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Abstract 

In order to clarify the deformation behavior of an ultra-thin austenitic stainless steel sheet (SUS301) used for manufacturing 
electronic parts a new testing devise is designed and built. The test material is 0.2 mm thick and has a 0.2 % proof stress of 1800 
MPa. The testing apparatus is equipped with comb-type die couples to measure the stress-strain curves of the sample under 
tension-compression cyclic loading without buckling for a strain amplitude of ±0.017. It is found that the stresses are higher in 
tension than in compression in the rolling direction (RD) for a strain range of   0.002, while in the transverse direction (TD) 
the stresses are higher in compression than in tension, and that the test material showed significant difference in the cyclic 
loading behavior between the RD and TD. 
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1. Introduction 

The demand for ultra-thin sheet metals is increasing for electronic parts with the reduction in size and weight of 
electronic devices and precision instruments. In particular, ultra-thin austenitic stainless steel sheets are widely used 
as they have several characteristics, such as high ductility, workability and corrosion resistance. However, it is a 
difficult material to use from the view point of manufacturing, because it causes large springback after forming. 

Electronic terminal parts, such as switches and connecters, are usually made of high tensile strength sheet metals 
with 0.25 to 0.05 mm thickness. Thus, a large springback occurs after unloading. Springback often causes serious 
problems in determining the optimum process parameters and tool geometry, and is the main impediment to high-
efficiency production of electronic parts. In order to establish time- and cost-effective press-forming technologies 
for electronic parts using ultrathin sheet metals, it is vital to accurately predict the amount of springback using 
simulation techniques and to determine the optimum forming conditions. Springback is caused by the bending 
moment retained in press-formed parts before unloading and is also affected by the unloading stress-strain response 
of the material [1, 2]. Therefore, in order to accurately predict the amount of springback of electronic parts, it is 
crucial to have a highly accurate material model that is capable of predicting the elastic-plastic behavior of the sheet 
metal under given forming conditions and to incorporate it into a forming simulation software. 

During the processes of electronic parts production, the material undergoes several strain path changes. The raw 
material is successively cold rolled into flat sheet until the desired thickness is obtained. Blanks are then cut off from 
the rolled sheet and formed into final part shapes by drawing and/or bending. Furthermore, the formed parts are 
often subjected to cyclic loading in service. Therefore, in order to obtain in-depth knowledge of the mechanical 
properties of the electronic parts, it is also vital to observe the stress-strain response of the material subjected to 
strain path changes, as well as monotonic tensile and compressive loading. It should be noted that the strain path 
changes during forming processes affect the dislocation substructure of the material and the stress-strain curve is 
dependent on the amplitude of the applied strain change [3]. Moreover, the directionality of dislocation structures in 
severely deformed metals and their rearrangement during reloading can result in tension-compression asymmetry 
(TCA) of the flow stress in the material [4]. 

Several experimental methods have been proposed to measure the stress-strain responses of thin sheet metals 
subjected to cyclic loading. Cyclic bending-unbending tests [5-7] and cyclic simple-shear tests [8-10] are popular 
methods. However, these are not proper experimental methods to accurately measure the in-plane compressive 
stress-strain curves of thin sheet metals. Dietrich and Turski [11] proposed a unique experimental tooling for 
applying in-plane compression to a thin sheet specimen without causing buckling. However, the magnitude of strain 
imposed on the specimen was limited to -0.3%. Inspired by the work of Dietrich and Turski [11], one of the present 
authors devised an in-plane compression testing method for sheet metals using comb-type die couples and 
successfully measured in-plane compressive stress-strain curves of cold-rolled low carbon steel sheets and an 
AA5182-O sheet up to -16% maximum plastic strain [12, 13]. Other testing methods for directly observing the 
stress-strain curves of sheet metals subjected to tension/compression stress reversals have been proposed by Iwata et 
al. [14], Yoshida et al. [1], Boger et al. [15] and Cao et al. [16]; see [17] for the details of the testing devices 
developed in these studied. 

