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ABSTRACT 

The general purpose finite element program, Abaqus, has the facility to allow users 

to supplement its existing material model library with user-defined material models 

(VUMATs). This thesis involves the implementation and verification of the Jolmson­

Cook and Zerilli-Armstrong material models as VUMATs. The same version of the 

Johnson-Cook material model is contained in Abaqus and was therefore used as a 

benchmark. These material models are suitable for high strain, high sb'ain rate and 

high temperature applications. 

The implementation of the material models was verified by comparing simulation 

results obtained using the Abaqus version of the Johnson-Cook material model with 

the simulation results obtained using the VUMATs of the Johnson-Cook and Zerilli­

Armstrong material models. Firstly, this verification process was followed using 

single and multiple element tests with varying prescribed loading conditions. The 

verification process was then extended by performing a more "realistic" set of Taylor 

test simulations. The Taylor test simulation results were also compared with 

published experimental results for validation purposes. 
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NOMENCLATURE 

Subscripts 

old, i, t Previous 

new, i+l, t+~t of current time step 

m 

* 

ij 

bij 

~ 

E 

Edissip 

e 
e 

[jj 

Mean value 

vector 
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above - rate 
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tensor 


heat 


Kronecker 
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Young's 
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Total 

Total 

Strain 

energy 
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Itl 
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of curren t time step 
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J 
K 

K 
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Dilatation 

Mises yield function 

Shear modulus 

Invariant of deviatoric stress 

Bulk modulus 

Hardening parameter 

Lame conshmts 

Normal to yield surface 

Inelastic heat fraction 

Stress 
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CHAPTER 1 

INTRODUCTION 

At present several areas of research at the University of Cape Town involve the 

experimental and numerical modelling of materials subjected to high strain rates. 

These include blast loading of plates of various geometries and configurations, the 

use of the Hopkinson Bar in material tests and drop-weight testing. In order to 

accurately simulate impact events of this nature the material models used in the 

finite element program need to be valid over a wide range of strains, strain rates and 

temperatures. Typically strains can reach beyond 100%, sb'ain rates range from 

quasi-static to 106/ s and temperatures due to plastic work exceed 600°C. 

Currently, due to the simplicity and ease of use of the Cowper-Symonds [1] strain 

rate dependence equation, it is almost exclusively used. For simulation of global 

phenomena, such as gross plastic deformation, this equation gives reasonable results 

(Chung [2]). At present the uniaxial tensile test stress-strain values are adjusted 

manually [3] to account for temperature effects and are inputted into Abaqus [4] in 

tabular form. Abaqus regularises this data and interpolates when necessary. 

However for research which includes localised phenomena, the material model 

needs to explicitly include temperature coupling effects. This will allow localised 

phenomena such as shear banding, necking and tearing to be studied in more detail. 

It is for this reason that a library of more sophisticated material models will be built 

up to use in simulations. The experimental work being performed at high strain 

rates will no doubt also lead to further development of these material models. 

The general finite element program, Abaqus, has the facility to allow users to 

develop custom material models which are coded in FORTRAN. These coded 

material models are implemented as user-subroutines, referred to as VUMATs 

(vectorised user material models) by Abaqus. The subject of this thesis is therefore 
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to code a selection of popular, published material models and to verify that the user­

subroutines are functioning correctly. The Johnson-Cook [5J and the Zerilli­

Armstrong [6] material models were chosen for implementation. 

FEM - Abaqus 
• 	 Johnson-Cook• 	 contains Johnson-Cook in 

VUMATmaterial model library 
• 	 Zerilli-Armstrong• 	 can supplement material 

VUMATmodel library with VUMAT 

Element tests Taylor test 
• 	 Chapter 4 • 	 Chapter 5 
• 	 single & multiple Compare VUMAT results 

elements with: 
Compare VUMAT results • 	 experimental results by 
with: Johnson & Cook 
• 	 Abaqus Johnson-Cook • 	 simulation results by 

material model results Johnson & Cook 
• 	 simulation results by 

Zerilli & Armstrong 

Figure 1.1: YUMA T verification strategy. 

The YUMA Ts need to be thoroughly tested and verified by performing some type of 

"patch" test. Single and multiple element tests with prescribed velocity loading 

conditions were used (Figure 1.1). The Johnson-Cook material model was coded 

first because an identical version of the Johnson-Cook material model is already 

contained in the Abaqus material model library. The VUMAT coding was verified 

by running simulations using the YUMA T and comparing these results with the 

results obtained using tlle corresponding Abaqus material model in an identical 

simulation. The VUMAT Johnson-Cook material model results are compared 

quantitatively with the Abaqus Johnson-Cook model results as the results should be 

identical. The results obtained using the Zerilli-Armstrong YUMA T are compared 

to the Johnson-Cook results in a qualitative sense because slightly different results 

are expected since the material models are different. 

2 
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The YUMA Ts were further verified by comparing selected results obtained from 

simulations of the Taylor test with published simulation results by Johnson and 

Cook [5] and by Zerilli and Armstrong [6] (Figure 1.1). The Taylor test is used for 

high strain rate material testing whereby a deformable cylinder impacts a rigid 

surface at a prescribed velocity (Chapter 2 & 5). The deformation results of the 

Taylor test simulations (using the VUMATs) were validated by comparing them 

with published experimental results by Johnson and Cook [5]. 

In summary, the outcomes of this thesis were: 

• 	 the background and theory required in order to be able to implement the 

material models as YUMA Ts was researched 

• 	 the Johnson-Cook and Zerilli-Armstrong material models were implemented 

as VUMATs 

• 	 the implementation of the VUMATs was verified using element tests with 

prescribed loading conditions 

• 	 the implementation of the VUMATs was further verified and the Johnson­

Cook and Zerilli-Armstrong were validated by comparing simulation results 

of the Taylor test with published experimental results 

• 	 additional material models are now able to be implemented to extent the 

material model library at the University of Cape Town. 

3 
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CHAPTER 2 

BACKGROUND AND THEORY 

2.1 INTRODUCTION 

A constitutive equation, in this context, is an equation (or set of equations) which is 

used to describe the relationship between the stress and the strain in a material. 

These equations describe a materials response to load and are thus also known as 

material models. The material models described in this chapter are valid for metals 

subjected to large strains, high strain rates and high temperatures. In particular the 

subject of this thesis is the Johnson-Cook [5] and the Zerilli-Armstrong [6] material 

models. Any additional theories used in the implementation of these particular 

material models (such as linear elasticity) will also be discussed. 

2.2 DEVIATORIC STRESS AND STRAIN 

2.2.1 DEVIATORIC STRESS TENSOR 

ll1e deviatoric stress tensor is defined as the difference between the stress and the 

mean stress [7, 8]: 

(2.1) 


where CJ", = l(CJ 11 + CJ22 + CJ3J is the mean or hydrostatic or equivalent pressure 

4 
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2.2.2 DEVIATORIC STRAIN TENSOR 

In a similar way the deviatoric strain tensor is defined as the difference between the 

strain and the mean strain: 

(2.2) 


where c'" =±(c11 + c22 + c))) is the mean strain and ckk is the volumetric strain or 

dilatation. 

2.3 LINEAR ELASTICITY 

An elastic material is one in which the material returns completely to its original, 

unloaded state after removal of the load [9]. It can therefore be classified as being 

non-dissipative. The small strain behaviour of most metals can satisfactorily be 

described by linear elasticity. As the name implies, in this form of elasticity the 

stress is directly proportional to the strain. This is a simple statement of Hooke's 

law, which is as follows [7]: 

(2.3) 


where ckl is the elastic strain tensor and C ijk1 is a fourth order tensor of elastic 

components. 

An isotropic material has the property that the response to loading is not dependent 

on direction. For an isotropic material the elasticity tensor has only two independent 

material parameters [10] . Two possible parameters are Lame's constants, Aand ~. 

The parameter J.! is also referred to as the Shear modulus G. The stress tensor can 

then be written in terms of the two constants as follows: 

(2.4) 


5 
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elastic constitutive equation can also be written terms of deviatoric 

mean stress and values. is useful dealing metal 

plasticity section The bulk modulus is In deviatoric formulation: 

(2.5) 

deviatoric formulation is 

+ 
(2.6)

2Ge +
IJ 

METAL PLASTICITY 

The term"plastic" comes from a word, r:L\aOO€lU, means "to shape" 

. In context it is to ductile under 

application of This deformation is rrE->;... as a constant volumeI-" 

process where the deformation mechanism is predominantly due to or shear. It 

is this reason that stresses and when 

deformation is to of the 

or mean stress [7]. 

Incremental plasticity assumes the rate deformation can 

as sum of an component and an (plastic) component [7, 

rate is 

(2.7) 

is the and is the The 

form of is [11]: 

In order for to between elastic 

plastic rnc'nr....... the formulation following three is 

6 


elastic constitutive eauation can also be written terms of , 

mean stress and strain values, is useful \-vhen dealing with 

plasticity section The bulk modulus is used in deviatoric 

'I11e elastic deviatoric constitutive formulation is thus: 

T1' "1 ti'i!· t' 
.L ne term. pI as c comes rom a word, rL\(1ooHU, which mei;illS ti to 

11nder 

.It 

tic 

1 
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• surface: defines when occurs. 

• Flow rule: defines the direction of inelastic deformation. 

• law: how yield and/or vary with 

2.4.1 YIELD SURFACE 

yield the onset of deformation the 

plastic Yield plasticity relies on the that it is possible to 

clearly value of stress is typically taken to be the 

of stress which a value plastic strain is 

The surface described by a yield which has following 

11]: 

,T,K)=O (2.9) 

The surface is therefore a function of the stress the strain the 

and one or more states for which f < 0 

is within the region. For stress states which 

f = 0 (i.e. on yield both elastic plastic conditions are By 

definition stress states cannot be outside yield The evolution of the 

upon yielding, that stress state is never the yield 

will 2.4.3. 

7 


• Yield sUl~lace: defines when yielding occurs 

• Flow rule: defines the direction of the inelastic defonnation. 

• Hardening law: dennes how the yield and/or definitions varv 

inelastic deformation, 

2.4.1 YIELD 

The yield surface defines the onset of plastic deformation separates the 

and plastic responses. Yield surface plasticity relies on the fact that it is 'JVJ'::>'VH .. to 

clearly define an initial yield point. This value of stress is typically taken to 

value of stress for which a value of plastic strain is produced. 

The vield surface is described bv a vield function 
J .; ~f 

has the following 

9) 

I <0 
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If it is assumed that the initial yield surface of a material is isotropic then the yield 

function can be expressed in terms of the principal stresses 0"1' 0"2,0" :1 or the principal 

stress invariants. If this is combined with the further assumption that the yield state 

is independent of the hydrostatic pressure then the yield function can be written in 

the following form [7]: 

(2.10) 


where J 2 = -2
1 

SIjSIj and J } = ~SiiS lkSki are the second and third invariants of the . 3 . . 

deviatoric stress tensor, respectively. 

The von Mises or Distortion Energy criterion for initial yield states that yielding 

takes place when the maximum shear strain energy of the multi-axial stress state is 

equal to the maximum shear strain energy of the system at the yield point in simple 

tension [7,9, 12]. Mathematically this can be written as: 

(2.11) 

This can be re-written in terms of the second invariant of the deviatoric stress tensor 

(and is often called Jz flow theory): 

O"y -~3J2 =0 
(2.12) 

:. O"y -~%SIjSii = 0 

This yield stress is therefore a scalar quantity which is known as the Mises 

equivalent stress, q. Therefore, 

(2.13) 


The von Mises yield criterion can be viewed graphically in the Haigh-Westergard 

principal stress space [7. Ch 5]. The three-dimensional sh"ess state is represented as a 

vector using the principal stresses. The von Mises yield criteria can therefore be 

viewed as a circular cylinder with its centreline along the 0"1 = 0"2 = 0", line 

(hydrostatic stress line) in principal stress space. 

8 
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Hydrostatic stress 
-- line 

0"1 = 0"2 = 0"3 

Yield surface 

0"1 

Figure 2.1: von Mises criteria in Haigh-Westergard stress space [7]. 

The plane normal to the hydrostatic stress line and passing through the origin is 

called the Pi plane and if the three stress axes are projected onto this plane then their 

values are ~2/3 of their nominal values [7,8]. The von Mises yield criteria as 

represented in the Pi plane is shown below. 

·I·~ 
The initial radius of this 

clrc e IS -(J .
3 yFully elastic region . 

Figure 2.2: von Mises yield criteria in the Pi plane [7,8]. 

9 
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2.4.2 FLOW RULE 

flow the d eforma tion flow) the 

UHA,JL"_ strain. In 1870 Saint-Venant [8] proposed that the of 

the strain with directions the 

axes the stress tensor. Levy Mises independently developed a flow 

which increments to the total deviatoric stresses known as 

the Levy-Mises [8]: 

where d;{ is a positive which during the history. 

assumes that the strain is strain zero elastic 

Prandtl Reuss this flow rule to both ,-"u... ,,,,- plastic 

the relations are known as Prandtl-Reuss equations [8]: 

(2.15) 

von Mises developed idea that plastic can 

a plastic flow potential, The form this relation is [7]: 

del' ::=: 16)
~i 

If plastic potential is equal to f yield function), then the strain 

with yield function and the rule is known as an 

yield to 

total stress it possible to show Prandtl-Reuss equation is flow 

associated von yield function eh 5]. 

find magnitudes of the plastic increment components scalar 

needs to found. can be by with (2.15) [7, 

12]: 

10 


FLOW 

rule defhles the direction of plastic deformation flow) 

direction of strain. 1870 Samt-Venant [8] proposed that L~e 

the principal axes of stram L.'1crement tensor coincided with the directions 

principal axes of th.e stress tensOL Levy and Mises independently developed a 

vvhich the total strain increments to the total deviatoric stresses as 

the Levy-Mises equations [8]: 

where eLi is a positive which varies durmg the loading history. 

assumes that the strain is eaual to tlle Dlastic strain zero elastic 
.!. 1 

Prandtl Reuss t.~is flow rule to include both elastic and plastic 

the resultin£: relations are k.nown as thePrandtl-Reuss equations 
~J L 

(2. 

16) 

as an 

to 

['7' 
I , 
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I d 	P-	 [; (S'i dA )2 if 

J 2 

2 SiiSii dA 

By definition of the Mises q (equation (2.13)), and 

defining equivalent strain n"r·..n,~ as: 

(2.18) 

equation (2.17) can for dA. 	 plastic strain increment 

The CDC.TYnr'> 	 of in the plastic 

Mises stress are traditionally to give 

with uniaxial tension [12]. 

2.4.3 	 RULE 

The criterion presented IS valid initial yield. If 

there no material hardening then is no increase in yield 

said to the case then yield 

has a radius in stress are general models 

hardening [7, 10]: 

• 	 Isotropic: the centre of yield is while expands 

(Odqvist 1933) - a). 

• 	 Kinematic: yield surface translates no of 1956) 

2.3 b). 

• 	 Combined: both a yield expansion and translation 


1957) - 2.3 c). 


hardening is model to implement and produces 

results but is not valid cyclic it is that strain 

II 


using the definition of the Mises equivalent q (equation (2. 

defining 
'-' 

equivalent plastic sb<ain increment as: 

equation 17) can be solved for d)c. TI1erefore the plastic strah'1 increment 

Th" "C)c>I1u'ngl\' "I<l-l'tr"'r-' .!. e "teA ! -,' U } u y of 

fj in the IvEses equivalent stress are traditional1y 

with uniaxial tension experiments [12]. 

to give 

If 

and 
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yield stress 

(known as effect). Kinematic was to account 

loading. The material 

majority of 

conditions can be 

plane as shown in below. 

a da 

a) b) 
II./-()

V3 .1 

a +da 

a) b) and combined 

l'vletals are usually assumed to be 

IS a of integrated 

therefore captured this 

along path 

[7]: 

expressed as an 

means tha t the 

is 

t plastic 

iF!" = 

12 


(known as effect). Kinematic to account 

B 
,. ,.. 

auSCJllnger ettect 

are due to 

conditions The can be 

in Figure 

_-"> ~(1 
.7 A .~ 

a '/::-\ ~//(f\ \ 
r ~ \ ) 

\. /~JI J X ,/ 
¥ "'- . 

3 3 3 

a) 

+ 

the 

c 
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SPECIFIC FORMS OF THE EQUIVALENT FLOW 

loading conditions material which of 

Cf I is yield is deformed at low sh"ain 

rate at ambient then it is to use a simple law flow 

stress such as Ludwik (1909) equation [13, 14]: 

(2.21) 

A flow stress equation to be to a 

on strain temperature, strain strain rate history and 

behaviour . It is difficult to include all and it is 

the rate and that 

stress equations can usually into two types: phenomenological 

usually 

flmv stress changes with plastic and rate of deformation. The 

loading account but is in a sense, in the 

. With the form the magnitude of curve 

are obtained experimentally a mathematical representation of experimental 

result,»). It is usually quite accurate when hardening is main driving 

if the state is important then a which 

the physics of the deformation will give more accurate 

of are: if thermal softening is significant or if the deformation history very 

state of In cases evolution the 

state the is very important in to 

stress. The material models to described fall into flow stress 

equations. Johnson-Cook model is of phenomenological while the 

H<'-" .....'-~ [6] is of type. 

13 


SPECIFIC FORIVIS OF 

loading conditions and material type determine which of 

(j f is with the yield criteria. If a metal is deformed at low 

rate ;md at am,bient temperature then it is possible to use a simple law 

stTess equation such as Ludwik (1909) equation [13, 14]: 

suitable stress equation needs to be able to describe a material's 

on strain rate .. temperature, strain strain rate history and strain 

behaviour . It is extremely difficult to include all these dependencies and it is 

the strain, strain rate and temperature dependence that is i11cIuded. 

