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Introduction 

The accurate prediction of the performance of impacting and 
explosively formed metals requires high strain rate descriptions of material 
behavior. One such description is the Johnson-Cook model (Reference 1), 
which was originally developed for the accurate prediction of explosively 
formed metal penetrators. The Johnson-Cook model was specifically 
developed from a set of well-defined laboratory data, including low and high 
strain rate tests as well as elevated temperature tests. The original 
description of the model explains the method for determining the constants in 
the model from laboratory experiments. 

An alternative way of relatively easily obtaining constants for the model 
is by conducting a cylinder impact experiment (Taylor test) and performing 
iterative hydrocode predictions of the experiment while changing material 
constants until a reasonable match of the deformed profile occurs compared 
to the computation. This approach requires access to an axisymmetric 
transient wave propagation code (hydrocode) which is capable of accurately 
modeling the behavior of high velocity impact. 

This report documents a Lagrangian hydrocode developed specifically 
of this purpose. The code is designed to be fully interactive, allowing the user 
to vary material model inputs very easily. The code is a Lagrangian code with 
the reference frame fixed in the material, which is particularly well suited to 
careful study of the material behavior. This code will be referred to here as 
simply the Taylor impact solver. 

Objectives and Approach 

The Taylor impact solver was written in Microsoft Visual C++ to 
maximize ease of use through a user interface that is consistent with 
Microsoft Windows standards. The code operates as a simple form with all 
inputs, outputs, and graphical displays visible at all times. 

The primary use of the code was intended to be rough approximations 
of material model constants from cylinder impact test data, but the Taylor 
impact solver is also a powerful tool to demonstrate the importance of 
material properties to high strain rate events. 



Governing Equations and the Solver 

This code solves the equations of conservation of mass, momentum, 
and energy subject to material models in a finite element, explicit Lagrangian 
framework. Details of the equations and the finite element implementation for 
axisymmetric triangular finite elements are provided in Reference 2. Neither 
the governing equations nor the numerical approximations of these equations 
will be presented here because to do so would needlessly duplicate the more 
complete presentation provided in Reference 2. Instead, the C++ listing of 
the solver implementing the numerical solution of the conservation equations 
is included as Appendix III. The listing is intended to be self documenting for 
anyone with a basic understanding of C++ programming, and some sense of 
the physics being computed. Unfortunately, a complete description of all of 
the variables was also considered to be beyond the scope of this basic 
documentation, so the reader is expected to interpret the variables in the 
coding as best possible. Hopefully the listing will be more helpful than 
confusing. The listing also has been annotated with extra comments to assist 
the reader in understanding the numerical solution steps and the equations as 
implemented in the solver. The relative simplicity of the Johnson-Cook model 
is also made clear by this presentation. It is highlighted in particular, and 
since equation of state constants are made available for the user to change, 
that section is also marked. 



Johnson-Cook Constitutive Model 

The Johnson-Cook constitutive was developed for metals undergoing 
rapid rates of deformation during processes such as high speed impact or 
explosive loading. The model describes stress as a function of strain, strain 
rate, and temperature as described below: 

Where 
<y = A + B£n[l + Clni*][l-T*m] 

a = von Mises flow stress (psi) 
e = equivalent plastic strain 
e* = plastic strain rate 
T*M = homologous temperature (degrees F) defined as: 

* = U   — IROOM >'\*MELT ~ '■ROOM > 

with 5 Johnson-Cook model constants for each material: 

A = Yield Strength (psi) 
B = Work Hardening Extent (psi) 
C = Strain Rate Effect 
m = Thermal Softening Shape 
n =Work Hardening Shape 

Several symbols are used for the same constants in the display, the code, 
and this report. The interchangeable symbols used are: 

Display Code Report 
d m d A 
c2 m c2 B 
c3 m_c3 C 
am m_am m 
an m an n 

The effect of each of these constants on material behavior is 
demonstrated by three of the four plots in the center of the display (refer to 
Figure 1 in Appendix I.) The upper left plot shows stress vs. strain and 
changes with changes in A, B, and n. The upper right plot of a dimensionless 
multiplier on stress vs. log strain rate varies as C varies. The lower left plot of 
a dimensionless stress multiplier vs. homologous temperature varies with m. 
The plot of pressure vs. volumetric strain on the lower right illustrates the 
behavior of the material represented with the equation of state, affected by 
grun, c, s, and d. Details of the Mie-Gruneisen equation of state are given in 
reference 2 and elsewhere. 



Installing the Code 

The code may be installed and used on IBM compatible personal 
computer (PC) systems running Windows 95/98 or Windows NT 4.0 or newer 
operating systems. Install the code by copying the files from the enclosed 31/2 
inch floppy disk to the directory you choose to run from. This may simply be 
the desktop if you prefer. Two files are required for operation—the 
executable and one data file. These files are called HydroForm.exe and 
Taylor.dat. The data file (.dat) will be used to read from and write to, storing 
particular user runs. This feature allows a user to build a library of inputs of 
interest by simply renaming files. The data file is an ASCII file that can be 
edited by many common editors. For example, Wordpad, Word, or Write may 
be used to look at and change input data. Of course, data sets may also be 
created and modified by changing the default values that are set on initiation 
of the code, and saving the configuration to the data file. 

The default data set supplied on the floppy disc contains the same 
data set that would be generated by taking the default values on program 
startup and writing the data file. Four additional files are included on the 
installation floppy for setups with Oxygen Free High Conductivity (OFHC) 
copper, Armco iron, 2024-T4 aluminum, and 4340 steel. These files are 
shown in Appendix II. The names of the files indicate the materials they 
describe. This data set is consistent with the data published in Reference 1. 



