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Abstract—The material properties of OFHC copper film was 

investigated with the High-Speed Material Micro Testing Machine 

(HSMMTM) at the high strain rates. The rate-dependent stress-strain 

curves from the experiment and the Johnson−Cook curve fitting 

showed large discrepancies as the plastic strain increases since the 

constitutive model implies no rate-dependent strain hardening effect. 

A new constitutive model was proposed in consideration of 

rate-dependent strain hardening effect. The strain rate hardening term 

in the new constitutive model consists of the strain rate sensitivity 

coefficients of the yield strength and strain hardening. 

 

Keywords—Rate dependent material properties, Dynamic 

constitutive model, OFHC copper film, Strain rate. 

I. INTRODUCTION 

HE rate-dependent material properties of engineering 

materials are widely utilized for industrial applications. 

During the past decade, the rate-dependent behavior of metal 

sheets was investigated by many researchers [1], [2] for 

automobile applications while the thin films of foregoing 

remain almost unstudied. Dynamic material properties of the 

thin films have gained great interests in the area of MEMS 

(Micro Electro Mechanical System) [3], micro-forming [4] and 

etc. Material properties of the OFHC (Oxygen Free High 

Thermal Conductivity) copper film at the strain rates ranging 

from 0.001/s to 1000/s were recently evaluated using 

High-Speed Material Micro Testing Machine [5]. 

Johnson−Cook constitutive model [6], which is widely utilized, 

assumed that the strain rate hardening is proportional to the 

logarithm of strain rate. More recently, the modified 

Johnson−Cook constitutive model was suggested with the 

strain rate sensitivity term as higher interpolation function of 

the logarithm of strain rate [2]. In current study, the 

rate-dependency of strain rate hardening on strain hardening is 

newly considered to the existing model. 

II. EXPERIMENTAL RESULT 

Experimental stress-strain curves of an OFHC copper film 

with a thickness of 0.1mm are shown in Fig. 1 [5]. The result 

shows that the flow stress and the strain hardening 

monotonically increase as the strain rate increases. The 

Johnson−Cook constitutive model [6] in a form of (1) uses the 
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slope of the normalized yield strength versus the logarithm of 

strain rate. The yield strength is assumed to proportionally 

increase as the logarithm of strain rate increases with a 

proportional coefficient of strain rate sensitivity named as C. 

The thermal softening term is neglected in this calculation 

because the temperature change due to the plastic work is 

negligible when only tension is concerned in engineering sense. 
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Fig. 1 Engineering stress-strain curves for OFHC copper film 

 

 

Fig. 2 Normalized yield strength vs. logarithmic strain rate curve 
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Fig. 3 Johnson−Cook curve fitting result vs. experimental result 

 

 Fig. 4 Variation of normalized stress vs. logarithmic strain rate curves 

w.r.t. the plastic strain 

 

Fig. 2 denotes the normalized yield strength versus 

logarithmic strain rate. The normalized yield strength is in 

proportion to the logarithmic strain rate. The coefficient C, 

strain rate sensitivity coefficient of yield strength, is the slope 

of the curve. As a result, Fig. 3 shows that curve fitting results 

from the Johnson−Cook constitutive model and experiments 

have large discrepancies as the plastic strain increases. The 

discrepancies are originated from the variation of strain rate 

sensitivity coefficient, C, as the plastic strain changes. The 

strain rate sensitivity coefficient is not constant but varies as the 

plastic strain increases as shown in Fig. 4.  

III. NEW DYNAMIC CONSTITUTIVE MODEL 

A new dynamic constitutive model for OFHC copper film 

was suggested as shown in (2). The strain rate sensitivity 

coefficient, C, is assumed as a linear function of the plastic 

strain. Consequently, the C1 is the strain rate sensitivity 

coefficient of yield strength, which is the same as that of 

Johnson−Cook constitutive model, and the C2 becomes the 

strain rate sensitivity coefficient due to strain hardening. 
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A linear fitting curve of C is plotted in Fig. 5. The coefficient 

C1 becomes equal to C at the yield point where the plastic strain 

is zero and the coefficient C2 is the slope of the curve for C. Fig. 

6 demonstrates that rate-dependent stress-strain curves 

obtained by a new dynamic constitutive equation nicely 

approximates experimental stress-strain curves.  

 

 

Fig. 5 Linear fitting of the strain rate coefficient, C, w.r.t. the plastic 

strain 

 

 

Fig. 6 New dynamic constitutive model vs. experimental result 

IV. CONCLUSION 

New dynamic constitutive model of an OFHC copper film 
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has been suggested with a linear approximation of change of 

strain rate sensitivity coefficient as a function of a plastic strain. 

The new model shows good approximation with experimental 

result while the Johnson−Cook constitutive model shows large 

discrepancy as the plastic strain increases. New dynamic 

constitutive model implies rate-dependent strain hardening 

term and can give functional expandability to materials that 

have change of strain hardening as the strain rate increase. 

REFERENCES 

[1] H. Huh and W. J. Kang, “Crash-worthiness assessment of thin-walled 
structures with the high-strength steel sheet,” Int. J. Vehicle Design, vol. 

30, pp. 1–21, 2002. 
[2] H. Huh, J. H. Lim, and S. H. Park, “High speed tensile test of steel sheets 

for the stress-strain curve at the intermediate strain rate,” Int. J. 

Automotive Technology, vol. 10, pp. 195–204, 2009. 
[3] K. J. Hemker and W. N. Sharpe, “Microscale characterization of 

mechanical properties,” Annual Review of Materials Research, vol. 37, 
pp. 93–126, 2007. 

[4] G. Hirt, H. Justinger, and N. Witulski, “Analysis of Size Effects in Micro 

Sheet Forming,” in Proc. 1st Colloquium Process scaling, Bremen, 2003. 

[5] J. S. Kim and H. Huh, “Evaluation of the Material Properties of an OFHC 
Copper Film at High Strain Rates Using a Micro-Testing Machine,” 

Experimental Mechanics, vol. 51, pp. 845–855, 2011. 

[6] G. R. Johnson and W. H. Cook, “A constitutive model and data for metals 
subjected to large strains, high strain rates and high temperatures,” in Proc. 

7th Int. Symp. on Ballistics, 1983, pp.541–547. 