Flow stress €clUations can usuallv be 
.1 _f 

into two types: phenomenological 

the 

'fhe 

the 

CUI"lC 

which 

rnUCI"l 

stress 

the 
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JOHNSON-COOK 


In 1983 and [5J a model suitable materials 

strains, high strain rates and was 

for computations. It was stated finite 

element had developed to the point the ract-rtr'n obtaining 

accurate events was due to 

this the simulations were repeated with small changes to material 

parameters until results were in with aVlna"'n1 

to its relative ease (in comparison to 

based models) obtaining constants, the Johnson-Cook been 

very . The variables the are also available most 

it to implement Johnson Cook 

use of more models Follansbee and [16]) 

could indeed more accurate representations of material behaviour. It was also 

stated that use of 

more accurate These more complicated material models are, 

much more difficult to implement it is a much more to 

obtain accurate for models. 

Johnson-Cook material model the form of a of dependencies, 

IS of the multiplicative rate 

temperature There is no of thermal or rate 

The von Mises stress can as [5]: 

(2.22) 

14 


JOHNSON-COOK 

1983 J and 

subjected to strains! high strain rates and temperatures. The 

primarily for numerical computations. It \vas stated that at the 

element had d.eveloped to the point the restricting factor 

accurate results for intensely impulsive events was due to the material modeL 

this problem the simulations were repeated with small changes to 

pararneters untii results \-vere ill agreement with experiment.:;. 

to its simplicity and the relative ease (in cornparison to 

based models) of obtaining 

very popular. The variables 

constants, the Johnson-Cook material model 

in the model are also available 

was 

[16]) 

rate 
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where [; is equivalent plastic strain, i* is the 

rate =1 and is homologous is 

defined as 

(2.23) 

n

where is a temperature as room temperature is the 

melting the material constants are therefore AI B, 

l Cand m. homologous 

temperature to one 

temperature. For above the melting flow stress is zero 

there is no can be seen the term 

the set of term in second 

set of brackets represents on strain rate and term third set 

represents dependence on 

In effect of rate and temperature in the Johnson-Cook model 

two sets graphs are shown The constants are 

3.4, 3.1. Figure the temperature is constant at 293K 

(assumed room strain rate is increased from to 

to 100,OOOs-\ while Figure rate is constant at 1.0S-1 and 

from to SOOK to SOOK. 

15 


where E is equivaicnt plastic strain l l* =: is the plastic 

rate and is the homologous temperature. 1:'1is temperature is 

defined as 

T T 
1 rcj 

vihere T is a reference ternperature taken as romn temperature and T,iiefl is 

melting temperar .. ue the ma teria1. The material constants are therefore 

n l Cand m. homologous temperature is zero for temperatures than 

reference temperature equal to one for temperatures above the melting 

temperature. For temperarures above the melting temperarure the novv stress is zero 

and there is no resistance to flow. , f . can De seen rom equatIOn the term 

the first set of brackets represents the dependence on strain, the term in the seicona 

set of brackets represents the dependence on strain rate and the term in set 

,,,,,vv,, rnodeI 

in 

the 
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Background and Theory 

1.20£+09 ,.--------------------, 

2.00E+08 
Temperature = 293K 

O.OOE+OO +-------,------....---------,--------l 
o 0.5 15 2 

True plastic strain 

1-IC1,o00/s - ICIO,OOO/s - IC100,o00/s I 

Figure 2.4: Effect of strain rate in the Johnson-Cook material model (Armco-iron 


IS]). 


7.ooE+08 

1.00E+09 

~ 8.00E+08 

'"i 6.00E+08 

e ... 4.00E+08 

Increasing - - - - - - - - - ­
strain rate 

6.00E+08 

5.ooE+08 .. 
e:. 
'" 4.00E+08 
'".. 

.1:1.. 
3.ooE+08 .. 

C... 
2.00E+08 

1.00E+08 ---- ­ - -_ . 

O.OOE+OO +-------,------...,-----------.--------1 
o 0.5 15 2 

True plastic strain 

I­ IC 293K ­ IC 500K ­ IC 800K I 

Figure 2.5: Effect of temperature in the Johnson-Cook material model (Armco-iron). 

To have something to compare the form of the Johnson-Cook strain rate hardening 

and thermal softening to, the Cowper-Symonds strain rate equation [reported in 1) 

and the Masui et al [3] temperature relationship for mild steel will be used. The 

Cowper-Symonds equation is 

, ( . )1/'1
a o =1+ ~ (2.24)

Da o 

16 
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Background and Theory 

where O'~ is the dynamic flow stress at a uniaxial plastic strain rate 6, 0'0 is the static 

flow stress and D and q are material specific constants. For mild steel these 

constants are taken as 40.4 S-l and 5 respectively. 

2.50E+09 ,----------------~ 

2.o0E+09 

';< 

";; 1.50E+09.... 
b 

: 1.00E+09 e 
f-< 

locreasing .. ... . .. .. .
5 .00E+08 No temperaturestrain rate 
dependence 

O.ooE+OO -t-------;r-----.------.----,-----,-----" 

o 0.05 0.1 0.15 0.2 0.25 

True pwtic .train 

I-CS1,000/. - CS10,ooo/. - CS100,ooo/. 1 

Figure 2.6: Effect of strain rate in the Cowper-Symonds material model (mild steel 

[1]). 

Comparing the general form of the graphs in Figures 2.4 and 2.6 shows that the 

effect of strain rate hardening using the Cowper-Symonds equation is more severe 

but this might be due to mild steel being much more strain rate sensitive than 

Armco-Iron. Unfortunately the constants for the Johnson-Cook equation for mild 

steel are not available and therefore a direct comparison of the curves cannot be 

made. 

The temperature dependence of mild steel as reported by Masui et al [3] is: 

E =2CY7e9 - 58.34e6·T forT =:;; 60Q0C 

E =3.1e5· (T-llOOP + We9 for 600ac < T =:;; 1l00oC (2.25) 

0 0 =Oyo for T =:;; 200<>C 

00 =Oyo' [1 - 0.00178' ( T - 200)] for 2000C < T < 700 OC 

0 0 =Oyo' [0.133 - 3.884e-4· (T - 7(0)] for 7000C =:;; T =:;; 10000C (2.26) 

17 
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Background and Theory 

where E is Young's Modulus, T is the material temperature, 00 is the static yield 

stress and Oyo is the static yield stress at the reference temperature. The effect of 

temperature on the flow stress for mild steel is shown in Figure 2.7. 

5.00E+08 -,---------- ---- ------; 

4.00E+08 ---- -- - -~ - -~ - ­
~ 
~ 3.00E+08 i -~- - - \ Increasing -------,~ ~ temperature 
: 200E+08 

~ 
1.00E+08 ~--------t ----------No strain rat~ 

dependence 
O.OOE+OO +---.,-----,r-----r---,----~--' 

0.00 0.05 0.10 0.15 0.20 0.25 

True plastic strain 

1- 293K - SOOK - BOOK I 

Figure 2.7: Effect of temperature by Masui et al [3] for mild steel. 

For temperatures below 473K there are no temperature effects using the Masui 

temperature relationship. In Figure 2.5 the flow stress shows dependence on 

temperature for any increased temperature. This means that for a temperature of 

SOOK (see Figures 2.5 and 2.7) the Johnson-Cook flow stress will be much lower than 

the flow stress using the Masui relationship. The Cowper-Symonds strain rate 

equation and the Masui et al temperature relationship operates on a set of tabulated 

stress-strain data from uniaxial tensile tests. Figures 2.6 & 2.7 show that the data is 

valid up to about a strain of 0.28 whereas the Johnson-Cook (and any explicit 

constitutive equation) is valid for any strain range used. This is important to note 

since Abaqus will use the stress value associated with the maximum strain value for 

all strains outside the tabulated range in a simulation. 

It was shown by Liang and Khan [15] that the Johnson-Cook material model is 

appropriate for most work hardening metals. It fails to predict sequential loading 

experiments such as strain rate "jump" tests. It was also shown to be inappropriate 

for metals whose work hardening rate, daJdc, decreases with increasing strain rate 

18 
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dependence was 

to be for most [15]. 

slightly modified of the Johnson-Cook equation was presented by 

Holmquist and Johnson [17] in to better represent effect of strain rate. It 

as tantalum. The multiplicative form the 

has shown rate on is not a linear 

The 

form of the equation is shown for completeness even though it will 

function the log as Johnson-Cook model 

not 

CY= + 

can seen (2.27) strain rate IJLW'-'-'-'- by an 

exponential function. 

It has that ductile strengtha 

at strain rates greater 104s-1. It was for a version the 

Essentially this Johnson-Cook model was presented by Rule 

is in of additional to more rO,'trO'CDr.'!' the effects 

rate. This gives more accurate results high rate 

as the the Johnson-Cook equation is not 

implemented. form of is given as: 

Cs 
(2.28)II +C\ In E: +C4t 

It seems 

represent 

and 

of is at cost. 

19 
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ZERILLI-ARMSTRONG 

Zerilli-Armstrong [6] constitutive relations were proposed order to 

the individual simulation Taylor impact 

tests. constitutive are based on thermal activation and 

the effects strain hardening, and 

softening. of grain is 

The relations are among more simple Ui,,'iV\..U 

equations. major aspect of set of constitutive equations is 

(BCC, 

based on that particular is a very 

important the materials have temperature 

For high rate 

this difference will obviously important. Zerilli 

the simulation of Taylor test provides a test of This is 

particularly valid if the were not obtained the test 

but material tests. 

The FCC is as follows [6]: 

CJT + Tint) (2.29) 

, -hwhere 1100u + kl 2. The additional component of 1100~;, occuI's potentially 

to influence and original on the stress. 

term krl/2 into account the in flow su-ess at low 

to the requirement slip band-stress concentrations at boundaries being 

needed the transmission of IJJ.U,:JUL flow. Tis 

therefore 4 constants. From (2.29) it is seen that 

flow stress on thermal ""I'rcn"', rate hardening 

with strain are no strain rate history 

20 

ZERILLI-ARMSTRONG 

'rhe Zerilli-Armstrong constitutive relations were proposed order to 

describe the individual material responses during the simulation of Taylor 

tests, constitutive relations are based on the thermal activation analysis 

incorporate the effects of strain hardening, sh"ain rate hardening and 

softening. effect of initial grain is also Lt"lduded. 

111e Zerilli-Armstrong relations are among the rnore simple 

based constitutive eouations. 
.c 

major aspect of set of constitutive IS 

that each material structure own constitutive 

based. on that materials particular rate-controlling mecha.nism [15], 

important feature the different temperature 

state that 

'lIds is 

test 

,stress, 
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Background and Theory 

The BCC model is written as follows: 

(j == Co + C1 exp(- C3T + C4T In &)+ Cson (2.30) 

The constant Co has the same decomposition as for the FCC material. For this model 

there are 6 material constants. In this case the strain hardening is not coupled to the 

temperature and strain rate dependence. This is seen by Liang and Khan [15] as the 

major downfall of this model since most BCC metals have work-hardening 

behaviours which are dependent on strain rate and temperature. 

In order to see the effect of strain rate and temperature in the Zerilli-Annstrong 

model two sets of graphs are plotted for Annco-iron (BCC) and two sets for OFHC 

(oxygen free high conductivity) copper (FCC). The material constants are given in 

Chapter 3.5, Tables 3.3 and 3.4. In the first set of graphs (Figures 2.B & 2.10) the 

temperature is held constant at 293K (assumed room temperature) and the strain 

rate is increased from 1000s-1 to 10,000S-1 to 100,000S-1. In the second set of graphs 

(Figures 2.9 & 2.11) the strain rate is held constant at 1.0S-1 and the temperature is 

increased from 293K to 50OK to BOOK. 

1.00E+09 ,I __-~-------l~

_ 8.00E+08 ~=---~~:.=.~::':":'~-~~~=-=- ' \ -=:J 

~ 6.00E+08 , ~:-==~~\~:-::-~~~=:-=-::-=-=-=~ 
~ V-­ Increasing 
~ 4.00E +08 - - - - - - - - - - - - - - - - - strain rate 

2.00E+08 

Temperature =293K 

O.OOE+{)() +------.-- ---.--------.--------4 
o 0.5 1 1.5 2 

True plastic strain 

I-ZA 1,000/s - ZA 10,000/5 - ZA 100,000/5 I 

Figure 2.8: Effect of strain rate in the Zerilli-Armstrong material model (Annco-iron 

[6]). 
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Background and Theory 

6.00E+OB 

S.OOE+OB 

e1 4.00E+OB 

.,.,.. 3.00E+OBb.,.. 
2 

f-o 2.00E+OB 
Increasing 

- - - - - - - - - - - - - - - - - _ . temperature 

1.00E+08 

Strain ra Ie = l.os·1 

O.OOE+OO +-----,.-------,--------,-- -----1 

o 0.5 1 1.S 2 

True plastic strain 

I- ZA 293K - ZASOOK - ZA 800K I 

Figure 2.9: Effect of temperature in the Zerilli-Ann strong material model (Armco­

iron). 

1.ooE-Kl9 

8.ooE+08 

-;­
e:. 6.ooE+08 
:Ii 
1l., 
III 4.ooE+08 

~ 
2.ooE+08 

_ _ _ _ _ _ _ _ _ _ _ _ Increasing _______ _ 

strain rate 

Temperature = 293K 

O.ooE+OO 

0 0.5 1 1.S 2 

True plastic shain 

I- ZA 1,000/s - ZA 10,000/s - ZA loo,OOO/s I 

Figure 2.10: Effect of strain rate in the Zerilli-Armstrong material model (OFHC 

copper [6]). 

For the Annco-iron (BCC) material model Figures 2.8 & 2.9 show that the strain rate 

hardening and the thermal softening II shifts" the flow stress curve up and down 

respectively. By contrast, from Figures 2.10 & 2.11 it is seen that for the OFHC 

copper (FCC) the strain rate hardening and the thermal softening are coupled to the 
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strain hardening and the curves therefore tend to 1/fan" out. In other words, the 

strain rate hardening and the thermal softening are strain hardening dependent. 

7.00£+08 

6.00£+08 

5.00£+08 

e:.."' 
en 4.00£+08 en 
11/
.b., 
11/ 3.00£+08 
2 

E-< 
2.00£+08 

1.00£+08 

0.00£+00 

0 	 0.5 1 

True plastic strain 

I- ZA293K - ZA500K - ZA800K I 

Figure 2.11: Effect of temperature in the Zerilli-Armstrong material model (OFHC 

copper). 

2.6 ADIABATIC ANALYSIS 

An adiabatic analysis is one in which any heat conduction is neglected [4}. This is 

typically true for high speed processes which include large inelastic strains. The 

event happens so quickly that the heat has no time to diffuse. This type of analysis is 

especially important for materials whose material properties are temperature 

dependent. Any Significant changes in temperature for these materials can cause 

large changes (usually lowering) of flow stress and hence increased deformation. 

The temperature in this type of analysis is solved as part of the constitutive 

equations and will therefore be discussed in Chapter 3.4.3. It is not an additional 

degree of freedom as in a coupled temperature-displacement analysis. 

Increasing 
temperature 

Strain rate = 1.08.1 

1.5 2 
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2.7 

Traditionally the heat fraction has assumed to about 0.9 

90% of is (Abaqus default 

[4], [14] In 1998 Kapoor Nemat-Nasser [18] of 

the experimental measurement of temperature high strain rate 

it was this ",,,,eTUlen 

the temperature rise a specimen. It was however concluded that 

the purpose predicting flow stresses it is valid to assume that to 100% of 

the work high strain rate deformation is converted to heat. 

simulations the Taylor test Chapter 5 this use 

value 0.9 order to be to results with previously 

published results. 

In 1940's, 20] a cylindrical striking a flat 

to the dynamic yield stress of projectile. test is one 

simplest methods to rates material the 

104 - 106 s-l, impact end the projectile 

undeformed. The impact high 

stresses a front moves towards 

end the As more of ___ UA••JU'- rear portion the 

the cylinder as flows out radially [21]. 

test is often to obtain for high 

rate models there is an assortment techniques to optimise these by 

numerically The Taylor test is often 

to the of 

test to the experimental are those 

rate testing techniques then the 

Traditionally the of inelastic hea t fraction has assumed to 

; QO' [)' '~f tt,. I h", .~, L Le, / In u. I,e p asuc .\fur!'. defonnation is converted to heat (Abaqus 

the experimental measurement of temperature during high so'ain rate 

dD f'orJ'la h O'l "'>'1 iJ~':l'~>-I'ed ''''''tem ""'C' U'~""l ',- 'pas LO')"11 ~ ~.~., ut., , ,u ,;l " :::.y"'. ~ He,,,, ::'1::,-, 1l h', 1-,,,,, l 

underestimates the temperature rise a specimen. It was however 

for purpose of predicting flow stresses it is valid to assume that dose to 

the work during high strain rate deformation is converted to heat. 

simulations the Tavlor test Chapter 5 this th.esis however use 

traditional value 0.9 order to be able to compare the results with 

published results, 

2.7 

a flat 

is one 

in the 

free 

by 
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test simulation is to test the extrapolation of the model to high strain 

rates 17, 

z 

VI) 

Figure 2.12: of Taylor test 

Johnson and Holmquist test to constants for 

material models. used threeJohnson-Cook and 

ofparameters the deformed specimen and therefore could only 

the constants Drn)Dri an error: 

where D \V are diameter bulge (diameter at of 

from the end) of the test specimen. numerators are 

the differences between test specimen the rr. ......... .,,' results. A method was 

later which uses profile for 

constants [23]. 
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2.8 SOLUTION TECHNIQUES FOR NONLINEAR EQUATIONS 

material models in this are meta] plasticity models. When the is 

(see 

uniaxial form of Mises 

in equivalent deviatoric 

solved is a equation 

and a nonlinear equation 

2.8.1 BISECTION METHOD 

One the and most 

values of x Xl and X2 which 

component found by 

Solving the 

flow stress equation to be 

deviatoric 

technique is 

of solving nonlinear is 

two 

a root of f(x) = O. then 

repeatedly halves and replaces one endpoint with midpoint so that 

each case 

values at the respective endpoints are of 

seen graphically in 

2.13: The 

root if the function 

sign: f(xl)*f(x2) < O. This can be 

x 

method [27]. 