Inputs and Operation 

The inputs to the code are collected on the left of the dialog box, 
consisting of two grouping of inputs—general inputs for run control, and 
inputs for the material models. 

If the button on the lower right side is depressed to read a data file, the 
file named material.dat in the default directory that the code is run from will be 
read and used to reset the values of the variables displayed as inputs on the 
left side of the dialog box, as well as the profile data on the lower right. The 
format of the data file is given in Tables I and II in Appendix II. 

Changes to the material constants in the inputs are reflected 
immediately as changes to the four material plots to the right of these 
constants. For example, changing d, which is effectively the yield strength of 
the material, will immediately result in a change in the top left plot of stress vs. 
strain. 

Changes to the inputs for general run control, such as number of 
nodes along the length or across the radius will immediately effect the 
meshing of the cylinder and be visible in the contour plot on the upper right of 
the dialog display. Variables plotted may be changed prior to, during, or after 
a run. 

Saving the displayed values to a data file will overwrite the material.dat 
file in the default directory where the Taylor impact solver was executed. It is 
the responsibility of the user to rename critical data files and keep track of 
them. Other than the example material data files supplied on the source 
floppy disk, no material data or problem librarian is supplied with this code. 
Limiting the supplied data was intentional to make wider distribution of the 
software tool possible than might have been permitted with the rather 
extensive material data set that might be available for the Johnson-Cook 
model. 



Example Applications 

The examples used throughout this section presume a 0.3000 
diameter by 1.00 inch long cylinder impacting at 6000 inches per second. 
These conditions are similar to the conditions for Taylor cylinder impacts used 
to validate the original Johnson-Cook constants described in Reference 1. 
The examples are generated using the data sets supplied on the distribution 
diskette, with modifications as noted. 

Example 1: OFHC Copper. 

Figures 1 and 2 show the initial setup and final results for the default setting 
of the code, utilizing constants for Oxygen Free High Conductivity (OFHC) copper. 

Example 2: Armco Iron. 

Figures 3 and 4 show the initial setup and the final results for the Armco iron data file. 

Example 3: 4340 Steel. 

Figures 5 and 6 show the initial setup and the final results for the 4340 steel data 
file. 

Example 4: Aluminum. 

Figures 7 and 8 show the initial setup and the final results for the 2024 
aluminum data file. 

Example 5: Deformed OFHC Profile 

Figures 9 and 10 repeat Figures 1 and 2, but with a profile of the deformed 
cylinder provided based upon the computation. This profile is used in the remaining 
examples to demonstrate the effects of changes in the parameters of the Johnson-Cook 
model. 

Example 6: Effect of OFHC Johnson-Cook Parameter c3 

Example 6 in Figure 11 demonstrates the effect of changing the term c3 in the 
Johnson-Cook model to 0.0, eliminating the strain rate effect. The result is clear in the 
reduced cylinder length. 
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Example 7: Effect of OFHC Johnson-Cook Parameter d 

Example 7 in Figure 12 demonstrates the effect of doubling the Johnson-Cook 
parameter d, which is effectively the yield strength. The result is clear in both the 
reduced primary diameter at the rigid boundary interface and the increased final length. 

Example 8: Effect of OFHC Johnson-Cook Parameter c2 

Example 8 in Figure 13 demonstrates the effect of reducing the amount of work 
hardening by changing the Johnson-Cook parameter c2 from 42,300 psi to 13,000 psi. 
The result is a larger primary diameter at the rigid boundary interface, a larger secondary 
diameter at the "second cone", and a reduced final length. This is the first reference to 
the secondary cone, but as an aside, it is interesting to observe the dynamic 
deformation/hardening process that caused the first cone to form at the rigid boundary 
interface, and then the secondary cone forms as an impact against the first cone. 

Example 9: Effect of OFHC Johnson-Cook Parameter am 

Example 9 in Figure 14 demonstrates the effect of changing the thermal softening 
parameter am from 1.09 to 0.50, increasing the softening effect for temperatures 
between melt and room temperature. The result is demonstrated in the reduced overall 
final length. 

Example 10: Effect of OFHC Johnson-Cook Parameter an 

Example 10 in Figure 15 demonstrates the effect of increasing the Johnson-Cook 
parameter am from 0.31 to 0.50. The effect is to decrease work hardening at lower 
strains, by changing the shape of the work hardening. The resulting larger secondary 
diameter and shorter final length is observed in Figure 15. 



Summary and Conclusions 

A Taylor impact solver has been developed, documented, and 
provided for installation on personal computers. This code operates under 
Microsoft Windows environments on personal computers to allow the 
interpretation of cylinder impact data in terms of high strain rate material 
constants. The code allows the determination of the Johnson-Cook 
constitutive model constants from cylinder impact data. The code also 
demonstrates the importance of the dynamic behavior of materials at high 
rates of loading. 
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Appendix I. Figures 

*'<• 2D Axisymmetiic Lagrangian Solver foi Tayloi Cyfindei Impact with Johnson-Cook Consbtutive Model 

Inputs — 

Vekrafjr 

Maximum Time 

Nodes along Length 

Nodes across Radius 

Length 

Radus 

Material 

Density 

Shear Modulus 

Specific Heal 

Temperature (FJ 

Me» Temp (F) 

d 

grun 

am 

an 

cl(psi) 

c2(psi) 

c3 

OFHC Copper 

1.09 

0.31 

13000 

42300 

0.025 

Log Strain Rate 

Stiain Rate Mutipfet 

Thermal Softening Mutipler       Pressure-Volumetric Strain 

■ PlotVariable  -■-    ■■  

C Stress             c Temperature 

Reference Data 

X Position Radius 

r Strain              r Pressure 1° 0.15 

t~ Strain Rate |o-i 0.15 

Outputs  |0.2 

|0.3 

0.15 

: Tme |0                    Dt   |0 0.15 

Cycle |0                  Enetgy|0 
|0.4 0.15 

|0.5 

jO.6 

0.15 

~ Run Control and Data File Operations-      0.15 

1                               1 0.8 0.15 

1 0.15 .                 .  
Run | Stop' Cont|                              |E«I||. I' 0 

Figure 1. View of screen on startup. 

