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h i g h l i g h t s

� Strain rate sensitivity was obtained using indentation and dynamic tensile tests.
� Strain rate effects on plastic properties were investigated using nanoindentation.
� A modified method was proposed to estimate plastic properties at high strain rates.
� Dynamic tensile tests were performed to demonstrate the accuracy of modified method.
� Relationship between the indentation and uniaxial strain rates was discovered as _e ¼ 0:15 _eI .

a r t i c l e i n f o

Article history:
Received 22 September 2017
Received in revised form 3 December 2017
Accepted 15 December 2017

Keywords:
Dynamic tensile test
Modified method
Nanoindentation
Plastic properties
Strain rate sensitivity

a b s t r a c t

SM490, a structural steel, has been widely used in the construction of buildings, bridges, and tunnels due
to excellent machinability and weldability. Since the mechanical properties of structural steel are impor-
tant material input data in engineering design as well as in both static and dynamic analyses of structure,
the important task is to deeply understand the mechanical properties of structural steel and the effecting
factors on these properties, in which the strain rate effect is most important. In this study, the indentation
strain rate effects on the mechanical properties of SM490 steel, including hardness, yield strength, the
strain hardening exponent and shear stress were investigated using the nondestructive indenting tech-
nique. The dynamic tensile tests were performed at different strain rates to demonstrate that the strain
rate effects on the hardness and yield strength investigated by using indentation are reliable. The strain
rate sensitivity value of SM490 steel obtained using the nondestructive indentation experiment was
reported. The linear relation between the indentation strain rate ð _eIÞ and uniaxial strain rate ð _2Þ was dis-
covered, and the coefficient C2 of 0.15 relating to both strain rates was well estimated. A modified method
was also proposed to determine the values of plastic properties considering uncertain contact stiffness at
high indentation strain rates. The results were used to assess and understand the variation of mechanical
properties of SM490 as the indentation strain rate changes.

� 2017 Published by Elsevier Ltd.

1. Introduction

The depth sensing instrumented indentation experiment is
most commonly used to estimate the mechanical properties of
materials at the micro- and nano-scale [1–3]. It can be normally
used to investigate the microstructure as well as to determine
the mechanical properties of hardness and elastic modulus. The
sharp indentation experiment is more advantageous than tradi-
tional experiments including the tension and compression experi-

ments. For instance, the indentation specimen can be used many
times; therefore, it can save time and cost for the preparation of
a specimen, and the short testing time also is another advantage
of the sharp indentation experiment. Therefore, the nondestructive
indentation experiment is a good choice to replace the traditional
tests, such as the time-consuming compressive or tensile experi-
ments, for determining the mechanical properties of material.

Normally, the instrumented indentation test can be carried out
by controlling the constant loading rate (CLR) and constant loading
strain rate (CSR) [4–8]. Many researchers have investigated the
indentation strain rate effects on the hardness or indentation stress
[9–12]. According to the indentation technique, the strain rate
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effect on hardness is often considered using the strain rate sensi-
tivity concept which is defined as the change in the indentation
hardness ðHÞ divided by the change in the indentation strain rate
at a constant temperature [9].

The influence of the indentation strain rate on the plastic prop-
erties, such as yield strength, has been studied by using the loading
tensile test [11,12]. Although this approach provides an acceptable
result, performing the traditional tensile tests at various uniaxial
strain rates is a rather time-consuming task and is uneconomical
because of the high cost involved. Another approach that uses
the instrumented indentation technique has been used to investi-
gate the strain rate effect on the yield strength based on the ratio of
hardness and yield strength [13]. This ratio was assumed that the
yield strength is one-third of the hardness value, in which the
hardness is firstly obtained by using the nano-hardness test at var-
ious indentation strain rates, and the corresponded yield strength
is then determined as ry ¼ H=3. However, Cahoon et al. [14] indi-
cated that this assumption was valid for several cold worked mate-
rials, and this ratio of several other materials changed in the range
from 3.4 for alloys with a low strain hardening coefficient to 6.0 for
alloys with a high strain hardening coefficient. To investigate the
strain rate effect on the yield strength using the sharp indenter
experiment, the tension and nondestructive indentation experi-
ments have to be simultaneously carried out. Thus, this approach
is a rather time-consuming task.

The aim of this study is to investigate the indentation strain rate
effects on the mechanical properties of SM490 steel using the non-
destructive indentation experiment. Based on the indentation
parameters extracted from the load-displacement curves at differ-
ent indentation strain rates, the corresponding material properties
can be estimated; therefore, the strain rate effects on these mate-
rial properties can be directly investigated using solely the sharp
indenter test results. For this purpose, the sharp indenter-
constant loading rate (CLR) experiments are performed at room
temperature at various indentation strain rates. The indentation
creep (IC) experiments are also performed to estimate the strain
rate sensitivity value. The indentation strain rate effects on the
hardness, yield strength, strain hardening exponent (n) and inden-
tation shear stress ðsIndentationÞ are investigated and discussed. The
dynamic tensile tests were performed at different strain rates to
demonstrate that the strain rate effects on the hardness and yield
strength investigated by using indentation are reliable. The corre-
lation between the indentation strain rate and uniaxial strain rate
is discovered. An efficient method was also proposed to estimate
the yield strength considering the uncertain contact stiffness at
high indentation strain rates.

2. Methods

2.1. Conventional method for determining mechanical properties

Fig. 1 exhibits the indentation load-displacement curve of
elastoplastic material including the loading and unloading
regimes. According to the loading regime, the power-law function,

P ¼ Chk, where k is in the range of 1.5–1.9, is normally used to
describe the loading stage, where C and h are the loading curvature
and indentation penetration depth [15–17]. However, the second-
order function (k = 2), which was used in the previous method for
determination of yield strength and strain hardening exponent
[18], was demonstrated to approximately describe the relationship
of applied load and displacement at loading stage in case of the
sharp indentation [19–22]. The unloading regime is described by
using a power-law function as P ¼ Bðh� hf Þm, where B is constant
and hf is the final displacement of unloading regime.

The hardness can be extracted as the following equation [2].

H ¼ Pm

Ac
ð1Þ

where Pm is a maximum load, Ac is the contact area that depends on
the geometry of the indenter tip and is therefore defined as

Ac ¼ 24:5h2
c for the Berkovich indenter tip, in which hc is the contact

depth. Elastic modulus ðEÞ is also determined based on the relation-
ship between the material properties of the indenter tip and the
reduced modulus ðErÞ, and expressed as [2]

1
Er

¼ 1� #2

E
þ 1� #2

i

Ei
ð2Þ

where Ei; #i are the elastic modulus and Poisson’s ratio of industry
diamond.

According to the determination of yield strength of structural
steel from the indentation load-displacement curve, a method
was well established [18]. This method includes a reverse algo-
rithm that uses the reduced modulus, maximum load, loading cur-
vature, and contact stiffness as the input data. The reverse
algorithm consists of two dimensionless functions, which are
expressed as follows:
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where aijk and bijk are coefficients, C is the loading curvature, and a
represents the plastic plateau in stress-strain curves of structural
steel [4,7,18].

2.2. Determination of strain rate sensitivity

Strain rate sensitivity (SRS) is an indication of the effects of
strain rate on material properties such as hardness. In earlier
works, SRS for the tensile test was defined as the change in the
yield stress or tensile strength divided by the change in the uniax-
ial strain rate ð _2Þ at a constant temperature using the following
equation [23,24]

m ¼
@loge

r
r0

� �
@loge

_2
_20

ð5Þ

Fig. 1. A typical load-displacement curve (P-h) of elastoplastic material obtained
using a nondestructive indentation experiment.
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