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DETERMINATION OF CONSTANTS AND COMPARISON OF RESULTS FOR VARIOUS
CONSTITUTIVE MODELS

T.J. HOLMQUIST and G.R. JOHNSON

Alliant Techsystems Inc., 7225 Northland Drive, Brooklyn Park,
MN 55428, U.S.A

ABSTRACT — The 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 procedure 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 models: Johnson-Cook,
Modified Johnson-Cook, Zerilli-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 Cylinder Impact experiments using the EPIC codc.

1. INTRODUCTION

It is of interest to compare various constitutive models for usc in computer codes. There are currently many differcnt
constitutive models available that describe the dynamic behavior of matcrials. Associated with these models are material
constants which are required to describe the behavior of specific materials. The ability of constitutive models to describe
material behavior is, therefore, a combined function of mode! formulation and the values of the associated constants. The
objectives of this work are to develop a procedure by which constants can be obtained, for different constitutive models, using
the same test data base, and to then compare the results of the different models. This will allow for material models to be
compared to one another without bias, and for conclusions to be drawn as 1o which models may offer advantages. This
procedure also provides a means for obtaining material constants for various constitutive models.

2. DESCRIPTION OF MATERIAL MODELS

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

a. Johnson-Cook
The Johnson-Cook model represents an cmpirical relationship for the von Mises flow stress /1/.
o =[A + Be" [1 + CéE™] [1 - T'M) m
where £ is the equivalent plastic strain, £* = /€, is the dimensionless plastic strain rate for &, = 1.0s°!, and T™ is the
homologous temperature. The constants are A, B, C, n and m.
b. Zerilli-Armstrong

The Zerilli-Armstrong model represents a more physically based relationship based on dislocation mechanics /2/.
Constitutive equations for both face centered cubic (fce) and body centered cubic (bee) materials have been developed.

For this study, it is desirable to have models 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 models were
required to obtain models with five constants. Care was taken to modify the models without reducing model integrity. The
models for the von Mises flow stress, for face centered cubic (fcc) and body center cubic (bee) materials are cxpressed as
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6 = Cg + Coe™ [EXP(~C3T + C4Ttnd)] (fec) ®
6 = Cg + Cp [EXP(-C3T + C4Ti#)] + Csen (bcc) 16))

where ¢ is the equivalent plastic strain, € is the plastic strain rate, and T is the absolute temperature. For this study, the five
material constants for the fcc model are Cp, Cz, C3, C4, and n; and for the bec model, Cq, C3, C4, C5, and n. The original
model for fcc materials sets n = 1/2, but it is taken as a free constant here. For bec materials, Co is as specified by Zerilli and
Armstrong /2/.

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 /3/. To better model this behavior, an
exponential strain rate function was incorporated into the Johnson-Cook model and it is expressed as

G = [A + BeM £*CI [1 - T™™) @
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 /4/. 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:

6 = [A + BeP] [EXP(-C3T + C4Tiné)] ) ®)

The five constants are A, B, n, C3, and C4 as defined in the previous models; and the strain, strain rate and absolute
temperature are represented by ¢, €, 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 /1/. 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 geomeiry in the neck region. The quasi-static tension data
are corrected for this effect by applying the Bridgman correction factor /5/. 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 siress-strain
data are converted to equivalent tensile stress-strain data by using the von Mises flow rule. This gives ¢ = V3t and

€= y/\/ 3, where o and € are the tensile stress and strain, and T and vy 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 Hopkinson 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 model constants. The resulting constants are shown in Table 2, and the
corresponding adiabatic stress-strain relationships are shown in Figure 2.

Figure 2 shows that the models behave differently depending on which set of test data is used to obtain material
constants. This is most evident in the strain rate effect of OFHC copper. The largest difference between the models is the
strain rate effect. How each model behaves relative 1o 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 /1/.
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Table 1. Test data at five selected conditions, from which the constants are obtained