**• 2D Axisymmetric Lagiangian Solve* foi Tayloi Cylinder Impact with Johnson-Cook Constitutive Model 

Inputs 

Velocity 

Maximum Time 

Nodes along Length 

Nodes across Radius 

Length 

Radius 

Material 

Density 

Shear Modulus 
Specific Heal 

Temperature (FJ 

Melt Temp (H 

d 

grun 

am 

an 

cl(psi] 

c2(psi) 

c3 

X Position Radus 

1° 0.15 

|0.1 0.15 

|0.2 0.15 

|0.3 0.15 

|0.4 0.15 

|0.5 0.15 

|0.6 0.15 

|0.8 0.15 

|1 0.15 

|1 ° 

Figure 2. View of screen after execution of defaults. 
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Stress (psi) 
4xcl 

Factor 
2 

j»> 2D Axisymmetric Lagrangian Solvei for Taylor Cylindei Impact with Johnson-Cook Constitutive Model 
r Inputs- 

Velocity 

Maximum Time 

Nod« along Length 

Nodes across Radius 

Length 

Radus 

Material 

Density 

Shear Modulus 

Specific Heat 

Temperature {F] 

Me» Temp (F) 

d 

grun 

am 

an 

cl(pä) 

c21psi) 

c3 

0.0OO738 

1.lG28e+007 

389700 

2800 

7.50625e*008 

0.55 

25400 

Strain 

Stress-Snail 

Los Strain Rat* 

Strain Rate Multiplier 

Thermal Softening Multipler       Pressure-Volumetric Strah 

Radius 

r. Outputs -r  

) Time |5.BTW98e-005    Dt   |5.53955e-008 

j Cycle |889 Energy |0.986876 

-Run Control and Data Re Operations  

|t.oad Data Fte dorn Piij    Save Data to F3e   | 

0 0.15 

0.1 0,15 

0.2 0.15 

0.3 0.15 

0.4 0.15 

0.5 0.15 

0.6 0.15 

0.8 0.15 

1 0.15 

1 0 

Figure 3. Armco iron before run. 
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p Inputs 

Velocity 

Maximum Time 

Nodes along Length 

Nodes across Radius 

Length 

Radius 

Material 

Density 

Shear Modulus 

Specific Heat 

Temperature (F) 

Melt Temp (F) 

d 

grun 

el(pa) 

c2(psi) 

c3 

1.1628e+007 

389700 

0.55 

0.32 

25400 
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Thermal Softening Muftipeer.       Pressure-Volumemc Strain 

Pressure 
300 Itii 

T Strain 

<~ Strain Rate 

*"* Temperature 

C Pressure 

' .-Outputs- —  - 

j Time |5.0035S*005    Dt   |5.53922e-O08 

! Cyde |B89~ Energy |a986881 

r Run Control and Data Fie Operations  

j Load Data Fie from Fiel    Save Data to Fie 

i|jHüril| Stop Cent || 

Reference Data 

X Position Radus 

[0 0.15 

10.1 0.15 

|0.2 0.15 

|0.3 0.15 

|0.4 0.15 

|0.5 0.15 

|0.6 0.15 

|0.8 0.15 

I' 0.15 

h o 

Figure 4. Armco iron after execution. 
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\£z,2D Axisyrometric Lagrangian Solver lot Tayloi Cylindei Impact with Johnson-Cook Constiluti ve Model ■■TTT" l*l 
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Velocity 

Maximum Tme 
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Nodes across Radius 
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Density 

Shear Modulus 
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Temperature (FJ 

Me* Temp (FJ 

c 

s 

d 
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{   am 

t   an 

j   eld») 
|   c2(psi) 

!   C3 

_  _.    . 
6000 Stress (psi) Factor ^raSSoosH 

| 5e-005 

cl 

40 

BlSift"-         "-:■-.'-.-'■-■ - -"■■.:-'■■- '"■' '■■■-'- --K 
7 
1 

1           10        100       100C 

0.15 

4340 Steel 

Plot Variable  - -, .- Reference Data 

Radius 
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1.124et007 t Strain          1 Log Strain Rate 

411400 Stress-Strain                  Strain Rate Mdtipfa 

70 •• Mtess             r Temperature 
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<~ StrainRate                                      ] \ 

XPosKon 

2768 Thermal Softening Multiplier       ftessufeVolumetric Strah ° 0.15 

2.3776e-t007 
Pressure 
500 kti 

0.1 0.15 

7.2513e*007 1 

\ 

Outputs  0.2 0.15                 j 

4.2693e->007 

0 

^S          \ 

Time |0                     01   |0 ! 
1 
i 

0.3 0.15 

1.16 
Cycle |0                  Energy |0 

Run Control and Data FJe Operations  

0.4 0.15 

1.03 0.5 0.15               I 

0.26 0.6 0.15                 i 

Load Data Fie torn Fad    Save Data to Fie ! 0.8 0.15               i 

73900 

Run | Stop  Cont |                             Exit j 

1 0.15 

0.014 
Room     T«mp(F)        Melt ■ 1 0                   j 

'■ - -          

Figure 5. 4340 steel before run. 

