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Abstract--We analyze transient plane strain thermomechanical deformations of a pre-notched 
4340 steel plate impacted by a 4340 steel projectile in the direction of two parallel notches, and 
study the influence of the impact speed and notch tip radius on the localization of the deformation. 
The pl~Lte configuration is identical to that in Kalthoff's experiments (1987, 1988). There is no 
failure or fracture criterion included in our work. However, the computed evolution of stress and 
plastic ,;train fields strongly suggest that with an increase of impact speed and decrease in notch tip 
radius, there is a failure mode transition from a tensile crack opening at approximately 70 ° to the 
notch ligament to an adiabatic shear band propagating at -5 ° to -15 ° to the notch ligament. This is 
in qualitative agreement with Kalthoff's findings. © 1997 Elsevier Science Ltd 

Key words: A. dynamic fracture, B. elastic-viscoplastic material, finite strain, C. finite elements, 
plate impact. 

I. INTRODUCTION 

Kal thoff  (1987, 1990) and  Kal thoff  and  Winkler  (1988) experimental ly studied failure 
modes in double-notched  and  single-notched polymer  and  steel plates. Kal thoff  showed 
that  with an  increase in the impact  speed, the failure mode  changes from a brittle crack 
inclined at approximate ly  70 ° to an adiabat ic  shear band  inclined at approximate ly  0 ° to - 
15 ° to the notch l igament.  M a s o n  et al. (1994) and  Zhou  et al. (1996a) experimental ly 
studied failure mode  t ransi t ion in single-notched steel and  t i t an ium plates. Rav i -Chanda r  
(1995) conducted similar tests on po lycarbonate  plates. A goal of  these studies was the 
generat ion of mode  II loading condi t ions  at the notch tip and  the corresponding mode of  
failure. Two critical values 1/'1 and  V2 for the impact  speed were found: no  failure was 
observed for impact  speeds below V1; for impact  speeds between V~ and  V2 a brittle crack 
propagates  at approximately  70 ° to the notch l igament;  for impact  speeds exceeding 112, a 
shear band  propagates  in a direct ion inclined at 0 ° to -15 ° to the notch.  Kal thoff  and  
Winkler  (1988) postulated that  the failure mode  depends on  parameter  Vo/x/?6, where V0 

*This paper was presented at the symposium, "Dynamic Failure Mode Selection in Solids", organized by A. J. 
Rosakis, Y. FL S, Rajapakse and R. C. Batra, at Int. Mech. Engg. Congress, San Francisco, 12-17 November 
1995. 
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is the impact speed and r0 is the radius of  the notch tip. Zhou et  al. (1996a) measured peak 
temperatures of  1427°C near the tip of  a shear band in the C-300 steel for an impact speed 
of  42.8ms -~. Shear band speed was found to increase with the impact speed and for a 
fixed impact speed, the band speed varied as it propagated into the specimen. For  an 
impact speed of  30ms  -1, the maximum computed speed of  the shear band equalled 
1200 m s -1. Nechitailo (1995) has reviewed the aforestated works in more detail. 

