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Numerical and Experimental Investigation 
of Adiabatic Shear Bands in Metals under 

Low-Velocity Impact Conditions 
E. Irick, C. Heinol, T. Clayton, J. Hashemi, J.F. Cardenas-Garcia, and R. Sadhneni 

Adiabatic shear bands are localized regions of intense plastic deformation that form when materials are 
subjected to high-strain-rate loading and are generally considered to be precursors to fracture. The ob- 
jectives of this paper were to study adiabatic shear bands generated in commercially pure titanium and 
pearlitic AIS14140 steel utilizing a controlled-penetration impact setup and to model the dynamic shear- 
band formation process using a Lagrangian finite-element code. Results showed that utilization of the 
controlled-penetration impact experimental apparatus significantly lowered the required impact veloc- 
ity for formation of adiabatic shear bands in the materials tested. The length and location of the formed 
shear bands were controllable and extremely sensitive to the prescribed depth of penetration, allowing 
for the generation of crack-free shear bands. Microhardness testing of the band material revealed it to be 
considerably harder than the surrounding material, which possibly indicates rapid quenching of the 
heated band material. The finite-element simulation results showed that it is possible to realistically 
model adiabatic shear banding for a range of different materials. 
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1. Introduction 

MECHANICAL LOADING of materials at low strain rates al- 
lows the heat generated by plastic strain to dissipate in almost 
isothermal conditions. Thus, materials proceed to strain hard- 
en, and the flow stress is found to increase monotonically with 
strain until failure. At high strain rates, however, the heat gen- 
erated by plastic strain has no time to flow to neighboring re- 
gions, and the deformation process is closer to adiabatic. This 
localized heat generation and temperature increase result in a 
thermal softening effect in the affected region. Therefore, at 
high strain rates, the material undergoes not only strain-harden- 
ing effects but also thermal-softening effects. Consequently, if 
the thermal-softening rate overcomes the strain-hardening rate, 
the flow stress decreases with strain, resulting in a convex 
stress-strain curve with a maximum flow stress separating the 
hardening and softening regimes. 

For example, in the practical case of a workpiece undergo- 
ing dynamic loading, a small region in the workpiece may be 
subjected to a strain-softening regime while the majority of the 
workpiece material, in the surrounding region, is still in the 
strain-hardening regime. Further dynamic loading of the work- 
piece will cause this small strain-softened region to deform 
more than the surrounding harder material, resulting in addi- 
tional heat generation and temperature rise, thus making this 
region even more susceptible to further localized deformation. 
This localized strain condition usually manifests itself in the 
form of shear-band formation, with measured widths of any- 
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where from 5 to 100 ktm and strains of 5 to 100 0/ef  1, 2). The 
corresponding strain rate in the formed shear band is estimated 
to be between 104 and 106Is, and the temperature rise in the 
shear band is estimated to be several hundred degrees Celsius 
(Ref 3). Two types of shear bands may be observed: deformed 
bands and transformed bands. Deformed bands show no mi- 
crostructural differences between the material within and out- 
side the band. Transformed bands do show microstructural 
differences, which are associated with a phase change of the 
material within the band. 

Adiabatic shear-band formation has been studied exten- 
sively in recent years (Ref 4-6). It plays an important role in 
many diverse areas, such as ballistic impact, explosive frag- 
mentation, high-speed forming and shaping, machining, and 
impact initiation of explosives. Although shear banding has 
been primarily studied experimentally, the development of 
analytical theory and, more recently, numerical simulation ap- 
proaches has benefited its study. The main methods used to 
generate shear bands experimentally include: explosively 
loaded cylinders (Ref 7), high-speed machining tests (Ref 8), 
dynamic torsion tests (Ref 9, 10), and dynamic impact tests 
(Ref 11). The study of shear bands with these sophisticated ex- 
perimental techniques is difficult at best, due to problems re- 
lated to controlling shear-banding location and length. 
Furthermore, all the test techniques mentioned here require the 
imparting of extremely large forces on the workpiece. 

