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Viscoplastic Effects Occurring in
Impacts of Aluminum and Steel
Bodies and Their Influence on the
Coefficient of Restitution

Generally speaking, impacts are events of very short duration and a common problem in
machine dynamics. During impact, kinetic energy is lost due to plastic deformation near
the contact area and excitation of waves. Macromechanically, these kinetic energy losses
are often summarized and expressed by a coefficient of restitution, which is then used for
impact treatment in the analysis of the overall motion of machines. Traditionally, the
coefficient of restitution has to be roughly estimated or measured by experiments. How-
ever, more recently finite element (FE) simulations have been used for its evaluation.
Thereby, the micromechanical plastic effects and wave propagation effects must be un-
derstood in detail and included in the simulations. The plastic flow, and thus the yield
stress of a material, might be independent or dependent of the strain-rate. The first
material type is called elastic-plastic and the second type is called elastic-viscoplastic. In
this paper; the influence of viscoplasticity of aluminum and steel on the impact process
and the consequences for the coefficient of restitution is analyzed. Therefore, longitudinal
impacts of an elastic, hardened steel sphere on aluminum AL6060 rods and steel S235
rods are investigated numerically and experimentally. The dynamic material behavior of
the specimens is evaluated by split Hopkinson pressure bar tests and a Perzyna-like
material model is identified. Then, FE impact simulations and impact experiments with
laser-doppler-vibrometers are performed. From these investigations it is shown that
strain-rate effects of the yield stress are extremely small for impacts on aluminum but are
significant in impacts on steel. In addition, it is demonstrated that it is possible to
evaluate for both impact systems the coefficient of restitution numerically, whereas for the
aluminum body a simple elastic-plastic material model is sufficient. However, for the steel
body an elastic-viscoplastic material model must be included. [DOI: 10.1115/1.4000912]

Keywords: impact, coefficient of restitution, aluminum, steel, finite elements, experiment,

strain-rate effect, plasticity

1 Introduction

Impacts are a common problem in many machine dynamic ap-
plications, e.g., gear trains, electromagnetic valves, or hammer
drills. Impacts are events of very short duration during which
kinetic energy of the rigid body motion can be lost due to inelastic
deformation of the contact area and excitation of waves in the
bodies [1-3]. Even in low velocity impacts typically found in
machine dynamics, these two effects often occur simultaneously.
Macromechanically, these kinetic energy losses are often summa-
rized and expressed by a coefficient of restitution. There are
mainly three definitions of the coefficient of restitution, namely,
kinematic, kinetic, and energetic definition of the coefficient of
restitution [4]. In this paper, the kinetic definition of the coeffi-
cient of restitution is chosen, which is defined as the ratio of
impulse during compression and restitution phase. The coefficient
of restitution forms the basis for impact treatment by continuous
compliance models [5] or instantaneous impact models [6]. These
are most useful in the analysis of the overall motion in machine
dynamics.

The coefficient of restitution must be estimated from experience
or measured by costly experiments. Several experimental results

lCorresponding author.

Contributed by the Applied Mechanics Division of ASME for publication in the
JOURNAL OF APPLIED MECHANICS. Manuscript received February 20, 2009; final manu-
script received November 20, 2009; published online April 9, 2010. Assoc. Editor:
Vikram Deshpande.

Journal of Applied Mechanics

Copyright © 2010 by ASME

for the coefficient of restitution are available in literature, see,
e.g., Refs. [7-9]. More recently, finite element (FE) simulations
have been used to numerically evaluate the coefficient of restitu-
tion [10-12]. In order to have sound results, the micromechanical
plastic effects and wave propagation effects need to be understood
in detail and included in the simulations.