Here we numerically simulate the experimental set-up of  Kalthoff (1987) and Kalthoff 
and Winkler (1988). We assume that both the double-notched plate and the projectile are 
made of  4340 steel whose thermomechanical deformations are modeled by the Johnson-  
Cook (1983) relation which accounts for strain-hardening, strain-rate hardening and 
thermal softening. The main reason for studying a 4340 steel plate is that values of  mate- 
rial parameters for the Johnson-Cook model are available in the literature. We investigate 
the effect of  the impact speed of the projectile and the radius of the notch tip on defor- 
mations of  the material surrounding the notch tip. Our work differs from the numerical 
work of Zhou et  al. (1996b) who simulated their experimental set-up involving a single- 
notched plate, applied a prescribed normal velocity field at the impacted surface, and 
assumed that a material point behaved like a viscous fluid once the effective plastic strain 
there exceeded the critical value of 0.4. Their prescribed speed seems to be double of what 
it should be and its drop-off time seems to be too low. Also, when we used their input 
velocity, the notch surface adjacent to the impacted material moved laterally and struck 
the other surface of  the notch and transferred momentum to it. Zhou et  al. (1996b) 
applied a large enough force to prevent this. The problem disappeared, at least for mod- 
erate impact speeds, when we accounted for the deformations of  the projectile and fric- 
tional force at the contact surfaces. In our constitutive model, a material point behaves 
like a compressible ideal fluid once its temperature equals the melting temperature of  the 
material. In the Lagrangian formulation, it is difficult to model an ideal fluid since it can 
deform severely with a little force. In the results computed thus far, the temperature at any 
point did not reach the melting temperature of  the material, thus the Lagrangian formu- 
lation can be used throughout the entire analysis. We do not employ any failure criterion 
for the notched plate. Deformations of the projectile are not of  interest in this work. 

II. F O R M U L A T I O N  OF TH E P RO BLEM 

A schematic diagram of  the problem studied is shown in Fig. 1. We employ rectangular 
Cartesian coordinates and the referential description of  motion to analyse dynamic plane 
strain thermomechanical deformations of the bodies. Experimental results indicate that 
deformations of the plate do not vary much through the thickness; thus the plane strain 
mode of deformation is a reasonable approximation to the test results. The deformations 
of the two bodies are governed by the following balance laws of  mass, linear momentum, 
moment of  momentum and internal energy. 

p J  = po, J = detF, 

p0V = Div T, 

TF r = FT r, 

poe = - D i v  Q + tr(TFr). 

(l) 

(2) 

(3) 

(4) 
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Here p is the present mass density of a material particle whose mass density in the reference 
configuration is p0, V is its present velocity, a superimposed dot indicates the material 
time derivative, T is the first Piola-Kirchhoff stress tensor, e is the specific internal energy, 
and Q is the heat flux per unit area in the reference configuration. Here we assume the 
deformation,; to be locally adiabatic, thus Q - 0 .  Also, all of the plastic working rather 
than 90-95% as proposed by Farren and Taylor (1925) and Sulijoadikusumo and Dillon 
(1979) is converted into heating. 
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Fig. 1. A schematic diagram of  the problem studied, the finite element mesh used, and meshes near the notch-tip 
generated by the arbitrary Lagrangian-Eulerian method at time t = l and 3/~s. 
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We presume that the projectile and the plate are made of  an isotropic elasto-thermo- 
viscoplastic material and model it by the following constitutive relations. 

tr = - p l  + s ,p = K(p/po - 1), tr = j-1TFT, (5) 

V 
& = tr + trW - Wo', 2W = grad v - (grad v) r, (6) 

~ = 2 # ( D - r f ) ,  trDP = 0 ,  D = D -  ( ~ t r D ) l ,  (7) 

b = cO - p(p/p2) ,  2D = grad v + (grad v) r. (8) 

In these equations, K is the bulk modulus, # is the shear modulus, c is the specific heat, tr 
is the Cauchy stress tensor, p is the hydrostatic pressure, s is the deviatoric part of  
the Cauchy stress tensor, W is the spin tensor, and ~ is the Jaumann derivative of  tr. 
Equation (7) is a constitutive relation for a linear hypoelastic material; Truesdell and Noll 
(1965) have pointed out that it is not invariant with respect to the choice of  the objective 
(frame-indifferent) stress rate. The deviatoric part Dp of  the plastic strain-rate tensor is 
related to the deviatoric Cauchy stress tensor by 

I) p = As (9) 

where 

A = 0 if either ,/2 < am or J2 = O'm and sijs~j < 0, and 

A > 0 if ,/2 > O'm, or J2 = t~m and sijs~j > O. 