*>2D Axisyrametric Lagrangian Solver for Taylor Cylinder Impact with Johnson-Cook Constitutive Model 

Inputs -         

Velocity 6000 

Maximum Time 5e-005 

Nodes aiong Length 40 

Nodes across Radius 7 
Length 1 
Radus 0.15 

Material 4340 Steel 

Density 0.000732 

Shear Modulus 1.124e*007 

Specific Heat 411400 

Temperature (FJ 70 
Melt Temp (FJ 2768 
c 2.3776e*007 

s 7.2513e*007 
d 4.2693e+007 

grun 1.16 

am 1.03 

an 0.26 
cl(psi) 114900 
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Figure 6. 4340 steel after execution. 
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* •- 2D Axisyinmetric Lagrangian Solvei foi Taylat Cylinder Impact with Johnson-Cook Constitutive Model 

-Inputs 

Vetodtji 
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Nodes along Length 

Nodes across Radius 

Length 
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pRun Control and Data File Operations—~ 

[load Data Fjerröm"flj|    Save Data to File    | 

Run   Slop; Cont I 
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|0.2 0.15 

|0.3 0.15 
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0.15 
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|0.8 0.15 
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Figure 7. 2024-T4 aluminum before run. 

t *■ 20 Axisymmetiic Lagrangian Solvei tot Taylai Cylindei Impact with Johnson-Cook Constitutive Model 

-Inputs  — 

Velocity 

Maximum Time 

Nodes along Length 

Nodes across Radius 

Length 

Radws 
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-Run Control and Data FileOperations- — 
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VolStrain   0.01: 
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0.4 0.15 
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Figure 8. 2024-T4 aluminum after execution. 
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■                 ,_^^^^ 0.772 |0.15 
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Figure 9. Outline of deformed copper cylinder shown—otherwise same as defaults 
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Velocity sooo 
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Nodes along Length 40 
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Radws 0.15 
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Density 0.000837 

Shear Modulus 6.716e»006 

Specific Heat 330200 

Temperature (F] 70 
Me» Temp (F) 1981 
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s 8.1827e*007 
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c2[psi) 42300 

c3 0.025 
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|0.2 (0.132 
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Figure 10. Default values to establish cylinder outline for subsequent comparisons 
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etric Lagrangian Solvei for Taylor Cylindei Impact with Johnson-Cook Constitutive Mo 

inputs -- 

Velocity 

Maximum Time 

Nodes along Length 

Nodes aero» Radius 

Length 

Radius 

Material 

Density 

Shear Modulus 

Specific Heat 

Temperature (F) 

Me» Temp (F) 

d 

grun 

i   »» ■   am 

]   an 
j   o1(psf| 

I   c2(psi) 

—t»£;SS8»^!8Bf!Eaat.*V**»«.; ■::.-; ;** «'Mag: 

<~ Temperature 

<~ Pressure 

p Outputs— —- ,—  

j Tina |5.00407fr005    Dl   |5.22889e-008 

Energy |0.987068 

VolStiai*  0.01 

j Cycle I&TT 

r Run Control and Data File Operations  

| Load Data Fielrom Füe|    Save Data to File 

|(FJühl| Stop | Cent [ 

-Reference Data 

XPoatton Radius 

■> 0.22 

0.1 0.19 

0.2 0.182 

0.3 0.175 

0.4 0.165 

0.5 0.155 

0.6 0.15 

0.7 0.15 

0.772 0.15 

0.772 0 

Figure 11. Effect of elimination of strain rate effect (c3 = 0) 

* - 2D Axisyrametric Lagrangian Solver for Tayloi Cylindei Impact with Johnson-Cook Constrtut 

Inputs 

Vetocity 

Maximum Time 

Nodes along Length 

Nodes across Radius 

Length 

Radws 

Time ]5.00201e-ODS 

Cyde|782 

Dt   |aiB22e-008 

Energy |0.986843 

Run Conüol and Data File Operations—-  

Load Data Fie from Fuel    Save Data to Re 

Reference Data 

XPostem Radius 

0 0.22 

0.1 0.19 

0.2 0.182 

0.3 0.175 

0.4 0.165 

0.5 0.155 

0.6 0.15 

0.7 0.15 

0.772 0.15 

0.772 0 

Figure 12. Effect of change in value of d (yield strength) 
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sooo Stress (psi) 

4xcl 

Factor 
2 

*r 2D Axisyrnmetnc Lagiangian Solver foi Taylor Cylinder Impact with Johnson-Cook Constitutive Model 

Inputs 

VelocrSy 

Maximum Time 

Nod» along Length 

Nodes across Radius 

Length 

RatJus 

Material 

Density 

Shear Modulus 

Specific Heat 

Temperature (F) 

Me» Temp (F) 

d 

grun 

clips) 

c2(psi) 

c3 

OFHC Copper 

8.1827e*007 

2.5401 e+007 

1.96 

1.09 

Strain 

Stress-Strain 

Log Strain Rate 

Strain Rate MuMpter 

Thermal Softening MiitJprVar       Pressure-Vorumerric Strain 

Room     Temp(F)       Melt 

Pressure 
500 M 

Vol Strain 0.01 

r Strain 

C Strain Rate 

■Outputs  

■ Time [5.002iae>OD5     Dt   |3.72204e-00o 

i Cycle pM2 Energy |0.9SS989 

r Run Control and Data FJe Operations  

I Load Data Fte framFJej    Save Data to File 

■\W 

1° |0.22 

|0.1 .     jO.19 

[0.2 

|0.3 

■0.182 

JO.175 
|0.4 |0.165 

|0.15 

Figure 13. Effect of change in value of c2 (extent of work hardening) 

*£ 2D Axisymmetric Lagiangian Solver for Taylor Cylinder Impact with Johnson-Cook Constitutive Model 

Inputs 

Vetecrty 

Maximum Time 

Nodes along Length |40 

Nodes across Radius \? 

