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Abstract
Experimental and numerical tests of surface plastic deformation generated under different strain rates were performed.
Deformations were introduced by both classical Brinell and laser pulse hardness tests. An Nd:YAG laser with a
wavelength of 1064 nm and a laser pulse time length of 10 ns was used to generated a shock wave to induce local
plastic deformation on the material surface. The laser pulse induces a repeatable plastic deformation of a surface
without thermal effects on the surfaces. Based on imprint geometry, the dynamic hardness of materials was evaluated
at a strain rate of the order 107 s-1. Numerical analyses carried out included quasi-static and dynamic Brinell hardness
tests and laser pulse interactions with materials. The Rusinek-Klepaczko constitutive model applied in the calculations
allows the prediction of the mechanical characteristics at a strain range strain range from 10 to 4 s-1 to 107 s-1.
Numerical and experimental results from the surface plastic deformations show close agreement.
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Introduction

Experimental and numerical tests of surface plastic de-
formation were generated under different strain rates.
Deformations were introduced by classical Brinell’s or
laser pulse hardness tests [1]. The Nd:YAG laser with a
wavelength of 1064 nm and a laser pulse time length of
10 ns was used to generated a shock wave in order to
induce local plastic deformation of surface layer. The
laser pulse induces a repeatable plastic deformation with-
out thermal effects on the surfaces. Based on imprint
geometry, the dynamic hardness has been evaluated at a
strain rate of the order 107 s−1. The numerical analyses
have included quasi-static and dynamic Brinell hardness
tests as well as laser pulse interactions with materials.
The Rusinek-Klepaczko constitutive model (R-K) [2],

applied in the calculations, has enabled to predict me-
chanical characteristics at a strain range from 10−4 s−1

to 107 s−1. The umerical and experimental results of sur-
face plastic deformations have shown good agreement.

Experimental Methodology

Three different materials were selected for the analysis: com-
mercial pure aluminium, copper and stainless steel (AISI304).
Mechanical properties under quasi-static loading conditions
were determined at room temperature within a range of strain
rates from 10−4 s−1 to 10−2 s−1 using a servo-hydraulic testing
machine [3]. At high strain rate loading conditions, the split
Hopkinson bar methodology [4] and the miniaturized direct
impact compression test method were applied [3] to obtain
strain rates ranging from 4 × 104 s−1 to 8 × 104 s−1. The
Brinell hardness was determined using a 2.5 mm radius steel
ball and 613 N load according to EN-ISO 6506-1:2005.

The hardness was defined as a specific work of plastic
deformation. This approach was applied for both the typical
hardness measurements using an indenter and the determina-
tion of the dynamic hardness by laser pulse. The force was
estimated on the basis of the pressure generated as a result of
the laser pulse interaction with material [5].
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Numerical Analysis Results

Arrangement of the indentation test using a 2.5 mm steel
ball (SBH) was simulated by a specimen with a fully
confined bottom surface and the rigid indenter tip
(Fig. 1(a)). The viscoplastic behaviour of the analysed
materials are represented by the R-K model calibrated
on the basis of a series of compressive tests and refer-
ence data. The model of the specimen and indenter was
quarter symmetric to decrease simulation time. C3D8R
elements were used to mesh both specimen and indenter
tip. The density of the mesh in the plastic deformation
region was increased to obtain element dimensions equal
to 0.05 mm × 0.05 mm × 0.05 mm. The course of the
applied load was of a triangular shape of magnitude
equal to the maximal indentation force applied in the
experiment. Numerical calculations were performed
using ABAQUS Explicit solver.

The influence of plasma on the surface of the specimen
may be modelled as a pressure pulse with a given time and
spatial distribution. The spatial distribution of the pressure on

the specimen surface was described by the equation proposed
in [6]:

P x; y; tð Þ ¼ P tð Þexp −0:85 x2 þ y2
� �

=R2
� � ð1Þ

where: R - radius of the laser beam.
To simulate the history of the plasma pulse pressure evo-

lution with time, P(t) data, introduced by Peyre, [7] were ap-
plied. The bottom specimen surface was constrained, whereas
pressure generated due to laser action was applied to the cen-
tral region of the opposite surface (Fig. 1(b)).

Figure 2 shows the experimentally obtained profiles of
imprints induced by a nanosecond laser pulse at various
energies. Analysing numerical results, calculated at vari-
ous laser pulse energies (Fig. 3), it may be found that with
an increase in the energy both the depth and diameter of
imprints are enlarged. The shape of the imprints is depen-
dent on the mechanical properties of a given material.
Steel is characterized by the highest yield stress
(500 MPa) among analysed materials and good work
hardening effect independent of strain rate. As a

Fig. 1 Numerical model of indentation test using 2.5 mm steel ball (a) and nanosecond laser pulse (b)

Fig. 2 Imprints on surface of: (a) - Al 0.7 J, (b) - Cu 1.1 J, (c) - Cu 0.7 J, (d) - steel 304, generated by the shock wave induced by 10 ns laser pulse
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consequence, the depth of the imprint induced by a laser
pulse is limited. In the case of Cu, the yield stress is lower
than for steel (300 MPa), but the modulus of plastic hard-
ening significantly increases with strain rate. Therefore, at
the very high strain rates observed during indentation in-
duced by a laser pulse, the work hardening effect is very
strong, comparable to those estimated for steel. Finally,
the indentation depth for Cu has similar values to those
determined in the case of steel. The yield stress of Al is
close to that for Cu (300 MPa); however, this material
shows a very limited work hardening effect which is in-
dependent of strain rate. Therefore, the depth of the im-
print determined for this kind of material is the highest.

Comparison of the strain rate and shock wave effect on the
estimated hardness was carried out using numerical analysis.
Profiles of the imprint estimated using FEM are shown in
Fig. 4. It may be seen that, in the case of indentation tests
using the steel ball, the depth and diameter of the imprint for
steel are significantly lower than those for other materials. The
lowest depth of indentation was found for the dynamic

Brinell’s test. Decreasing indentation velocity results in higher
plastic deformation, since – due to the rate sensitivity effect –
flow stress at a quasi-static deformation regime is lower than
those calculated for dynamic loadings. At ultra-high strain
rates induced by ns laser pulse the plastic deformation repre-
sented by the imprint depth, is higher than in the case of
dynamic loadings. This mechanism was widely discussed in
the previous work of the authors [8]. It was found that despite
a very short time of the laser pulse (10 ns), plasma generated
by the pulse interacts with specimen surface much longer (up
to 200 ns). Moreover, even after the pressure induced by plas-
ma drops to zero the elasto-plastic mechanical wave is still
propagating inside specimen.

The influence of the strain rate on the estimated hardness is
shown in Fig. 5(a). It may be observed that dynamic hardness is
higher than a quasi-static one for all investigated materials. A
further increase in the indentation velocity to ultra-high strain
rates induces a lowering of the hardness. Independently of the
loading regime, the highest value of the HDL hardness was
determined for steel while the lowest for Al.
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Fig. 3 Numerically calculated profiles of imprints induced by a laser pulse at various energies for: (a) AISI 304 steel; (b) Cu; (c) Al

Exp Mech (2019) 59:483–487 485



A comparison between experimental results and numerical
predictions of the HDL hardness is shown in Fig. 5(b). It may

be observed that the numerically obtained values are
overestimated in comparison to the experimental ones.
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Fig. 4 Numerically calculated profiles of imprints induced by Brinell’s tests at various indentation rates for: (a) AISI 304 steel; (b) Cu; (c) Al
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Fig. 5 Numerically predicted influence of (a) indentation rate and (b) pulse energy on the hardness
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