2.8 SOLUTION NONLINEAR 

material models this are metal plasticity models. vVhen the is 

implemented (see Chapter 3) the plasticity component fmmel by 

uniaxial form of the 

increment in equivalent deviatoric plastic strain. The novv stress equation to 

solved is a nonlinear equation the equivalent deviatoric strain 

and therefore a nonlinear eCluation solvirHl tecth'"1iaue is required. 
~ . . 

BISECTION l\tiETHOD 

One of the oldest and most simple methods solving nonlinear equations 

Bisection or interval halving niethod [27]. This method begins two 

< can 
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An algorithm for the Bisection method is in Figure 2.14 

Xl and X2 such 

X3 (Xl + x2)/2 

f(x3)*f(xl) < 0 

Set X2 X3 

UNTIL 

IX1 - x21 < 

Figure 2.14: Algorithm for Bisection method [27]. 

to work if function 

is continuous within the endpoints. 

the is it is 

of 

iterations 

advantage is that the 

is known advance when using 

shown above. disadvantages are that 

manv function and 

a specified 

slow to With 
~ 

modern "",,,,,,r.n,,",,,,,,,, and specific 

2.8.2 NEWTON'S METHOD 

This is one of most widely used methods solving and is method 

used by [11, . This an point is in 

proximity the root. The at the current point. 

TI1e where slope with is used as the next point. 

the 

can often be 
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isThis is convergence criterion is met. 

shown Figure 

Slope 

x 

Newton's [27]. 

From an for the slope of function is as: 

tan(a) = 


this form Newton's is [27]: 

algorithm for Newton's is given in Figure 2.16 . The 

of Newton's method is that it quadratically [27]. In other 

doubles are it 

requires two function evaluations iteration, it not converge if the initial 

not sufficiently close to the root and the exact form the 

the of is difficult to 
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a Xo close to the root: 

f(xo) and f' (xo) 

Xo 

IF f(xo) =I 0 and f'(xo) =I 0 

Xl = Xo - f(xo)/f'(xo) 

IXo - XII < 

2.16: Algorithm Newton's 

2.9 SUMMARY 

background and to implement the Johnson-Cook [5] and 

[6] in this 

component the material model was followed by 

the plasticity 

function law which T(HTUrn the 

plasticity component. Some comparisons were made between the Johnson-Cook 

and and were in turn (in form) with the 

rate model the Masui et al 

relationship. The and applicability of an adiabatic was 

highlighted and the background to the Taylor test and usefulness were 

"-.H<'UC'-'-'chapter with a discussion solution techniques nonlinear 

equations, particular Bisection Newton 



Univ
ers

ity
of

Cap
e T

ow
n

CHAPTER 3 


IMPLEMENTATION 

INTRODUCTION 

a allows users to OrrtDnTa 

model as a is then used to supplement the existing material 

models Abaqus. implementation of and 

(6] material will chapter. A VUMAT 

to stress state at the of to 

IS elastic predictor-radial return method 32]. 

3.2 ELASTIC PREDICTOR-RADIAL RETURN 

elastic predictor-radial return method is begun by calculating an incremental 

change in stress state that the is purely elastic. stress 

to the stress state (point 3.1) to find the 

stress (point The Mises equivalent stress (equation (2.13)) is then 

to the yield (flow) stress as found using a constitutive equation such as the 

equation. If stress is than stress the 

is still and trial stress is set as the new stress state. If the 

equivalent stress is the yield stress the material has yielded. The 

deviatoric stresses are that the stress is to 

yield stress. stress state is therefore (point D). 

reduction in deviatoric stress is total equiv alen t 

deviatoric strain by the equivalent deviatoric strain increment. uniaxial 

form the Mises Appendix return 

the stress state to yield IS the 

30 


3 

INTRODUCTION 

Abagus a facility allows users to implement a user-defined 

model as a is then used to supplement the existing 

models bagus. implementation of the Johnson-Cook and Zerilli-

Armstrong [6] material rnodels will discussed in chapter. /\ 

to for the stress state at the of each time step. TIle solution to 

used is elastic predictor-radial return met.hod 32]. 

stress 

trial 

as 

return 
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ru Ie: -the deviatoric stress 

to surface). A tion 

solution can seen in 3.1 [28]. 

E 

o o 

> 0----...... 

~ 
Length 

o ~, I'ddllb 

J.i 

o 

to 

Mises 

~/ )Ield 

Figure return method [28]. 

normal to 	 yield at end of 

time 

is nand yield 

II while the function at the of the current 

3.3 	 USER-DEFINED MATERIAL MODELS IN ABAQUS 

models Abaqus involves the state the 

at an integration point over time during a nonlinear 

rna 

behaviours in 

are 

formulation atdeforms with the material. state 

the as state and small 

assumptions are throughout the analysis to the small 
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total strain components for time step are to the user 

subroutine for each integration point are then to the stresses 

and state should taken when 

model the model is written in tensor form but 

tensors to VUMA T as vectors. 

FEM model - Abaqus 
.. geometry 

.. increments 

.. dependent 
state variables 

o old stress state 
o old L'-H''-''-UA 

old e>nc'rcnoc 

old user state variables 

.. Material constants 

\ 
.. material nrt'n""rh"" 

.. loading & boundary 
conditions 

.. interaction 

.. mesh & element type 

, Updated state 
.. new stress state 
.. new temperature 
.. new 

.. new user state variables 

Figure 3.2: Abaqus - VUMA T interaction. 

VUMAT 


any heat conduction.discussed 2 an adiabatic analysis 

can be in conjunction with the adiabatic built-in material in 

be used witha built-in function). A VUMA T cannot 

due 

to plastic straining needs to be calculated in VUMAT if it is to be 

The corresponding in temperature in an increment is added to the 

option therefore 

previous this way it is possible to 
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adiabatic heating in VUMAT. The of this implementation be 

later. 

Abaqus sends a set of fictitious to the VUMAT at = 0.0 seconds order 

to the to 

wave (which are used to find the stable increment). 

coordinate in which system rotates with 

material. All variables strains, state variables are therefore 

axes and it is not to rotate 

tensors. Abaqus uses or Cauchy stress which is defined as the per 

current area. 

For 3D case, symmetric tensor components are passed to VUMAT the 

22, 12, . It be noted Abaqus uses 

different component components elsewhere example 

the module. 

VUMAT is required to define the stresses and solution state 

variables at the end of the It is also possible to update internal 

and the states 

that the increment is VUMATfor 

information only and that it should not be author mistakenly this 

variable to store the 

documentation, not to any consequences by this 

this method seems to work correctly. 
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adiabatic heating the 

described later. 

Abaqus sends a. set of fictitious 

to check the VUMA'r and to 

wave can then 

this implementation be 

to the at time = 0.0 seconds 

initial material properties. initial 

(which are used to find the stable time H,,"',''''yy, 

Abaqus uses a co-rotational coordinate system in which basis system rotates 

material. All variables (stresses, strains, state variables etc,) are therefore 

orientated according to the local material axes and it is not to rotate 

tensors. Abaqus uses "true" or Cauchy sh'ess which is defined as the 

current area. 

For in 

state 

states 

this 
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3.4 ISOTROPIC LINEAR ELASTICITY 


As mentioned in Chapter 2 the total strain rate can be decomposed into the elastic 

and plastic rate components respectively: 

(3.1) 

The isotropic, linear elasticity can be written in terms of two independent material 

parameters. For the purpose of the current material model these are chosen as the 

bulk modulus, K, and the shear modulus, G, defined as follows: 

K= E 
3(J-2v) 

(3.2 a, b) 
G= E 

2(1 + v) 

where E is Young's modulus and v is Poisson's ratio which are inputted by the 

user. 

• 	 Young's modulus, E Strain increments 
• 	 Poisson's ratio, U 

~ 	 ~ 

Deviatoric strain• 	 Shear modulus, G 
increments• 	 Bulk modulus, K , / 

• 	 Trial deviatoric stress 
increment 

• 	 Trial hydrostatic stress 
increment 

Elastic trial stress 

Figure 3.3: Linear elasticity algorithm. 
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material is developed in terms strain increments (Figure 3.3) as 

is what is passed to the VUMAT Abaqus. of 

is also ill order in it is implemented in user subroutine. The 

volumetric increment is defined as: 

/).E vu/ trace(/).f) 

which is essentially an volumetric strain the volumetric strain is 

zero (Mises function flow). is 

1 (3.4) 

is in volumetric and The trial deviatoric stress 

is 

(3.5) 

volumetric written in terms hydrostatic or equivalent pressure 

stress the negative used in definition): 

(3.6) 

It is possible to the total trial stress which will be set as new stress if it 

is found that yield condition has not 

(3.7)CY"ld + 

3.5 JOHNSON-COOK PLASTICITY 

'-'-.""l'.. constants are entered as user material constants in 

Abaqus. Johnson-Cook constants are 

in Table [5]. 

the constants are (in the IJ1"(vn~>1" Module Abaqus) is 

important the constants are sent to the as a of 

are to the appropriate variables in 

----"""""""""""""""""""""--- -"""""" 

material nlodel is developed in terms the sb'ain increments (Figure as 

is what is passed to the Abaqus. The development of the 

is also described in the order in which it is implemented in the user 

volumeb'ic strain increment is defined as: 

which is essentially an volumetric sb'ain the plastic volumetTic is 

zero (Mises yield ftmction \vith associated deviatoric strain is 

therefore: 

= f':..& '"""" [:"urI 
3 

is written in volumetric and deviatoric form. The trial deviatoric stress 

increment is therefore: 

(3.6) 

new stress if it 

+ 

in the 

are 

:is 
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The is also in the as 7890 for 

Armco-Iron. 

CONSTANT 


1 
 E - Young's 

2 u - Poisson's 

3 

4 MPa 

5 n - work hardening exponent 

380 

0.32 

6 	 m - thermal softening exponent 

300 K 

1811 K 

0.9 

JI 
0.06 

constants Armco-Iron [5]. 

Johnson-Cook constants are given in 3.2 [5]. density 

is taken as kg/m3. 
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70 

0.3 

90 MPa 

292 MPa 

0.31 

1.09 

7 Tref ­ room temperature 300 K 

8 1356 K 

9 0.9 

10 Cp - heat J/kg.K 

11 C­ rate coefficient 0.025 

constants for copper [5].Table 3.2: 

YIELD CRITERION 


equivalent stress neededto use 

to be total stresses to found. The 

hydrostatic or equivalent pressure stress can found new trial stress 

note the in the definition): 


J ( Irla!)
p 3trace Qne" (3.8) 

total deviatoric stress can now 

fried 
== (Jnew + (3.9) 

requiring 7 extra state variables) would 

to save the equivalent stress and deviatoric stress 

alternative doing this 

respectivecomponents as dependent state variables. 
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are (equations 3.6) they be added to old values the state 

variables new could be found. TIlis method is not used to 

usage associated in computation time 

stored state variables. 

• 	 Trial equivalent Mises 

uniaxial 
stress, (j 

flow rule 

Irial <­q _ (J 

o 

.. 

Yield algorithm. 

deviatoric the equivalent Mises stress (for an assumedUsing 

response) can be found: 

(3.10) 


equivalent uniaxial stress is found the Johnson-Cook flow as 

In 2: 

(3.11) 


where equivalent homologous 

as by equation (2.23) and the equivalent dimensionless 
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as the equivalent plastic divided by the 

current time was stress 

was method was al tered 

using the equivalent tests 

5). reason this is at 3 

trw} <q - has not material IS 

The is zero and the old 

as the new new stress is then 

. ,

is also no Increase 111 

there is no updating 

the dependent state the and (see01'"O'10e 

3.5.2 YIELDING 

material is deemed to have if the 

the yield stress, the material 

model to solve for the iterations, the old 

stresses are can be calculating old 

stress: 

1 
12)= 3 trace(CZolJ ) 

then the stress 

+ I 

The is as: 

e- + 
(3. 

+ 

plastic 

current time increment). the equivalent stress 

was element tests ~ method was 

eauivalent deviatoric 
i 

ror tests 

reason IS at €Ild section :3 

< material IS 

deviatoric is zero and the 

as the new value. new stress is 

. . 
to IS no Increase 111 

temperature. there is no olasticitv 
J. ,/ 

the the and 

section 

old 

+ 

.1 
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The total equivalent deviatoric strain can now be found: 

(3.15) 

Old total hydrostatic 
stress 

Old total deviatoric 
stress 

Total deviatoric 
strain 

Total equivalent 
deviatoric strain 

Mises equivalent 
uniaxial form 

Figure 3.5: Algorithm to obtain the Mises equivalent uniaxial form. 

The Mises equivalent sh"ess, q, must satisfy the following uniaxial form (see 

derivation in Appendix A) : 

3G(e - tJ.e (/ ) - q =0 
(3.16) 

: . 3G(e - tJ.e(/ ) - (j =0 

Equation (3.16) is a nonlinear equation in tJ.e pl 
, the equivalent deviatoric plastic 

strain increment. A nonlinear solution technique is therefore required to solve it. 

This relationship is in fact ensuring that the sh"ess state remains on the yield surface 

(q = (j on the yield surface). 
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SOLVING FOR THE DEVIATORIC PLASTIC STRAIN 

INCREMENT 

Abaqus uses Newton's method to (3.16) [11]. 

Chapter this differential to 

the equivalent strain which, complicated material models, 

task. The use of suggested [33) as an 

method due to its ease of use stability, but slower convergence. 

method was therefore due to its inherent stability. 

discusses the method and an 

In order to use the some initial values to 

Bisection method scheme to 

3.6). The iterations are 

convergence is met. this case the criterion is met 

abs(f,ep, ) = abs(3G(e 

plastic strain ln/'rDl'Yl')ni' 

(3.17) 
<;. tol 

that the stress state is not yO"....., ... to surface 

a specified tolerance. 

Equation (3.17) 

The is an arbitrary choice of user perhaps the most 

important the accuracy of model solution. 

value of for a typical Mises equivalent 

stress is in at least 200 MPa. ensures that the 

solution at time step is within 5x10-4 = 0.05% of 

radius surface. Helmut Bowles' setting the tolerance 

value to at yield stress divided by 103. 

k Mr Bowles is an of FEAS, the Abaqus r",nn"",,'n in South Africa. 

The 

deviatoric 

exactly 

41 
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Check for 
convergence 

IF 

Set initial 
limits 

convergence: continue 
with VUMAT 

no convergence: 
loop begins 

.. count = count + 1 

.. Set tJ.?f 
pl 

= midpoint 
of limits 

no convergence in final 
iteration 

IF 

elsefaX f depl < 0 

else 

Calculate 
II Land 

.. f" x 

Set tJ.ffl)! = total 

equivalent deviatoric 
strain increment 

IF 

Old total deviatoric 
strain 

Old total equivalent 
deviatoric strain 

Root>Root < midpoint 
.. tJ.?fl'i­ ..h ­

I 

Deviatoric stress J 

~ 
[ Normal to surface 

increment
New trial stress 11-----------11>1 

and newj 

I 
fTr.'r,H,rn to solve for equivalent 
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criterion was based on 

equivalent plastic strain increment within the iterations: 

abs(f..el" )s tol1+1 

After consultation Helmut pg41) 

criterion was changed to it was that due 

to the small of the increments 

used in equation (3.18) would have to lxl0-8{ at the 

highest. does not however give indication as to how stress state is 

to the yield and was not to be as 

.. r'"t""""'"The the deviatoric strain n is set by 

the limits C'ar'Mn,n method. If the limits are set such 

equivalent increment to limits 

lower is set at zero 

strain therefore cannot be 

lower value narrower the 

experience it was found that equivalent 

order of 

small in the 

initial are set the if the 

average (midpoint) of initial If convergence 

is met using it is not If not then 

to solve for equivalent deviatoric strain 

This loop involves a of equations because equivalent 

stress is a function of increment 

rate the 

the convergence criterion was based on the successive In 

equivalent deviatoric plastic strain increment within the iterations: 
\ 

l s: IOf 
! 

After consultation Helmut [34] (see footnote, pg 41) this 

criterion was changed to equation 17). This was done 

to the small values of the equivalent deviatoric plastic strain increments 

in the order at 

highest Tl1is does not however give indication as to how dose stress state is 

to the yield surface and was thus not considered to be as reliable. 

The of interest for the equivaJent deviatoric strain increment is set 

the limits chosen for L'1e Bisection rnethod. If the limits are set such that the 

equivalent deviatoric plastic increment to be solved for outside 

at plastic 

the 
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the limits are averaged order to the 

value: 

-- Llel")­

2 
(3.19) 

Equation (3.17) used to find the form Mises stresses for 

lower and the midpoint 

) q" 
(3.20) 

+ Ll~;1 tJ~ +C In (er;"* )J. [\ T*m] 
(3.21) 

::::: [A +B(eoltl 
P' + r]. ~ + CIn(e P'*)]. [1 ] 

signs functions (equations (3.20)) are used to see if the zero of the 

form the Mises stress is nO'",ArL>on the limit and 

or nt>l-"1ATt>t>n the and upper limit. The appropriate limit is then 

adjusted accordingly to iterate towards the correct position of the zero Chapter 

The deviatoric stress can then found A): 

s (3.22) 

From normal to the yield surface, which is in direction the 

3 
(3.23) 

In this case the plastic components are not needed 

are found implicitly in equation (3.26)) but it is U1\._",-"'" possible 

to calcula te at this point if required: 

44 


beginning the loop the limits are averaged order to find the 

value: 

Equation (3.17) is then used to find the forrn the stresses 

lower limit and the midpoint value: 

) - q" 

where 

+ 

signs of the hmctions (equations (3.20)) are used to see if the zero 

IS 

is 

(J1apter 

(3.22) 

(3.23) 

at 
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the stress it is to find new b'ial stress: 

(3.25) 

ill an 

work 

TJ 

analysis the 

the 

is added to 

The plastic 

deformation produces a heat flux per unit 

fraction generated 

and i: PI is rate of 

increment rate form is: 

to 

[4]: 

(3.26) 

(3.27) 

end of the 

sb'am, the 

after 

flux is given as: 

I 

backward 

17111;1" !J.. : + 

method to 

) 

the 

(3.28) 

the heat 

p is 

solved at each integration 

pCpt 

density C p is the (which is 

(3.29) 

and substituting equation the increase temperature can 

[16, 

r'
01 

:. I1T 111 

2111 

+ ) 
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The new temperature is then: 

(3.31) 

The homologous temperature, T' (see Chapter 2), is now found which will be used 

in the Johnson-Cook equation if the iteration loop is begun again. 

