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Abstract. Austenitic stainless steel 316 L(N) behaviour due to tension load at elevated temperatures must be considered
since the abnormal strain hardening may not be predicted. The abnormal strain hardening at the plastic region may appear
with various type of serrated yielding. In this study, the austenitic stainless steel 316 L(N) was investigated under tension
load for various temperature with the range of 24 °C—655 °C at 10-/s of deformation rate. The specimens are cylindrical,
following the ASTM standard. During the test, the thermocouple was attached to the surface of the specimen. In this
preliminary study, the results were to obtain the area of serrated yielding that occurred from the ultimate tensile strength,
yield strength, and constant material values of flow relationship.

INTRODUCTION

The austenitic stainless steel 316L(N) or 316 L(N) SS has been investigated comprehensively for application in a
high-temperature environment [1-3]. This alloy is still an option for the component in the power plant due to its
beneficial features such as good resistance to high-temperature environment, suitable with particular coolant, and
appropriate weldability. Since this steel is applied in a harsh environment, several laboratory examinations for high-
temperature testing are still being investigated. The basic properties of the tensile test at high-temperature condition
must be obtained before further testing.

It has been reported that a particular temperature and deformation rate conditions, the phenomenon of serrated
yielding occurred due to tension load. The serrated yielding phenomenon, also known as dynamic strain ageing (DSA)
or Portevin-Le Chatelier (PLC) effect, was related to the hardening process where mobile dislocation associates with
the diffusing solute atom [4—6]. The serrated yielding region may be indicated by the curve trend of ultimate and yield
strength, work-hardening parameters, and ductility [6]. The curve trend of the serrated yielding region can be
manifested as presented in Fig. 1. The serrated yielding region for several alloys was found in the plastic region at an
intermediate temperature [4].

In this study, the 316 L(N) SS was investigated under various temperature conditions at 10/s of deformation rate.
The occurrence of serrated yielding was determined based on the plateau occurrence on the ultimate tensile strength,
yield strength, and parameters curves of flow relationships. Finally, the serrated yielding area for the 316 L(N) SS at
107/ of deformation rate can be determined from these preliminary results.

EXPERIMENTAL PROCEDURE

The tensile test specimen had a cylindrical form with a diameter of 6 mm and a gauge length of 30 mm. All
specimens were manufactured in the rolling direction, as shown in Fig. 2. For the final preparation, the specimens
were polished along the surface with #2000-grit sandpaper. All of the specimen preparations followed the ASTM E8
[7].
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FIGURE 1. Several manifestation to determine the serrated yielding region [6].
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FIGURE 2. Cylindrical specimen for tensile test

The tension test was conducted at various temperatures ranging from 24 °C to 655 °C and a deformation rate of 10
5/s. The tension test followed the ASTM E21 [8] for the tensile test at high temperature. The tensile test was conducted
using a universal testing machine with a capacity of 50 kN. The test was controlled via a data acquisition card
embedded in the PC and connected to the test machine. The deformation rate was entered in the control programme
in PC with the value of 10-%/s. The cylindrical specimen was put at the centre of the furnace in line with the load
direction. The thermocouple was attached to the specimen surface with the temperature control range within + 3 °C.
The elongation was measured from the displacement of the crosshead movement of the machine. After conducting the
test, the tensile data were evaluated and discussed.
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RESULTS AND DISCUSSION

A typical curve of engineering stress-strain for 316 L(N) SS was shown in Fig. 3. It can be seen that under a particular
temperature, the serrated yielding appears very clearly. It is seen that serrated yielding started at 510 °C to 655 °C.
However, the serrated yielding regions must be determined carefully from several manifestations, as explained in Fig.
1. It is also seen that all of the curves shows the strain hardening process for all temperatures. For particular alloy, it
has been reported that the softening process could have occurred at high temperature [4]. In this preliminary
discussion, the serrated yielding will be determined based on the ultimate tensile strength (UTS) and yield strength
(YS) curve. In addition, the serrated yielding region will also be determined from the parameter value curve of flow
relationships.
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FIGURE 3. Engineering stress-strain curve for 316 L(N) SS
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FIGURE 4. Tensile properties of 316 L(N) SS (a) ultimate tensile strenght; (b) yield strength

Based on the engineering stress-strain curve, the UTS and YS curve are presented in Fig. 4. Both UTS and YS
almost show a similar curve trend, where the values are decreased with an increase in temperature. The recovery
occurrence can simply explain it at a higher temperature. A significant decrease starts at 190 °C and a bit of drop to
655 °C. A gradual decrease makes the curve plateau alike. It has been reported that plateau alike indicated the serrated
yielding occurrence [4]. It is also suitable with the curve trend shown in Fig. 1.
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Another serrated yielding region is determined from the trend of flow relationship constant values. The constant
material values are obtained by applying suitable flow relationship from five flow relationships; Ludwigson,
Hollomon, Ludwik, Swift, and Voce. It has been reported that these five flow relationship had described the serrated
yielding region very satisfactorily [4].

Fig. 5 shows a typical true stress-strain curve in a double-logarithmic scale for 316 L(N) SS. All curves are at the
plastic region after passing the yielding strength. It is seen that a significant gap is formed between 24 °C and 190 °C.
While the curves with the temperature range of 190 °C to 655 °C are stacked to each other. Five flow relationships are
fitted to each temperature range, as shown in Figa. 6a—6¢. The Ludwik shows the goodness fit lines with the R’
(coefficient of determination) value has the closest value to 1. The Ludwik flow relationship is expressed with the
following equation:

oc=0,+K, ", (D

where oy is constant stress, Kz is a strain hardening coefficient, and 7. is a strain hardening exponent. The constant
material values of the Ludwik equation are presented in the curved line, as shown in Fig. 7. It can be seen that the
trend of all material constants shows a similar trend. However, the values of Kz and n. are decreasing significantly at
655 °C. It has been reported that a decreasing value was caused by the change of slip and dislocation mechanism [4].
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FIGURE 6a. The fitted line of five flow relationships to each temperature condition of true stress-strain curve.
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FIGURE 6b. The fitted line of five flow relationships to each temperature condition of true stress-strain curve.
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FIGURE 6c¢. The fitted line of five flow relationships to each temperature condition of true stress-strain curve.
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FIGURE 7. Ludwik constant material: (a) constant stress, (b) strain hardening coefficient, and (c) strain hardening exponent.

CONCLUSION

The determination of serrated yielding region became essential to make sure the exact characteristic of 316 L(N)
SS prior used. In this preliminary study, the serrated yielding region was determined well by three manifestations
curve: ultimate tensile strength, yield strength, and constant material of Ludwik’s equation. The serrated yielding
began at the temperature of 190 °C. It was also found that there was a change of serrated yielding mechanism at 655
°C. Further investigation is needed to determine the serrated yielding mechanism due to slip and dislocation under
various elevated temperatures and deformation rates.
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