In the latter case, A is a solution of  the nonlinear equation 

{3  ,~1/2 
J2 ~--tYm, J2 ~-" [k~sO's~]) , 

(lO) 

(11) 

am = (A + B(ep)")(1 + C ln(kp/k0))(1 - Tin), (12) 

~p = t r ( r )prf)  , ep = ~pdt, T =  ( 0 - 0 0 ) / ( 0 m - 0 0 ) .  (13) 

Equation (12) is the Johnson-Cook relation (1983) that accounts for the dependence of  
the flow stress am upon the effective plastic strain ep, the effective plastic strain rate ~p and 
the temperature 0; A, B, n, C and m are material parameters, Om is the melting temperature 
of  the material, 00 is the ambient temperature and k0 is a reference strain rate. 

Initially the pre-notched plate is at rest, stress free and at room temperature. The pro- 
jectile is stress free, at room temperature, is moving with a uniform velocity V0 in the 
direction of  the notch ligament and just impacts the plate at time t = 0. 

All bounding surfaces of  the projectile and the pre-notched plate except the impacted 
one are thermally insulated and traction free. At the impacted surface, 
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[v. n] = O, [n. o'n] = O, ft = - ( n .  an)(/zs + (/Zk --/zs)e -#~')t (14) 

where [f] denotes the jump in the values of f on the two sides of the impact surface, n is a 
unit outward normal to the surface, ft is the tangential traction acting along the unit tan- 
gent vector t defined as Vrel/Vrel, values of /zs, /Zk and /~ depend upon the roughness of 
contacting surfaces and Vrel equals the relative velocity of sliding between the two con- 
tacting points./zs and/Zk are the static and kinetic coefficients of friction, respectively, and 
/~ describes the dependence of the frictional force upon the relative speed of sliding. 

HI. COMPUTATION AND DISCUSSION OF RESULTS 

We assigned the following values to various material parameters for the 4340 steel: 

A = 792.19MPa, B = 509.51MPa, C = 0.014, n = 0.26, e0 = 10-3s -1 

m = 1.03, K =  157GPa, /z = 76GPa, 0m = 1520°C, 

c = 452.I kg-l°C - l ,  P0 = 7850kgm -3, /zs = 0.18, #k = 0.05 and/~ = 0.0055. 

(15) 

These value,; of material parameters in the Johnson-Cook model are taken from Rajen- 
dran's report (1992) and are based on test data at strains, strain rates and temperatures 
higher than those originally used by Johnson and Cook; however, the maximum strains, 
strain rates and temperatures involved in these tests are much lower than those likely to 
occur in a shear band. For large variations in temperature, nearly all of the material 
parameters in eqn (12) and the shear and bulk moduli are temperature dependent (e.g. see 
Klepaczko et al., 1987). However, this has not been considered mainly because of the lack 
of such data. 

An approximate solution of the initial-boundary-value problem formulated above is 
obtained by using the large scale explicit finite element code DYNA2D developed by 
Whirley et al. (1992). It uses quadrilateral elements, one-point integration rule to evaluate 
various integrals, and an hour-glass control to suppress the spurious modes. It selects the 
time step adaptively to satisfy the Courant condition and the time step decreases as 
the mesh gets severely distorted during the development of a shear band. We use the 
Lagrangian-Eulerian option to rezone the deforming region; however, too frequent 
remeshing may smooth out the field variables, thereby delaying the localization of 
the deformation into narrow bands, and lessening the intensity of the plastic strain within 
these narrow regions. In the results presented below, the deforming region was rezoned 
after every 1195 time steps; numerical experiments gave this to be a good value to use. 
Magnified meshes near the notch tip at t = 1.0 and 3.0/zs are exhibited in Fig. 1. 

As in all numerical studies involving the localization of plastic deformation into narrow 
bands, except those using higher-order theories involving one or more material charac- 
teristic lengths (e.g. see Needleman, 1988, Batra and Hwang, 1994), results presented 
below are likely to be mesh dependent. The finite element mesh used here was optimized 
to minimize errors in the numerical solution at the notch tip and give computed speed of 
the longitudinal wave nearly equal to the analytical value. 