Length fT 
Radius 

Material 

Density 

Shear Modulus 

Specific Heat 

Temperature IF) 

Mrs« Tamp (F) 

Figure 14. Effect of Thermal Softening Constant Change- note plot here is temperature contours 
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;Uic Lagrangian Solver for Taylor Cylinder Impact with Johnson-Cook Constitutive Model 

-Inputs ■—— 

Velocity 

Maximum Time 

Nodes along Length 

Nodes across Radius 

Length 

RaoTus 

Material 

Density 

Shear Modulus 

Specie Heat 

Temperature (F) 

Me* Temp (F) 

d 

Stun 

HH 

c1(psi) 

c2(psi| 

c3 

t~ Temperatua 

r sttaii             r Pressure 

<" StrainRate  

Outputs —   

Time |5.00083e-005    Dt   |5i62762e-008 

CJK*|641 ' En«oy]0.9B7086 

VolStrain  0.01 

Run Control andDataFieOperatiora----- 

Load Data File (iomFie| Save Data to Fie 
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|0.1 |0.185 
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jO.4 |0.1G 

|0.6 jo.is 
|0.7 |0.15 

|0.?7 JQ.1S 
jo.77 1° _      _ 

Figure 15. Effect of Strain Rate Hardening Exponent Change 
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Appendix II. Tables 

6000.000000 
0.000050 
40 
7 
1.000000 
0.150000 
OFHC Copper 
0.000837 
6716000.000000 
330200.000000 
70.000000 
1981.000000 
19897000.000000 
25401000.000000 
81827000.000000 
1.960000 
1.090000 
0.310000 
13000.000000 
42300.000000 
0.025000 
0.000000 
0.100000 
0.200000 
0.250000 
0.300000 
0.400000 
0.600000 
0.700000 
0.770000 
0.770000 
0.215000 
0.185000 
0.180000 
0.178000 
0.170000 
0.160000 
0.150000 
0.150000 
0.150000 
0.000000 

Table 1. Data file as read by code 
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6000.000000 
0.000050 
40 
7 
1.000000 
0.150000 
OFHC Copper 
0.000837 
6716000.000000 
330200.000000 
70.000000 
1981.000000 
19897000.000000 
25401000.000000 
81827000.000000 
1.960000 
1.090000 
0.310000 
13000.000000 
42300.000000 
0.025000 
0.000000 
0.100000 
0.200000 
0.250000 
0.300000 
0.400000 
0.600000 
0.700000 
0.770000 
0.770000 
0.215000 
0.185000 
0.180000 
0.178000 
0.170000 
0.1600Ö0 
0.150000 
0.150000 
0.150000 
0.000000 

Impact velocity (inches/sec) 
Problem maximum time (seconds) 
Number of nodes along X 
Number of nodes across radius 
Cylinder length (inches) 
Cylinder radius (inches) 
Material Description 
Density 
Shear Modulus (psi) 
Specific Heat 
Room Temperature (degrees F) 
Melt temperature (degrees F) 
Mie-Gruneisen EOS constant k1 
Mie-Gruneisen EOS constant k2 
Mie-Gruneisen EOS constant k3 
Gruneisen Constant (usually called Gamma) 
Johnson Cook parameter m (Thermal Softening Shape) 
Johnson Cook parameter n (Work Hardening Shape) 
Johnson Cook parameter A (psi) (Yield Strength) 
Johnson Cook parameter B (psi) (Work Hardening Extent) 
Johnson Cook parameter C (Strain Rate) 
X Station 1 for reference profile 
X Station 2 for reference profile 
X Station 3 for reference profile 
X Station 4 for reference profile 
X Station 5 for reference profile 
X Station 6 for reference profile 
X Station 7 for reference profile 
X Station 8 for reference profile 
X Station 9 for reference profile 
X Station 10 for reference profile 
Radius 1 for reference profile 
Radius 2 for reference profile 
Radius 3 for reference profile 
Radius 4 for reference profile 
Radius 5 for reference profile 
Radius 6 for reference profile 
Radius 7 for reference profile 
Radius 8 for reference profile 
Radius 9 for reference profile 
Radius 10 for reference profile 

Table 2. Annotated data file 
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6000.000000 
0.000050 
40 
7 
1.000000 
0.150000 
OFHC Copper 
0.000837 
6716000.000000 
330200.000000 
70.000000 
1981.000000 
19897000.000000 
25401000.000000 
81827000.000000 
1.960000 
1.090000 
0.310000 
13000.000000 
42300.000000 
0.025000 
0.000000 
0.100000 
0.200000 
0.300000 
0.400000 
0.500000 
0.600000 
0.800000 
1.000000 
1.000000 
0.150000 
0.150000 
0.150000 
0.150000 
0.150000 
0.150000 
0.150000 
0.150000 
0.150000 
0.000000 

Table 3. Supplemental data for OFHC Copper 
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6000.000000 
0.000050 
40 
7 
1.000000 
0.150000 
Armco Iron 
0.000738 
11628000.000000 
389700.000000 
70.000000 
2800.000000 
23049000.000000 
74960000.000000 
750625000.000000 
1.690000 
0.550000 
0.320000 
25400.000000 
55100.000000 
0.060000 
0.000000 
0.100000 
0.200000 
0.300000 
0.400000 
0.500000 
0.600000 
0.800000 
1.000000 
1.000000 
0.150000 
0.150000 
0.150000 
0.150000 
0.150000 
0.150000 
0.150000 
0.150000 
0.150000 
0.000000 

