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ABSTRACT - Thc ability to compare different constitutive models has been difficult in the past because the 
constants associated with these models are developed using differcnt methods and test data. This work presents 
an explicit, consistent proccdure for which constants can be determined for different constitutive models using 
the same test data base. This allows for a direct comparison of the models to be made independent of the 
material constants. Using this procedure, constants are determined for four material modcls: Johnson-Cook, 
Modified Johnson-Cook, Zcrilli-Armstrong, and a Combined Model (from Johnson-Cook and Zerilli-Armstrong) 
using two materials: OFHC Copper and Armco Iron. Comparisons are made between the differcnt models by 
simulating Cylindcr Impact experiments using the EPIC codc. 

1. INTRODUCTION 

It is of interest to compare various const~tutive models for usc in computcr codes. There are currently many differcnt 
constitutive modcls available that describe thc dynamic behavior of matcrials. Associated with these models are material 
constants which are rcquired to describe the behavior of specific materials. The ability of constitutive models to describe 
material behavior is, therefore, a combined function of modcl formulation and Ihe values of the associated constants. The 
objectives of this work arc to dcvclop a procedure by which constane can be obtained, for different constitutive models, using 
the same test data basc, and to then compare the results of the differcnt models. This will allow for material modeIs to hc 
compared to one anothcr without bias, and for conclusions to bc drawn as to which models may offer advantages. This 
procedure also provides a means for obtaining material constants for various constitutivc models. 

2. DESCRIPTION OF MATERIAL MODELS 

Four material models are evaluated in this study. All modcls are taken to have five free constants to ensure conslstcnt 
comparison. The models cvaluatcd are the Johnson-Cook, Zcrilli-Armstrong, Modified Johnson-Cook, and a Combined 
Model. 

a. Johnson-Cook 

The Johnson-Cook modcl represents an empirical relationship for the von Mises flow stress ill. 

where E is the equivalent plastic strain, c* = ;/go is the dimensionless plast~c strain rate for S, = 1.0s-I, and '1'- i s  the 
homologous temperature. The constants arc A, B, C, n and m. 

b. Zerilli-Armstrong 

The Zerilli-Armstrong model represents a more physically based relationship based on dislocation mechanics 12!. 
Constitutive equations for both face centered cubic (fcc) and body centered cubic ( k c )  materials have been dcvclopcd. 

For this study, it is dcsirable to have modcls with five constants. This provides consistency betwcen models and ensures 
that a consistent technique to determine constants can be applied. Small modifications to the Zerilli-Armstrong modcls ivcrc 
rcquired to obtain models with five constants. Care was taken to modify the modcls without reducing model integrity. Thc 
modcls for the van Mises flow stress, for face centered cubic (fcc) and body center cubic (bcc) materials are expressed as 
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where E is the equivalent plastic strain, k is the plastic strain rate, and T is the absolute temperature. For this study, the five 
material constants for the fcc model are Co, C2, C3, C4, and n; and for the bcc model, C1, Cg, Cq, Cg, and n. The original 
model for fcc materials sets n = In, but it is taken as a free constant here. For bcc materials, CO is as specified by Zerilli and 
Armstrong 121. 

c. Modified Johnson-Cook 

The Modified Johnson-Cook model incorporates a simple modification to the Johnson-Cook model to better represent the 
strain rate effect. There is evidence that the strain rate influence on material strength is not a linear function of the natural 
log, as the Johnson-Cook model indicates, but rather an exponential function 131. To better model this behavior, an 
exponential strain rate function was incorporated into the Johnson-Cook model and it is expressed as 

where the parameter and constant definitions are the same as for the Johnson-Cook model. 

d. Combined 

The Combined Model combines the yield and strain hardening portion of the Johnson-Cook model with the temperature 
and strain rate portion of the Zerilli-Armstrong model. There is evidence that the temperature and strain rate effect is 
coupled 141. The objective of the Combined Model is to better represent the coupled behavior of the temperature and strain 
rate effect. The Combined Model has the following form: 

The five constants are A, B, n, C3, and Cq as defined in the previous models; and the strain, strain rate and absolute 
temperature are represented by e, & and T, respectively. 

