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The penetration of a steel rod into an aluminum alloy plate is a complex pro-
cess revealing major features of the material plastic flow at high strain rates. The
computer simulation of such a process with the use of a nonlinear viscoelasto-
plastic model of the material can be used to evaluate the influence of high strain
rate on its resistance to penetration, but practical application of these models
remains difficult. Therefore the development of simplified engineering models of
the rod-plate interaction and the estimation of the relationship between the pro-
cess parameters and physical-mechanical characteristics of the material are still
of interest. Such results are useful for revealing the influence of high strain rates
and other peculiarities of plastic flow on the resistance to penetration of rods
into plates of limited thickness.

The assumptions used in engineering models accounting for the effects of
strength on the penetration process can be validated with the help of numerical
simulation. For elimination of some effects masking the influence of strength, in
the majority of published results, the velocity of steel rod varied in the range
from 200 to 1000 m/s and plastic strains in this rod were neglected.

The analyses of experimental results obtained at penetration of steel rods
into aluminum plates of different strength and thickness is here presented. The
influence of viscosity effects on the penetration process is also investigated in
this paper using computer simulation.

2. EXPERIMENTAL ANALYSIS

We have analyzed the results [6], obtained in experiments concerning penetra-
tion of a flat-faced steel rod of diameter d = 14.5 mm, and of length { = 50 mm,
into AMg6 soft aluminum alloy plates of thickness B = 30 mm and 60 mm, or
into Al-Zn-Mg hard aluminum alloy plate of thickness B = 30 mm. Two seg-
ments with a corner point represent the penetration curve L(V) - Fig. 1. In all
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Fi1G. 1. Steel rod penetration depth L vs impact velocity V: 1- AMg6 alloy, B = 30 mm,;
2- AMgb6 alloy, B = 60 mm; 3-Al-Zn-Mg alloy, B = 30 mm.
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experiments, the penetration started at the velocity Vp ~ 70 m/s. In the range
of velocities from Vj = 70 m/s to the value at the corner point V, (for AMg6
alloy plate of B = 30 mm: V,; = 220 m/s and L = 7 mm, of B = 60 mm
V.o = 460 m/s and L = 17.5 mm), the penetration depth L grows linearly with
velocity; the linear segments exhibit the same slope. The thickness of a loaded
plate does not influence the value V) and the above slope; for a thicker plate, the
slope behind the corner point is steeper. For an Al-Zn-Mg alloy plate of higher
strength (B = 30 mm, Vi, = 240 m/s and L = 5 mm), the slope of the first
segment is lower than that for the AMg6 plate.

Let us now analyze the above data using the concept of wave effects in loaded
plates. When V' < Vj, at the initial moment of interaction a plane wave with the
stress amplitude at the front is initiated near the rod-plate contact surface:

(2.1) or = (pa)1V/[1 + (pa)2/(pa)1],

where p and a are the density and the velocity of a longitudinal wave; indices 1
and 2 refer to the rod and the plate materials, respectively. If V' = Vj, this stress
is close to the Hugoniot elastic limit, i.e. pressure on the contact surface for one-
dimensional strain state in the elastic plane wave. Assuming p = 780Q kg/m?,
a = 5000 m/s for steel rod, and p = 2800 kg/m3, a = 6000 m/s for aluminum
alloy at Vo = 70 m/s, the Hugoniot elastic limit for the alloy is g = 830 MPa.
As the wave propagates into the plate, the stress amplitude at the elastic wave
front decreases with a simultaneous change of the stress state, and change of the
ratio of stress tensor components behind this front. At higher velocities V> V,
essentially inelastic strain effects appear in the plate. Plastic strains in the rod
made of the material with higher yield strength can be neglected. This causes
the formation of a cone in aluminum plate adjoining the rod face. If this cone
remains unchanged, its resistance to penetration is determined by the plastic
flow around this cone head.

The corner point V, on the penetration curve cannot be connected with wave
processes in the rod, since the curve L(V') varies with the thickness of a loaded
plate. Thus, this corner point can be only a result of an abrupt change of the
stress state caused by wave processes in the plate. This point is associated with
the effect of a loading wave (coming from the rod-plate interface) reflected from
the free back surface on the stress-strain state near the cone head. Since the
penetration rate of the rod head is determined by its deceleration, connected
with the stress field in the plate near the contact surface, an unloading wave
affects this rate. Assuming that the corner point on the curve L(V') is associated
with the effect of the reflected wave, let us analyze the experimental penetration
data for plates of thickness 30 mm and 60 mm corresponding to the area near
the corner point. These data in the range of velocities Vy < V' < V; are described
by the linear relationship
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(2.2) L(V) = s(V = Vo),

where the coefficient « for the first linear segment does not depend on thickness
of the plate. In accordance with the above assumption, relationship (2.2) is valid
until an intense unloading wave, reflected from the back surface of the plate,
reaches the contact surface. When the plate thickness changes, the penetration
depth corresponding to the corner point varies with the time of penetration prior
to the arrival of the reflected wave.