In this study, in-plane uniaxial tension/compression responses of a 0.2 mm-thick austenitic stainless steel sheet 
(SUS301) with a 0.2 % proof stress of 1800 MPa are precisely measured using a comb-type die couples developed 
by one of the authors [18, 19]. The significant differences in the flow stresses between tension and compression and 
in those between the rolling direction (RD) and transverse direction (TD) are found for the first time. Moreover, the 
stress-strain curves under tension followed by compression and compression followed by tension are precisely 
measured. 

2. Experimental method 

2.1. Test material 

The test material was a 0.2 mm-thick austenitic stainless steel sheet (SUS301). The 0.2 % proof stresses of the 
test material were 1800 MPa for the RD and 1580 MPa for the TD.  

http://crossmark.crossref.org/dialog/?doi=10.1016/j.proeng.2017.10.1101&domain=pdf
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2.2. In-Plane Reverse Loading Test Method 

In order to directly measure the stress-strain (ss) curves of the sample subjected to tension/compression stress 
reversals, in-plane reverse loading tests were performed. Figure 1 shows the testing apparatus used in this study. The 
testing apparatus is similar to those used in [18, 19], but was newly designed to increase the rigidity of the apparatus 
so that it can apply higher blank-holding force to the test material than those to lower strength materials as tested in 
[18, 19]. Figure 1(a) shows an upper view of the upper comb-type die couple, and Fig. 1(b) shows the upper and 
lower comb-type die couples; the tooth width and length are 0.9 and 3.6 mm, respectively, and the gap between the 
teeth is 1.0 mm. The die couples are installed in the testing apparatus as shown in Fig. 1(c). Lower die 1 is fixed to 
the lower plate of the die set and lower die 2 is on a slide rail that enables the die to move smoothly in the horizontal 
direction. A sheet specimen is set on lower dies 1 and 2 and both ends of the specimen are clamped by chucking 
plates. Upper dies 1 and 2 are placed on the specimen so that the four positioning pins fixed to the lower dies align 
with the holes of the upper dies. Accordingly, the movement of the upper dies is synchronized with that of the lower 
dies. Lower die 2 is actuated in the horizontal direction by a servo-controlled hydraulic cylinder 2, so that 
continuous in-plane stress reversals are applied to the specimen. Hydraulic cylinder 1 exerts a constant blank-
holding force on the specimen through the upper die couples and the cylindrical rollers lying between the upper die 
couples and the blank-holding platen. The specimen can thus be compressed in the longitudinal direction without 
buckling. carried out on the as-received test sample using the testing apparatus. The geometry of the specimen is 
shown in Fig. 2. In order to prevent buckling of the specimen during in-plane compression test, blank-holding 
pressure was applied to the specimen; it was 24 MPa for the tests for the RD  and 26 MPa for the TD. 

In order to prevent the specimen from galling the dies, the specimen was lubricated on both sides with Vaseline 
and Teflon (spray type), resulting in reduction of the coefficient of friction to 0.013. However, it should be noted 
that the frictional forces between the dies and specimen have little effect on the measured stress, as is described in 
[18]. This is the significant advantage of this testing device over other reported in-plane compression testing devices 
[17], in which the predetermined frictional force must be subtracted from the measured force data; such a procedure 

(a)                                             (b)                                            (c) 

Fig. 1. In-plane stress reversal testing machine. (a) Upper dies, (b) Comb-type dies and (c) Overview of the testing apparatus. 

 

 

Fig. 2. Specimen for in-plane stress reversal test 
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may cause unavoidable uncertainty in the accuracy of the measured stress data. 
The amount of the longitudinal strain was measured using a strain gauge (Kyowa Dengyou Co., KFG-02-120-C1-

16). The strain gauge has a capability of measuring strain up to 5%. The lead wires of the strain gauge were passed 
through a hole opened in the upper die 1, as shown in Fig. 1(a). The strain gauge was glued onto the specimen at the 
position where the hole in upper die 1 was located, so that the strain gauge was free from the contact pressure to 
upper die 1. The tension/compression forces applied to the specimen were measured using a load cell connected to 
the right side of lower die 2, as shown in Fig. 1(c).  