3. TEST DATA 

The materials used for this study are OFHC copper, and Armco iron. These materials were chosen because of the large 
test data base available and the variation in material behavior Ill. The test data used are obtained from torsion and tension 
tests over a wide range of strains, strain rates, and temperatures. 

Tension data are comprised of dynamic Hopkinson pressure bar tests over a range of temperatures, and quasi-static tension 
tests at ambient temperature. At large tensile strains, after necking has begun, the net tensile stress is greater than the tensile 
flow stress due to the presence of hydrostatic tension caused by the geometry in the neck region. The quasi-static tension data 
are corrected for this effect by applying the Bridgman correction factor 151. This approximates the true flow stress of the 
material. 

The torsion data are comprised of quasi-static and dynamic torsion tests at room temperature. The torsional stress-strain 
7 

data are converted to equivalent tensile stress-strain data by using the von Mises flow rule. This gives o = d 37 and .- 
E = y/d 3, where o and E are the tensile stress and strain, and .r and y are the torsional stress and strain. Because real 
materials do not always obey the von Mises flow rule, the test data were separated into two sets, one comprised of all tension 
data and the other of mostly torsion (equivalent tension) data. Constants for the models were derived using each set of data. 
The top two sets of data in Figure 1 are tension data only, and the bottom sets are primarily torsion data. Because material 
behavior is primarily a function of strain, strain rate, and temperature, the test data were chosen to capture a variation of these 
effects. Due to the lack of high temperature torsion data, high temperature Hopkiison bar tensile tests were used. This is 
shown in the bottom set of data in Figure 1, and thus, is referred to as torsion/tension data. 

4. DETERMINATION OF CONSTANTS 

Five constants are required for each of the four constitutive models. These constants are determined from the test data 
shown in Figure 1. The approach is to define five data points from the test data that cover a range of strains, strain rates, and 
temperatures. Five data points are defined for tension and torsion/tension data, for each material, and are shown in Figure 1. 
Data points 1 to 3 are chosen to describe the flow stress behavior at constant temperature and strain rate. Data point 1 is the 
yield stress, and points 2 and 3 determine the strain hardening behavior. Data points 4 and 5 are chosen to capture the strain 
rate and temperature effects. At each point, the stress, strain, strain rate, and temperature are known. The data points, from 
which the constants are determined, are given in Table 1. 
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Figure 1. Tension and torsion test data from which the constants are obtained 

The constants for all the models are determined in the same manner. The values of stress, strain, strain rate, and 
temperature are input into the model of interest for each of the five data points. This produces a series of five equations and 
five unknowns, the unknowns being the rnodel constants. The resulting constants are shown in Table 2, and the 
corresponding adiabatic stress-strain relationships arc shown in Figure 2. 

Figure 2 shows that the models behave differently depending on which set of test data is uscd to obtain material 
constants. This is most evident in the strain rate cffect of OFHC copper. The largest difference between the models is thc 
strain rate efrect. How each model behaves relative to strain rate is shown in Figure 3. The Zerilli-Armstrong model 
consistently predicts the greatest strain rate effect while the Johnson-Cook model predicts the least amount. The responses in 
Figure 3 were generated at a constant strain; if other strain values were used the responses would change. Armco iron shows 
the greatest strain rate effect, which is consistent with test data /I/. 