According to the known literature data, a loading wave with a front similar to
the spherical one propagates from the contact surface of the rod into the plate, its
intensity decreasing by the ratio (r./r)® (r., are the radii of the loaded spherical
cavity and of the wave front, parameter @ > 1). Therefore the small effect of
the first wave reflected from the free surface on the stress-strain state near the
contact surface cannot sharply change this state, but after its repeated reflection
and development of plastic strain, the stress-strain state becomes essentially
different from the initial one, i. e. without the influence of the reflected wave
effects. Let us assume that an abrupt change of the stress-strain state near the
contact surface corresponding to the corner point V, is connected with the effect
of the front of an intense unloading wave after its repeated reflection from the free
surface. When the plate thickness changes, the intensity of the unloading wave
coming to the contact surface is maintained due to the corresponding increase
in the initial wave intensity, i.e. due to a higher impact velocity proportional
to the plate thickness. Thus, for the plate of thickness By, the impact velocity
Via = Vi1(B2/B1) corresponds to the corner point. Taking into account that
k = L,(Vix — V), the penetration depth L., at the velocity Vi is obtained:

(23) Ly, = H(K? B ‘/0) = L*l(‘/*Q o VO)/(V*I = VE)) .

Using data for penetration into the AMg6 plate of thickness 30 mm: L,; =
7.0 mm, Vi; =220 m/s, Vp = 70 m/s and Vi = 460 m/s, the calculated depth
of penetration into the plate of thickness 60 mm: L., = 7.0- (460 —70) /(220 — 70)
~ 18.2 mm, corresponding to the corner point, is in a fairly good agreement with
experimental data — Table 1.

Table 1. Experimental and calculated data for characteristic points
on the penetration curve for AMg6 plate.

Experiment Calculation
V,m/s | L, mm | B,mm | L/B | (I/B)(V/V. -1)
220 7.0 30 0.233 3.571
380 20.0 30 0.667 7.380
460 18.2 60 0.303 4.640
575 30.0 60 0.500 6.012




EXPERIMENTAL AND COMPUTER ANALYSES ... 221

The intensity of the stress-strain state near the contact surface, caused by
the influence of the unloading wave, varies continuously at impact velocities at
V > V.. In this case, the resistance to penetration is determined by the stress-
strain state in the plate near the contact surface as a result of the direct effect
of the rod penetration and the reflected unloading wave. The latter one causes
non-uniform three-dimensional tension, which contributes to further penetration
of the rod and makes the penetration curve steeper after the corner point. At
higher plate thickness, where radius of the spherical unloading wave front is
larger, wave effects are less effective on the resistance of the rod to penetration
at the same depth.

Reduced penetration depth, corresponding to the intersection point, is ob-
tained at rod penetration into a plate of harder alloy (with a higher strength)
without essential change of line segment in the curve L(V') inclination. Slight
change of the penetration rate for soft and hard aluminum alloys can be at-
tributed to the difference in wave velocities and parameters determining the
kinetics of the material flow.

On the basis of experimental relation (2.2), the change of the rod momentum
for Vo > V> V, is equal to

(2.4) §(mV) = Pét = (mV/x)dt,

where m is the mass of the rod. Hence the longitudinal load on the interface at
penetration P = mV/k is proportional to the penetration rate V. The middle
pressure on the rod head, with the static H,, viscous H, = pe’ and hydrodynamic
H, = pV%/2 components taken into account

(2.5) p = (pl),V/k = Hs + pe’ + p2V?/2 = pe’

reaches the value p' ~ 3.87 GPa near the corner point Vo= 460 m/s at pene-
tration into AMg6 aluminum alloy, taking the length of steel rod I = 0.05 m
and k~! = (460 — 70)/0.0182 = 21400 s~'. In the above listed experiments,
the maximum value of hydrodynamic pressure on the rod at stable penetration
in aluminum alloy, assuming that V < 460 m/s, p, = 2800 kg/m3: p,V2/2 <
2800 - 4602 /2 =~ 0.3 GPa, and the static resistance (with the account of the adi-
abatic heating of the material) H; < 0.83 GPa are relatively small, the viscous
component of resistance corresponding to the experimental linear relation L(V)
prevails.

The characteristic strain rate of the material near the rod head is determined
by its diameter €’ &~ 2V'/d. Therefore, the average value of the viscosity coefficient
calculated from experimental data: p = (pl),d/k = (pl)r(Va — Vi)d/(2L2) =
7850- 0.050-0.0145 (460-70)/(2-0.0182) =~ 60000 Pa-s, in the range of strain rates:
g’ ~ 2V /d = 500050000 s~!, is in good agreement with the known experimental
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data [7]. The linear relation L(V') points to the fact that over the rod velocity
range under investigation, the effects of the viscous flow of the material prevail
near the contact surface, despite a possible increase in temperature near this
surface.

