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a b s t r a c t

Indentation method was employed to evaluate the local mechanical properties of welded stainless steel
at a high temperature of 320 �C. The welding process often changes the mechanical properties (in partic-
ular the plastic properties), and make the material property inhomogeneous. An indentation method was
proposed to effectively evaluate the stress–strain relationship (approximated by the Ludwick-type hard-
ening law) in the welded SUS316L at 320 �C. Functional relationship between the indention response and
plastic property was established using finite element method (FEM). The dimensional function was
deduced based on sufficiently-deep indentation, so that it can directly estimate plastic properties up to
large uni-axial strain (about 20%). Spherical indentation tests applied to welded SUS316L may enable
the evaluation of the distribution of plastic properties, such as the yield stress, plastic strain and tensile
strength. The properties around the welded area were estimated to be higher than the base material of
SUS316L, owing to the local plastic deformation from welding-induced thermal expansion and construc-
tion. Parallel test was conducted to validate the model. The proposed indentation technique can quanti-
tatively evaluate the local mechanical properties at high working temperature, and supply useful
information on inhomogeneous property distribution in materials.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Stainless steel is widely used for corrosion resistant structural
materials, such as underground pipe for oil well and cooling water
piping for nuclear power system. In practice, the engineering com-
ponents often undergo plastic work (cold work) and welding joint
processes. During the welding process, the local heat input leads to
local thermal expansion, which induces large local plastic strain –
such welding deformation often leads to significant work-harden-
ing and residual stress [1–5]. For instance, Piatti and Vedani
showed that the tensile property of welded stainless steel was
changed due to local dissimilarities in thermal and mechanical his-
tory during welding [1]. Trough micro Vickers hardness measure-
ments around welded area, Song et al., reported that welding
induces inhomogeneous mechanical property [5]. Since the inho-
mogeneous distribution of plastic property often leads to environ-
mental assisted cracking and fatigue fracture [6,7], the distribution

should be clarified. In other words, for the sake of structural integ-
rity and the optimization, quantitative evaluation of the inhomoge-
neous distribution of material property is desired for a ‘‘local’’ area
(e.g. a limited area of material surface). Note that in some cases
(e.g. power plants), the operating temperature is relatively high
and the in situ material characterization prohibits the use of con-
ventional testing methods (e.g. uniaxial tension).

Indentation is a useful method to probe mechanical property of
materials in small volume [8]. In this method, a hard indenter
impresses against the specimen surface at a given force and then
unloads. The relationship between indentation response (force-
penetration depth relationship) and the elastoplastic property of
material can be established through theoretical or numerical anal-
yses, such as finite element method (FEM) simulations. By assign-
ing the indentation responses to the established functions, reverse
analysis can be employed to identify the material constants in the
constitutive equation [9–15]. Dao et al. [9] [13] introduced the rep-
resentative strain concept to dimensionless function [16] which
can correlate the indentation curve with elastoplastic properties
in a simplified way. Following this idea, the uses of plural sharp in-
denter with different angle [14] and spherical indenter [10,12]
were proposed in order to make accurate estimations. An appropri-
ate application of such a framework may enable the evaluation of
welding joint or plastic worked materials, such that their local

0261-3069/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.matdes.2013.06.015

⇑ Corresponding author. Tel.: +81 3 3817 1829; fax: +81 3 3817 1820.
E-mail addresses: yonezu@mech.chuo-u.ac.jp (A. Yonezu), xichen@columbia.edu

(X. Chen).
1 Address: Department of Earth and Environmental Engineering, Columbia Uni-

versity, 500 W 120th Street, New York, NY 10027, USA. Tel.: +1 212 854 3787; fax: +1
212 854 7081.

Materials and Design 52 (2013) 812–820

Contents lists available at SciVerse ScienceDirect

Materials and Design

journal homepage: www.elsevier .com/locate /matdes

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.matdes.2013.06.015&domain=pdf
http://dx.doi.org/10.1016/j.matdes.2013.06.015
mailto:yonezu@mech.chuo-u.ac.jp
mailto:xichen@columbia.edu
http://dx.doi.org/10.1016/j.matdes.2013.06.015
http://www.sciencedirect.com/science/journal/02613069
http://www.elsevier.com/locate/matdes


plastic properties can be quantitatively evaluated, thus supplying
critical information on ‘‘mapping’’ of inhomogeneously distributed
property.