While for some materials the plastic flow is independent of the
strain-rate, other materials show a significant increase of the yield
stress with the strain-rate [13]. The first type of material behavior
is referred to as elastic-plastic material behavior, whereas the sec-
ond type is referred to as elastic-viscoplastic material behavior.
Material tests available in literature, see, e.g., Ref. [13], show for
aluminum alloys only little influence of the strain-rate, conversely
steels often have a distinct elastic-viscoplastic material behavior.
For impacts of aluminum bodies assuming elastic-plastic material
behavior, there are several numerical results available in literature,
e.g., Refs. [10,11], and validated experimentally [2,3,12,14].
However, in machine dynamics the effects of strain-rate sensitiv-
ity of the yield stress on impact process and its influence on the
coefficient of restitution has not yet been investigated in great
detail. Very few numerical and experimental results for machine
dynamics impacts of steel bodies with elastic-viscoplastic material
behavior are available [15,16].

In this paper, the focus is on a detailed analysis of the influence
of viscoplasticity of aluminum and steel on the impact process and
the consequences for the coefficient of restitution. Aluminum
AL6060 and steel S235 are chosen as experimental materials.
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Table 1 Basic material data of the impact systems

Young’s modulus Density

Material (GPa) Possion ratio (kg/m?3)
Sphere 100Cr6 210 0.3 7780
Rod AL6060 67.7 0.33 2702
Rod S235 208 0.3 7800

First, the quasi-static material behavior is measured by quasi-
static compression tests. The behavior under various strain-rates is
measured by Split Hopkinson pressure bar tests and from these
measurements a Perzyna-like elastic-viscoplastic material model
is identified. Then, longitudinal impacts of an elastic, hardened
steel sphere on aluminum AL6060 rods and steel S235 rods are
investigated numerically and experimentally. The velocity range
0.05-3.5 m/s is investigated, which are typical velocities in ma-
chine dynamics impacts. In the numerical impact investigation
nonlinear FE models are used, considering elastic, elastic-plastic,
and elastic-viscoplastic material behavior. In the experimental im-
pact investigation laser-doppler-vibrometers (LDVs) are used to
measure the velocities of the bodies during impact. From these
investigations it is shown that the strain-rate effects of the yield
stress are negligible for impacts on the aluminum but significant
for the steel bodies. In addition, it is demonstrated that for both
impact systems it is possible to evaluate accurately the coefficient
of restitution numerically. Therefore, in the impact on the alumi-
num body a simple elastic-plastic material model is sufficient
while for the impact on the steel body an elastic-viscoplastic ma-
terial model must be included.

2 Impact System and Material Properties

In this paper, the longitudinal impact of a sphere on a resting
rod along its longitudinal axis is considered as a test example. The
sphere is made of material 100Cr6 and has a radius of 15 mm.
Two types of rods are used: aluminum rods made of AL6060 and
steel rods made of S235, which is the Euronorm equivalent of
A283C. Both types of rods have circular cross section with radius
of 10 mm and a length of 1000 mm. The basic material data of the
impacting bodies are summarized in Table 1.

The steel sphere originates from a ball-bearing, is hardened and
thus is considered as being elastic. During impact plastic defor-
mation occurs only in the rods. The static stress-strain curves of
both specimens are obtained from quasi-static compression tests.
The measured yield stress o, of AL6060 is 205 MPa and of S235
is 230 MPa. Figure 1 shows the piecewise linear approximation of
the measured static stress-strain curves, which are then used in the
FE simulations.

As described in Ref. [13], the plastic flow of some materials
might depend on the strain-rate é=de/dt. This so-called elastic-
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Fig. 1 Approximation of static stress-strain curves
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Fig. 2 Measured stress-strain curves for AL6060 and S235