DATA TAKEN FROM TENSION TESTS

DATA TAKEN FROM TORSION/TENSION TESTS

DATA| TEST G £ H T DATA | TEST c € H T
© MATERIAL -
MATERIAL Lo |ty | oave) N POINT| TYPE | (MP2) h | ®
OFHC COPPER 1 |TENSION| & | 00 |0002 | 296 | OFHC COPPER 1 |TORSION| 120 | 0.0 |0.006 | 296
' 2 240 | 02 |0002] 296 2 270 | 05 [0.006 | 296
3 430 | 14 |o0o002 | 296 3 390 | 28 | 0006 | 206
4 280 | 02 | 451 | 307 4 310 | 02 | 8 | 311
5 170 | 02 | 464 | 736 5 |[TENSION| 170 | 02 | 464 | 738
ARMCO IRON 1 |TENSION| 165 | 00 |0.002| 296 | ARMCOIRON 1 |TORSiON| 130 | 00 |[o0.006 | 296
2 33 | 02 |0002| 206 2 355 | 03 |0006 | 296
3 580 | 17 |o0002| 296 3 545 | 23 | 0.006 | 296
4 500 | 02 | 407 | 320 4 465 | 02 | 168 | 319
5 245 | 02 | 460 | 744 5 |TENSION| 245 | 02 | 460 | 744
Table 2. Constants for the four models using tension and torsion/tension data
JOHNSON - COOK MODEL o=[A+BEM[ + Cind*p-T"
CONSTANTS OBTAINED FROM TENSION DATA [CONSTANTS OBTAINED FROM TORSIONTENSION DATA
A B A B
MATERIAL opa) | MPay n c m MATERIAL | o | apa n c m
OFHC COPPER 65 356 0.37 0.013 1.05 |OFHCCOPPER | 145 230 0.34 0.034 0.80
ARMCO IRON 233 468 0.42 0.047 0.42 [ARMCO IRON 171 426 0.30 0.047 0.47
MODIFIED JOHNSON - COOK MODEL o=[A+BeM[En-1'my
CONSTANTS OBTAINED FROM TENSION DATA CONSTANTS OBTAINED FROM TORSION/TENSION DATA
A B A B
MATERIAL wpa) | (Mpa) n c m MATERIAL | o | aupay | " c m
OFHC COPPER 65 354 0.37 0.013 1.05 |OFHCCOPPER | 144 227 0.34 0.035 0.78
ARMCO IRON 223 449 0.42 0.048 0.42 |ARMCO IRON 167 415 0.30 0.049 0.46
COMBINED MODEL G=1A+ B g"[EXP(-C4T +C4 T Ind))
CONSTANTS OBTAINED FROM TENSION DATA CONSTANTS OBTAINED FROM TORSION/TENSION DATA
A B A B
MATERIAL | .5 \Pa n c3 C4 MATERIAL | oo | pa) n c3 c4
OFHC COPPER 100 545 0.37 0.00145 | 0.000046 | OFHC COPPER 279 442 0.34 | 0.00226 0.000115
ARMCO IRON 425 856 0.42 0.00244 | 0.000122 | ARMCO IRON 319 793 0.30 | 0.00238 0.000127
c:c,,+c,s"[EXP(-C;T+C4T’In 1 fee
ZERILLI - ARMSTRONG MODEL O=Co+Cy[EXP(-C3T +C, T Inf)] +C5 €N bee
CONSTANTS O iTAINE) FROM TENSION DATA CONSTANTS OBTAINED FROM TORSION/TENSION DATA
Co | C1| C2| ¢c3 [ cs To | &1 Tz | C3 7 Cs
MATERIAL | (Pa) | (MPa)|gapay] k1) 1) |mpay| P | MATERIAL (MPa) | (MPa) | (MPa) | (k-1) (k1) MpPa) | "
OFHCCOPPER | 60 | — | 656|0.00198}0.000060( — [0.37 |OFHCCOPPER | 120 | — 1063 |0.00472/0.000214] — |0.34]
ARMCO IRON 65 |[3214] . (0.00973|0.000321 | 332 |0.42 |ARMCO IRON 65 s
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Figure 2. Adiabatic stress-strain relationships for OFHC copper and Armco iron, using various
models and constants

5. COMPARISON OF MODEL PREDICTIONS TO CYLINDER IMPACT TEST DATA

An assessment of the models can be made by comparing computed predictions of cylinders impacting rigid surfaces to
corresponding test data /1/. 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

Y N

It © Dor T wr ©

where L, DT, and Wr are the deformed length, diameter, and bulge (diameter at 0.2L,, 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

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 A'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
occurring 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 10351 to 10551, 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 10351 and 105s'L.

6. SUMMARY AND CONCLUSIONS

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 medels 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 103571 to 10551, 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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Table 3. Summary of differences between computed results and test data, A, for four material
models using tension and torsion/tension data

OFHC COPPER ARMCO IRON AVERAGE A
MODEL A A A A TORSION/
TORSION/ TORSION/ | TENSION BOTH SETS
TENSION TENSION TENSION TENSION TENSION
JOHNSON-COOK 0.040 0.102 0.023 0.043 0.032 | 0.073 0.053
MODIFIED JOHNSON-COOK | 0.038 0.099 0.028 0.019 0.033 | 0.059 0.046
COMBINED 0.040 0.086 0.055 0.045 0.048 | 0.066 0.057
ZERILLI-ARMSTRONG 0.037 0.069 0.034 NO 0.036 = —
SCLUTION

0.8

OFHC COPPER OFHC COPPER

0.6 [ NOTE:

COMPUTED RESULTS OBTAINED
WITH JOHNSON-COOK MODEL,
USING CONSTANTS OBTAINED
FROM 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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