One of the practical issues of the indentation method is the
uniqueness of reverse analysis, that is, whether there is a one-to-
one correspondence between indentation response and material
constitutive relationship. Previous studies have shown the exis-
tence of special sets of materials which have distinct elastoplastic
properties, yet whose indentation curves are almost the same
[11,17,18]. These materials cannot be effectively distinguished by
the indentation method unless very deep spherical indentation
tests are carried out [18]. Another important issue is the data scat-
tering from experiments and error sensitivity of reverse analysis. In
all cases, experimental verification of the proposed method is
required.

In addition, most previous studies were focused on materials
that obey the power law hardening behavior (sometimes called
the Hollomon law); these types of materials involve only two un-
known variables for plastic property (the yield stress and work
hardening exponent). However, sometimes the power-law harden-
ing behavior is insufficient to describe practical materials, and
other constitutive equations (e.g. linearly hardening law, Swift-
type, Voce-type, Ludwick-type etc.) may be employed to describe
the stress–strain curves in engineering steels. Indeed, appropriate
selection of the type of constitutive relationship is a first step for
a robust indentation-based reverse analysis. Some studies have re-
ported that the plastic flow behavior of stainless steel is difficult to
be expressed by the power law equation (Hollomon law) [1,19,20].
It is suggested that, when the reverse analysis based on power law
hardening was experimentally applied to stainless steel, the esti-
mations of plastic behavior may be of poor accuracy [19,21,22].
Thus, Kim et al. emphasized that an appropriate constitutive equa-
tion is required a priori for indentation-based estimation [19].

Based on the above considerations, this study aims to develop a
robust and effective indentation analysis framework for SUS316L
welding joint. We first investigated the plastic constitutive equa-
tion of the stress–strain curve of SUS316, so that the present inden-
tation method can be applied to both the as-received and drawn
SUS316L. Based on the appropriate constitutive equation, func-
tional relationship between the indentation response and plastic
property was next established by extensive FEM simulations of
deep spherical indentation tests. The formulations were simplified
through the use of the representative strain, which makes it possi-
ble for the identification of several materials constants by using
one test (single indentation). The indentation framework was ap-
plied to the evaluation of the local plastic property in welding
stainless steel at 320 �C (operating temperature of power plant).
The estimations from the present indentation method were veri-
fied by comparing with the stress–strain relationship evaluated
from tensile tests at both room temperature and 320 �C. This study
also evaluated the local plastic properties of welded stainless steel
at 320 �C. The distribution of the properties, including the yield
stress, plastic strain and tensile strength, around the welding joint
were quantitatively evaluated. Thus, the present method (which
can readily evaluate local properties) may be extended to various
welded components, plastic worked material and surface harden-
ing treatment (carburizing and peening etc.), which often have
inhomogeneous distribution of plastic property.

2. Materials

The material considered in the present study is an austenitic
stainless steel and its welding joint. To investigate the appropriate
constitutive equation of the plastic flow behavior, stress–strain
curves under uniaxial tensile test were first investigated, according

to previous study [23]. One is the as-received material (base mate-
rial) and the other is cold-drawn material (the reduction area is
about 16%). Fig. 1 shows the relationship between true stress and
true strain (true stress – true strain curve) of both materials, exhib-
iting non-linear behavior of plastic flow. Here, the horizontal axis
indicates true plastic strain, since this study will use Ludwick
law for appropriate constitutive law. It was observed that the flow
stress behavior of cold-drawn material was higher than that of
based material. The Young’s moduli E was 175 GPa. The yield stres-
ses rY were 260 MPa and 620 MPa.

Next, the non-liner regions of plastic flow for both materials (in
Fig. 1) were approximated by two constitutive equations, i.e.
power hardening law (Hollomon type, Eq. (1)) and Ludwick type
hardening law (Eq. (2)). These equations are expressed as follows.

r ¼ Ee for r 6 rY; and r ¼ Ken for r P rY ð1Þ

r ¼ Ee for r 6 rY; and r ¼ rY þ Ken
p for r P rY ð2Þ

where rY is the yield stress, n is the work-hardening exponent, K is
the work-hardening strength and E is the Young’s modulus. Note
that in Eq. (1) strain e is total strain, while ep in Eq. (2) is plastic
strain.

The power hardening law in Eq. (1) is the most-used constitu-
tive equation whose independent parameter is only two (rY and
n), when E is known prior, and its elastoplastic property identifica-
tion through indentation has been widely studied. On the other
hand, the Ludwick type hardening law has three independent

Fig. 1. Stress–strain curve of SUS316L(23); (a) base stainless steel and (b) cold
worked one. This compares the fitted curves with Ludwick law and Hollomon law.
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