T -TT* == new fl!.f (3.32)
Tmdf - Tref 

The iteration loop (equations (3.19) to (3.32)) is continued until the convergence 

criterion is met. Once the solution has converged the new trial stress (from equation 

(3.25)) is set as the new stress: Q:II"W == Q:::~::I. This concludes the plasticity section. 

If the solution does not converge (e.g. choice of upper limit should be greater than 

0.1) then the equivalent deviatoric plastic strain increment is set to the total 

equivalent deviatoric strain increment. The equivalent deviatoric plastic strain 

increment should always be less than or equal to the total equivalent deviatoric 

strain increment. For large deformations it is usually of similar magnitude since the 

elastic component is very small in comparison. The total equivalent deviatoric strain 

increment is now formulated. If the maximum number of iterations is reached and 

the solution is yet to converge then the old total deviatoric strain is found: 

, S ()/d e - ­ (3.33) 
_ old - 2G 

The old total equivalent deviatoric strain is found: 

~ 
e old == 

2 , 
-e3 _old 

, 
. e . _ old (3 .34) 

The equivalent deviatoric plastic strain increment is then set equal to the total 

equivalent deviatoric strain increment: 

~- I'I e _ ~ - e _~eold (3.35) 

If this formulation is not used then in the case of non-convergence the equivalent 

deviatoric plastic strain increment will be set to one of the initial limits by the 
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Bisection method. The analysis is not simply stopped if the solution does not 

converge because in certain situations it is unavoidable (see next paragraph) to have 

non-convergence unless the initial upper limit is set very high. Setting this limit 

high to account for severe cases will be computationally expensive, since many more 

iterations will be required for each time increment. 

If the equivalent deviatoric plastic strain rate is used to find the equivalent uniaxial 

yield stress then a sudden increase in yield stress occurs when the material initially 

goes plastic, causing non-convergence. This non-convergence is due to the fact that 

the state variables from the previous time step are used to test whether the material 

should enter the plasticity loop and for the first plastic increment the equivalent 

deviatoric plastic strain rate from the previous time step is zero (equation 3.11). If 

this initial non-convergence can be tolerated, while still keeping the solution 

relatively accurate, then the yield stress for the next time steps will have taken the 

equivalent plastic strain rate into account. The solution will then self-regulate and 

yielding will occur at the correct stress level thereafter. 

As mentioned in section 3.5.1, an alternative is to simply use the total equivalent 

deviatoric strain rate when calculating the initial equivalent uniaxial yield stress. 

The total equivalent deviatoric sb·ain rate is a reasonable approximation to the 

equivalent plastic deviatoric strain rate due to the small elasticity component [26]. 

TIlis approach was implemented and there was no noticeable difference in the 

results obtained when using both methods in a sample Taylor test simulation. This 

approach is useful to speed up run times but since it doesn't alter the results it was 

not used. 

3.5.4 NEWfON'5 METHOD 

Newton's method is only implemented for the Johnson-Cook YUMA T. Newton's 

method is implemented using the total equivalent deviatoric strain rate to find the 

initial yield stress which allows the plasticity loop to be entered (as discussed in 
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3.5.3). The tolerance used for Newton's method is the same as for the Bisection 

method - 105. The total equivalent deviatoric strain rate is also used in the plasticity 

calculation and the homologous temperature from the previous time step is used. 

This means that the slope of the stress-strain curve is based on the previous time step 

but due to the small time steps in the explicit method this assumption is reasonable. 

Check for Set initial 
convergence values 

convergence: continue 
with VUMAT 

IF 

no convergence: 
loop begins 

Old total deviatoric • count = count + 1 
A-pi - A-pi strain

• Se t ue()IJ - ue 

no convergence in final 
iteration Old total equivalent 

IF deviatoric strain 

else 

Mises equivalent Set ~e (II = total 
stress equivalent deviatoric 

strain increment 

IEquivalent 
devia to ric plastic 

strain increment 


Mises uniaxial 

function 


Figure 3.7: Algorithm for Newton's method plasticity loop. 
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To initialise the Newton loop the initial guess for the root (Chapter 2.8.2) is chosen 

arbitrarily to be 10-3 and the initial old value of equivalent deviatoric plastic strain 

increment is set to zero. Upon entering the Newton's method loop the old deviatoric 

plastic strain increment is set to the new value (which is the initial guess for the first 

iteration) (Figure 3.7): 

L1-'" - L1-'" (3.36)eo'" - e 

The Mises equivalent stress is calculated as: 

q = lA + B(~;:~ + L1e'" t J. [I + CIn(e')J. [I - T'''' J (3.37) 

The increment in equivalent deviatoric plastic strain is found: 

L1e'" = L1e'" + 3G(e - L1e"t )- q (3.38) 
3G + Bn(~:;~ tl (I + C In(e' )XI - T'''' ) 

The Mises uniaxial function value is calculated to test for convergence: 

i"e,,' =3G(e - L1e'" ) - q (3.39) 

Equations 3.36 to 3.39 form the Newton's method loop which is repeated until 

convergence is achieved or the maximum number of iterations is exceeded . If there 

is no convergence then the total equivalent deviatoric strain increment is set as the 

equivalent deviatoric plastic strain increment as for the Bisection method. 

3.5.5 NON-ITERATIVE METHOD 

The non-iterative or conventional radial return method was used in the EPIC 

implementation of the Johnson-Cook equation [24] . EPIC is an explicit finite element 

code. This is a non-iterative method because the deviatoric stresses are simply 

scaled in order to make the Mises equivalent stress equal to the yield stress (Figure 

3.8). As with Newton's method, the non-iterative method is implemented using the 

total equivalent strain rate as an approximation to the equivalent deviatoric plastic 

strain rate and only for the Johnson-Cook YUMA T. Although there is no tolerance 

value, the results are an approximation and therefore not necessarily more accurate 

than the iterative methods. The non-iterative method is valid because the time 
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increments in the explicit method are very small. ~There is no appreciable difference 

in results between the iterative and non-iterative methods as shown in Figure 4.19. 

111e plasticity section is initiated by calculating the scaling factor: 

/J y ielJ 

(3.40)f3 = q,riU f 

The h"ial deviatoric stresses are adjusted using the scaling factor: 

(3.41) 

111e elastic deviatoric strain increments are found: 

S ,riaf S 
6e el = =_="c'w_--=_="::..:: "!.::... (3.42) 

- 2G 

Find scaling 
factor 

~ 

Find adjusted 
deviatoric stresses 

~ 
Elastic deviatoric 
strain increments 

~ 
Deviatoric plastic 
strain increments 

1 

Equivalent 
deviatoric plastic 
strain increment 

Figure 3.8: Algorithm for the non-iterative radial return method. 

The deviatoric plastic strain increments are calculated as: 

(3.43) 
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The equivalent deviatoric plastic strain increment can now be found: 

A -1'/ 2 A ,,/ A p/Oe = - Oe : oe (3.44)3 - ­

The remainder of the implementation is the same as for the other methods. 

3.5.6 UPDATING STATE VARIABLES 

Once the elastic and plastic sections are complete, the new values of the solution 

dependent state variables as well as the temperature are stored. Lastly, the specific 

internal energy as well as the specific dissipated inelastic energy is updated [4] 

(Figure 3.9). The stress-power increment is first calculated: 

(3.45) 


Then the new specific internal energy can be found: 

E inlern = Eilli ern + M a­ (3.46)new old 
p 

Stress power Total deviatoric 
ir:crement stress 

New specific Equivalent 
internal energy stress 

Plastic work 
increment 

New dissipated 
inelastic specific 
energy 

Figure 3.9: Algorithm to solve for the new specific energies. 
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In order to find the dissipated inelastic specific energy the equivalent stress is 

needed. Therefore the total deviatoric stress is (as before): 

(3.47) 

From this the equivalent stress is found: 

(3.48) 

111e plastic work increment is defined as: 

i1W {II = Se !'1 (j (3.49) 

Finally, the new dissipated inelastic specific energy is: 

E d,ssil' _ EdiSSi!' i1W 1'1 
new - old + (3.50) 

P 

3.6 ZERILLI-ARMSTRONG PLASTICITY 

The Zerilli-Armstrong material constants for Armco-Iron (BCC) are given in Table 

3.3 below [6). The density is taken as 7890 kg/m3 [6}. 

CJ= 

UNITVALUENo. CONSTANT 

200 CPa1 E - Young's mod ulus 

-u - Poisson's ratio 0.32 

MPa65Co - Zerilli-Armstrong constant3 

MPa10334 C1 - Zerilli-Armstrong constant 

K-l0.006985 C3 - Zerilli-Armstrong constant 

K-l0.0004156 C4 - Zerilli-Armstrong constant 

MPa2667 Cs - Zerilli-Armstrong constant 

-0.289n - Zerilli-Armstrong constant8 

-0.99 11 - inelastic heat fraction 

45210 cp - specific heat J/kg.K 

Table 3.3: Zerilli-Armstrong material constants for Armco-Iron [6} . 
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The Zerilli-Armstrong material constants for OFHC copper (FCC) are g iven in Table 

3.4 below [6]. The density is taken as 8960 kg/m3[6] . 

~ 

1 

2 

3 

4 

5 

6 

7 

8 

CONSTANT 

E - Young's modulus 

u - Poisson's ratio 

Co - Zerilli-Armsh'ong constant 

C2 - Zerilli-Armstrong constant 

C3 - Zerilli-Armstrong constant 

C4 - Zerilli-Armstrong constant 

11 - inelastic heat fraction 

cp - specific heat 

VALUE 


200 


0.3 


65 


890 


0.0028 


0.000115 


0.9 


383 


uNIT 
I 

GPa 

-


M Pa 


M Pa 
 • 
K-l 


K-l 


-


JI kg.K 


Table 3.4: Zerilli-Armstrong material constants for OFHC copper [6], 

The Zerilli-Armstrong material model is implemented in exactly the sa me way as the 

Johnson-Cook model. The only difference being that the flow stress eq uations are 

now set as the Zerilli-Armstrong equations. The Johnson-Cook materi al model has 

one equation valid for all materials whereas the Zerilli-Armsh·ong model has 

separate equations for the different material types. The specific differe nces are 

shown for BCC materials first. 

• The flow stress used as the yield criterion in Equation (3.11) becomes: 

a = Co + C, exp(- C)T + C4T In eP')+ Cs(e P 
' t (3.51) 

• The uniaxial form of the Mises stresses for the lower limit and the midpoint 

value from Equation (3.20) and (3.21) become: 

j ' a 
- 3G(~ 
- e - ,,- pi )U.ea - qa 

(3.52) 
j,,"P' = 3G(e ­ f:..e"') ­ q"ep! 
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where 

q" = Co + C1 exp(- C1T + CJ In e,;i)+ C5 (-e,:::, + f:..e,;" J' 
(3.53)pi rqdcp' = Co + C1 exp(- C3T + C4T In eP' )+ C5 (-e,~: + f:..e 

And secondly the differences for FCC materials are shown. 

• 	 The flow stress used as the yield criterion in Equation (3.11) becomes: 

(j =Co + C2 (e Pi t exp(- C,T +C4T In e"') (3.54) 

• 	 The uniaxial form of the Mises stresses for the lower limit and the midpoint 

value from Equation (3.20) and (3.21) become: 

1;, = 3G(e - f:..e:') - qa 
(3.55) 

where 

-C +C (-Pi + A-P,)0.5 e p( CT+C TJne~I'I)q" - ° 2 eo/d U.e" X - J 4 a 
(3.56)

-C Cf-'J' _1',)0.5 (CT CTI":"'}')q,,<p, - 0 + 2 \e"ld + f:..e exp - , + 4 n e 

The only other difference is that it is not necessary to calculate the homologous 

temperature for the Zerilli-Armstrong models. 

3.7 SUMMARY 

In this chapter the detailed formulation of the various material models for the 

YUMA T implementations have been presented. The material models were 

formulated using the variables available to the VUMAT and the YUMA T coding is 

therefore easy to understand. Newton's method and a non-iterative method were 

presented as alternatives to the Bisection method for solving for the equivalent 

deviatoric plastic strain increment in the Johnson-Cook YUMA T. These methods 

can easily be extended to the Zerilli-Armstrong YUMA T. 
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CHAPTER 4 


VERIFICATION 

4.1 INTRODUCTION 

In order to address the concerns over the reliability of computer simulations, a 

technological area labelled validation and verification was created [33]. This 

tecMological area deals with "the creation, study and documentation of tools for 

assessing the predictability of CM-based methods and programs" [33J . CM stands 

for computational mechanics. It is important to note the difference between 

verification and validation [33]. 

• 	 Validation: determining the appropriateness of the principles and 

mathematical methods used to develop a simulation tool e.g. comparing 

simulation results with experimental results. 

• 	 Verification: determining if the simulation tool can correctly produce results 

consistent with the models on which it was based e.g. using benchmark tests 

to find coding or software errors. 

111e implementation of the Johnson-Cook [5] and Zerilli-Armsh'ong [6] constitutive 

equations as discussed in Chapter 3 is verified in this chapter. The strategy 

employed in this verification process is to first test the material models by using 

single element tests . These single element tests are performed using various loading 

conditions. The results obtained from the Abaqus JOMson-Cook equation are 

compared to the results obtained from the VUMATs of the Johnson-Cook and 

Zerilli-Armstrong equations. This same procedure is then repeated, but with an 

increasing number of elements being used in the test configuration. The results 

obtained using the Johnson-Cook VUMAT should be identical to the results obtained 
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using the Abaqus Johnson-Cook equation since the same version of the equation is 

used. Abaqus does not contain the Zerilli-Armstrong material model as part of its 

material library and therefore the Zerilli-Armstrong material model response is 

compared to the Johnson-Cook response in a more qualitative sense. For the single 

element tests all the Mises eqUivalent stress results are reported while for the 

multiple element tests only the results of exceptional cases are reported. The 

remainder of the results are reported in Appendix C. 

In the multiple element tension test results presented in this chapter an instability or 

localisation phenomena becomes evident. The focus of this work is the 

implementation and verification of the VUMATs. For verification purposes it is 

sufficient to show that the results obtained using the Johnson-Cook VUMAT are 

identical to the results obtained using the Abaqus Johnson-Cook material model. 

Therefore, when using the Johnson-Cook material model, as long as the VUMAT 

results and the Abaqus results both capture the instability the VUMAT 

implementation can be verified. Due to different tolerances possibly being used in 

the material models it is very unlikely that the moment of initiation of the instability 

is identical for the Jolmson-Cook VUMAT and the Abaqus Johnson-Cook material 

model. The results of the multiple element tension tests which contain an instability 

are presented in this chapter but any detailed discussion concerning the instability is 

omitted. A simple theoretical analysis of instability in the tension test is presented in 

Appendix E together with some discussion on the performance of the material 

models in capturing the initiation of the instability. 
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4.2 ELEMENT TEST SET-UP 


Figure 4.1: Material cube dimensions. 

The element tests are perfonned using a cube of material with dimensions as shown 

in Figure 4.1. These dimensions are chosen arbitrarily. The same geometry is used 

for the single as well as the multiple element tests. The cube is meshed using C3D8R 

elements (Figure 4.2): continuum, 8 node "brick" elements with reduced integration 

and hourglass control. These elements are linear strain elements whose active 

degrees of freedom are the displacements in the 1, 2 and 3 directions respectively (ux, 

Uy, liz). 

8 7 

kx 
5 

Figure 4.2: Node numbering of the C3D8R brick element [4]. 

:4 3 

.----­, 
,, 6, 

,, 
, , 

2 
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The loading is applied to the cube using prescribed velocity conditions. The 

particulaT loading condition for each test will be shown in the respective sub­

chapter. Two velocities are used for each loading condition, 0.1 m/sand 10 m/ s. 

The higher value of velocity is 100 times greater than the lower value, creating a 

lower and a higher strain rate loading condition. 

4.3 SINGLE ELEMENT TESTS 

4.3.1 COMPRESSION 

The loading condition used for the compression tests is shown in FiguTe 4.3. The 

prescribed velocity is applied to the entire geometric face on which it acts and 

therefore is independent of the number of elements. When the mesh is applied or 

altered, the velocity will be assigned to whichever nodes are on the geometric face. 

-v,-_.....J ,--------,v 

SJ
1 


Figure 4.3: Compression loading conditions. 


There aTe no otheT loading conditions apart from the prescribed velocities and 

therefore the cube is free to deform in compression. The time over which the 

velocity is applied needs to be calculated and limited so that severe deformation is 

avoided. This point should be noted for all prescribed velocity (displacement) 

loading conditions because, using the compression test as an example, if the time is 

too long then the opposite faces will close in on each other to the point where they 

will try to pass through each other. This is physically not possible but the software 

will try to do what it is told to do. The simulation results will be incorrect through 
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no fault of the finite element program or the material model. The times used for 

each simulation can be seen in the graphs of the results. An example of the amount 

of deformation allowed in the simulations is shown in Figure 4.4. There is sufficient 

deformation to test the material model but not too much so as to cause incorrect 

results due to severe element distortion. 

Figure 4.4: Compression - Armco-Iron, 10 m/s using Abaqus Johnson-Cook. 

The values of the Mises equivalent stress are reported for the different material 

models and velocities. In each of the graphs shown in this chapter, results are 

shown for the Abaqus Johnson-Cook, VUMAT Johnson-Cook and VUMA T Zerilli­

Armstrong material models. The term"collective results" will therefore refer to 

results obtained from all three material models. The collective results for the Mises 

equivalent stress for a velocity of 0.1 m/s and a velocity of 10 m/s are shown in 

Figure 4.5 for Armco-Iron. 

