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Abstract. Under high electric current, the material property and stress field near the notch tip in the stainless steel
plate have been investigated. Using the numerical and experimental methods, the electric current density, temperature,
stress, grain image and micro hardness are obtained. Also, the melting and heat-affected zones at the notch tip are
investigated. At the tip region, the hardness value improves and the compressive residual stress occurs. This result can
reduce the stress level and prevent from the crack initiation when the plate is subjected to the tensile load.

1 Introduction

2 Problem definition

As shown in Fig. 1, the electro-thermo-structural
coupled-field analyses of the fractured metal structure
have been reported in the past references [1-6]. This
problem concerns the crack detection and crack arrest [6].
Under low electric current, there is a hot spot (shown in
Fig. 1) at the crack tip and it can be detected by the
infrared camera. However, under high electric current,
the hot spot can melt and a crack tip hole can be made.
The hole can stop the crack propagation.

In Fig. 2, it shows the sample and configuration of this
study. The sample is a steel plate with a notch. The main
dimensions of the plate are L,W, a, , and thickness e.
The electric power equipment provides a current I0. The
current will induce the temperature field and thermal
tress/deformation. The sample is made of the SUS 304
stainless steel. The material properties are listed in Table
1. The elasto-plastic stress-strain relation with the tangent
modulus ET=0.4E is considered in the analysis.

Figure. 1. Coupled-field and hot spot at crack tip.

This paper studies the electro-thermo-structural
coupled-field problem of the steel plate with a notch.
Using the numerical and experimental methods, the
electric current density, temperature, stress, grain image
and micro hardness will be obtained. Similar to the crack
problem, the concentrations of the electric current and
stress exist at the notch tip. Especially, the material
property and stress field near the notch tip will be
discussed in this paper.

Figure. 2. Problem definition.

3 Experimental and numerical analyses
Fig. 3 shows the experimental equipment of this study.
The equipment is modified from the resistance spot
welding (RSW) machine. The sample (steel plate) is
fixed on two electrodes. The electric power supplier
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4 Results and discussions

provides the high electric current. The dimensions of the
sample are L=0.1 m, W=0.008 m, a=0.004 m, e=0.001 m,
=20, and Rt=0.0002 m.
The finite element method and the software ANSYS
are adopted for the numerical simulation. In Fig. 4, it
shows the finite element model of the steel plate. The
model is constructed by the SOLID226 element
associated with the electro-thermo-structural coupledfield analysis. The following conditions are considered in
the finite element analysis:
(1) Electro-thermo-structural coupled-field.
(2) Three-dimensional degrees-of-freedom (DOFs).
(3) Transient heat transfer (initial condition: 25 C).
(4) Convection on air/steel interface (natural convection
coefficient: 25 W/(m2-K)).
(5) Steady electric current (DC current).

As shown in Fig. 3, the steel plate is fixed on two
electrodes of the RSW machine. The high electric current
I0=600 A (RMS value) is applied on the steel plate with
the operating time tp. In Fig. 5, the hot spot is seen at the
notch tip during the high electric load. The hot spot is due
to the electric current density concentration and Joule
heating effect at the notch tip.
By controlling tp, different situations can be seen at
the notch tip. In Fig. 6, it represents four situations: (a)
surface change, (b) melting/solidification without hole, (c)
melting/solidification with hole, (d) burning and breaking.
When the electric power is provided enough, the melting
zone occurs at the notch tip. Furthermore, the
solidification, heat-affected zone (HAZ), shrinking hole
or breaking failure can be investigated.
The material property around the notch tip is modified
under high electric load and high temperature. The
sample in Fig. 6(b) is analyzed by the microscopic
investigation and nano- indentation. In Fig. 7, it shows
the grain images obtained by the microscope. The grain
size in HAZ becomes smaller after high electric load
(I0=600 A, tp=0.2333 s). Using the nano-indentation
method, the hardness of the original material and HAZ
are obtained. The hardness values are 2.59 GPa and 3.44
GPa, respectively. At the notch tip region, the hardness
improves so that the strength increases.

(6) Elasto-plastic material property.
Table 1. Material data of SUS 304 stainless steel [7,8].

Poisson’s ratio = 0.29, density  = 8000 kg/m3, melting point =
1400 ºC.

Figure. 3. Experimental equipment

Figure. 5. Hot spot at notch tip under high current (tp=0.2666 s).
Figure. 4. Finite element model.
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(b) tp=0.2333 s

(b)
Figure. 8. (a) temperature field (units: C), (b) electric current
density field (units: A/m2).
(c) tp=0.3333 s

(d) tp=0.4166 s

The finite element analysis is used to study the
electric current density, temperature and stress fields.
Under I0=600 A and tp=0.2333 s, the results are shown in
Fig. 8. It is investigated that a hot spot exists at the notch
tip zone. Also, it shows the electric current density
concentration at the notch tip. The temperature contour is
identical to the photo in Fig. 6(b).
In addition, the residual stress state is also studied. In
the finite element analysis, the cooling process is
considered after the electric load is removed. In Fig. 9(a),
it shows the residual stress y at t=120 s (cooling time is
about 120 s). In the region near the notch tip, the
compressive residual stress state is found. Also, the stress
history at the notch tip is shown in Fig. 9(b). This result
can reduce the tensile stress level and prevent from the
crack initiation when the plate is subjected to the tensile
load.

Figure. 6. Different situations at notch tip under high current.
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Figure. 9. (a) Contour of residual stress y (units: Pa), (b) stress
history at notch tip.
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5 Conclusions
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At the notch tip region, the hardness value improves and
the compressive residual stress occurs under the high
electric current. This result can reduce the stress level and
prevent from the crack initiation when the plate is
subjected to the tensile load. This conclusion can be
applied on the improvement of the structure with notches.
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