viscoplastic behavior is a material property, which is independent
of the body geometry. For the evaluation of the aluminum and
steel material behavior under high strain-rates split Hopkinson
pressure bar tests are performed. A detailed review of high strain-
rate material testing methods and especially the split Hopkinson
pressure bar test are given in Refs. [17,18]. Figure 2 shows for
aluminum AL6060 and steel S235 the measured stress-strain
curves for strain-rates between 100 1/s and 6000 1/s, which are
measured during plastic deformation of the specimens. Also the
quasi-static stress-strain curves are added. The plots indicate that
the aluminum used does not show any strain-rate effects for low
strain-rates and only a modest increase of the yield stress for
higher strain-rates. For example, for strain-rates over 1000 /s the
aluminum specimens show only an increase of the yield stress by
a factor of approximately 1.5. In contrast, even in low strain-rates
the steel specimens show a significant increase of the yield stress
and the stress-strain curve. For strain-rates over 1000 I/s the steel
specimens show an increase by a factor of over 4. This clearly
demonstrates that the steel specimens have a strong strain-rate
dependency.

For the mathematical description of this viscoplastic material
behavior a Perzyna type material model [19,20] can be used. In
the used Perzyna model the dynamic yield stress o, is expressed
as

évl m
o,=PBo, with ,8:[1+<7)] (1)

In this model, o, is the quasi-static yield stress and S is a scaling
factor, which is a function of effective plastic strain-rate &l the
material viscosity parameter v, and the strain-rate hardening pa-
rameter m. Thus, this scaling factor expresses the increase of dy-
namic yield stress with the plastic strain-rate. Generally, the linear
strain tensor € can be decomposed into an elastic and plastic part
such that €= e+ €”’. The effective plastic strain-rate €’ is then a
scalar measure of the plastic strain-rate €”’=de”'/dt at a point of
the body. In metals plastic deformation is assumed to be incom-
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pressible and thus the deviatoric strain tensor €’ is often used
instead of € [20-22]. In the case of uniaxial loading, as it occurs
in the Hopkinson Pressure Bar test, & is equivalent to the mea-
sured strain-rates presented in Fig. 2.

The parameters y and m of the Perzyna model have to be de-
termined by a parameter identification from the measurements
with the Hopkinson pressure bar presented in Fig. 2. Therefore,
for each measurement the dynamic yield stress oy is identified and
the scaling factors B=0,/ 0, are computed. These are given in
Fig. 3. Then, the two parameters 7y, m are found by minimizing
the squared error between the scaling factors of the measurements
and the Perzyna model. For this parameter identification the MAT-
LAB optimization toolbox is used. The quasi-static yield stress and
the identified parameters y,m of the Perzyna model are summa-
rized in Table 2. In Fig. 3 the corresponding curves from the
Perzyna model are added. This shows the good agreement of the
measurement and identified Perzyna model. It should be noted
that the identified elastic-viscoplastic model for the aluminum is
very close to a linear behavior.

3 Simulation Model

For a detailed numerical analysis of the considered impact sys-
tems, nonlinear material behavior as well as elastodynamic wave
effects must be included. However, it should be noted that due to
the low velocities only small deformations occur. Thus, the com-
putational impact analysis is carried out by using nonlinear FE
method using the FE program ANsYs [23]. The theoretical back-
ground and detailed information of FE contact can be found in
Refs. [24-26] and the inclusion of nonlinear materials is described
in Refs. [20-22]. Detailed descriptions of various FE models of
impact problems can be found in Refs. [10,11,27]. For an accurate
evaluation of the impact process with FE great attention has to be
placed on the choice of simulation parameters, such as spatial
discretization and time step size. According to measurements, the
impact problems investigated in this paper show wave phenomena
up to 50-100 kHz. Following Ref. [27], the correct evaluation of
these high-frequency phenomena requires a time step size of
107 s and an overall small element size of 3 mm. However, the
contact radius is much smaller, about 1-2 mm. Thus, a very fine
discretization of the contact region is required in order to repre-
sent the contact and the resulting stresses accurately. For the simu-
lation a two-dimensional rotational symmetric model is used. Fig-

Table 2 Yield stress and Perzyna parameters

0y
(MPa) y m
AL6060 205 5548 1
S235 230 305 0.403
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Fig. 4 Finite element model of sphere to rod impact

ure 4 shows the FE mesh near the contact region, including the
sphere and the first 100 mm of the rod. In Fig. 4 also the mesh
refinements near the contact area are clearly seen. The points in-
dicated with @ and i in the enlargement of the figure are located on
the rotation axis of the rod and are later used for a detailed inves-
tigation of the micromechanical behavior during impact. The two
discretized bodies are connected by node-to-element contact ele-
ments (element type Targe 169/Contal 175) and a Lagrange con-
tact formulation is used in the simulation.