In Figure 4.5 a) and b) the curves for the Abaqus Johnson-Cook Mises stress and the 

VUMAT Johnson-Cook Mises stress are superimposed. The results are 

indistinguishable and therefore the YUMA T is functioning correctly for this loading 

condition. 
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Iron -O.lmjs Iron -IOm/s 

700,----------------------------~ _. 600 

~500 
V 
~ 

~ 400 
:300 
1l 
'" 200 

100 

ODS 0.1 0.15 02 025 03 035 0.4 
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I-ZAMiJeI - JCAba<pz8MiS", - jcvumatMiJel I I--ZAMises --ICAba<plsMio.. - jCVumatMioes 1 

a) b) 

Figure 4.5: Compression - Mises equivalent stress for Armco-Iron a) 0.1 m/s, b) 10 

m/s. 

The collective results for the Mises equivalent stress for a velocity of 0.1 m/s and a 

velocity of 10 m/s are shown in Figure 4.6 for OFHC Copper. 

Copper . O.1m/. Copper -10m!. 

450 &OO ~----------------------------
400 

500 
350 

~ 400~ 300 ~ 
~ 250 ~ 300
: 200 

~ " 150 1: 200 
'" 100 100 

50 I 
0.05 0.1 0.15 0.2 025 OJ OJ5 0.4 

Tim. (ms«)Time (s",) 

1- ZA Mis.. -- jC Abaqus Mi, .. -- IC Vumat Mis.. 1 1--ZA MiIi.. -- IC Abaqu; MiIi.. -- IC Yumat Mis.. 1 

a) b) 

Figure 4.6: Compression - Mises equivalent stress for OFHC Copper a) 0.1 m/s, b) 

10m/so 

In Figure 4.6 a) and b) the curves for the Abaqus Johnson-Cook Mises stress and the 

YUMA T Johnson-Cook Mises stress are superimposed. The results are 

indistinguishable and therefore the VUMAT is functioning correctly for this loading 

condition. 

WO , ­ ------- ­ --------------- ­

500 

.. 400 

~ 300 

1l 200 
'" 

100 

O ~--~----~--~----~--~--~ 

0.005 0,0] 0,0]5 0.02 oms 0.03 

Or---~----~--~----~----~--~ 

o.oos 0.01 0D15 0.02 0.025 003 
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4.3.2 SHEAR 


The loading conditions for the shear test are shown in Figure 4.7. 


v 

~ 
1 

Figure 4.7: Shear test loading conditions. 

The velocity loading is applied to the entire geometric face to cause the shear. The 

faces to which the velocities are applied are restrained from moving towards each 

other i.e. the displacement in the 3 direction is zero causing the faces to remain 

parallel to each other. An example of the final deformation is shown in Figure 4.8. 

-v 

S. !!It... 
Uve. eru:..: 75"1) 

_ -tS.'78'?e+09 
~.7e7c1"O" 

Figure 4.8: Shear - Armco-Iron, 10 m/s using Johnson-Cook YUMA T. 
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The collective results for the Mises equivalent stress for a velocity of 0.1 m/s and a 

velocity of 10 mls are shown in Figure 4.9 for Armco-Iron. 

!ron·O.1m,1s !ron ·10m/, 

700~ r-----------------------------
600soo 

_ 500 
.. 400 ~-------

i" 400 r~300 r 
: 300 
J:I~ 200 VI 200 

100 100 

o ' 
0 01 0.4 Ob 0.8 1o 0.01 0.02 om 0.04 0.05 0.06 0.07 0.08 

Tim, (illS..)Tare (oec) 

1- U Mi... --IC Abaquo M,,,, - IC Yumat Mi.oes I I-UMiI;.. - lCAbaqUiMj,.. - lCVUlIlOtMises l 

a) b) 

Figure 4.9: Shear - Mises equivalent stress for Armco-Iron a) 0.1 mls, b) 10 ml s. 

In Figure 4.9 a) and b) the curves for the Abaqus Johnson-Cook Mises stress and the 

VUMAT Johnson-Cook Mises stress are superimposed. The results are 

indistinguishable and the YUMA T is therefore functioning correctly for this loading 

condition. The collective results for the Mises equivalent stress for a velocity of 0.1 

mls and a velocity of 10 mls are shown in Figure 4.10 for OFHC Copper. 

CopP"'" •0.1 m,ls 

450 ,----------------------- - ----, 600 . 
400 

500
350 

-;;-400 ---=,-_ .­
0.. 

~300 ~~:~r:: 2.00 . I/'/,~ 150 ~ 200 V 
100 

100 
50 

O~----r_----~--~----__----_,O~~~~--~--~--~--~--~~ 

o ~ ~ ~ ~ ~ ~ ~ ~ 01 0.4 Ob OB 

Tune (sec) Time(m!le<) 

1- U MiSe! -­ IC Abaqw Mi_ -- Icvumat Misesl 1-U Mises --jC Abaqus.Ms", - ­ IC Vumat Mises 1 

a) b) 

Figure 4.10: Shear - Mises equivalent stress for OFHC Copper a) 0.1 mis, b) 10 m/s. 
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In Figure 4.10 a) and b) the curves for the Abaqus Johnson-Cook Mises stress and the 

VUMAT Johnson-Cook Mises stress are superimposed. The results are 

indistinguishable and therefore the VUMAT is functioning correctly for this loading 

condition. 

4.3.3 TENSION 

The loading conditions for the tensile test are shown in Figure 4.11. 

~ 
1 

Figure 4.11: Tension test loading conditions. 

The velocity loading is applied to the entire geometric face to cause the tension. 

There is no other loading applied to tlle element. An example of the final 

deformation is shown in Figure 4.12. 
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Figure 4.12: Tension - Armco-Iron, 10 mls using J ohnson-Cook VUMA T. 

The collective results for the Mises equivalent stress for a velocity of 0.1 mls and a 

velocity of 10 mls are shown in Figure 4.13 for Armco-Iron. 

Iron-O.lm/. Iron -IOm/. 

600 - ­
---~==~~======~----~==~~ r---~===============4 

~ 1r-----------------~ 
-; 400...~:r 

!. i 300 
::200 
.tI ~ 200
'" 

100 

O~~--~--~--~~~~--~~ 

o ~ ~ ~ ~ ~ ~ ~ ~ o 02 0.4 0.6 OB 12 IA 1.6 IB 

TIill1(sec) TlUI. (msec) 

1-ZA Mise8 - IC Abaqu. Mis.. ­ IC Vwnal Mi."" 1 1-ZA Mi5I5 ­ JC AlBqus Mi.... - JC Vumal Mis.. 1 

a) b) 

Figure 4.13: Tension - Mises equivalent stress for Annco-Iron a) 0.1 mis, b) 10 m/s. 

In Figure 4.13 a) and b) the curves for the Abaqus Johnson-Cook Mises stress and the 

YUMA T Johnson-Cook Mises stress are superimposed. The results are 

indistinguishable and therefore the YUMA T is functiOning correctly for this loading 

condition. The collective results for the Mises equivalent stress for a velocity of 0.1 

mls and a velocity of 10 mls are reported in Figure 4.14 for OFHC Copper. 
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Cop!",," •OJ m/s Copper. 1Om/. 
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a) b) 

Figure 4.14: Tension - Mises equivalent stress for OFHC Copper a) 0.1 mis, b) 10 

m/s. 

In Figure 4.14 a) and b) the curves for the Abaqus Johnson-Cook Mises stress and the 

YUMA T Johnson-Cook Mises stress are superimposed. The results are 

indistinguishable and therefore the VUMAT is functioning correctly for this loading 

condition. 

4.3.4 COMBINED LOADING 

In order to have a set of results which are based on multi-axial loading conditions a 

combination of tension and shear was used. This arbitrary choice of multi-axial 

loading is shown in Figure 4.15 and is hereafter referred to as IIcombined loading". 

V 
Resultant~'",J / 

• , -VV yll "'" 
~------~ ~ 

-V Resultant~ 
1 

Figure 4.15: Combined loading conditions. 
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The velocity loading is applied to the entire geometric face to cause the combined 

loading. There is no other loading applied to the element. An example of the final 

deformation produced is shown in Figure 4.16. 

Figure 4.16: Combined loading - Armco-Iron, 10 mls using Johnson-Cook VUMAT. 

The collective results for the Mises equivalent stress for a velocity of 0.1 mls and a 

velocity of 10 mls are shown in Figure 4.17 for Armco-Iron. 

hoo-0.1U1f8 hoo -IOrrps 

600 .,---------------. 700 

500 600 
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~ i 400 7:300 V-­
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100 
100 

001 0.02 0.03 0.04 0.05 0.06 0,07 0.08 01 0.4 0.6 0.8 
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I- ZA Mis.. ­ JC Alaqus Mise! - JC Vumat Mi... 1 1-ZA Mis.. - JCAmqus ~ - JCVumat Mi . .. 1 
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Figure 4.17: Combined loading - Mises equivalent stress for Armco-Iron a) 0.1 mIs, 

b) 10 m/s. 
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Figure 4.17 a) shows that the solution for the Mises equivalent stress begins to 

become unstable from about 0.06 seconds for the Zerilli-Armstrong VUMA T and 

from about 0.055 seconds for the Johnson-Cook YUMAT for 0.1 m/s. The Abaqus 

Johnson-Cook solution becomes unstable from about 0.068 seconds. The solutions 

for all the material models seem to correct themselves and remain close to the correct 

solution. The YUMA T solutions also become unstable for the 10 mls loading at 

about 0.9 milliseconds as shown by Figure 4.17 b). The other variables such as 

temperature do not become unstable (Appendix C). 

700 

600 
.A /\ 

500 
-;;;­
~ 400 /.. 
~ 300 Abaqus unstable !Jl 

200 

100 

0 

0 0.2 0.4 0.6 0.8 12 1.4 

Time (msecl 

Figure 4.18: Combined loading - Abaqus lohnson-Cook Mises stress for Armco-Iron at 10 

mls. 

Initially it was thought that for the 10 mls loading the Abaqus Johnson-Cook 

solution does not become unstable. However, when the simulation was allowed to 

run longer the Abaqus Johnson-Cook solution also became unstable at about 1.01 

milliseconds (Figure 4.18). The unstable results seem to be numerical inaccuracies 

probably due to the choice of tolerance in the plasticity calculations. It should be 

noted that this inaccuracy is not the same as the instability in the tension test. 

In order to check whether the early initiation of unstable results in the VUMAT 

simulations was due to the Bisection method, the simulations for Armco-Iron at 10 

m/s were also performed using the VUMATs which incorporate Newton's method 

and the non-iterative method (only for the Johnson-Cook material model) (Figure 
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4.19). The non-iterative method eliminates the need for a tolerance but it is an 

approximation and is therefore not necessarily more accurate. The tolerance used 

for Newton's method was the same as for the Bisection method. 

700 

600 
'f\". 

500 

~ 400 

'" "' 300Qj 

b 
III 

200 

100 

0 

0 	 0.2 0.4 0.6 0.8 1 

Time (msec) 

I-Nan-iterative - Newlun I 

Figure 4.19: Combined loading - Mises stress for AnTIco-iron at 10 m/s using 


Newton and non-iterative methods. 


Figure 4.19 show that the Mises stress curves obtained using Newton's method and 

the non-iterative method are indistinguishable. The unstable results initiate at about 

0.92 milliseconds using Newton's method and the non-iterative method. This is a 

slight improvement over the Bisection method results in Figure 4.17 b) which shows 

the unstable solution beginning at 0.91 milliseconds (for the Johnson-Cook VUMA T). 

For this loading condition the VUMAT results become unstable slightly before the 

Abaqus results. 

The collective results for the Mises equivalent stress for a velocity of 0.1 m/ s and a 

velocity of 10 m/s are shown in Figure 4.20 for OFHC Copper. 
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Figure 4.20: Combined loading - Mises equivalent stress for OFHC Copper 

a) 0.1 mis, b) 10 m/s. 

The solution becomes slightly unstable at about 0.06 seconds using the VUMATs for 

OFHC Copper at 0.1 mls but once again the other variables such as temperature do 

not become unstable (Appendix q. The simulations using the Abaqus Johnson­

Cook material model need to run longer in order for the solution to become 

unstable. 

4.4 8 (2X2X2) ELEMENTS 

For the multiple element tests only the tension and shear loading conditions will be 

used (an arbitrary choice). This is done to reduce the number of simulations 

performed due to time constraints. 

4.4.1 TENSION 

The velocity loading is applied in the same way as for the single element test to 

produce the tensile load (Figure 4.11). Figure 4.21 shows the mesh used to obtain 8 

elements and which elements the results for section 4.4 are reported from. The 

internal Abaqus labelling of these elements cannot be altered by the user and 
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therefore the different element labelling scheme for the different models is 

unavoidable. 

• 	 Element 3 for 
ZAmodel 

• 	 Element 7 for 
}C models 

• 	 Element 5 for 
}C models 

• Element 1 for 
ZA model 

Figure 4.21: Position of elements used in extracting results for 8 element test. 

An example of the typical final defonnation produced is shown in Figure 4.22. 

3~' 
Figure 4.22: Tension (8 elements) - Armco-Iron, 10 m/s using Abaqus Johnson­


Cook. 
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Instability 

The collective results for the Mises equivalent stress for a velocity of 0.1 m/s are 

shown in Figure 4.23 for OFHC Copper. The remainder of the results can be found 

in Appendix C. 
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a) b) 

Figure 4.23: Tension - Mises equivalent stress for OFHC Copper for 0.1 m/s 

a) element 1 & 5, b) element 3 & 7. 

Figure 4.23 shows that the results for the VUMAT and Abaqus version of Johnson­

Cook are indistinguishable until about 0.06 seconds. Thereafter the Johnson-Cook 

YUMA T results begin to deviate from the Abaqus results signifying the beginrung of 

instability (Appendix E). It is not clear why the Johnson-Cook VUMA T produces an 

instability while the Zerilli-Armstrong VUMA T does not. For multiple element 

tension tests this instability or localisation usually becomes evident at large 

deformations. The VUMAT material models usually show earlier manifestations of 

the instability than the Abaqus Johnson-Cook material model. For the remainder of 

the 8 element tensile tests, the 10 m/s tests for Armco-Iron and OFHC Copper do not 

show any signs of instability while the 0.1 m/s test for Armco-Iron shows very slight 

instability (Appendix C). 
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4.4.2 SHEAR 

The velocity loading is applied in the same way as for the single element test to 

produce the shear load (Figure 4.7). An example of the typical final defonnation is 

shown in Figure 4.24. 

Element 7 

Figure 4.24: Shear (8 elements) - Annco-Iron, 10 mls using Abaqus Johnson-Cook. 

The collective results for the Mises equivalent stress for a velocity of 0.1 ml s are 

shown in Figure 4.25 for Armco-Iron. 

The element numbering is the same as for the tension test (Figure 4.21). In Figure 

4.25 a) the curves for the Abaqus Johnson-Cook Mises stress and the VUMA T 

Johnson-Cook Mises stress are indistinguishable. In Figure 4.25 b) the curves for the 

Abaqus Johnson-Cook Mises stress and the YUMAT Johnson-Cook Mises stress 

deviate slightly as the simulation progresses. This deviation between the YUMA T 

and Abaqus results is not seen in the remainder of the results for Annco-Iron at 0.1 

mls such as the temperature (Appendix q. The reason for the deviation is not 

known. 
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a) b) 

Figure 4.25: Shear - Mises equivalent stress for Armco-Iron for 0.1 mls 

a) element 1 & 5, b) element 3 & 7. 

The results for the Mises stress for Johnson-Cook at 10 mls show the same deviation 

between the VUMAT and Abaqus results for element 7 (Figure 4.21). The remainder 

of the results do not show this deviation except the S23 stress component for the 10 

mls tests which show a similar (though less pronounced) deviation (Appendix C). 

4.5 64 (4x4x4) ELEMENTS 

4.5.1 TENSION 

The velocity loading is applied in the same way as for the single element test to 

produce the tensile load (Figure 4.11). Figure 4.26 shows which elements the results 

are reported from and the internal Abaqus labelling of these elements as well as the 

mesh used to obtain 64 elements. 
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• Element 13 for 
ZA model 

• Element 61 for 
JCmodels 

• Element 1 for 
ZAmodel 

• Element 49 for 
JC models 

Figure 4.26: Position of elements used in extracting results for 64 element test. 

An example of the typical final defonnation is shown in Figure 4.27. The stress 

contour in Figure 4.27 is unsymmetrical indicating the beginning of an instability or 

localisation (Appendix E). The increased local defonnation causes an associated 

increase in stress. 
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Increased stress levels indicating 
initiation of localisation (increased 
local deformation) 

Figure 4.27: Tension (64 elements) - Annco-Iron, 10 m/s using Zerilli-Annstrong. 
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The collective results for the Mises equivalent stress for a velocity of 0.1 mls are 

shown in Figure 4.28 for OFHC Copper. The remainder of the results can be found 

in Appendix C. 
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a) b) 

Figure 4.28: Tension - Mises equivalent stress for Armco-Iron at 0.1 mls 

a) element 1 & 49, b) element 13 & 61. 

In Figure 4.28 the YUMA T material model results for Mises stress show instabilities 

beginning at about 0.045 seconds for the Zerilli-Annstrong results and about 0.055 

seconds for the Johnson-Cook results. Once the instability occurs, the deformation 

throughout the model is non-uniform and the results from the material models (such 

as stress) therefore become non-uniform. This is seen in Figure 4.27 where the stress 

distribution is no longer symmetrical and more dramatically in Figure 4.29 where 

the deformation is clearly non-uniform. Figures 4.29 a) and b) show the final 

deformation of the tension test corresponding to the YUMA T results in Figure 4.28 

for Johnson-Cook and Zerilli-Annstrong respectively. 
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a) 

b) 

Figure 4.29: Instability of Annco-Iron tension test at 0.1 mls for 64 elements 

a) Johnson-Cook VUMAT, b) Zerilli-Annstrong VUMAT. 

4.5.2 SHEAR 

The velocity loading is applied in the same way as for the single element test to 

produce the shear load (Figure 4.7). An example of the typical final deformation is 

shown in Figure 4.30. 
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Element 13 

3~' 
Figure 4.30: Shear (64 elements) - Armco-Iron, 0.1 m/s using Zerilli-Armstrong. 