3. Experimental results 

3.1. Results of monotonic tension and compression tests 

Figure 3 shows the tensile ss curves measured using the testing apparatus shown in Fig. 1, with and without a 
blank-holding pressure ( BHp ). In the RD the difference in the flow stresses with BHp 0 and 10 MPa are negligibly 
small while those with BHp 24 MPa in the RD and 26 MPa in the TD are slightly higher than those with BHp 0. 
This is due to the friction effect between the specimen and the dies, as quantitatively analyzed in [18]. In the 
following figures the increase of flow stress due to friction was not subtracted from the measured flow stress data. 

Figure 4 compares the tensile and compressive stress-strain curves for the RD (a) and TD (b); both tests were 
performed with BHp 24 MPa in the RD and 26 MPa in the TD. The test material exhibited significant TCA both in 
the RD and TD. In the RD the stresses are higher in tension than in compression for a strain range of 0.002  ; it 
is 22 % higher in tension than in compression at   0.014. This phenomenon is possibly caused by the 
Bauschinger effect of the sample. This is because the sample was elongated in the RD during the cold rolling 
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Fig. 3 True stress-logarithmic strain curves measured in the tension followed by unloading experiment in (a) RD and (b) TD. 
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the RD and TD. In the RD the stresses are higher in tension than in compression for a strain range of 0.002  ; it 
is 22 % higher in tension than in compression at   0.014. This phenomenon is possibly caused by the 
Bauschinger effect of the sample. This is because the sample was elongated in the RD during the cold rolling 
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Fig. 3 True stress-logarithmic strain curves measured in the tension followed by unloading experiment in (a) RD and (b) TD. 
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Fig. 4 True stress-logarithmic strain curves measured in the monotonic tension/compression tests for (a) RD and (b) TD 
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process in material production; therefore, the flow stress of the sample subjected to the in-plane compression in this 
test became lower than that under tension because of the reverse loading following the cold rolling process. In the 
TD the stresses are higher in compression than in tension for a strain range of 0.002  ; it is 24 % higher than the 
tensile one at   0.014. The TCA observed in the TD is probably caused by the directionality of dislocation 
structures of severely deformed metals and their rearrangement during reloading [3, 4]. The TCA as shown in Fig. 4 
was also observed in the tension/compression tests on a 0.25 mm-thick phosphor bronze sheet [18] and a 0.3 mm-
thick SUS304 stainless steel sheet [19]. Therefore, the TCA is possibly a phenomenon common to heavily cold 
rolled sheet metals.. 

Figure 5 shows the ss curves in the tests of (a) TC (initial tension followed by unloading, compression, and 
subsequent unloading) and (b) CT (initial compression followed by unloading, tension, and subsequent unloading). 
The test material shows significant difference in the TC and CT behavior between RD and TD. In the TC tests the 
initial tensile flow stress is almost identical to each other in RD and TD while the subsequent compressive flow 
stress is 25 % higher in TD than in RD at   -0.015. In the CT tests the initial compressive flow stress is 30 % 
higher in TD than in RD at   -0.02 while the subsequent tensile flow stress is almost identical to each other at  
0.01.  

Figure 6 shows the variation in instantaneous slope, d / d  , of the stress-strain curves shown in Fig. 5(a) 
during (a) initial tension, (b) unloading followed by compression, and (c) subsequent unloading. It is noted that the 
general trends in the variation in d / d   are almost identical to each other between RD and TD during unloading 
followed by compression (Fig. 6(b)), while the magnitudes of d / d   is consistently higher in RD than in TD (Fig. 
6(c)). 
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Fig. 5 True stress-logarithmic strain curves measured in the stress reversal tests: (a) TC test and (b) CT test. 
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4. Conclusions 

The in-plane tension/compression stress-strain curves of a 0.2 mm-thick austenitic stainless steel sheet (SUS301) 
with a 0.2 % proof stress of 1800 MPa were successfully measured within a strain amplitude of ±0.017. A testing 
apparatus equipped with comb-type die couples was designed and built to apply in-plane tension/compression 
reverse loading to the test material without buckling. Following experimental observations were obtained. 
(1) The stress-strain curves of the test material were successfully measured without buckling of the specimens for a 

strain amplitude of ±0.017.   
(2) In the RD the stresses are higher in tension than in compression for a strain range of 0.002  ; it is 22 % 

higher in tension than in compression at   0.014. In the TD the stresses are higher in compression than in 
tension for a strain range of 0.002  ; it is 24 % higher than the tensile one at   0.014. 