Table 4. Supplemental data for Armco Iron 
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6000.000000 
0.000050 
40 
7 
1.000000 
0.150000 
2024 Alum 
0.000259 
3800000.000000 
754000.000000 
70.000000 
935.000000 
11130000.000000 
18605000.000000 
18144000.000000 
2.000000 
1.000000 
0.340000 
38400.000000 
61800.000000 
0.015000 
0.000000 
0.100000 
0.200000 
0.300000 
0.400000 
0.500000 
0.600000 
0.800000 
1.000000 
1.000000 
0.150000 
0.150000 
0.150000 
0.150000 
0.150000 
0.150000 
0.150000 
0.150000 
0.150000 
0.000000 

Table 5. Supplemental data for 2024-T4 Aluminum 
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6000.000000 
0.000050 
40 
7 
1.000000 
0.150000 
4340 Steel 
0.000732 
11240000.000000 
411400.000000 
70.000000 
2768.000000 
23776000.000000 
42693000.000000 
72513000.000000 
1.160000 
1.030000 
0.260000 
114900.000000 
73900.000000 
0.014000 
0.000000 
0.100000 
0.200000 
0.300000 
0.400000 
0.500000 
0.600000 
0.800000 
1.000000 
1.000000 
0.150000 
0.150000 
0.150000 
0.150000 
0.150000 
0.150000 
0.150000 
0.150000 
0.150000 
0.000000 

Table 6. Supplemental data for 4340 Steel 
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Appendix III. Annotated Listing of Solver 

// 

// 

// 

// 

// 

// 

// 

// 

// 

// 

// 

// 

// 

solver, do until time exceeds simulation limits or dt is too small 
while ((time_prob < mjmax) && (dt > min_dt)) 
{ 

dtbar = (dt + dtlast) * onejialf; 
dtnext = dt*1.1f; 

begin main node loop on i 
for (i = 0; i < number_of_nodes; ++i) 
{ 

update new velocities 
nd[i].xdot += (nd[i].fx) * dtbar/ nd[i].mass; 
ndfij.ydot += (ndfij.fy) * dtbar/ nd[i].mass; 

check fixed boundary conditions 
if (nd[i].x <= O.Of) 
{ 

nd[i].x      = O.Of; 
nd[i].xdot =0.0f; 

} 
compute new displacements after saving old displacements 

nd[i].x += nd[i].xdot * dt; 
ndfij.y += nd[f].ydot * dt; 

} 
end main node loop on i 
constrain centerline nodes to centerline 

for (i = 0; i < number_of_nodes; ++i) 
{ 

if (nd[i].centerline II (nd[i].y < 0.0)) 
{ 

nd[i].y     =0.; 
ndfij.ydot =0.; 

} 
} 

zero force arrays for internal forces 
and mass array to reset masses 

for (i = 0; i < number_of_nodes; ++i) 
{ 

} 

nd[i].fx = 0.0 
nd[i].fy = 0.0 
nd[i].mass = 0.0 

begin preliminary element loop on i 
and to adjust nodal masses due to axisymmetric radial motion 

for (i = 0; i < number_of_elements; ++i) 
{ 

establish nodes 1,2, & 3 for element i and material type 
n1 = el[i].node1; 
n2 = el[i].node2; 
n3 = el[i].node3; 

compute current area x 2 and ybar 
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areax2 = (nd[n2].y - nd[n3].y) * (nd[n3].x - nd[n1].x) 
- (nd[n3].y - nd[n1].y) * (nd[n2].x - nd[n3].x); 

ybar = (nd[n1].y + nd[n2].y + nd[n3].y) * onejhird; 
// adjust nodal masses due to axisymmetric radial motion 

nd[n1].mass += m_Density * el[i].vol * 
(nd[n1].y / (ybar * 12.0f) + onejourth); 

nd[n2].mass += mJJensity * el[i].vol * 
(nd[n2].y/ (ybar* 12.0f) + onejourth); 

nd[n3].mass += mJJensity * el[i].vol * 
(nd[n3].y / (ybar * 12.0f) + onejourth); 

// save new volumetric strain for element 
el[i].dvol_old = el[i].dvol; 
el[i].dvol = (ybar * pi * areax2) / el[i].vol -1 .Of; 

} 
// compute kinetic energy 

float kinetic_energy = O.Of; 
for (i = 0; i < number_of_nodes; ++i) 

kinetic_energy += nd[i].mass * onejialf * (nd[i].xdot*nd[i].xdot 
+nd[i].ydot*nd[i].ydot); 

// begin main element loop on i 
for (i = 0; i < number_of_elements; ++i) 
{ 

el[i].u = -el[i].dvol / (1 .Of + el[i].dvol); 
u = el[i].u; 
dvdot = (el[i].dvol - el[i].dvol_old) / dt; 

// compute average volumetric strain (dvbar) 
dvbar = el[i].dvol - dvdot * onejialf * dt; 

// establish nodes 1,2, & 3 for element i 
n1 = el[i].node1; 
n2 = el[i].node2; 
n3 = el[i].node3; 

// compute current area x 2 
areax2 = (nd[n2].y - nd[n3].y) * (nd[n3].x - nd[n1].x) 

- (nd[n3].y - nd[n1].y) * (nd[n2].x - nd[n3].x); 
ybar = (nd[n1].y + nd[n2].y + nd[n3].y) * one_third; 

// compute minimum altitude of element 
y1 = (nd[n1].y - nd[n2].y) * (nd[n1].y - nd[n2].y) 