Because of the assumption of locally adiabatic deformations, the balance of internal 
energy (4) reduces to 
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pcAO = tr(slY)At. (16) 

Hence the time step is controlled by the mechanical problem, and the incremental temper- 
ature change at a quadrature point can be determined from eqn (16). 

The problem is symmetrical about the horizontal centroidal axis; thus deformations of  
only the upper half of the projectile and the pre-notched plate are analysed even though 
some of  the results presented are for the entire region. We first fix the notch tip radius r0 at 
0.15 mm and study the effect of  the impact speed; subsequently we analyse the effect of  
varying the notch tip radius, and the initial yield stress of the material on deformations of 
the plate. 

IV. EFFECT OF IMPACT SPEED 

Figure 2 depicts for V0 = 25 m s -1 the time history of  maximum shear stress, hoop 
stress and effective plastic strain at four points a, b, c and d adjacent to the notch surface 
and making an angle of  + 5 ° and + 70 ° to the notch ligament. The loading wave arrives at 
the notch tip at about 10/zs after impact which agrees with the analytical estimate since 
longitudinal wave speed = (Young's modulus/mass density)l/2=5.02 mm/zs -1 and the 
time taken for the wave to arrive at the notch tip = (50/5.02) = 9.96/zs. The effective plastic 
strain grows rapidly at points a and c where the maximum shear stress is also higher than 
that at points b and d; the locations of  these points on the notch surface are indicated in 
the insert of  Fig. 2. However, the maximum tensile hoop stress occurs at point b, and the 
magnitude of the compressive hoop stress at point d is more than that of  the tensile hoop 
stress at point b. Thus for a material weak in tension, the failure will initiate along a line 
making an angle of  70 ° to the notch axis and a material weak in shear will fail along the 
notch ligament. Once a crack has initiated, new surfaces are created, and the domain of 
the initial-boundary-value problem will change. We note that the effective plastic strain 
rate at points a and c varies with time and its maximum value occurs for 26/zs < t < 33/zs 
and equals about 8600 s -1. 

Figure 3 exhibits contours of  maximum shear stress, distribution of  hoop stress and 
contours of effective plastic strain in the vicinity of the notch tip at time t = 39.2/zs after 
impact. It is clear that the region with the maximum plastic strain advances straight ahead 
of  the notch tip and the notch tip has also been deformed. The maximum shear stress 
occurs in a region in front of the notch tip, and the hoop stress is tensile in the region 
above the notch ligament but compressive in the region below it. For  11/zs < t < 52/zs, 
the hoop stress is compressive in the region where maximum shear stress attains its 
extreme value. Thus a shear band will propagate essentially along the notch ligament 
within a region of high maximum shear stress and small compressive stress. A tensile 
crack, if one initiates owing to high tensile hoop stresses, will propagate along the direc- 
tion of 70 ° to the notch axis. Without knowing which material parameter should attain a 
critical value for the initiation and propagation of  a shear band, a shear crack and an 
opening crack, it is hard to decide which failure mode will initiate first. Kalthoff's experi- 
ments suggest that more energy is needed for a shear band and/or a shear crack to initiate 
and propagate as compared with that for a tensile opening crack. 

In Fig. 4 we have plotted the evolution of  the horizontal component of velocity at three 
points on the impacted surface. During the time interval 3/zs < t < 44/zs, the magnitude 
of  the horizontal component of  velocity at these points is about one-half of  the initial speed 
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of the projectile. At 49.8/zs the tensile wave refected from the free end of the projectile 
arrives at the impacted surface and separates the two bodies. Subsequently, all surfaces of 
the pre-notched plate are traction free and its deformations ensue mainly because of 
kinetic and potential energies imparted to it during the first 49.8/zs of impact. We note 

c / k , _ ~  ^ _ _ ^  c = o.22 
d = 0 . 3 0  

i0 mm e = 0.37 

' ' Maximum shear stress, GPa 

5 m*, ,(9. -0.75 < a < -0.29 
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C = 5.1% 