The collective results for the S23 stress component for a velocity of 0.1 m/s are 

shown in Figure 4.31 for Armco-Iron. The remainder of the results can be found in 

Appendix C. 
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I-ZA 523 element 1 - ICAbaqus 523 element 49 - IC Vumat 523 el"""",'49 1 I-ZA 523 elemenl13 - ]C Abaqu. 523 eJemenl61 - IC Vumal523 elanenl61 1 

a) b) 

Figure 4.31: Shear - S23 stress component for Armco-Iron at 0.1 m/s 

a) element 1 & 49, b) element 13 & 61. 

In Figure 4.31 a) and b) it is the Abaqus Johnson-Cook solution which becomes 

unstable first. The unstable results of the 523 stress component are not as 

pronounced in the Mises stress solution and the remainder of the Abaqus results 
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such as the temperature are not unstable. The reason for the unstable Abaqus results 

is not known. There is a slight deviation between the Abaqus and VUMA T Johnson­

Cook solutions in Figure 4.31 b). There is no deviation between the Abaqus and 

VUMAT Johnson-Cook solutions for OFHC Copper but the remainder of the Armco­

Iron results show a slight deviation for the temperature and 523 stress components 

(Appendix C). 

4.6 512 (8x8x8) ELEMENTS 

4.6.1 TENSION 

The velocity loading is applied in the same way as for the single element test to 

produce the tensile load (Figure 4.11). Figure 4.32 shows which elements the results 

are reported from and the internal Abaqus labelling of these elements. 

• Element 57 for 
ZA model 

• Element 505 
for JC models 

• Element 1 for 
ZA model 

• Element 449 
for JC models 

Figure 4.32: Position of elements used in extracting results for 8x8x8 element test. 

The final deformations for the 10 m/s Armco-Iron tension tests are shown in Figures 

4.33 a) - c). 
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a) 

b) 
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c) 


Figure 4.33: 8x8x8 element tensile results for Annco-Iron at 10 mls 


a) Abaqus Je, b) VUMAT Je and c) VUMAT ZA 


The collective results for the Mises equivalent stress for a velocity of 10 mls are 

shown in Figure 4.34 for Annco-Iron. The remainder of the results can be found in 

Appendix C. 
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a) b) 

Figure 4.34: Tension - Mises equivalent stress for Annco-Iron at 10 mls 

a) element 1 & 449, b) element 57 & 505. 
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In Figure 4.34 a) and b) the Mises equivalent stress results for the Abaqus and 

VUMAT Johnson-Cook models are indistinguishable until the instability occurs 

(Appendix E). The moment of initiation of the instability, in this case, is the same for 

the VUMAT Johnson-Cook and the Abaqus Johnson-Cook material models. The 

results of the Mises stress using the VUMAT Johnson-Cook and Abaqus Johnson­

Cook for element 449 deviate after the instability. The deformation results in Figure 

4.33 show that the instability occurs at the same place geometrically for the Armco­

Iron simulations. The instability was however observed to occur in different 

geometric positions as shown in Figure 4.35 for OFHC Copper at 10 m/s using the 

Abaqus version of Johnson-Cook. 

75\) 

Localisation not in the centre in 
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Figure 4.35: Alternative geometric positions for instability. 

All the simulation results using the VUMAT Johnson-Cook material model are 

indistinguishable from the Abaqus Johnson-Cook results until the instability occurs. 

The instability occurs earlier for the VUMATs than for the Abaqus Johnson-Cook 

model and the results diverge thereafter (Appendix C). 
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4.6.2 SHEAR 

The velocity loading is applied in the same way as for the single element test to 

produce the shear load (Figure 4.7). The elements from which the results are 

extracted are shown in Figure 4.32. An example of the typical final deformation is 

shown in Figure 4.36. 

Element 1 

Element 57 

Figure 4.36: Shear (8x8x8 elements) test for OFHC Copper at 0.1 m/s using Zerilli­

Armstrong. 

The collective results for the Mises equivalent stress for a velocity of 0.1 m/s are 

shown in Figure 4.37 for Armco-Iron. The remainder of the results can be found in 

Appendix C. 

All the simulation results using the YUMA T Johnson-Cook material model are 

indistinguishable from the Abaqus Johnson-Cook results for the shear simulations. 

There is only a slight divergence between the temperature and PEEQ results for the 

Johnson-Cook models at 10 m/s (Appendix q. 
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Figure 4.37: Shear - S23 stress component for Armco-Iron at 0.1 mls 

a) element 1 & 449, b) element 57 & 505. 

4.7 SUMMARY 

The element tests for different loading conditions allowed each component of the 

material model solutions to be examined. For the VUMATs, each of these 

components was verified by comparing them to the results obtained using the 

Abaqus Johnson-Cook equation. The VUMATs eventually become unstable 

numerically, but after the point of physical instability (Appendix E) and therefore 

any modelling performed with the YUMA T is not affected. In certain instances the 

VUMAT remains stable longer than the Abaqus material model but the reason for 

this is unclear. 

Now that the VUMATs have been verified thoroughly using the controlled element 

tests, they can be used with confidence in simulating more complicated events such 

as the Taylor test (see Chapter 5). The results of the verification process detailed in 

this chapter show that the implementation of the Johnson-Cook and Zerilli­

Armstrong YUMA Ts has been successful and that the foundation has been laid for 

more complicated material models to be attempted. 
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TAYLOR TEST 

INTRODUCTION 

The background to the Taylor test was in Chapter 2. As stated the Taylor 

test is often model validation at high rates. 

test will be both for verification validation (Chapter 4) 

The implementation of Johnson-Cook and Zerilli-Armstrong models as 

VUMATs will be by simulations using 

version of the 

YUMA T implementation. verification test 

m 4 to a more fI realistic" the 

Taylor test Johnson and Cook [5] will used to validate the simulation results 

obtained using YUMA T implementation of Johnson-Cook and 

Armstrong material 

5.2 FEM MODEL 

The finite element model the Taylor test consists a deformable cylinder with 

an velocity impacting an as shown 

was meshed using C3D8R elements with an 

0.5 mm x 0.5 mm x 0.5 mm. is an axi-symmetric problem but the 

VUMAT, in is not to be analysis. 

symmetric model was order to 

contact with after contact 

was used as the normal interaction n .... r' .... o, ....k' between the deformable 

and rigid surface. tangential between and 
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INTRODUCTION 

The background to t.~e test was in Chapter 2, As stated the 

test is often used for material model validation at high strain rates, In this 

the Taylor test will be used both for verification and validation (Chapter 4) 

The implementation of the Johnson-Cook Zerilli-Armstrong material as 

Ts will verified further comparing Hle results simulations 

Abagus version of the Johnson-Cook equation with the results 
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rigid surface was modelled as frictionless [23]. The cylinder was given initial 

conditions of temperature (300 K - assumed room temperature) and velocity (test 

specific). 

Initial velocity in the 
-2 direction 

3~1 

Fixed rigid surface 

Figure 5.1: % symmetric model of Taylor test. 

A stable time increment can be defined as the time required for a dilatational wave 

to propagate across the smallest element dimension [4]. The time increment used in 

an analysis must be smaller than the stability limit [4]. If the time increment is not 

sufficiently small the solution will become unstable. If the solution becomes 

unstable then solution variables such as displacements will usually oscillate with 

increasing amplitudes [4]. 

Initially the simulations were run using the default global stable time increment 

estimator as opposed to element-by-element estimation. If the global procedure is 

specified Abaqus begins with the element-by-element estimation and then changes 

to the global estimation method if the algorithm determines that the accuracy of the 

global method is acceptable. The global estimation algorithm allows greater time 

increments than the element-by-element algorithm. This gave unstable results 

especially for the lower velocities. An example of the severe deformation (with 

equivalent deviatoric p lastic strains in excess of 10) which resulted from this is 
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shown in Figure 5.2. This particular result was obtained using the Abaqus version of 

the Johnson-Cook equation and therefore cannot be attributed to an incorrect 

implementation of the VUMAT. In order to try and combat these excessive 

distortions the time increment was manually reduced and fixed. This solved the 

problem and the time increment estimator was returned to the automatic mode but 

with element-by-element estimation. This also solved the problem and this method 

was then used for all the Taylor test simulations. 

PE:EQ 
1.1ve. Crit.. : '7Sl ) 

+1.021I!:+Ol 
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+e. 512 e+()O
+,?661e:+{)O 
+6.81De-KID 
....s . 9Sf1e+OO 
t\5.107e+OO 
+1.2S5e+OO 

::U~~o 
"1. 70Z O«l8 
.e.5Ue-<Jl 
+O.OOO • ...clO 

Figure 5.2: Unstable solution when using global time estimation. 

The material constants used for the element tests are given in Chapter 3 for the 

Johnson-Cook and Zerilli-Armstrong material models. For the Taylor test 

simulations the values for Armco-Iron and OFHC Copper reported by Johnson and 

Cook [34] are used. All the material constants used in the element tests are valid for 

the Taylor test simulation except for Young's modulus and Poisson's ratio. These 

become 207 CPa and 0.29 for Armco-Iron and 124 CPa and 0.34 for OFHC Copper 

respectively. The material constants used in the simulations of the Taylor test need 

to correspond to the experimental material constants used by Johnson and Cook [34] 

to be useful for validation purposes. 
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To analyse the deformation results, the final length and radial ratios (at the impacted 

end) of the cylinder are extracted from the simulation results and are compared to 

experimentally measured results by Johnson and Cook [5] . For an initial length La 

and a final length L1, a length ratio can be defined as L1/Lo (Figure 5.3). Similarly, 

for an initial radius Ro and a final radius Rl, a radial ratio can be defined as Rl1 Ro. 

The initial radius for all tests is Ro = 3.81 ffiffi. The initial length is La = 25.4 ffiffi for 

all tests except the Armco-Iron test of 279 ml s which has La = 12.6 ffiffi. Therefore 

the length ratio will be less than unity and the radial ratio will be greater than unity. 

For time history graphs of these ratios see Appendix D. 

/.. Ro .. / 

1---, 
I I 
I I 
I I ___----,-_ 

La 

I .. 

Figure 5.3: Definition of deformation ratio measurements. 

The equivalent deviatoric plastic strain (PEEQ) contours from the simulations for all 

the material models are compared to the strain contours produced by the 

simulations of Johnson and Cook [5] in their original paper. This comparison will 
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therefore be a verification of the VUMAT implementation as no experimental PEEQ 

contours are available. 

Finally, the reaction force produced by the rigid body during the impact of the 

cylinder is plotted. The reaction forces from the VUMAT material model 

simulations are compared to the reaction forces from the Abaqus Johnson-Cook 

simulations. This is another form of verification because to be classified as 

validation the reaction force would have to be measured experimentally (using a 

direct impact Hopkinson bar for example). 

5.3 ARMCO-IRON 

5.3.1 DEFORMATION RESULTS 

The deformation results for the simulations and experiments for Armco-Iron are 

summarised in Table 5.1 for comparison. 

Velocity 

mfs 

Experimental 

results [6] 

JC Abaqus JCVUMAT ZAVUMAT 

L1/Lo R1/Ro L1/Lo R1/Ro L1/Lo R1/Ro L1/Lo R1/Ro 

197 0.802 1.59 0.795 (-1) 1.61 (1) 0.795 (-1) 1.61 (1) 0.814 (1) 1.63 (3) 

221 0.780 1.80 0.756 (-3) 1.75 (-3) 0.756 (-3) 1.75 (-3) 0.777 (0) 1.77 (-2) 

279 0.707 1.97 0.666 (-6) 1.87 (-5) 0.666 (-6) 1.87 (-5) 0.689 (-3) 1.82 (-8) 

Table 5.1: Comparison of cylinder impact results for Armco-Iron. The numbers in 

parenthesis are the percentage deviation from the experimental results. 

The results in Table 5.1 show that the VUMAT implementation of the Johnson-Cook 

material model gives the same results as the Abaqus version of the Johnson-Cook 

model. It is also clear that there is not a significant difference between the Johnson­

Cook results and the Zerilli-Armstrong predictions. This result was found 
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surprising by Zerilli and Armstrong [6] . The simulation results obtained by Zerilli 

and Armstrong are shown in Table 5.2. The numbers in parenthesis (for all the 

remaining tables) are the percentage deviation from the experimental results. 

Velocity 

Johnson-Cook 

eqn. 

Zerilli-Armstrong 

eqn. 

mjs Ll/Lo Rl/Ro Ll/Lo Rl/Ro 

197 0.795 (-1) 1.65 (4) 0.816 (2) l.66 (5) 

221 0.755 (-3) l.80 (0) 0.779 (0) 1.81 (0) 

279 0.664 (-6) 1.92 (-3) 0.691 (-2) 1.86 (-6) 

Table 5.2: Simulation results obtained by Zerilli and Armsb'ong for Armco-Iron [6]. 

The results obtained using the Abaqus and VUMAT versions of the Johnson-Cook 

and Zerilli-Armsb'ong equations are similar to those obtained by Zerilli and 

Armstrong [6] in their simulations. 

5.3.2 CONTOUR PLOTS 

5.3.2.1 VELOCITY = 197 Mjs 

The contour plot of equivalent deviatoric plastic strain (PEEQ) from the Johnson and 

Cook simulation [5] is shown in Figure 5.4 for a velocity of 197 m/ s. The dots 

indicate the experimental outline of the deformed specimen and the strain contours 

are shown at intervals of 0.5 on the left half of the figure. 
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Figure 5.4: Contour plot of PEEQ for Armco-Iron -197 m/ s [5]. 

The dashed line indicates the undeformed length. The right half of the deformed 

cylinder in Figure 5.4 shows the triangular mesh used by Johnson and Cook in their 

simulations. The final length ratio indicated in Figure 5.4 (O.793Lo) deviates slightly 

from the ratio reported by Zerilli and Armstrong in Table 5.2 (O.795Lo). 

A slight deviation between the Johnson and Cook [5] simulations and the Zerilli and 

Armstrong simulations [6] is evident for all the Taylor test results. As shown in 

Figure 5.5, the simulation results using the VUMAT implementation of the material 

models show excellent agreement with the simulation results using the Abaqus 

version of Johnson-Cook. In particular, Figure 5.5 d) shows that the contours 

obtained using the Johnson-Cook VUMAT are almost identical to the contours 

obtained using the Abaqus Johnson-Cook model. Qualitatively the results are 

similar to the contour plot shown in Figure 5.4. 

90 




Univ
ers

ity
 of

Cap
e T

ow
n

Taylor Test 

OWl 

lAve. Cc1t-.; 75'\) 


!q~g;;gg.:bMg~~~ 
+O . OOOt!+OC 

2 2

L, ~-~ L, r--- ____ i\ ,
I-- -, 

a) b) 

""v> 
(..lve: . Cr tt. .: 75'\) 

~ ... . oco.+oO 

.!t8~j~
-to .oeoe...aO ~ JC Abaqus 

~ JCVUMAT 

2

L, -:\ ~ ZA VUMAT 
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Figure 5.5: Contour plots of PEEQ for Annco-Iron (197 m/s) for 

a) IC Abaqus, b) IC VUMAT, c) ZA VUMAT and d) close-up of impact ends. 

5.3.22 VELOCITY = 221 Mis 

The contour plot of equivalent deviatoric plastic strain (PEEQ) from the Johnson and 

Cook simulation is shown in Figure 5.6 for a velocity of 221 m/s. 
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Figure 5.6: Contour plot of PEEQ for Armco-Iron - 221 m/ s [5]. 

The simulation results in Figure 5.6 are not as accurate as the results shown in Figure 

5.4 as seen by the increased distance between the simulation results and the 

experimental results indicated by the dots . As shown in Figure 5.7, the simulation 

results using the YUMA T implementation of the material models again show 

excellent agreement with the simulation results using the Abaqus version of 

Johnson-Cook. In particular, Figure 5.7 d) shows that the contours obtained using all 

the material models are almost identical. 

92 




Univ
ers

ity
 of

Cap
e T

ow
n

Taylor Test 

PnO 
(lve . Celt..: iSt) 

• OCIJe+OO 

+1.+l·a[j
Q 

>5. 1 
"'.0<J0e.+<l0 

2 

L, 


OWl 
(.LVI! . Ccit . • 7.9. ) 

t} 
+2 .OOO~+()O 

~U~::lI8 
!8:8&l:~~ 

2 

L, 


)( 

a) 

""'" CAv• . eru.: 7511 ) 

~ 
-f2 . 0IDeHlO 

- ~1 . 5CDe HlD 
·n.OClll!+(Io....s .OCJle-O\ 
14J.DCDctOO 

2 

L, 

JCVUMAT 

ZA VUMAT f.---/\ .--==--- . 

c) d) 

b) 

JC Abaqus 

Figure 5.7: Contour plots of PEEQ for AnTIco-Iron (221 m/s) for 


a) IC Abaqus, b) IC YUMAT, c) ZA YUMAT and d) close-up of impact ends. 
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5.3.2.3 VELOCITY =279 Mjs 

The contour plot of equivalent deviatoric plastic strain (PEEQ) from the Johnson and 

Cook simulation is shown in Figure 5.8 for a velocity of 279 m/s. Note that the 

initial length, Lo, is 12.6 mm for this specimen. 

r---i 


V"279~.4IS 

Figure 5.8: Contour plot of PEEQ for Armco-Iron - 279 m/s [5]. 

As shown in Figure 5.9, the simulation results using the VUMAT implementation of 

the material models again show excellent agreement with the simulation results 

using the Abaqus version of Johnson-Cook. In this case a combined close-up view is 

not shown because the figures are large enough for qualitative comparison as is. The 

results in Figure 5.8 and Figure 5.9 show a curling up of the edges of the deformed 

end of the cylinder. This result will not be obtained if"separation after contact" is 

not allowed in the contact interaction properties. 
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Figure 5.9: Contour plots of PEEQ for AnTIco-Iron (279 m/s) for 


a) JC Abaqus, b) JC VUMAT and c) ZA VUMAT. 


5.3.3 REACTION FORCE 

The reaction force produced by the rigid surface during the impact of the cylinder is 

extracted from the simulation results for the Abaqus version of the Johnson-Cook 

equation as well as the VUMAT implementations of the Johnson-Cook and the 
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Zerilli-Annstrong equations. These reaction forces are then compared for 

verification purposes. 