+(nd[n1].x - nd[n2].x) * (nd[n1].x - nd[n2].x); 
y2 = (nd[n2].y - nd[n3].y) * (nd[n2].y - nd[n3].y) 

+(nd[n2].x - nd[n3].x) * (nd[n2].x - nd[n3].x); 
y3 = (nd[n3].y - nd[n1].y) * (nd[n3].y - nd[n1].y) 

+(nd[n3].x - nd[n1].x) * (nd[n3].x - nd[n1].x); 
ymax = max(y1 ,y2); 
ymax = float(sqrt((max(ymax,y3)))); 
hmin = areax2 / ymax; 
x1 = nd[n2].x - nd[n3].x; 
x2 = nd[n3].x-nd[n1].x; 
x3 = nd[n1].x-nd[n2].x; 
y1 = nd[n3].y - nd[n2].y; 
y2 = nd[n1].y-nd[n3].y; 
y3 = nd[n2].y-nd[n1].y; 

// compute strain rates (exdot...edot) 
exdot = (y1 * nd[n1].xdot + y2 * nd[n2].xdot + y3 * nd[n3].xdot) 

/ areax2; 
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eydot = (x1 * nd[n1].ydot + x2 * nd[n2].ydot + x3 * nd[n3].ydot) 
/ areax2; 

ezdot = (nd[n1].ydot + nd[n2].ydot + nd[n3].ydot) 
/(ybar*3.0f); 

exydot = (y1 * nd[n1].ydot + y2 * nd[n2].ydot + 
y3 * nd[n3].ydot + x1 * nd[n1].xdot + 
x2 * nd[n2].xdot + x3 * nd[n3].xdot) / areax2; 

// total strains 
el[i].ex += exdot * dt; 
eljij.ey += eydot * dt; 
elfij.ez += ezdot * dt; 
el[i].exy += exydot * dt; 
de = (exdot + eydot + ezdot) / 3.0f; 
exdot -= de; 
eydot -= de; 
ezdot -= de; 

// compute the von mises equivalent strain rate 
edot = float(sqrt(((exdot-eydot)*(exdot-eydot) 

+(eydot-ezdot)*(eydot-ezdot) 
+(exdot-ezdot)*(exdot-ezdot) 
+exydot*exydot * 1.5f) * two_ninths)); 

// calculate measure of element rotation 
rotation = one_half * ( 

x1 *nd[n1].xdot 
+ x2 * nd[n2].xdot 
+ x3 * nd[n3].xdot 
-y1 *nd[n1].ydot 
- y2 * nd[n2].ydot 
- y3 * nd[n3].ydot) / areax2; 

//          determine average normal stress (sbar) 
el[i].sbar = (el[i].sy + el[i].sx + el[i].sz) * onejhird; 

// determine previous deviator stresses (sy1 ,sx1 ,sz1) 
sx1 = el[i].sx - el[i].sbar; 
sy1 = elfij.sy - el[i].sbar; 
sz1 = ei[i].sz - el[i].sbar; 
sxyl = el[i].sxy; 

// compute trial deviator and shear stresses 
el[i].sy = sy1 + 2.0f * (m_G * eydot - (sxyl * rotation)) * dt; 
el[i].sx = sx1 + 2.0f * (m_G * exdot + (sxyl * rotation)) * dt; 
el[i].sz = sz1 + 2.0f * (m_G * ezdot) * dt; 
el[i].sxy = sxyl + (m_G * exydot + ((sy1 - sx1) * rotation)) * dt; 

// compute von mises flow stress 
el[i].vmises = float(sqrt((el[i].sy*el[i].sy 

+el[i].sx * el[i].sx 
+el[i].sz*el[i].sz)*1.5f 
+el[i].sxy*el[i].sxy*3.0f)); 

// Begin Johnson_Cook Constitutive Model 
float tstar = (elp].tmp-m_Temp)/(m_^TTemp-m_Temp); 
tstar = float(max(tstar,0.)); 
tstar = f loat(min(tstar, 1.)); 
edot = float(max(edot,1 e-4)); 
float smax = (m_d + m_c2 * float(pow(el[i].ebar, 

m_an))) * (m_c3 * float(log(edot)) +1 .Of); 
if (m_am > 0.) smax *= 1 .Of - float(pow(tstar,m_am)); 
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// End Johnson_Cook Constitutive Model 
if (smax < 0.) smax = 0.; 
if (el[i].vmises > smax) 
{ 

factor = smax / el[i].vmises; 
elffl.sx *= factor; 
elpj.sy *= factor; 
el[i].sz *= factor; 
el[i].sxy *= factor; 
eljij.vmises = float(sqrt((el[i].sy*el[i].sy 

+ei[i].sx*el[i].sx 
+el[i].sz*el[i].sz)*1.5f 
+el[i].sxy*el[i].sxy*3.0f)); 

} 
// compute internal energy (edev) from stresses of previous cycle 

edev = ((el[i].sy + sy1) * eydot + (el[i].sx + sx1) 
* exdot + (el[i].sz + sz1) * ezdot + 
(el[i].sxy + sxyl) * exydot) * onejialf * (dvbar +1 .Of) * dt; 

gdt = m_G*dt; 
// adjust strain rates into plastic strain rates 

exdot -= (el[i].sx - sx1) / (gdt * 2.0f); 
eydot -= (el[i].sy - sy1) / (gdt * 2.0f); 
ezdot -= (el[i].sz - sz1) / (gdt * 2.0f); 
exydot -= (el[i].sxy - sxyl) / gdt; 

// compute equivalent plastic strain rate (epdot) 
el[i].epdot = float(sqrt(((eydot-exdot)*(eydot-exdot) 