d = 6.8% 

e = 8.5% 

Fig. 3. Contours  of  max imum shear stress, distribution of  hoop stress, and contours of  effective plastic strain in 
the vicinity o f  the notch tip at t = 39.2/~s after impact. Impact speed = 25 m s -E, notch tip radius = 0.15 mm. 
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that the rise', time of the horizontal velocity of  points a, b and c is about 3-5/zs but the 
drop-off time is close to 10/zs. Also the horizontal component of  velocity at points a, b 
and c does not become zero, simultaneously implying that the reflected wave is not plane, 
which is to be expected since waves reflected from the lateral boundaries will interact with 
the wave rettected from the left edge of  the projectile. 

The shapes of  the notch at different times during the deformation process are shown in 
Fig. 5. The upper and lower surfaces of  the notch move owing to shear and compression. 
Even thoug]~ the notch tip at t = 78.4/zs appears circular, its radius has decreased and its 
width is no ]Longer uniform. Also, the notch tip during the intervening times is not circular. 
Numerical :simulations conducted for 1Io = 30 m s- l, 35 m s-l  and 40 m s-1 gave results 
similar to those obtained for V0--25 m s - l  except that the peak values of the effective 
plastic strain, hoop stress and the maximum shear stress at points a, b, c and d adjacent to 
the notch surface were higher than the corresponding values for V0 = 25 m s - l .  Also, more 
of  the plate material was severely deformed as compared with that for V0--25 m s -1. In 
Fig. 6, we ihave plotted, at different times, the variation with the impact speed of the 
effective plastic strain at points b and c on the notch surface. As in Fig. 2, lines joining 
points b and c to the center of  the notch are inclined at 70 ° and - 5  ° to the notch ligament. 
It is evident that the effective plastic strain at point b remains small even for 
1Io--50 ms- l ;  however, the tensile hoop stress there is large and increases with an 
increase in V0. At point c effective plastic strain is large and maximum shear stress is also 
significant but the hoop stress is compressive. 

At an impact speed of  100 m s -l  , the plate material between the two notches expanded 
laterally (owing to Poisson's effect) by an amount  large enough to close the gap and 
impact the upper surface of the notch. In order to avoid closing of  the notches we changed 
the surface of  the notch further away from the axis of  symmetry of  the plate, made the 
notch width stepped increasing toward the impacted surface. This should not affect 
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deformations of the plate material abutting the notch tip. As shown in Fig. 7(a), the 
effective plastic strain at points c ( -5  °) and d ( -10  °) grows rapidly, and for t > 56#s is 
maximum at point d. The evolution of the maximum shear stress at four points on the 
notch surface located on lines making angles of + 5 °, -10  ° and -70  ° with the notch axis, 
plotted in Fig. 7(b), shows that the maximum shear stress at point d (at -10  ° to the notch 
ligament) begins to decrease gradually at t = 30#s. The rate of drop of the maximum 
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shear stress accelerates at t = 65/zs. One usually associates the drop in the load carrying 
capacity of a material point with the initiation of a shear band there (Marchand and 
Duffy, 1988); thus a shear band initiates at point d at about t=30/zs and intensifies at 
t = 65/zs. Figure 8(a) exhibits the deformed notch tip and contours of the effective plastic 
strain in the region surrounding the notch tip. It is clear that the notch tip has severely 
deformed owing to shear; at t=  53.2/zs it has translated in the direction of impact by 
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Fig. 7. Time histories of  effective plastic strain and maximum shear stress (GPa) at four points adjacent to the 
notch tip on lines making an angle of (a )  5 °, (b) 70 °, (c) - 5  ° and (d) - 1 0  ° to the notch axis for an impact speed of 
100 m s-  l and notch tip radius = 0.15 mm. 
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approximately 0.92 mm owing to deformations of the material on the traction free surface 
of the notcla but mostly owing to the rigid body motion of the plate. The contours of the 
effective plastic strain evince that the deformation has localized in a direction approxi- 
mately - 5  ° to the notch ligament. We recall that no failure criterion is included in our 
work. We regard the region with effective plastic strain exceeding 0.50 as the region 
occupied by a shear band and have plotted in Fig. 8(b) the distance of the farthest point in 
this region from the notch tip versus time. The slope of this curve equals the speed of a 
shear band, and the average speed so computed equals 67 m s - l .  For a single notched 
speciment of C-300 steel, Zhou et al. (1996a) found the speed of a shear band to vary from 
80 m s-t to 1200 m s -1 during the course of its propagation from the notch tip. We note 
that Batra and Zhang (1994) studied thermomechanical deformations of a 4340 steel thin 
tube fixed at one end and twisted at the other end by applying a tangential velocity. They 
found that for a nominal strain rate of 1000 s - l ,  the contour of shear strain of 2 initiating 
from a defect at the middle of the tube, propagated circumferentially in both directions at 
a speed of 40ms -1 at the instant of initiation, to 260ms - l  when it almost reached the 
diametrically opposite point. Batra and Peng (1996) studied the development of shear 
bands during the perforation of a 4340 steel plate, and estimated the average speed of a 
shear band to be about 71ms -1. As pointed out by Zhu and Batra (1991), amongst 
others, the instantaneous speed of a shear band depends on the local strain, strain rate 
and temperature. 