Using the above approach [7, 10], the penetration results in Fig. 1 can be
represented in the dimensionless coordinates: L/B - (I/B)(V/V . —1) as a single
curve — Fig. 2. This confirms the accepted assumption of the influence of wave
processes in the loaded plate, their scale being determined by the plate thickness,
on the penetration depth.
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FiG. 2. Experimental penetration data in the dimensionless coordinates.

3. COMPUTATIONAL ANALYSIS

3.1. Equations of state of the plate material

Viscoplastic model of the material behavior under dynamic loading was used
for numerical calculations. Plastic strain rate intensity 5;, as the function of the
overstress o7 — g (€p) was calculated by the known Perzyna’s equation:

04 =10 st(5p)
N’(Epa 5;))
In this equation o; is the strain intensity and oy (ep) is the stress under quasi-
static loading with low strain rate e; as the function of plastic strain intensity €.

Equation (3.1) for stress intensity is usually written in simple form with linear
and nonlinear viscosity components of strength at plastic flow [9],

(3.1) €p =

/!

€
(3.2) o=0st(ep) + K(ep) - In (i) + 12 Ep
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For simplification of the analysis of viscosity effects at penetration, most
of the calculations were performed for a constant viscosity factor u, the range
of which corresponds to those determined experimentally in tests on structural
materials, i.e. aluminum alloy D16 and high-strength steel (7, 8].

Stress-strain relation under quasi-static loading o(e,) used in calculations
accounts for strain hardening as well as for softening (the latter can be essential
at high strain rate and large strain due to their development in the material
damage and to adiabatic increase of temperature during plastic flow):

(3.3) oslep) =ov(1+A-eP)(1-B-e),

where oy is the yield stress of the material under quasi-static loading.

3.2. Scheme of numerical calculations

Application of the program IMPRO based on triangular finite element code
developed in the Institute of Problems of Strength, National Ukrainian Academy
of Sciences [9], was used for computer simulations of two-dimensional axisym-
metric penetration problems.

Plastic strain rate was calculated using the value of “overstress” according to
the visco-plastic model of Perzyna with coefficient of viscosity appropriate to the
experimental data for an aluminum alloy D16 and heavy high-strength steel. Two
variants of impact interaction of a rod and steel plate were considered. These
variants include penetration of a rigid (elastically non-deformable) rod with a
conical head part (apex angle of 90°) and penetration of a plastically deformable

FiG. 3. Finite element grid (a) and contour lines of stress intensity o; (b) after 16 ms of
penetration into thick aluminum alloy D16 plate (v = 400 MPa, A = 0, p, = 10* Pa's with
the initial hole of 25 mm depth) of the rigid rod (of 10 mm diameter with conical head,

V =400 m/s).
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rod of the same geometry. Intense plastic flow in the plate (near the contact
surface) causes large distortions of the grid, so transformed finite elements were
used after a certain period of time. Calculations of a rod penetration into the face
layer of the plate and into the bottom of the cylindrical cavity of 2.5-diameter
depth (to eliminate the front face influence on stress-strain distribution in the
plate near the contact surface) were conducted. The typical variant of a grid used
for finite element code simulation of a steel rod penetration is shown in Fig. 3.
Number of cells along the rod radius (usually equal to 5...7) enables adequate
accuracy of such calculations.

3.8. Numerical results

Evaluations of the influence of strength effects on penetration were limited
to penetration of a steel rod into heavy plates made of steel of different strength
and high strength D16 aluminum alloy, with variable strain hardening/softening
and variation of linear viscosity factor. More than 50 combinations of parameters
material equations of state in the plate and various loading conditions were used
in simulation of the rod penetration. The main variants presented in the paper
include variation of:

e the yield stress of the plate material, strain hardening/softening, defined
by the set of parameters A, B and n in Eq. (3.3),

e parameters K,y in the equation (3.2) defining the influence of linear and
nonlinear viscosity on the stress intensity at plastic flow; p = 3pu;;
pr = 01/0y, (7,7 and p are quasi-static values of stress, strain rate and
viscosity coefficient in shear),

e the rod diameter which influences the maximum strain rate and stress-
strain distribution are very effective and display the scale effects, that is
the influence of the reference strain rate V/d.

The velocity of impact in calculations varied in the range from 200 to 1500 m/s,
but the majority of results were obtained for velocities of the range from 200 m/s
to 400 m/s, corresponding to low or negligible hydrodynamic (inertial) pressure
masking the influence of a plate material strength. Significance of inertial compo-
nent of pressure was confirmed by additional calculations with different densities
of the plate material.

The distributions of stresses, strains and their rates (oy, oy, €, €'), loss of
kinetic energy, deceleration of the rod, geometric form and extension of plastic
flow area, were compared for different variants of calculations. Some results of
calculation are shown in Fig. 4 a—d.





