For the discretization of the sphere and rod two-dimensional
rotational symmetric elements (element type Plane 182) are used.
These elements are capable of handling elastic, elastic-plastic as
well as elastic-viscoplastic material behavior. In the elastic-plastic
model post-yield isotropic hardening is achieved by using the
piecewise linear static stress-strain curves, which are shown in
Fig. 1. In the elastic-viscoplastic simulation the Perzyna model
given by Eq. (1) is used with the parameters summarized in Table
2. Thereby, the Perzyna model is also combined with isotropic
hardening using the static stress-strain curves shown in Fig. 1.
Thus increasing strain-rates result not only in an increase of the
yield stress but also result in the same way in an increase of the
post-yield stress-strain curve. Compared with elastic-plastic mate-
rial behavior the main difference in the numerical implementation
of elastic-viscoplastic material is the rate-dependency of the con-
stitutive material equation. The constitutive equation must be ful-
filled at each element. Since the Gaussian integration is employed
for each element, the effective plastic strain-rates are evaluated
internally at the Gaussian integration points. Detailed descriptions
of the numerical implementation of elastic-plastic and elastic-
viscoplastic materials are given in Refs. [20-23].

In the Perzyna model given by Eq. (1), the effective plastic
strain-rate € is required, which is a scalar measure of the plastic
strain-rate. With the effective plastic strain-increment A¢e’” in one
time increment At the effective plastic strain-rate can be written as
&'=Ae'P!/Ar. As shown in Ref. [21], the effective plastic strain-
increment computes as

2
AeP'= | =AeP. . A€ (2)
3

where Ae'?! is the increment of the deviatoric plastic strain tensor
computed in the time increment Az. The accumulation of the in-
crements of the effective plastic strain yields the effective plastic
strain, which is a monotonically increasing scalar function de-
scribing the amount of permanent plastic strain.

4 Impact Experiment Setup

The used experimental setup for impact investigation is shown
in Fig. 5 and is described in detail in Ref. [14]. The sphere and rod
are suspended in a pendulum-like manner by thin kevlar wires in
a frame. The steel sphere is released by a magnet from a pre-
defined height, and it impacts the resting rod in longitudinal di-
rection. It should be noted that each impact occurs on an undam-
aged surface of the rod, i.e., there is no deformation from previous
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Fig. 5 Experimental setup of sphere to rod impact

impacts. Repeated impacts on previously deformed surfaces are
discussed in Ref. [12]. Two LDVs of type OFV-3000/0FV-302
made by Polytec GmbH [28] are placed on opposite sides of the
impact systems along the impact line. The LDVs are used to si-
multaneously measure the velocities and displacements of both
impacting bodies. During impact, the motion of the bodies can be
considered as free horizontal motion. The very high accuracy of
the measurement equipment and the high quality of the experi-
mental setup as well as the ease of reproducibility of the experi-
ments is proven in Ref. [14].

The impact force is a very useful quantity to investigate the
micromechanical processes during impact. For impacts on long
rods, the impact force can be determined from measurements of
the wave propagation in the rod [29]. During impact, kinetic en-
ergy is transformed into strain-energy, which propagates as a wave
away from the contact region. The investigated rods are long
enough such that the contact ends before the reflected wave re-
turns to the struck end. After the wave passes a certain point of the
rod, this point remains at rest until the wave passes through it
again. Based on the wave equation for a rod [30], the impact force
can be determined from the LDV velocity measurement vy, at the
free end of the rod as

AEv, E
F,= 250z with c¢= \/j (3)
2¢ p

Thereby, ¢ is the wave speed in the rod and A, E, and p denote the
cross section, Young’s modulus, and density of the rod, respec-
tively. The accuracy and reliability of this impact force measure-
ment technique is verified by comparison with impact force mea-
surements using strain gauges and presented in Ref. [2].