V. INFLUENCE OF THE NOTCH TIP RADIUS 

Keeping the impact speed fixed at 35 m S -1, we now vary the notch tip radius. Figure 9 
depicts for ro = 0.4, 0.6 and 0.8 mm the time history of effective plastic strain at points a, b, 
c and d adjacent to the notch surface; their orientations are illustrated in the insert to 
Fig. 2. These plots suggest that for any fixed value of time, the effective plastic strain at 
these four points decreases with an increase in the value of the notch tip radius r0. Also, 
with an increase in to, deformations around the notch tip tend to become uniform. For the 
four values of r0 (results for r0 = 0.15 mm and V0 = 35 m s -l  were discussed in the previous 
section), the effective plastic strain begins to grow first at point d but eventually higher 
values occur at point c for ro =0.15, 0.4 and 0.6mm, and at point a for r0 =0.8mm. For 
r0=0.8mm, plastic deformations at t=160/zs appear to be relatively uniform in the 
region adja.cent to the notch tip. Figure 10(a) shows at t = 20, 40 and 60~s, the effective 
plastic strain at points b (70 °) and c ( -5  °) as a function of the notch tip radius r0. The 
notch tip radius has very little effect on the plastic deformations at point b but significant 
effect on the plastic deformations at point c. However, the effect of the notch tip radius on 
the maximum tensile hoop stress induced during the time interval 10/zs< t<60/zs  at 
point b is minimal but that at point d for 7 0 # s < t <  100#s is noticeable as shown in 
Fig. 10(b). The general nature of the distribution of the hoop stress in the deforming plate 
region remains unaffected by the value of r0. 

Figure 1 l(a) depicts the distribution, at 47.6/zs after impact, of the maximum shear 
stress in the plate for ro = 0.4mm and V0 = 35 m s -1. It is clear that the maximum shear 
stress in a narrow region emanating from the notch tip and ending at the free surface has 
exceeded 0.4 GPa. The deformed shape of the plate at 47.6/zs, shown in Fig. 1 l(b), indicates 
that it has bent as if bending moments were acting on its top and bottom edges; the deformed 
shape is plotted with a displacement scale factor of 20 to illustrate its deformations. 
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Fig. 10. (a) Effect of the notch tip radius, r0, on effective plastic strain at two points adjacent to the notch tip in 
the directions of 70 ° and - 5  ° to the notch ligament. (b) Effect of the notch tip radius, r0, on the maximum tensile 
hoop stress at point b (70 °) dunng 0#s <_ {_< 60/~s, and point d ( -70  °) during 70#s _< t _< 100/is for impact 
speed = 35m s -1. 