JOURNAL DE PHYSIQUE IV 

Table 1. Test data at five selected conditions, from which the constants are obtained 

Table 2. Constants for the four models using tension and torsionltension data 
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Figure 2. Adiabatic stress-strain relationships for OFHC copper and Armco iron, using various 
models and constants 
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An assessment of the models can be made by comparing computed predictions of cylinders impacting rigid surfaces to 
corresponding test data /I/. Cylinder impact experiments provide an independent tool to evaluate the models, because they 
experience relatively high strains, high strain rates, and elevated temperatures. To quantify the degree of agreement between 
computed shapes and test shapes, an average error is defined as 

- 

where LT, DI', and WT are the deformed length, diameter, and bulge (diameter at 0.2L0 from impact end) measured from the 
test specimens, and AL, AD, and AW are the differences between the computed and test results. 
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Figure 3. Stress-strain rate relationships for OFHC copper and Armco iron, using various 
models and constants 

1000 - 
8. z. 
0 

$' w 
LT 
$ 600 

L 
S 

400 

B 
A 
4 

200 
3 

3 

Figure 4 presents comparisons between the computed results and the test results for OFHC copper and Armco iron. 
Models using the tension data constants generally performed better than the models using the torsion/tension data constants. 

This is particularly true for OFHC copper. The iZ's, from Figure 4, are documented in Table 3. There appears to be little 
performance difference between the four models, though there is an obvious difference between the two sets of constants used. 

In order to evaluate these models, using cylinder impact experiments, an understanding of the strains and strain rates 
occumng in these tests must be known. To have agreement with cylinder-impact tests does not necessarily ensure that the 
model is accurate at all strains and strain rates, but rather indicates the accuracy at the strains and strain rates that occur during 
a cylinder impact test. Figure 5 shows the strains occurring in the two cylinder impact experiments and the strain rates that 
produced those strains. These results were generated with the Johnson-Cook model, using the constants obtained from 
tension data. For the OFHC copper test, over 80 percent of the material experiences a strain of only 0.8; and for the Armco 
iron, the strain is smaller. The strain rates which induce these strains are consistently on the order of 103s-I to 10~s-'. This 
information provides a guide when evaluating material models using cylinder impact experiments. The models can only be 
accurately evaluated within the strains and strain rates that occur in a cylinder impact experiment. Figure 5 indicates the 
models can be adequately evaluated for strains up to approximately 0.8 and for strain rates between 10%-I and 105s-'. 

CONSTANTS FROM TENSION DATA 
5 I I 

JOHNSION-COOK 
MODIFIED JOHNSON-COOK ....-..-......- 

- COMBINED MODEL --- -- 
ZERILLI-ARMSTRONG - - - - - - - , , . 

ARMCO IRON 
- -- 

- -- 

- - - 
- POINT@ -- 

OFHC COPPER 

6. SUMMARY AND CONCLUSIONS 
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This paper has presented an explicit technique to obtain constants for constitutive models using a consistent set of 
material test data for the purpose of making comparisons between various constitutive models. Constants were developed for 
four models using this technique. A comparison was made between these models by simulating cylinder impact experiments. 
Some conclusions are as follows: 

(a) Constants can be obtained in a simple, straightforward manner, for a variety of constitutive model formulations, 
using this technique. 

(b) Constitutive models may need to be revised to a consistent number of material constants to make comparisons 
legitimate. 

(c) All four models show generally good agreement with cylinder impact experiments when using data generated from 
tension tests. 

(d) When using cylinder impact experiments to determine constitutive model performance, the comparisons are only 
valid for the strains and strain rates experienced in these experiments. For this study, the strains were 0 to 0.8 and the strain 
rates were 10~s-I to 105s-l. Experiments that would increase this range would be desirable. 

(e) Constants obtained using the tension data performed consistently better than those obtained using the torsion/tension 
data as shown in Table 3. This is probably due to the fact that most of the deformation in a cylinder impact experiment is 
compression, and not shear, and that materials do not always obey the von Mises flow rule. 
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Figure 4. Comparison of computed results and test data for OFHC copper and Armco iron 
cylinder impact tests 
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Table 3. Summary of differences between computed results and test data, A, for four material 
models using tension and torsion/tension data 
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Figure 5. Computed distribution of strain and strain rates, in the cylinder impact test, for OFHC 
copper and Armco iron 
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