For the evaluation of the overall impact behavior the kinetic
coefficient of restitution is determined from the LDV velocity
measurements. The kinetic coefficient of restitution is defined as
the ratio of impulse during the compression and restitution phases
of the impact, see Ref. [4]. It should be noted that for the inves-
tigated central impacts the definition of the kinetic coefficient of
restitution is equivalent to kinematic and energetic definitions of
the coefficient of restitution. Since the rods are initially at rest, the
kinetic coefficient of restitution can be evaluated experimentally
just from the measurements of the initial velocity v, of the sphere,
its change of velocity Av due to impact and the mass m, and m, of
sphere and rod, respectively. Consequently for the sphere, the im-
pulse produced by impact follows as Ap=m Av. Based on the
assumption for rigid body impacts the impact duration is infini-
tesimal and all forces except the impact force are negligible. Fol-
lowing Ref. [2] and establishing the linear momentum balance in
the central impact line of two colliding bodies during the com-
pression and restitution phases, the coefficient of restitution is
computed as

041008-4 / Vol. 77, JULY 2010
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Fig. 6 Sphere velocity and impact force for impact with
V,=3.05 m/s on the aluminum rod
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The same procedure is also applied to the numerical evaluation of
the coefficient of restitution from the simulation results.

5 Numerical and Experimental Studies

For the analysis of the impacts, numerical simulations are per-
formed using elastic, elastic-plastic and elastic-viscoplastic mate-
rial models for both, aluminum and steel. These simulation results
are then compared with the impact measurements. At first, im-
pacts on the aluminum rods are analyzed followed by impacts on
the steel rods.

Figure 6 shows a longitudinal impact with v(y=3.05 m/s on the
aluminum rod, presenting the measured and simulated sphere ve-
locity during impact and the impact force. The simulated sphere
velocity is taken from the results of the dynamic FE simulation for
the center of the sphere. The simulated impact force is calculated
as sum of the contact forces of all contact elements. Note the short
impact duration of less than 0.15 ms. It is obvious that the simu-
lation with elastic material deviates strongly from the measure-
ments, which shows the strong influence of plastic deformation,
which may not be neglected. For the aluminum rod, the simula-
tions with elastic-plastic and elastic-viscoplastic material models
yield nearly identical results and agree very well with the mea-
surements.

The temporal evolution of the rate of plastic deformation at
various points along the axis of the rod is presented in Fig. 7. The
given results are taken from the simulations with elastic-
viscoplastic material behavior. Since ANSYS does not provide a
direct output of the effective plastic strain-rate, the strain-rate
must be computed in a post-processing step by numerical differ-
entiation of the effective plastic strain results. It should be noted,
that in the course of the numerical solution the effective strain-
rates are computed at the integration points of the elements while
here they are given at the nodes of the elements. The first point a
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Fig. 7 Effective plastic strain-rate along the axis of the alumi-
num rod for impact with v,=3.05 m/s

is located 0.042 mm and the last point i is located 1.01 mm away
from the initial point of impact. These points are also indicated in
Fig. 4 of the FE mesh. This analyzed area is the region where the
main part of the plastic deformation is concentrated. The maximal
effective plastic strain that occurs in this impact is 3.6%. From
this plot, it is seen that for the points very close to the initial
impact point very high plastic strain-rates of up to 2500 1/s occur.
However, due to the very modest increase of the yield stress of the
aluminum with the strain-rate, it is concluded that these high
strain-rates do not influence significantly the impact behavior.

