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Numerical simulation of strain rate effects on plastic flow
at meso scale level
V.A. Romanova, P.V. Makarov, R.R. Balokhonov
Institute o f Strength Physics and Materials Science, Siberian Branch o f Russian Academy o f
Sciences, Tomsk, 634021, Russia

Abstract
Physical mechanics is applied to analyze the dynamic response o f strain-rate sensitive
material by application o f numerical simulation. Two plasticity models that accounts for
relaxation properties and surface effects are used. Investigated are the influence o f the shock
wave amplitude, shock wave front shape and extension rate o f the plastic deformation at the
meso- and macro-scale level.

1. Introduction
Mathematical models o f strain-rate-sensitive metals for the most part were developed for
shock wave loading and high-rate extension, torsion, etc. The macroscopic stress relaxation
behavior is most pronounced under dynamic loading. Strain rate influence on the elastic
precursor decay, stress-strain curves, yield stress and other macroscopic parameters may be
determined experimentally and described mathematically. However, stress relaxation at the
mesoscale level is important under both high and moderate rates o f loading. This is due to
inhomogeneity o f plastic deformation as a result o f the formation o f localized shear bands. To
be emphasized is that even though macroscopic load is applied at low speed, plastic strain
rate in the shear bands may be quite high. The material under study correspond to 1100 and
6061-T6 aluminum alloys.

2. Mathematical definition
2.1 Equations fo r relaxation medium
To simulate plastic deformation at the mesoscale level, two-dimensional dynamic
problem for the relaxation o f the elastic-plastic medium was solved by the finite-difference
method [1]. Given are the equations o f motion
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the equation o f continuity

=^
5xj

( 1)

v = Po

= s 11>

(2)

p

the equations for strain rates
_1
в U -2
pT..

*+
5xj
5xj

(3)

and constitutive equations
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Here, CTjj and

are the components o f the total stress and strain tensors, respectively. Note

that Uj are the components o f the particle velocity vector, P the pressure, p the mass
density and V is the specific volume. The dot indicates time derivative.
Under study is a specimen loaded by weak shock waves and dynamic extension. In this
case, heat effect on the pressure is neglected and the medium may be considered as barotropic.
That is P = P (p). Hence, eqs. ( l ) t o (4) are sufficient without considering the equation o f
conservation o f energy. However, information is needed for heat flow and temperature
distribution. The barotropic equation o f state for A1 is given in [2].
The deviatoric stress components are given by

( 5)

S|j = 2Ц
where ц is the shear modulus. The plastic strain rates are defined as

(6 )
where
+ s 23

(7)

and

■Г2

a/(Sii - § 2 2 ) ^ + ( § 2 2 “ 833)^ + (§33 - S n ) ^ +б(з^2 + § 2 3 + S 3 1 )

( 8)

In view o f eq. (6), eq. (4) may be rewritten as

Sjj = 2ц
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Eq. (9) implies that relaxation behavior o f the deviatoric stress components Sy is the same as
that for the effective stress. The viscous relaxation model given in [3] may be used such that
the deviatoric stress components become

S j , -------
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( 10)
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Here, ct'o =CTo(sPjf) is the yield stress. The relaxation function r] = r] p g ff,

has been

obtained for the 1100 and 6061-T6 aluminum alloys in [3,4].
2.2 Plasticity models
To simulate the elastic-plastic behavior o f mesovolume under shock wave loading and
extension, use will be made o f two plasticity models. The traditional plasticity model (TPM)
uses the M ises’s yield criterion [1]. Plastic deformation is assumed to occur in any cell o f the
computational grid when local stress state reaches the yield condition.
The second is a mesomechanical plasticity model (MPM). It accounts for the interface
and surface effects on the development o f plasticity. According to experimental results of
crystal plasticity [5-7], plastic shear originates at the surface and interface o f internal
structure elements. Plastic shears then propagate through the crystal accompanied by elastic
deformation. Based on such a notion, a plastic flow criterion for a computational cell was
developed in [4] using continuum and discrete mechanical approaches. The algorithm
presented in Fig. 1 describes the state o f computational cell at each load step. More
specifically. Fig. 1(a) shows the surface o f a polycrystalline specimen marked by
computational grids. Cells with different shades correspond to different mechanical
characteristics. The surface and interface cells are marked with “x ” and “dot ”, respectively.
A flow chart o f the algorithm shown in Fig. 1(b) describes how the elastic-plastic behavior o f
a computational cell could be found. Note that ст^г is the critical stress o f plastic shear
generation, ct * the theoretical shear strength,