There are several variations in the implementation of dy- 
namic impact tests. Zener and Hollomon (Ref 12), who were 
among the first to study shear bands, used a dropped weight on 
a punch experimental setup to produce shear bands. Stock and 
Wingrove (Ref 11) employed a basic dynamic punching appa- 
ratus to study the energy required for shearing of steel rods. 
Wingrove (Ref 13) later used a "stepped" projectile to investi- 
gate shear banding. Recent techniques have been developed to 
study the formation of adiabatic shear bands to achieve a more 
controlled testing environment. One such approach uses a hat- 
shaped specimen load in a split Hopkinson bar (Ref 14), which 

Journal of Materials Engineering and Performance Volume 4(6) December 1995--709 



Depth of Penetration 

T- 

T- 
6.35 mm 

L 

(a) 

Fig. 1 

StapperPdng 

6.35 mm 

T 
6.35 mm 

L ''ck'PR"' I I 
__Backup Hale J 

Diameter 

25.4 mm 

(b) 

Controlled-penetration impact apparatus. (a) Before impact. (b) After impact 

Stopper Ring LL Indenter 

Backup Ring 

k_Backup Hole . ~  
Diameter 

26.4 mm 

Plate 

Safety Shield 
~Assembly 

/ 
F]rlng Mechanism 

T•rget Assembly 

l~Sand 

Safety Endosute 

Fig. 2 Powder gun setup 

allowed the investigators to arrest the deformation process and 
permitted the development of shear bands under controlled 
stress conditions. A disadvantage of using this technique is the 
required use of a split Hopkinson bar, a specialty instrument. In 
addition, precision machining of the test specimen needs to be 
performed prior to testing. The simplest approach to the cre- 
ation of controlled shear bands was that proposed by Chou et 
al. (Ref 15), which achieved controlled-penetration impact 
using a simple drop-weight apparatus to test various types of 
steel specimens. The most salient characteristic of this ex- 
perimental approach is its ability to achieve shear-band for- 
mation in the materials tested at low impact velocities. 

In this paper, the apparatus developed by Chou et al. (Ref 
15) is utilized to study adiabatic shear bands generated in 
commercially pure titanium and pearlitic AISI 4140 steel 
(Ref 21). It is shown that by using this apparatus, well-de- 
fined shear bands with no accompanying cracks can be 
formed by controlling the loading conditions and depth of 
penetration. This is especially important when studying tita- 
nium, because formation of shear bands and crack genera- 
tion are believed to be inseparable in this material. In 
addition, a Lagrangian finite-element code is utilized to 
model the dynamic shear-band formation process. 

2. Experimental Setup 

A schematic diagram, with dimensions, of the cross-sec- 
tional view of the controlled-penetration impact apparatus pro- 
posed by Chou et al. (Ref 15) and used in this investigation is 
shown in Fig. 1. Included in this experimental setup are a pro- 
jectile, an indenter, a stopper, and a backup ring. The projectile 
may be launched toward the indenter in a drop-weight configu- 
ration for low-velocity impact (less than 10 m/s) or from a pow- 
der gun for higher-velocity impact (greater than 10 m/s). The 
projectile then drives the indenter into the target specimen. A 
stopper ring is positioned around the penetrator to stop the pro- 
jectile as it comes in contact with the stopper ring (the momen- 
tum of the projectile is dispersed onto a larger contact area 
when it comes in contact with the stopper ring). The depth of 
penetration is controlled by the difference in height of the pene- 
trator and the stopper. As a result, the projectile does not contact 
the target, and the depth of penetration is fully controlled. A 
backup ring is situated below the target to stop the axial flow of 
the target material everywhere except directly under the in- 
denter region. This allows forced flow of metal into the backup 
hole region, making shear banding more probable at lower ve- 
locities. A backup hole diameter of 6.4 mm was used in this re- 
search. Different stopper thicknesses were used with a constant 
indenter height of 1.778 ram, resulting in various depths of 
penetration. 

2.1 Target Material 

AIS14140 steel in its pearlitic condition and commercially 
pure titanium were used as target materials. Test specimens for 
both materials were machined to a diameter of 25.4 mm and a 
height of 6.4 mm. The steel target specimens were machined 
and then austenitized at 810 ~ for 1 h, after which they were 
allowed to air cool back to room temperature. Titanium was 
used as is, except for machining it into shape. The pearlitic steel 
specimens exhibited a microhardness of 28 HRC, while the ti- 
tanium target specimens exhibited a microhardness of 99 HRB. 
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Fig. 3 AIS14140 (pearlitic structure), transformed band. 200x Fig. 4 AIS14140 (pearlitic structure), transformed band. 200x 