(3) The test material shows significant difference in the TC and CT behavior between the RD and TD.  

References 

[1] F. Yoshida, T. Uemori, K. Fujiwara, Elastic–plastic behavior of steel sheets under in-plane cyclic tension–compression at large strain, Int. J. 
Plasticity 18 (2002) 633–659. 

[2] M.G. Lee, S.J. Kim, R.H. Wagoner, K. Chung, H.Y. Kim, Constitutive modeling for anisotropic/asymmetric hardening behavior of 
magnesium alloy sheets: Application to sheet springback, Int. J. Plasticity 25 (2009) 70–104. 

[3] F. Barlat, J.M. Ferreira Duarte, J.J. Gracio, A.B. Lopes, E.F. Rauch, Plastic flow for non-monotonic loading conditions of an aluminum 
alloy sheet sample. Int. J. Plasticity 19 (2003) 1215–1244. 

[4] G.G. Yapici, I.J. Beyerlein, I. Karaman, C.N. Tome, Tension-compression asymmetry in severely deformed pure copper, Acta Mater. 55 
(2007) 4603–4613. 

[5] K.J. Weinmann, A.H. Rosenberger, L.R. Sanchez, The Bauschinger effect of sheet metal under cyclic reverse pure bending, Ann. CIRP 37 
(1988) 289-293. 

[6] F. Yoshida, M. Urabe, V.V. Toropov,  Identification of material parameters in constitutive model for sheet metals from cyclic bending tests,  
Int. J. Mech. Sci. 40 (1998) 237-249. 

[7] L.R. Sanchez, A new cyclic anisotropic model for plane strain sheet metal forming, Int. J. Mech. Sci. 42 (2000) 705-728. 
[8] C. G’sell, S. Boni, S. Shrivastava, Application of the plane simple shear test for determination of the plastic behavior of solid polymers at 

large strains, J. Mater. Sci. 18 (1983) 903-918. 
[9] K. Miyauchi, K., 1984. Bauschinger effect in planar shear deformation of sheet metals, in: Advanced Technology of Plasticity, Proc. 1st Int. 

Conf. Technology of Plasticity, The Japan Society for Technology of Plasticity, Tokyo, 1984, pp. 623-628. 
[10] Z. Hu, E.F. Rauch, C. Teodosiu, Work hardening behavior of mild steel under stress reversal at large strains, Int. J. Plasticity 8 (1992) 839-

856. 
[11] L. Dietrich, K. Turski, Nowa metoda badania cienkich blach przy ściskaniu, Rozprawy Inźynierskie 26 (1978) 91–99. (in Polish) 
[12] T. Kuwabara, Y. Morita, Y. Miyashita, S. Takahashi, Elastic-plastic behavior of sheet metal subjected to in-plane reverse loading, in: 

Tanimura, S., Khan, A.S. (Eds.), Proc. 5th Int. Symp. Plasticity and Its Current Applications, Gordon and Breach Publishers, Luxembourg, 
1995, pp. 841–844. 

[13] T. Kuwabara, Y. Morita, Y. Miyashita, S. Takahashi, Elastic-plastic behavior of sheet metal subjected to in-plane reverse loading, J. JSTP 
36 (1995) 768–774. (in Japanese) 

[14] N. Iwata, M. Matsui, T. Kato, K. Kaneko, H. Tsutamori, N. Suzuki, M. Gotoh, Numerical prediction of spring-back behavior of a stamped 
metal sheet by considering material nonlinearity during unloading, in: Mori, K. (Ed.), Proc. 7th Int. Conf. Numerical Methods in Industrial 
Forming Processes. Balkema, Lisse, 2001,  pp. 693–698. 

[15] R.K. Boger, R.H.Wagoner, F. Barlat, M.G. Lee, K. Chung, Continuous, large strain, tension/compression testing of sheet material, Int. J. 
Plasticity 21 (2005) 2319–2343. 