+(eydot-ezdot)*(eydot-ezdot) 
+(exdot-ezdot)*(exdot-ezdot) 
+exydot*exydof 1.5f) *two_ninths)); 

// compute updated plastic strain (ebar) 
el[i].ebar += el[i].epdot * dt; 

// Begin Equation of State 
// eos provides pressure (p), sound speed squared (ss2), and artificial viscosity (q) 

if (u > 0.) 
{ 

ss2 = (m_c * (1 .Of - m_grun * u) + 
m_d * (u * 2.0f - m_grun * 1.5f * u * u) + 
m_s * (u * 3.0f * u - m_grun * 2.0f * u * u * u) + 
el[i].engyi * m_grun + 
float(fabs(el[i].sbar)) * m_grun / (u + 1 .Of)) / m_Density; 

} 
if (u <= 0.) 

ss2 = (m_c + (elfJJ.engyi + 
float(fabs(el[i].sbar))) * m_grun) /mJDensrty; 

ss2 += m_G * fourjhirds / mJDensity; 
ss2 = f loat(max(ss2,1 e-10)); 

// compute artificial viscosity, q (q=0.0 for dvdot(i).ge.0.) 
float q = 0.; 
if (dvdot < 0.) 

q = m_Density * 4.0f * (u +1.00 * 
((hmin* dvdot *(u + 1.O0)* 
(hmin * dvdot *(u + 1.Of))) 
- m_Density * 0.2f * (u +1 .Of) 
* float(sqrt(ss2)) * hmin * dvdot * (u +1.00; 
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// compute total internal energy (engyi) and hydrostatic press (p) 
pminl = spall; 

// in the case of u ge 0.0 
if(u>=0.) 
{ 

p1 = (m_c * u + m_d * u * u + m_s * u * 
u * u) * (1 .Of - m_grun * one_half * u); 

el[i].engyi = (el[f].engyi + (el[i].sbar- p1 - q) 
* onejialf * dvdot * dt + edev) 
/ (m_grun * one_half * (u +1 .Of) * dvdot * dt +1 .Of); 

p = p1 + m_grun * (u +1.00 * el[i].engyi; 
} 

// in the case of u It 0.0 
else if (u < 0.) 
{ 

p1 = m_c * u * (1 .Of - m_grun * one_half * u); 
etrial = (el[i].engyi + (el[i].sbar - p1 - 

q)* onejialf* dvdot *dt + 
edev) / (m_grun * onejialf * ( 
u + 1.0f) * dvdot *dt + 1.Of); 

p = p1 + m_grun * (u +1 .Of) * etrial; 
pminl = -spall; 
if (p< pminl) 
{ 

p = pminl; 
el[i].engyi = el[i].engyi + ( 

el[i].sbar - p - q) * one_half * dvdot * dt + edev; 

} 
else 
{ 

el[i].engyi = etrial; 
} 

} 
// End Equation of State 
// compute total normal stresses (deviator - p - q) 

el[i].sbar = -p - q; 
elfij.sy += el[i].sbar; 
el[i].sx += elfjj.sbar; 
el[i].sz += eljij.sbar; 
float b2 = q * 4.0f / (m_Density * (u + 1 .Of)); 
float dtt = ssf * hmin / (float(sqrt(b2)) + float(sqrt(b2 + ss2))); 

// determine allowable integration time increment: dtnext 
if(dtt<dtnext)dtnext = dtt; 

} 
// ends main element loop 
// compute forces on the nodes 

float current_energy = O.Of; 
for (i = 0; i < number_of_elements; ++i) 
{ 

// establish nodes 1,2, & 3 for element i 
n1 = el[i].node1; 
n2 = el[i].node2; 
n3 = el[i].node3; 

// compute current area x 2 
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areax2 = (nd[n2].y - nd[n3].y) * (nd[n3].x - nd[n1].x) 
- (nd[n3].y - nd[n1].y) * (nd[n2].x - nd[n3].x); 

ybar = (nd[n1].y + nd[n2].y + nd[n3].y) * onejhird; 
xt = nd[n2].x - nd[n3].x; 
x2 = nd[n3].x-nd[n1].x; 
x3 = nd[n1].x-nd[n2].x; 
y1 = nd[n3].y - nd[n2].y; 
y2 = nd[n1].y-nd[n3].y; 
y3 = nd[n2].y-nd[n1].y; 
float fhoop= onejhird * areax2 * pi * el[i].sz; 
nd[n1].fx -= (ybar * pi * (y1 * ei[i].sx + x1 * el[i].sxy)); 
nd[n2].fx -= (ybar * pi * (y2 * el[i].sx + x2 * el[i].sxy)); 
nd[n3].fx -= (ybar * pi * (y3 * el[i].sx + x3 * el[i].sxy)); 
nd[n1].fy -= (ybar * pi * (x1 * elfij.sy + y1 * elpj.sxy) + fhoop); 
nd[n2].fy -= (ybar * pi * (x2 * el[i].sy + y2 * el[i].sxy) + fhoop); 
nd[n3].fy -= (ybar * pi * (x3 * el[i].sy + y3 * elpj.sxy) + fhoop); 

// compute temperature 
ei[i].tmp = tempi + el[i].engyi / (m_sph * m_Density); 
current_energy += elfij.engyi * el[i].vol; 

} 
// ends second main element loop 

current_energy += kinetic_energy; 
normalized_energy = current_energy / original_energy; 
DrawContourGL(); 
dtlast = dt; 
++ncycle; 
time_prob += dt; 
dt = dtnext; 
m_Time = time_prob; 
m_cycle = ncycle; 
m_energy = normalized_energy; 
m_dt = dt; 

} 
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