Fig. 6 Sectioned, polished, and etched specimen showing plug- 
ging 

Fig. 5 Schematic of the drop-weight apparatus 

2.2 AIS14140 Steel Test Results 

The first series of tests was performed on AISI 4140 steel: 
The initial test was performed with a prescribed depth of pene- 
tration of 0.75 mm, a backup hole diameter of 6.4 ram, and a 
powder-gun driven projectile speed of 95 m/s. The gun/target 
assembly is schematically presented in Fig. 2, which shows 
components of the controlled-penetration apparatus positioned 
in the target fixture. After testing, all target specimens were sec- 
tioned, mounted, polished, and etched (2% nital solution). This 
first test failed to achieve the desired result of shear-band for- 
mation without fracture. The results, presented in the mi- 
crograph in Fig. 3, show a deformed and transformed shear 
band accompanied by fracture. The transformed band, etched 
white due to the application of the nital etchant, represents a 
phase change of the material within the band (ferrite is trans- 
formed to face-centered cubic austenite, which, due to fast 

quenching by surrounding material, forms martensite). This 
phase change is a direct result of the rise in temperature within 
the band due to plastic strain deformation. 

Another test was performed with a prescribed depth of pene- 
tration of 0.49 mm and a projectile velocity of 100 rrds. The 
depth of penetration was reduced to attempt to form a partial 
shear band with no fracture lines. This test was successful in 
producing a transformed band of approximately 2.18 mm 
length and an average width of 40 Vtm without fractures along 
the shear band. The micrograph of this test result is shown in 
Fig. 4. 

It is notable that, in both cases, shear bands were generated 
at projectile impact velocities significantly lower than the ve- 
locities normally associated with shear-band generation in steel 
(anywhere from 700 to 1500 m/s using typical projectile impact 
experimental setups). In addition, the microhardness within the 
band was found to have increased to 66 HRC, indicating forma- 
tion of martensite. 
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2.3 Titanium Test Results 

The titanium targets were tested using a drop-weight appa- 
ratus because of their significantly softer composition as com- 
pared to steel. A schematic of the experimental setup is shown 
in Fig. 5. The first three tests were performed at a prescribed 
penetration depth of  3.12 mm, with a backup hole diameter of 
6.4 mm for all tests. The mass of the striking weight was 22.5 
kg. The drop height varied from 1.82 m (for an impact velocity 
of 5.97 m/s) in test 1 to 1.52 m (for an impact velocity of 5.45 
m/s) in test 2 and 1.21 m (for an impact velocity of  4.85 m/s) in 
test 3. After each test, the specimens were sectioned, mounted, 
polished, and etched (ammonium hydroxide). In all cases plug- 
ging was observed; a typical result is shown in Fig. 6. 

Careful examination of the prepared test 1 and test 2 sam- 
ples revealed regions of  intense deformation followed by frac- 
ture (Fig. 7 and 8). Figure 7 shows an area close to the plugging 
region where signs of  intense strain leading to crack formation 

are discernible. Another region of  the same specimen (Fig. 8) 
shows a white shear band that exhibits no distinguishable mi- 
crostructure, which hints at formation of a transformed shear 
band in titanium. It appears that the simultaneous existence of  
shear bands and cracks is common in titanium under the experi- 
mental conditions employed for these two tests. 

The experimental conditions used for the third test were suc- 
cessful in generating a shear band without the disadvantage of  
a crack. A clearly formed shear band is shown in Fig. 9. A 
higher-magnification micrograph of this same region is pre- 
sented in Fig. 10, which shows the intense shearing action in 
the shear band with greater clarity. It is clear that the material in 
the band is heavily distorted, and no granular microstructure is 
discernible within the band. These results serve to illustrate the 
versatility of the experimental setup used, so as to  control 
shear-band formation with or without cracking. 

Additional tests were performed to explore less severe shear 
banding by dropping a weight from a height of  1.21 m, with a 

Fig. 7 Intense deformation band in titanium. 200x Fig. 8 Transformed band in titanium accompanied by fracture. 
200x 

Fig. 9 Transformed band formed in titanium without fracture. 
200x 

Fig. 10 Higher-magnification view of transformed band shown 
in Fig. 9. 2000x 
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prescribed depth of penetration of 1.52 mm. These tests re- 
suited in minor bulging in the tested specimen without any 
plugging. Microstructural examination of the target material 
revealed less discernible shear-band formation (Fig. 11). Other 
tests were also performed in which the target material tempera- 
ture was raised to 800 ~ prior to impact. Microstructural ex- 
amination of the tested specimens revealed a much wider shear 
band. 

3. Numerical Experiments 

Numerous attempts have been made to model adiabatic 
shear bands in metals. Most modeling has been done under con- 
ditions of plane-strain compression or tension, with varying 
specimen geometries: incorporating a central hole, without a 
central hole, or with artificial disturbances introduced at their 
centers (Ref 16-18). More recent work by Chou et al. (Ref 15) 
deals with the problem of shear banding due to the axisymmet- 
ric penetration of a cylindrical specimen by a projectile/in- 
denter and is pertinent to the experimental work presented in 
this paper. The modeling work done by Chou et al. is performed 
using a hydrocode, DEFEL, incorporating the lohnson-Cook 
constitutive equation. 