Since these results show no measurable influence of strain-rate
effects in the impact on the aluminum rod, the use of an elastic-
plastic material model is justified. This is in accordance with pre-
viously published comparisons of measurement and FE simula-
tions using elastic-plastic material behavior for impacts on various
aluminum bodies [3,12,14]. Finally, it is noted that for the impacts
on the aluminum rod the discussed results are representative for
the whole investigated velocity range.

For the impact with v4=3.05 m/s on the steel rod, the mea-
sured and simulated sphere velocity and impact force are pre-
sented in Fig. 8. Similar to the aluminum rod, the simulation with
elastic material deviates strongly from the measurements and
shows again the strong influence of plastic deformation. However,
in contrast to aluminum, for the steel rod the simulations with
elastic-plastic and elastic-viscoplastic material models differ sig-
nificantly. The simulation with the elastic-viscoplastic material
model shows a higher rebound velocity, a higher maximal impact
force and slightly shorter impact duration than the simulation with
elastic-plastic material behavior. The simulation results from the
elastic-viscoplastic material lie between the results from simula-
tions with elastic material and elastic-plastic material. This is due
to the increase of the yield stress with the strain-rate for the
elastic-viscoplastic material, which yields less plastic deformation
than the elastic-plastic material. A comparison with experiments
shows that only the simulation with elastic-viscoplastic material
behavior agrees very well with the measurements.

Figure 9 shows the effective plastic strain-rate along the axis of
the steel rod close to the impact point where the plastic deforma-
tion is concentrated. In this case, the maximal effective plastic
strain is 2.9% and plastic strain-rates of up to 1300 1/s are com-
puted from the elastic-viscoplastic simulation. While both values
are smaller than in the comparable aluminum simulation, their
effects on the impact are significant. This is due to the strong
increase of the yield stress with the strain-rate as identified from
the material tests shown in Fig. 3.

In the following, the impact on the steel rod is analyzed at
lower initial velocities. In Fig. 10, the sphere velocity and impact
force are presented for a low velocity of vy=0.32 m/s. Similar to
the previously presented higher velocity the simulation with
elastic-viscoplastic material behavior agrees best with the mea-
surements. Again, these elastic-viscoplastic simulation results lie
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Fig. 8 Sphere velocity and impact force for impact with
V;=3.05 m/s on the steel rod

between the elastic and elastic-plastic simulation results, showing
the influence of strain-rate effects also for lower velocities.

For the impact with v(=0.32 m/s the effective plastic strain-
rate at points along the axis of the steel rod close to the impact
point are shown in Fig. 11. Note that for this lower velocity, the
region of plastic deformation is much smaller than at the higher
velocity. In this case, the last investigated point 4 is located
0.554 mm away from the initial point of impact. The maximal
effective plastic strain computed from the elastic-viscoplastic
simulation is here 0.84% and the maximal plastic strain-rate is
about 250 1/s. Despite these relatively low strain-rates the elastic-
viscoplastic material behavior has a significant influence as previ-
ously seen. This is due to the fact that the steel specimens show a
very strong increase of the yield stress with small strain-rates, see
Fig. 3.

Thus, the analysis of the results for impacts on the steel rod
with v(y=0.32 m/s and v(=3.05 m/s show that there is a signifi-
cant influence of strain-rate effects on the impact and, therefore,
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Fig. 9 Effective plastic strain-rate along the axis of the steel
rod for impact with vy=3.05 m/s
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Fig. 10 Sphere velocity and impact force for impact with
Vp=0.32 m/s on the steel rod

the use of an elastic-viscoplastic material model is necessary.
Only these simulations yield a correct impact behavior, whereas
simulations with elastic material behavior overestimate the re-
bound velocity of the sphere, and simulations with elastic-plastic
material behavior underestimate the rebound velocity of the
sphere.