[16] J. Cao, W. Lee, H.S. Cheng, M. Seniw, H.-P. Wang, K. Chung, Experimental and numerical investigation of combined isotropic-kinematic 
hardening behavior of sheet metals, Int. J. Plasticity 25 (2009) 942–972. 

[17] T. Kuwabara, Advances in experiments on metal sheets and tubes in support of constitutive modeling and forming simulations, Int.  J. 
Plasticity 23 (2007) 385–419. 

[18] T. Kuwabara, Y. Kumano, J. Ziegelheim, I. Kurosaki, Tension-compression asymmetry of phosphor bronze for electronic parts and its 
effect on bending behavior, Int. J. Plasticity 25 (2009) 1759–1776. 

[19] T. Kuwabara, R. Saito, T. Hirano, N. Oohashi, Tension-compression asymmetry of SUS304 stainless sheet for electronic parts and its 
effects on bending and springback behavior, Tetsu-to-Hagané 95 (2009) 732–739. (in Japanese) 



 Chiharu Nagano  et al. / Procedia Engineering 207 (2017) 1964–1969 1969 Nagano, C. / Procedia Engineering 00 (2017) 000–000 5 

process in material production; therefore, the flow stress of the sample subjected to the in-plane compression in this 
test became lower than that under tension because of the reverse loading following the cold rolling process. In the 
TD the stresses are higher in compression than in tension for a strain range of 0.002  ; it is 24 % higher than the 
tensile one at   0.014. The TCA observed in the TD is probably caused by the directionality of dislocation 
structures of severely deformed metals and their rearrangement during reloading [3, 4]. The TCA as shown in Fig. 4 
was also observed in the tension/compression tests on a 0.25 mm-thick phosphor bronze sheet [18] and a 0.3 mm-
thick SUS304 stainless steel sheet [19]. Therefore, the TCA is possibly a phenomenon common to heavily cold 
rolled sheet metals.. 

Figure 5 shows the ss curves in the tests of (a) TC (initial tension followed by unloading, compression, and 
subsequent unloading) and (b) CT (initial compression followed by unloading, tension, and subsequent unloading). 
The test material shows significant difference in the TC and CT behavior between RD and TD. In the TC tests the 
initial tensile flow stress is almost identical to each other in RD and TD while the subsequent compressive flow 
stress is 25 % higher in TD than in RD at   -0.015. In the CT tests the initial compressive flow stress is 30 % 
higher in TD than in RD at   -0.02 while the subsequent tensile flow stress is almost identical to each other at  
0.01.  

Figure 6 shows the variation in instantaneous slope, d / d  , of the stress-strain curves shown in Fig. 5(a) 
during (a) initial tension, (b) unloading followed by compression, and (c) subsequent unloading. It is noted that the 
general trends in the variation in d / d   are almost identical to each other between RD and TD during unloading 
followed by compression (Fig. 6(b)), while the magnitudes of d / d   is consistently higher in RD than in TD (Fig. 
6(c)). 
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Fig. 5 True stress-logarithmic strain curves measured in the stress reversal tests: (a) TC test and (b) CT test. 
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compression, and (c) unloading. 

6 Nagano, C. / Procedia Engineering 00 (2017) 000–000 

4. Conclusions 

The in-plane tension/compression stress-strain curves of a 0.2 mm-thick austenitic stainless steel sheet (SUS301) 
with a 0.2 % proof stress of 1800 MPa were successfully measured within a strain amplitude of ±0.017. A testing 
apparatus equipped with comb-type die couples was designed and built to apply in-plane tension/compression 
reverse loading to the test material without buckling. Following experimental observations were obtained. 
(1) The stress-strain curves of the test material were successfully measured without buckling of the specimens for a 

strain amplitude of ±0.017.   
(2) In the RD the stresses are higher in tension than in compression for a strain range of 0.002  ; it is 22 % 

higher in tension than in compression at   0.014. In the TD the stresses are higher in compression than in 
tension for a strain range of 0.002  ; it is 24 % higher than the tensile one at   0.014. 

(3) The test material shows significant difference in the TC and CT behavior between the RD and TD.  
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