5.3.3.1 VELOCITY =197 Mis 

The time histories of the reaction forces for the 197 m/s Armco-Iron simulations are 

shown in Figure 5.10. 

50 
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.. 
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"" 
10 
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0 10 20 30 40 50 60 

Time (J.asec) 

I- ZA197m/s - JCAbaqus 197 m/s - JCVUMAT197m/s I 

Figure 5.10: Reaction force time histories, Armco-Iron - 197 m/ s. 

In Figure 5.10 the Abaqus Johnson-Cook and the VUMA T Johnson-Cook results are 

indistinguishable thus further verifying the YUMA T implementation. Comparing 

the reaction histories from the simulations to experimental results could be an 

additional validation of the simulation results especially if the Taylor test is used to 

extract the constants for the material models. The reaction force returns to zero once 

the cylinder has lost contact with the rigid surface i.e. it has rebounded. Figure 5.10 

shows that the Zerilli-Annstrong results return to zero earlier than the Johnson­

Cook results. This type of detail could be captured from Hopkinson bar Taylor tests 

and could be used for validation purposes. 
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5.3.3.2 VELOCITY = 221 Mis 

The time histories of the reaction forces for the 221 m/s Annco-Iron simulations are 

shown in Figure 5.11. 
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Figure 5.11: Reaction force time histories, Annco-Iron - 221 m/s. 

In Figure 5.11 the Abaqus Johnson-Cook and the VUMAT Johnson-Cook results are 

again indistinguishable. The plateau in Figure 5.11 seems very low because of the 

high initial peak. It is in fact about the same height as the plateau in Figure 5.10. 

The Zerilli-Ann strong results in Figure 5.11 return to zero earlier than the Johnson­

Cook results. 

5.3.3.3 VELOCITY = 279 Mis 

The time histories of the reaction forces for the 279 m/s Annco-Iron simulations are 

shown in Figure 5.12. 
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Figure 5.12: Reaction force time histories, Annco-Iron - 279 m/s. 

In Figure 5.12 the Abaqus Johnson-Cook and the VUMAT Johnson-Cook results are 

indistinguishable thus providing further verification of the VUMAT 

implementation. 

The reaction force-time curves were plotted by extracting 200 data points from the 

simulation results. In order to determine the loss of accuracy as a result of the 

number of data points used, the impulse obtained from integrating the reaction 

force-time curve was compared with the impulse obtained by calculating the change 

in momentum during the Taylor test simulation. This impulse comparison was 

perfonned using results from 200 data points, 1000 data points and all available data 

points from the Abaqus Johnson-Cook simulation for Annco-Iron at 279 m/s. The 

averaged rebound velocity was 8 m/s. The percentage deviation between the 

impulse calculations was found to be 8.2%,1.5% and 0.5% for 200,1000 and all data 

points respectively. U the simulation results are going to be validated using 

experimental data then all the data points should be used if possible. There is also a 

greater chance of capturing the true initial peak of the reaction force-time curve as 

the number of data points is increased. Continuing with this example of Abaqus 

results using Johnson-Cook at 279 m/s, the initial peak in reaction force was found 
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to be about 60 kN, 102 kN and 124 kN for 200, 1000 and all data points respectively. 

The graphs of reaction force history shown in this chapter are used for verification 

purposes and show the Abaqus Johnson-Cook results to be indistinguishable from 

the Johnson-Cook VUMAT results. The use of 200 data points is therefore adequate 

in this case. 

5.4 OFHC COPPER 

5.4.1 DEFORMATION RESULTS 

The deformation results for the simulations and experiments for OFHC Copper are 

summarised in Table 5.3 for comparison. The numbers in parenthesis are once again 

the percentage deviation from the experimental results. 

Velocity 

mjs 

130 

146 

190 

Experimental 

results [6] 

LJ/Lo Rl/Ro 

0.770 1.30 

0.736 1.40 

0.638 1.78 

JC Abaqus 

LJ/Lo Rl/Ro 

0.812 (5) 1.46 (12) 

0.778 (6) 1.56 (11) 

0.681 (7) 1.89 (6) 

JCVUMAT 

LJ/Lo Rl/Ro 

0.812 (5) 1.46 (12) 

0.778 (6) 1.56 (11) 

0.681 (7) 1.89 (6) 

ZAVUMAT 

LJ/Lo Rl/Ro 

0.786 (2) 1.40 (8) 

0.752 (2) 1.48 (6) 

0.660 (3) 1.75 (-2) 

Table 5.3: Comparison of cylinder impact results for OFHC Copper. 

The simulation results obtained by Zerilli and Armstrong [6] are shown in Table 5.4. 

The simulation results by Zerilli and Armstrong are similar to the results reported in 

Table 5.3 but the simulation results obtained using the Abaqus and VUMAT 

versions of the Johnson-Cook equation produce slightly improved radial results for 

the lower velocities. 
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Velocity 

Johnson-Cook 

eqn. 

Zerilli-Armstrong 

eqn. 

mjs LJLo RJ/Ro LJLo RJ/Ro 

130 00812 (5) 1.48 (13) 0.784 (2) 1.41 (8) 

146 00778 (6) 158 (13) 0.750 (2) 1.49 (6) 

190 00682 (7) 1092 (8) 00 ,0 1.77 (0) 

Table 5.4: Simulation «<.ul'-'-< by Zerilli Armstrong 


[6]. 


results 5.3 show that the Zerilli-Armstrong material model 

slightly better Copper than 

model. 

5.4.2 	CONTOUR PLOTS 

== 130 MIs 

The contour plot of equivalent deviatoric plastic strain (PEEQ) obtained the 

Johnson and simulation is shown in for a velocity of 130 ml s. 

r---~ 
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I.. 

.. 
I.. 
r .. 

f/ 

.. 
I.. 

V-l;)OM/S 

Figure Contour of 130 m/s [5]. 
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Figure 5.14: Contour plots of PEEQ for OFHC Copper (130 m/s) for 

a) JC Abaqus, b) JC VUMAT, c) ZA VUMAT and d) close-up of impact ends. 

The results in Figure 5.14 show that in this case the Zerilli-Armstrong VUMAT 

produces noticeably different contours to the Abaqus and VUMAT Johnson-Cook 

models. The Zerilli-Armstrong YUMA T results are more accurate as shown by 
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Table 5.3 for the 130 mls loading condition. Figure 5.14 d) shows that the contours 

obtained using the Johnson-Cook VUMAT are almost identical to the contours 

obtained using the Abaqus Johnson-Cook model. 

5.4.2.2 VELOCITY = 146 Mjs 

The contour plot of equivalent deviatoric plastic strain (PEEQ) from the Johnson and 

Cook simulation [5] is shown in Figure 5.15 for a velocity of 146 ml s. 

j , 

Figure 5.15: Contour plot of PEEQ for OFHC Copper - 146 ml s [5]. 

The large difference between the results obtained by Johnson and Cook in their 

simulations (using their equation - solid profile) and their experimental results 

(dots) is shown in Figure 5.15. The results in Figure 5.16 show that in this case the 

Zerilli-Armstrong VUMAT produces slightly different contours to the Abaqus and 

VUMAT Johnson-Cook models. The Zerilli-Armstrong VUMAT results are more 

accurate as shown by Table 5.3 for the 146 mls loading condition. Figure 5.16 d) 

shows that the contours obtained using the Johnson-Cook VUMAT are almost 

identical to the contours obtained using the Abaqus Johnson-Cook model. 
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Figure 5.16: Contour plots of PEEQ for OFHC Copper (146 m/s) for 

a) JC Abaqus, b) JC VUMAT, c) ZA YUMA T and d) close-up of impact ends. 
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5.4.2.3 VELOCITY =190 Mjs 

The contour plot of equivalent deviatoric plastic strain (PEEQ) obtained from the 

Johnson and Cook simulation [5] is shown in Figure 5.17 for a velocity of 190 m/ s. 

r - -- ~ 

'I - 1 90MI S 

Figure 5.17: Contour plot of PEEQ for OFHC Copper - 190 m/ s [5]. 

The large difference between the results obtained by Jolmson and Cook in their 

simulations (using their equation) and their experimental results is again shown in 

Figure 5.17. The results in Figure 5.18 show that in this case the Zerilli-Armstrong 

VUMAT again produces slightly different contours to the Abaqus and VUMAT 

Johnson-Cook models. The Zerilli-Armstrong VUMAT results are more accurate as 

shown by Table 5.3 for the 190 m/ s loading condition. The maximum equivalent 

deviatoric plastic strains (PEEQ) are 2.284, 2.292 and less than 2 for the simulations 

using the Abaqus Johnson-Cook model, the Johnson-Cook YUMA T and the Zerilli­

Armstrong model respectively. Figure 5.18 d) shows that the contours obtained 

using the Johnson-Cook VUMAT are almost identical to the contours obtained using 

the Abaqus Jolmson-Cook model. The Johnson-Cook contours in Figure 5.18 d) 

correlate very well (qualitatively) with the contours in Figure 5.17. 
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Figure 5.18: Contour plots of PEEQ for OFHC Copper (190 m/s) for 

a) JC Abaqus, b) JC VUMAT, c) ZA VUMAT and d) close-up of impact ends. 
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5.4.3 REACTION FORCE 

5.4.3.1 VELOCITY = 130 Mis 

The time histories of the reaction forces for the 130 m/s OFHC Copper simulations 

are shown in Figure 5.19. 
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Figure 5.19: Reaction force time histories, OFHC Copper - 130 m/s. 

In Figure 5.19 the Abaqus Johnson-Cook and the YUMA T Johnson-Cook results are 

indistinguishable which further verifies the YUMA T implementation. It is 

interesting to note that in this case the Zerilli-Armstrong results return to zero after 

the Johnson-Cook results showing that the contact lasts longer. The opposite was 

true for the Armco-Iron tests. 

5.4.3.2 VELOCITY =146 Mis 

The time histories of the reaction forces for the 146 m/ s OFHC Copper simulations 

are shown in Figure 5.20. 
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Figure 5.20: Reaction force time histories, OFHC Copper -146 m/s. 

In Figure 5.20 the Abaqus Johnson-Cook and the YUMA T Johnson-Cook results are 

again indistinguishable thereby further verifying the YUMA T implementation. 

5.4.3.3 VELOCIlY = 190 Mis 

The time histories of the reaction forces for the 190 m/s OFHC Copper simulations 

are shown in Figure 5.21. 
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Figure 5.21: Reaction force time histories, OFHC Copper -190 m/s. 

107 




Univ
ers

ity
 of

Cap
e T

ow
n

Taylor Test 

In Figure 5.21 the Abaqus Johnson-Cook model and the Johnson-Cook VUMAT 

results are indistinguishable thereby verifying the VUMAT implementation. 

5.5 SUMMARY 

The results reported in this chapter further verify the implementation of the material 

models as user subroutines in Abaqus. The results obtained using the Johnson-Cook 

YUMA T are consistent with the results obtained using the Abaqus Johnson-Cook 

model. The simulation results obtained using all the material models were also 

compared to the simulation results obtained by Johnson and Cook [5] and by Zerilli 

and Armstrong [6], thereby further verifying the implementation of the VUMATs. 

Comparing the simulation results with the experimental results has also confirmed 

the validation of these material models, as reported by Johnson and Cook [5] and by 

Zerilli and Armstrong [6]. 
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CHAPTER 6 

CONCLUSIONS 


Johnson-Cook [5] and Zerilli-Armstrong material for and 

materials were successfully implemented as VUMATs material 

for use Abaqus, a 

VUMATs supplement Abaqus material library. 

After the background of models, the implementation of 

was The material models were in the 

form in which are implemented so that coding the VUMAT could 

implementation of as YUMA Ts was verified by 

test simulations obtained the 

ofJohnson-Cook with the obtained using of Johnson-

Cook 

same of Johnson-Cook as 

and the simulation obtained using two models were 

exactness. Zerilli-Armstrong VUMAT results were 

to obtained using the Abaqus model 

a sense. 

The element tests were ..... O·I"~r. ........ a loading 


the Abaqus Johnson-Cook theVUMAT Only a few cases was 

there a between results and deviation only large 

at an advanced of simulation. implementation of 
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Conclusions 

6 

Johnson-Cook [5] a.Il.d Zerilli-Armstrong material models for and 

materials were 5uccessfuUy implemented as YUMA Ts (user-defined material 

models) for use with Abaqus t a general purpose element program. 

VUMATs supplernent the existing Abaqus rnaterial model library. 

the rnodels as was discussed. The material models were presented 

form in which . I d" d' are Imp emente so tnat the co mg the could 
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Conclusions 

YUMA Ts was verified in Chapter 4 which allowed them to be used in a more 

realistic simulation (the Taylor test) in Chapter 5. 

The results of the Taylor test simulations presented in Chapter 5 were used for 

validation and further verification of the VUMAT implementation. The simulation 

results obtained using the YUMA T Johnson-Cook equation again showed excellent 

correlation with the Abaqus Johnson-Cook equation (verification). The simulation 

results also confirmed that the Zerilli-Armstrong material model gives slightly more 

accurate results than the Johnson-Cook material model, especially for copper when 

compared to published experimental results (validation). 

The various issues involved in implementing and verifying user material models in 

ABAQUS has been assessed and the groundwork has been laid for future research 

into the performance of material models in high strain rate work at the University of 

Cape Town. 
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CHAPTER 7 

RECOMMENDATIONS 

The implementation and verification of the Johnson-Cook and the Zerilli-Armstrong 

material models as VUMATs has been achieved. This has laid the foundations for 

further research into the behaviour and significance of these material models in high 

strain, high strain rate and high temperature simulations. There are a few areas in 

which the current work on VUMATs can be enhanced: 

• 	 the performance of the VUMATs for larger simulations such as blast loading 

of plates should be investigated 

• 	 some form of damage model or failure criterion should be implemented 

(such as the Johnson-Cook damage model) 

• 	 the convergence criterion used in the plasticity formulation should be 

optimised 

• 	 obtain mild steel material constants for these material models for direct 

comparison with other material models such as Cowper-Symonds and 

Masui et al. 

• 	 the exact cause of the numerical instability should be investigated. 
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ApPENDIX 

UNIAXIAL FORM OF THE EQUIVALENT 

MISES STRESS 

of 

s (AI) 

The backward [4]) form of flow rule 

=/:;.el'in (A2) 

where n the normal to yield surface. Using integrated rate 

and Al A2: 

f 

:. S = I, + ) 


~ II + (/:;.~ - )) 


~ = 2G(~el + /:;.el'l !1)) 


:. ~ + 2G/:;.e pi !1 = + /:;.~) 


Now using the Mises definition of flow direction (from equation (2.18»): 

Now if we 

then: 

(A.3) 
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From deviatoric form of elasticit";!: 

s= 
integrated backward method [4]) of flow rule is: 

n 

n the normal to the yield surface. Using 
~ - integrated strain rate 

decomposition mid equations A.l and A.2: 

+ 

e 

) (A 
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theIf we take inner A.3 itself we 

s: 1+ 3G (A.4) 
\ q 

root of sides of equation A.4, using definition 

Mises (2.12)):stress 

the 

q 

and the total equivalent strain as (equation 

e = 

equation AA can written as: 

(I -qf:..el'l 

Simplifying equivalent uniaxial 

3G(e - ) q:= 0 

q+ = 
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ApPENDIXB 

VUMAT AND INPUT DECK CODES 


l11e VUMATs are FORTRAN fixed form Visual 

Standard 6.6.0. The VUMA Ts need to extension 

when with Abaqus/Explicit version Sample input decks for the element 

tests tests are 

definition is to save but complete of input 

can found on the compact disc of this 
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B 

ApPENDIX 

The VUMATs are written FORTRAN fixed form Compaq Visual 

Standard Edition 6.6.0. TIle VUMATs need to be saved with a "Jor" 

when used with Abaqus/Explicit version 6.3-1. Sample input decks for the 

tests and the 'J'aylor tests are induded. Unnecessary geometric and element 

definition detail is removed to save space but complete of 
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Appendix B 

B.1 JOHNSON-COOKVUMAT 


SUBROUTINE vuma t( 
C Read only ­

1 nbloc k, ndi r , nshr, nstatev, nfiel d v , nprops, lanneal , 
2 stepTime, t o talTime, dt, cmname, coordMp, charLength, 
:'1 props, dens i ty, strainInc, r elSpinInc, 
4 t empOld, s t r etchOld, defgradOld, fieldOld, 
5 s t re ssO ld, stateOld, enerInternOld, enerInelasOld, 
6 t e mp New , stretchNew, defgradNew, fieldNew, 

C Writ only ­
7 stressNew, stateNew, enerInternNew, enerInelasNew 

C 
I NCLUDE ' vaba__param.inc' 

C 
C 
C Linea r elastic, J C hardening (including tempe rature). Rate dependent. 
C The state va r i able is stored a s : 
C STATE (*, l ) = total equivalent plas tic strain 
C Temperature and strain rate in DO loop . 
C 
C Al l arrays dimensloned by (*) are not used in this algorithm 

DIMENSION props(np r ops) , density( nbl ock), 
I coordMp(nblock,*), 
2 charLength(*), strainInc( nblock,ndir+nshr), 
3 relSpinInc(*), tempOld(nblock), 
4 stretchOld(*), defgradOld(*), 
5 fi e l dOld(*) , stressOld(nblock,ndir+nshr), 
6 stateOld(nbl ock,nstatev), e nerInternO ld( nblock), 
7 enerInelasOl d(nblock), tempNew(nb lock) , 
8 stretc hNew (* ), defgradNew(*), f i e l d New (*), 

stre ssNew(nblock,ndir+nshr), st a t e New(nblock,nstat ev ) , 
1 ene rInternNew(nblock), enerInelasNew(nblock) 

C 
CHARACTER*8 0 c mname 

C 
PARAMETE R ( zero = O.OdO, one = l.OdO, two = 2.0dO, three 3.0dO, 

1 -h ird = one/three, half = .5dO, twoTh i rds = two /t hree, 
2 t hreeHalfs = l.5dO ) 