DEFEL computer code is a two-dimensional Lagrangian 
hydrocode designed for analysis of impact problems. The theo- 
retical formulation of this compute code, its capabilities, and its 
effectiveness in dealing with strain-localization problems have 
been extensively demonstrated (Ref 15, 19). One feature of this 

computer code is that it uses constant-strain, triangular-mesh 
elements to model the shear-banding process, a feature that is 
extensively accepted for modeling localized flow problems. 
The inherent rigidity of these elements makes them suitable for 
large deformation analysis of impact problems and precludes 
the introduction of artificial defects or disturbances in the mesh 
to initiate the localization process. 

A finite-element mesh of the previously described experi- 
mental setup was generated and is presented in Fig. 12. Several 
computer simulations were then implemented using the DE- 
FEL computer code to model the formation of adiabatic shear 
bands in copper, steel, and tungsten under identical impact con- 
ditions. Titanium was not used in these simulations due to the 
unavailability of the Johnson-Cook equation constants. In all 
cases the backup hole diameter was set at 11 mm, the depth of 
penetration at 0.8 mm, and the impact speed at 50 m/s. 

Figure 13(a) shows the true stress/true strain curves as de- 
picted by Johnson and Cook (Ref 20) for the three materials. 
Figure 13(b) shows the corresponding simulation results of 
modeling shear banding in these three materials. It is evident 
from Fig. 13(b) that the simulation for steel shows localized de- 
formation in a band. This localization is found to beprimarily 
due to the strain-hardening rate being overcome by the high 
thermal-softening rate in steel. In order to attempt a demonstra- 
tion of the qualitative validity of the simulation model in steel, 

Fig. 11 Deformed band formed in titanium. 200• Fig. 12 Initial geometry of the finite-element model 
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a similar simulation was performed on copper, a material with 
little tendency toward localization of  strain. All  input parame- 
ters were the same except for those related to the material prop- 
erties of copper, referred to above, in Fig. 13(a). Figure 13(b) 

shows the corresponding deformation field for copper, which 
does not show a high tendency toward localized deformation, 
pointing to the ability of  the DEFEL code to discriminate be- 
tween simulation materials. Another simulation was also per- 
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formed with tungsten, a test material which Fig. 13(a) sug- 
gests is more susceptible to localized deformation than steel. 
The results in Fig. 13(b) clearly confirm this, once again 
showing the qualitative sensitivity of  the DEFEL code simu- 
lation that distinguishes shear-band formation tendencies 
between materials. 

One additional consideration relating to the performed 
numerical calculations is that the aspect ratio (the ratio of 
height to base of  a triangular element) of  the finite elements 
must be examined in order to evaluate its effect on the simu- 
lation. Thus, the simulation of  shear banding in steel was 
performed using three different finite-element aspect ratios: 
3 (Fig. 14a), 1 (Fig. 14b), and 1/3 (Fig. 14c). Because the 
width of  the localized region is controlled by the size of  the 
base o f  the triangle, aspect ratios of  less than 1 predict unre- 
alistic widths, underpredicting the length of the shear band. 
The results portrayed in Fig. 14 show that qualitatively best 
results for shear-band formation are produced when the as- 
pect ratio is closer to 1. 

4. Summary of Results and Conclusions 

This paper has experimentally examined the formation of  
adiabatic shear bands in commercially pure titanium and pear- 
litic AISI 4140 steel utilizing a controlled-penetration impact 
experimental setup and has modeled the dynamic shear-band 
formation process using DEFEL, a Lagrangian finite-element 
code. The research results show that the utilization of  the con- 
trolled-penetration impact experimental apparatus signifi- 
cantly lowered the required impact velocity for formation of  
adiabatic shear bands in the materials tested. The length and lo- 
cation of  the formed shear bands were controllable and ex- 
tremely sensitive to the prescribed depth of penetration, 
allowing for the generation of crack-free shear bands. Micro- 
hardness testing of  the band material revealed it to be consider- 
ably harder than the surrounding material, which may indicate 
the existence of  transformed shear bands due to the rapid 
quenching of the heated band material. The finite-element 
simulation results showed that it is possible to qualitatively and 
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realistically model adiabatic shear banding for a range of dif- 
ferent materials. 
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