VI. EFFECT OF MATERIAL'S YIELD STRESS 

One of the main differences between the C-300 steel tested by Zhou et  al. (1996a) and 
the 4340 slLeel is that the initial yield strength (value of  parameter A in the Johnson-Cook 
model) for the C-300 steel is much higher than that for the 4340 steel. In order to delineate 
its effect, we increased the value of  A from 792 to 2000 MPa, and kept values of  remaining 
parameters in the Johnson-Cook model for both the projectile and the pre-notched plate 
unaltered. Figure 12 illustrates the evolution of effective plastic strain and maximum shear 
stress at four points a, b, c and d (cf. the insert to Fig. 2) on the notch surface for 
V0 = 100 m s-1 and r0 = 0.15 mm. A comparison of  these results with those in Fig. 7 reveals 
that effective plastic strains induced are much higher in the steel with A = 2000 MPa as 
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compared with those in the steel with A -- 792 MPa. The drop in the maximum shear stress 
at points a, c and d indicates that a shear band initiates at - 5  ° to - 1 0  ° to the notch liga- 
ment soon after the initial loading wave arrives at the notch tip at t = 10#s. The shear 
band initiates also at 5 ° to the notch ligament at t = 28 #s. The evolution of  the effective 
plastic strain suggests that the shear band at point d is dominant as it has the maximum 
effective plastic strain among the bands at points a, c and d. Since it is highly unlikely that 
a material point will sustain plastic strains of  200% without fracture, a shear crack will 
initiate at point d, i.e. in the direction o f -  10 ° to the notch ligament. The initiation of  a 
crack results in the formation of  new free surfaces and changes the boundaries of  the 
domain analysed. 

vii. CONCLUSIONS 

We have analysed plane strain thermomechanical deformations of  a pre-notched 4340 
steel plate impacted at the notched surface by a 4340 steel projectile. The material is 
modeled by the Johnson-Cook  relation that accounts for its strain hardening, strain-rate 
hardening, and thermal softening. The effect of  impact speed, notch tip radius and the 
quasistatic yield stress of  the material on deformations of  the material in the notch-tip 
vicinity has been delineated. With an increase in the impact speed, effective plastic strains 
grow faster at points situated adjacent to the notch-tip surface and making an angle of  5 ° 
to - 1 0  ° to the notch ligament. The growth rate of  effective plastic strain at points in the 
70 ° and - 7 0  ° directions is essentially unaffected by the impact speed. The plastic strain 
localization may result in shear cracking within a zone of  maximum shear and compressive 

O<a<O.l 
0.1<b<0.2 
0.2<c<0.3 
0.3<d<0.4 
0.4<e<0.5 

(a) (b) 

Fig. 11. Distribution of maximum shear stress (GPa) and deformed shape of the double notch plate (displace- 
ment scale factor = 20) at 47.6 #s. Impact speed = 35 m s -~, notch tip radius = 0.4 mm. 
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hoop stresses at points in an angular sector of  0 ° to - 1 0  ° to the notch ligament. The 
maximum tensile hoop stress occurs at points on the notch surface in the 70 ° direction and 
may result in an opening crack; these values are essentially unaffected by the notch tip 
radius. However, at points on the notch-tip surface in the - 7 0  ° direction, the tensile hoop 
stress grows with an increase in the notch tip radius r0. Also, for large values of r0, the 
plastic deformations are uniformly distributed around the notch tip. An increase in 
the quasistatic yield stress of  the material results in much higher plastic strains at points 
on the notch-tip surface with a shear band initiating first at a point in the - 1 0  ° direction 
to the notclh ligament. 
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Fig. 12. Tim,+= history of  effective plastic strain and maximum shear stress (GPa) at four points on the notch 
surface for impact speed = 100 m s -1, notch tip radius = 0.5 mm,  and material parameter  A = 2000 MPa. 
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