6 Coefficient of Restitution

The coefficient of restitution describes the macromechanical
impact behavior. It summarizes the various sources of kinetic en-
ergy loss of the rigid body motion during impact, which in this
study are the plastic deformations of the contact region and initia-
tion of wave propagation in the rod. The sphere is a compact body
and does not show any wave phenomena. Figure 12 shows the
measured and simulated coefficients of restitution for both impact
systems for the velocity range of 0.05-3.5 m/s. In all cases the
decrease of the coefficient of restitution with increasing initial
velocity is clearly seen. The simulations with elastic material yield
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Fig. 11 Effective plastic strain-rate along the axis of the steel
rod for impact with vy=0.32 m/s
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Fig. 12 Coefficient of restitution for impacts on aluminum and
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the highest values. However, despite the absence of plastic defor-
mation these values are well below 1. This is due to the transfor-
mation of a significant amount of kinetic energy from the rigid
body motion into wave propagation. The detailed analysis of the
influence of wave propagation and elastodynamic vibration in im-
pacts on bodies with various shapes is given in Refs. [2,14].

The inclusion of plasticity results in additional kinetic energy
loss of the rigid body motion, and thus in a further drop of the
coefficient of restitution. For the impacts on the aluminum rods
the coefficients computed from elastic-plastic and elastic-
viscoplastic simulations are basically identical. In the entire ve-
locity range these computed values agree very well with experi-
mental values. This confirms the previous results that viscoplastic
effects are negligible for impacts on the aluminum.

In contrast, for steel the coefficient of restitution computed
from simulations using elastic-plastic and elastic-viscoplastic ma-
terial behavior differ significantly. The results from elastic-
viscoplastic simulations are notably higher than the ones from
elastic-plastic simulations, which indicate smaller inelastic defor-
mation due to the increase of yield stress with the strain-rate. It
should be noted that this effect is even stronger in the absence of
wave effects as demonstrated for the impact of two identical
spheres in Ref. [15]. For the investigated rod a substantial amount
of strain-energy is transformed into wave propagation, which re-
duces the impact force and thus the amount of inelastic deforma-
tion near the contact point. In contrast in the absence of wave
effects higher impact force and more inelastic deformation can
occur. Detailed analysis of the influence of wave propagation on
impact processes are given for elastic and elastic-plastic material
in Refs. [2,3,14]. For the steel specimen the coefficients of resti-
tution evaluated from the elastic-viscoplastic simulations agree
very well with the measured coefficients, whereas the elastic-
plastic simulations underestimate the coefficient of restitution and
the elastic simulations overestimate the coefficient of restitution.
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Again, this confirms that viscoplastic effects are significant for
impacts on the steel and have to be included in numerical simu-
lations.

7 Summary and Conclusion

In this research, the influence of viscoplastic effects of alumi-
num and steel on the impact process and the consequences for the
coefficient of restitution are investigated. Thereby, aluminum
AL6060 and steel S235 are used, and their static and dynamic
material behavior is identified from quasi-static compression tests
and dynamic split Hopkinson pressure bar tests. From these ma-
terial tests Perzyna-like elastic-viscoplastic material models are
identified, which show weak viscoplastic effects for the aluminum
specimen and strong viscoplastic effects for the steel specimen. As
an impact system, the longitudinal impacts of a hardened steel
sphere on long aluminum and steel rods are analyzed numerically
and experimentally in the velocity range of 0.05-3.5 m/s. These
investigations show that in the entire velocity range viscoplastic
effects are negligible for impacts on the aluminum rod. Therefore,
FE simulations using an elastic-plastic material model are suffi-
cient for its numerical impact analysis and yield very accurate
results. In contrast, the analysis of steel shows significant visco-
plastic effects during impact, which have to be included in the FE
simulation in order to accurately evaluate the impact. Compari-
sons with measurements show that from the elastic-plastic FE
simulation of aluminum and from the elastic-viscoplastic FE
simulation of steel the coefficient of restitution can be evaluated
very accurately for both impact systems. Thus, such FE simula-
tions provide an efficient and accurate tool for the evaluation of
the coefficient of restitution and they can be used to limit the
amount of costly impact experiments for more general impact
systems.
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