts may even unload. The width 

of the region of localization cannot be deciphered accurately since the mesh used is not fine 

enough. For this reason, the computations were stopped soon after the torque required to 

deform the tube began to drop. 

Effect of Initial Internal Pressure 

We assume that the end surfaces are held fixed in the axial direction and an internal 

pressure is applied slowly to the tubular specimen. Even when the internal pressure applied 

was 713 MPa, the stress state at a point was such as not to cause any yielding of the material. 

Subsequently, with the internal pressure held steady, the end surfaces are twisted in equal 

and opposite directions by applying tangential velocity on them so as to induce an average 

9 



shear strain-rate of 5000 s-1. In Fig. 6 we have plotted the torque required to deform the 

tube versus the average shear strain. As expected with an increase of the internal pressure 

the shear stress and hence the torque when the tube begins to deform plastically decrease. 

However, the average shear strain at which a shear band initiates increases with an increase 

in the value of the internal pressure because of an increase in the inner and outer radii of the 

tube. Figure 7 illustrates the distribution, on a radial line, of the effective plastic strain at 

different times. Whereas initially the effective plastic strain is a little higher at points on the 

outermost surface than that at points on the innermost surface, the reverse happens after 

the shear band has initiated. Also, the variation of the effective plastic strain in the radial 

direction is not linear as was the case for the tube prestressed in axial tension or compression. 

Figure 8 depicts the deformed sections of the tube just before the torque is applied and when 

the average strain equals 0.45. It is clear that significant radial displacements of material 

points occur during the time the tube is being twisted. 
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