the critical plastic strain in a neighboring

cell.

(a) Computational grid

(b) Algorithm

Fig. 1 Computer simulation o f elastic-plastic development

3. Numerical results and discussion
3.1 Shock wave loading
Strain-rate sensitive 6061-T6 A1 alloy under weak shock waves has been investigated.
Eqs. (1) to (4) and (10) are numerically solved in terms o f Lagrangian variables using the
fmite-difference method with the second order o f accuracy [1]. The polycrystal under
calculation consists o f grains, which vary in the yield stress and relaxation time. Fig. 2(a)
shows a schematic o f the plane shock, with the area under calculation being marked. The
calculation grid with rectangular cells is marked on the area. Figs. 2(a) and 2(b). Assume that
the reflective waves in the specimen can be ignored. A condition o f compression thus
prevails. Hence, the average strain do not exceed a few percent.

(a) Plane shock

(b) Investigated region

(c) Tension specimen

Fig. 2 Schematic o f dynamically loaded specimen
TPM-calculation. Traditional plasticity model has been used to investigate shock wave
amplitude and shape effects on the plastic strain pattern. Revealed are the following features;
• Under compression, the plastic strain localization is attributed to individual grain and
grain conglomerate rotations. They are caused by high gradient o f shear stress through the
shock wave front. Fig. 3(a). Deviation o f the particle velocity field from the homogeneous
specimen is shown in Fig. 3(b).
• The localized plastic strain pattern depends on the shock wave front shape. N ear the
impact surface, the shock wave front is extremely narrow and has a steep ascent. Refer to Fig.
4(a) for the stress amplitudes. The shear stress is elevated but its duration is not long enough
to cause the considerable grain rotations and plastic strain localization. Fig. 4(b) shows the
plastic strain distribution when the wave front is at 0.1mm from the input surface. As the
shock wave propagates away from the impact surface its front becomes wider and more
gradual. More structure elements are being rotated and strain localization becomes more
pronounced. Fig. 4(c).
• The numerical results show that the shock wave amplitude affects the plastic strain
pattern. The higher is the amplitude, the smaller is the structure elements to be formed under
the shock wave front. Compare Figs. 5(a) and 5(b).

(а) Shear stress

(b) Particle velocity field
Fig. 3 Shear stress and particle velocity field from TPM calculation
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(a) Shock wave profiles

(b) At 0.1 mm
(c) At 5 mm
Fig. 4 Shock wave profiles and plastic strain distribution from impact surface

(b) 9 GPa
(а) 7 1 GPa
Fig 5 Plastic strain pattern due to shock calculated from TPM calculation

(a)

(b) Overall plastic strain

(c) Plastic strain o f region A
(d) Velocity field o f region A
Fig 6 Plastic behavior o f polycrystalline specimen under 9GPa shock from MPM calculation

MPM-calculation. The mesomechancis plasticity model is also used to study the intergranular
boundary effects and the plastic strain pattern. The specimen is shocked by 9 Gpa. The results
show that the plastic shears are generated by the intergranular boundaries. They originate in
the elastic precursor and progressively cover the grains in the plastic front. This process
constrains the average plastic strain rate and leads to higher average shear stress o f the shock
wave front than those estimated by TPM. Compare the shear stresses in Figs. 3 and 6. Bands
are observed near the grain boundaries after the shock wave front. Fig. 6. Note that Fig. 6(a)
shows the rise in shear stress at the wave front. The corresponding plastic strain behavior is
displayed in Fig. 6(b). The region A is enlarged in Fig. 6(c) with the velocity field given in
Fig. 6(d) for the case o f a 9,Gpa shock. The same pattern were not found from the TPM
calculation.

(a) 1.0 (1/s)
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0.02
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(b)850 (l/s)
Fig. 7 Plastic strain distribution for different extension rates from TPM calculation

3.2 High tension rate
TPM-calculation. Calculated is a part o f polycrystalline specimen under high-rate o f tension,
Fig. 2(b) and 2(c). A schematic o f the tension is shown in Fig. 2(c). The polycrystal under
study has the macroscopic mechanical properties o f the strain-rate sensitive 1100 aluminum
alloy. A numerical procedure was applied to calculate the shock wave loading effects. Results
from the TPM-calculation for tensile loading ion at the different rates are presented in Figs. 7
and 8.

S train (%)

Fig. 8 Comparison o f TPM results with test data
Mechanisms o f mesoscale plastic strain localization under tension differ from those under
shock wave loading. Polycrystal in tension tends to separate in the blocks that undergo shear
and rotation. The corresponding plastic strain distributions are displayed in Figs. 7(a) and 7(b)
for extension rates o f 1 and 850 1/s, respectively. The higher is the extension rate, the greater
is the localized band with less severe plastic strain. Compare Figs. 7(a) and 7(b). The
phenomenon is attributed to the relaxation properties o f material. It should be emphasized,
however, that the inclusion o f heat may well yield a different pattern o f plastic deformation.
The stress-strain curves for 1100 aluminum at different rates are presented in Fig. 8. The
higher is the load rate, the higher is the displacement o f the appropriate curve in stress. The
calculated results are in good agreement with the data in [8].
MPM-calculation. No information for surface/interface influence on plastic strain were
obtained from TPM calculation. The MPM were thus used to model the polycrystalline
material. Fig. 2(c). The plastic shear generation was modelled on the surfaces and grain
boundaries. Stresses o f plastic shear generation in the surface cells were found to be lower
than those in the grain boundary cells. The interior cells o f grain develops plasticity
according to the algorithm presented earlier. Calculations are made for plastic deformation
developed at an extension rate o f 72 s'*. Plastic shear were generated on the surface. The
elliptically shaped plastic fronts propagate from the surface perpendicular to the direction o f
tension. Fig. 9. A smaller substructure is observed inside the plastic zones, Fig. 9(b). Its
appearance is attributed to the inner heterogeneity o f the polycrystalline structure. Rotation o f
the mesoscale structure elements are observed near the plastic fronts.
The mesoscale plastic deformation develops in a stepwise fashion. Periods o f fast and
slow propagation o f the bands alternate. The fast propagation o f plastic deformation leads to
the macroscopic stress relaxation; it corresponds to the declining portion o f the macroscopic
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(a) Velocity fields
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Plastic strain patterns
Fig. 9 Results from MPM calculation for different strains

Strain (%)

Fig. 10 Stress-strain curve from MPM calculation
stress-strain curve in Fig. 10. The rising stress is followed by relaxation. The bands close to
the middle o f the specimen propagate with increasing velocity. This causes the stress-strain
curve to decline progressively. Finally, the curve levels out. This corresponds to specimen

separation into fragments at the mesoscale. Plastic deformation continues to develop in the
bands at approximately 45° to the direction o f tension. M esofragments due to shear prevail.
These analytical results agree qualitatively with those observed experimentally in [5,9,10].
4. Conclusion
Presented are the results of numerical simulation o f plastic deformation o f polycrystalline
specimen under shock wave loading and high-rate o f extension. Two models o f plasticity are
used to provide a comparison o f results for the relaxation properties of the material and
plastic shear generation on the surface. Formation of smaller structure fragments were found
to occur for higher shock amplitude and higher extension rate. Also band structures are
generated near grain boundaries under shock while surface effects are significant at the
mesoscale level under high-rate o f extension.
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