C Mate r ial property definitions 
e ze ro 
e props (1) 

x nu zero 
xnu props(2) 
A zero 
A props(3) 
8 zero 
8 props(4) 
xn zero 
xn props(S) 
xm zero 
xm props(6) 
T r ans zero 
T - t rans props(7) 
T melt ze ro 
T me lt props(8) 
xne a zero 
xn e ta props(9) 
s he at ze r o 
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s hea t props (10) 
C zero 
C props (11 ) 

Fi :~:j Bul k and Shear modulii 

G = e / ( two * (on e + x nu ) 

bulk = e / ( three * (one - two* xnu) 


c 

C OPE"J ( t: !1it=110, FILE=' e: \ Thesis\ t e st . da t ' ) 


C 

~ : O i = I, nblock 
C Fi nd s train t race increme nt 

trace z e ro 
trace = s tr a inl nc(i ,l ) + strain lnc( i,2 ) + 

1 strainlnc(i,3) 
C Find deviator i c s trai n increments 

del st rainlnc(i, l ) - third* t r ace 
d e 2 s t r a inlnc (i,2) - thi r d*t race 
d 3 stra inlnc( i, 3) - third* trac e 
d e 4 st rainlnc(i ,4) 
d e5 strainlnc(i,5 ) 
d e 6 strai n l nc (i, 6) 

C Find t r ial elastic dev iat o ric stress inc rements 
sl i nc two* G* d e l 
s 2 i nc two* G* de 2 

-
s 3 i nc t wo* G* d e3 

s4 i nc two* G* de4 

s 5 i nc two* G* de5 

s 6 inc two* G* de6 


C Fi nd e q u i val ent pre s sure stress i ncrement 

p- i nc = zero 

p- ine = -bu _k * trace 
C Find trial stresse s 

si g l st r essOld(i, l ) + sl inc p- i ne 
sig2 stres sOld(i,2) + s2 inc p- i ne 
sig3 stressOld (i, 3) + s3 inc - p lnc 
sig4 stressOld(i ,4) + s4 i nc 
s i g5 stressO ld (i,5 ) + s 5 inc 
si g6 stressOld(i,6) + s6 inc 

C For Abaqus check 
IF (stepTime + total Time .eq. z e ro ) THEN 

st re ssNe w( i,l ) s i g l 
stressNe w(i,2) sig2 
s t ressNew( i, 3) sig3 
st re ssNew(i,4 ) sig4 
stressNew (i,5) si g5 
stre ssNew(i,6 ) s i g6 

ELSE 
C Fi nd hyd r ostatic stress 

p = zero 
p = -th i r d * (s i gl + s ig2 + sig 3 ) 

C Find deviato ri c s~resses 

sl s igl + p 
s 2 si -;:J2 + P 
s3 sig3 + p 
s 4 s i g4 
s 5 si rS 
s6 s ig 6 

C Fi nd Mis es equiva l ent stress 
t rial = zero 
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q _t r i al = sl**2 + s2**2 + s3* *2 + twO*S4 "k * 2 
1 + two* s 5** 2 + two* s6** 2 

q trial = SQRT( threeHalfs*q trial) 
C Set up old equivalent p lastic strain 

If ((stepTime + t ota lTime) .eq. ze ro) TH EN 
e pI _o ld zero 

ELSE 
sta t eO l d(i , l) 

ENDIF 
C Set up temperature effects 

'f = z ero 
T = tempO ld(i ) 
IF (T . I t . T_ t rans) THEN 

T st ar = zero 
ELSEIF ( T_ trans .ge. T .le. T melt) TH EN 

T star (T - T_t rans)/( T_rnel t - T trans) 
ELSE 

T star one 
END IF 

C Fi nd the new t o tal equival ent deviatoric strain increment 
C an s t rain rate 

deeq = twoThirds* ( de l* *2 + de2**2 + de3**2 + 
1 tvJO*de4**2 + two* de5** 2 + two* de6**2 ) 

de eq = SQR T (dee q) 
dedot = deeq/dt 

C Log trap for dedot 
I F (dedot .gt. zero) TH EN 

dedot LOG LOG( dedot 
EL SE 

d edo t LOG zero 
EN DIF 
yield = (A + B* (e_pl_o l d** xn ))* (one - T star**xm) 

1 * (one + C*d e dot_ LOG) 
C Chec k o r yi elding 

I F (q_t r i a l .le. yi eld) T HEN 
s t ressNew(i,l) sig l 
s t ressNew(i,2) sig2 
s t. ressNew(i,3) s i q 3 
s _ress New(i ,4) sig 4 
s t re s sNew( i,5 ) s ig5 
s t ressNew(i,6) sig6 
d e pl = zero 
dtheta = zero 
count = 0 
f_d epl = O. OdO 

ELSE 
C f in old dev i atoric st res s es 

sig mean zero 
sig_mean = -th ird * (stres sOld (i , I) + 

I stressOld( i,2) + str s s O 1 d ( i , 3 ) ) 
s old l s t res sO l d ( i , 1 ) + s~g e a n 
s ol d2 stressOl d( i, 2) + sig_ mean 
s o l d3 stres sO ld ( i, 3) + si g _mean 
s old4 s t res sO 1 d ( i, 4 ) 
s old5 stressOld(i,5)-
s o ld 6 st re ssOld (i, 6)-

C Fi nd t he new deviator i c strains 
ehatl s oldl/ (two* G) + del-
e h a t 2 s old2/ (two*G) + de2 
e ha t3 s ol d3/ (two*G) + de 3 -

hat4 s ol d4/(t;w*G) + de4 -

121 




Univ
ers

ity
 of

Cap
e T

ow
n

Appendix B 

e t 5 = s_oldS/(hlo*G) + deS 
ehat6 = s _ o ld6 /(two*G) + de6 

C Fi n d the new total equiva l ent deviatoric strain 
e tilde = twoThirds* ( ehatl**2 + ehat2**2 + ehat3**2 + 

I two*ehat4**2 + two*ehatS**2 + two*ehat6**2 ) 
e tilde = SQRT(etilde) 

C USe Bi s e c tion Method t o find depl (equivale nt deviatoric plastic 
C ·t r a i n i ncreme nt) 

Tol = 1. OdS 
d e p l_a = zero 
d pl_b = I. Od-1 
d pI = (depl_a + depl _ b)/two 
edot = depl/dt 
I F (edot . gt. zero) TH EN 

edot LOG LOG( edot 
EL SE 

edot LOG zero 
ENOIF 
q_depl (A + B*((depl + e _ p l_old)**xn)) *(one -T star**xm) 

I * (one + C*edot _LOG) 

f_depl three*G* (et ilde - d e p l ) - q_depl 

count = 0 


DO WHILE ((ABS(f_depl) .gt.To l ) .ANO. (c ount.le.IO O)) 
count = count + I 
depl = (depl_a + depl_b)/two 

I f the Bisection method is not going to converge then set depl to it's 
ma ximum possible \a lue i. e . the increment in total equivalent strain. 

IF (count.ge.IOO) THEN 
C Find o ld deviatoric st rains 

e hatl o ld s oldl/ (two*G) 
ehat2 o ld s o ld2 / (two*G) 
ehat3 old s old3 / (two*G) 
ehat4 old s old4/(two* G) 
ehatS o ld s oldS / (two* G) 
ehat6 old s_old6/ (two*G) 

C Find old t ota l equiva lent deviatoric strain 
e tilde_ o ld = twoThirds* ( ehatl old** 2 + 

I ehat2 o ld** 2 + eha t3 old** 2 + t wo* e hat4 o ld** 2 + 
2 two*ehatS old**2 + t wo* e hat6 ol d**2 ) 

etilde_old = SQRT( e. ilde_ old ) 
C Fi nd the tota l equ i va lent deviatoric strain i ncrement 

dep l_bb = (et ilde - e'i lde _ old) 
depl = depl_bb 

END IF 
edot_a = depl _a/dt 
e c ,ot = d ep l / dt 
IF (edot _ a .gt. zero) TH EN 

edot LOG a LOG( edot a 
ELSE 

edot LOG a ze ro 
ENOIF 
L (edot .gt. zero ) THEN 

edot LOG LOG( edot 
ELSE 

edot LO G zero 
ENOH' 
q a = (A + B* ((depl_a + e_pl _ old)**xn))* (one -T_star**xm) 

1 * (one + C*edot_LOG_ a ) 
q_depl = (A + B*(( d epl + e 1 old )**xn) )*( one - T s t- r< xm) 

1 * (one + C*edot_LO G) 
f a = thr e e*G* (eti lde - d e p l_a ) - q _ a 
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f_depl = thre e*G* (eti lde - dep l) - g_depl 
C Fi nd posi i o n o f th e root 

I F ( ( f_a*f_ depl) . gt .zero ) THEN 
depl_a depl 

ELSE 
depl 

ENDIF 
C The dev ia t oric stresses are therefore : 

d nom = one + three*G*depl /g_de pl 
I F (denom .eg. zero) THEN 

sl zero 
s2 z e r o 
s3 z e ro 
s4 zero 
sS zero 
s6 zero 

ELSE 
sl (two* G / denom) * e hatl 
s2 (two*G / denom) * ehat2 
s 3 ( two*G / de nom) * ehat3 
s 4 (two*G / d e nom) * ehat4 
sS ( t wo* G / denom) * ehat5 
s6 (two*G / denom) * ehat6 

END IF 
C r ind normals ( in direc ti on of deviatoric s tre sses) 

xno rmall threeHalfs* s l/g_depl 
xnorma 12 threeHalfs*s 2/g_depl 
xnormal3 threeHal f s*s3/g_depl 
x tl ormal4 threeHalfs*s4 /g_ d e I 
xnormalS threeHalfs*sS/g_dep l 
xnorma l 6 threeHalfs*s6 /g_de p l 

C Find deviatoric plas tic st rain increment components if needed 
C depll depl*xnormall 
C d ep l 2 depl*xnormal2 
C dep13 depl*xnormal3 
C d '"pI4 d epl* x normal4 
c d pIS depl*xnormalS 
c depl6 depl*xnormal6 
C Fi nd new stresses 

s triall sl - P 
s trial2 s2 P 
s t ria 13 s 3 P 
s t rial4 s4 

s t rialS s5 

s trial 6 s 6 


C Find increase in t emperature 
term = (x ne ta*depl )/(two*dens ltY (l)* s_hea t) 
dtheta = term* ( xnormall* (s t r e ssOld (i,l) +s_ tr iall) + 

1 xnorma1 2* (st re ssO ld (i, 2)+ s_tria1 2) + 
2 xnormal 3* (stressOld( i,3 )+s_triaI 3) + 
3 two*xnormaI4 * (stre ssOld(i,4)+s_triaI4) + 
4 two*xnormalS* (st ressOld(i,S)+s _ trialS) + 

· 5 two*xno rmaI 6* (stres sOld(i,6) +s t ria16) 
~ = tempOld ( i ) + dth 

C fi nd updated temp e ratur e effect 
IF (T .It. T trans) TH EN 

T star = zero 
ELSEIF ( T_trans .ge. T .l e . T_mel t ) THEN 

T star (T - T_tran s) /(T_melt - T_trans) 
ELSE 

T star o ne 
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EN D If 

END DO 


C Fi !:d new stress es 
s tressNew(i,l) s r ial 1 
stressNew(i, 2) s t r ial 2 
s tres sNew( i, 3) s tria13 
s t r essNew( i,4) s tr ia14 
stressNew( i,S) s trialS 
st r essNew(i,6) s tr ia16 

END IF 
C Upd a te t he s a e v r iables 

s ta teNe w(i ,l) = sta t eOld( i, l) + depl 
temp Ne v.J ( i) = tempOld(i) + d t he t a 

C 
C Upd te t he specif i c intern a. e nergy ­

stress Power = zero 
stressPower = half * s ressOl d(i , l) + s t r ess e w (i, 1) 

1 *stra inI nc( i, l) + st r e ssOld ( i, 2) + S r ess Jew(i , 2) 
2 *st rainInc (i, 2) + st res s01d( i, 3) + s tress Ne w(i ,3) 
3 *s t ra inInc (i , 3) + two* s tre ssO l d (i , 4) + stressNew( i,4 ) 
4 *strainInc(i,4) + t wo* stress01d(i ,S) + stressNew (i ,S ) 
S *strain Inc( i, S) + two* stressOld( i, 6) + stres sNew( i, 6) 
6 * st rainI nc (i, 6) 

C 
enerIll tzo rnNew(i) = enerI ntern01d(i) + stressPower / dens ity ( i ) 

C 

C U0da t e the dissipated inel astic speci fi c ene rg y ­
s mean zero 

sme an = third * ( stressNew (i , 1) + stressNew (i, 2) 


1 + st ressNew( i, 3) ) 

equi vStress = Lhree Ha1fs * 


1 ((strr; ssN ew( i, 1) -smean)**2 

2 + (stressNew(i , 2) -smea n )**2 

3 + (stre ss~ew(i , 3) -smean )** 2 


4 + two * stre ssNew ( i,4 )**2 

S + two * stressNew(i,S)**2 

6 + t wo * stressNew(i,6)**2 


If (e q uivSt ress .ne. zero) THEN 
eq u i vStress = SQRT( equ i vSt res s 

ENDI F 
p 1as t i cWorkI nc = equ i vStress * depl 
e ne rI ne l asNew( i ) = enerInelas01d (i) + p l asticWorkInc /de nsity(i) 
END I F 

C WRI TE (un i t =l 10 , fmt= 100) i,count,depl , q_t r ial, y i e l d 
END 00 

C 1 00 FO RMAT (I4,f8.2,f16.14,f16.4,f16 .4 ) 
C 

RETURN 

END 
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B.2 ZERILLI-ARMSTRONG VUMAT FOR Bee MATERIALS 

SU BROUTINE vumat( 
C Read on l y ­

1 nbl ock, ndir, nshr, nstatev, nfieldv, nprops , lanneal , 
2 stepTime, tota l Time, dt, cmname, coordMp, charLength , 
3 props, dens ity, strainInc, relSpinInc, 
l ] empOld, st r etchOld, defgradOld, fieldOld, 
5 s t ressOld, stateOld, enerInternOld, enerI nelasOld, 
6 t e mpNew, st r et chNew, defgradNew, fie ldNew , 

C ~Iri 	te onl y ­
7 st ressNew, stateNew, ener I nternNew, enerInelasNew 

C 
I NCLUDE 'vaba_param.inc' 

C 
C 
C Linea r elas ti c , ZA-BCC harde n i ng . 
c: The s ta te variab l es are stored a s; 
C STATE(*,l) = total equivalent plastic strain 
~ T mperature and stra in rate in DO loop. 
C 
C All arrays dimensioned by (*) are not used in this algorithm 

DIMENSION props (nprop s) , density( nb loc k), 

1 coordMp(nblock,*), 

2 cha rLength(*), stra inInc(nb l ock,ndir+nshr), 

3 r e lSpinInc(*), tempOld(nblock), 

4 stretchOld(*), defgradOld(* ) , 

5 ieldOld (* ) , stressOld(nblock,ndir+nshr), 

6 stateOld(nbl ock,nstatev), enerInternOld (nblock), 

7 e nerI nelasO l d(nbl ock), tempNew(nb lock), 

8 stretchNew(') , defgradNew(*), fi e1dNew(* ) , 


stressNew(nblock,ndir+nshr), stateNew (nbl ock ,nstatev), 
1 enerInternNew(nbl ock), enerlnelasNew(nbl ock) 

C 

CHARACTER* 8 0 cmname 
C 

PARAME TER ( zero = O.OdO, one = l.OdO, two = 2.0dO, th ree 3. 0dO, 
1 t hird = one / three, half = .SdO, twoThirds = two/three, 
2 t r e eHalfs = 1 .SdO ) 

C Materi al property definitions 
e zero 
e props(l) 
xn u zero 
xnu props(2) 
CO zero 
CO props(3) 
C1 zero 
C1 props(4) 
C3 zero 
C3 props(S) 
C4 zero 
C4 props(6) 
CS zero 
C5 props(7) 
xn zero 
xn props(8) 
x ne zero 
xn e t a props( 9) 
s he t zero 
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s heat == props (10) 
c 
C Fi nd Bulk and Shear modulii 

G = e / ( two * (one + xnu) 

bulk == e / ( three * (one - two*xnu) 


C 
C OPEN(uni t =11 0,tILE='e:\Thesis\test.dat') 
C 
C 

OJ i = 1,nb10ck 
C tind strai n trace increment 

trace zero 
trace = strainInc(i,l) + strainInc(i,2) + 

1 stra inInc(i , 3) 
C )" ~:1d deviatoric strain increments 

de l strai n Inc( i,l) - third*trace 
de2 strainInc (i, 2) third* trace 
j e3 strain Inc(i , 3) third*trace 
de 4 strainInc(i,4) 
deS strainInc(i,S) 
de 6 strainInc(i,6) 

C Find t ri a l elastic deviatoric stress inc rement s 
s l i nc - two*G*de 1 
s2 inc two* G* de2 
s3 inc two* G* de3 
s4 i nc two* G* de4 
sS inc tvvo* G* deS 
s6 i nc two*G*de6 

C t ind equiva lent pressure stress increment 

p- i ne = ze ro 
p l nc = -bu: k * trace 

C Find t ria l stresses 
sigl stressOld (i , 1) + sl i nc p i nc 

-
s ig2 stressOld( i,2) + s2 inc - inp­-
si g3 st ress0 1d(i,3 ) + s3 i nc - p i nc 
sig 4 stre sOld(i,4) + s4 inc 
si g 5 stre s sOld (i ,5) + s5 inc 
sig6 s tressO ld (i,6) + s6 i nc 

C For Abaqus check 
It (stepTime + total Time .eq. zero) THEN 

stressNew(i,l) sig1 
stressNevv (i, 2) sig2 
st r essN e w(i,3) sig 3 
s ressNe w (i,4) sig4 
stressNe w (i,S) sigS 
stressNew( i,6) sig6 

EL SE 
C Find e quival ent pressure stress 

p = zero 
p = -third * (sig1 + s ig2 + sig3) 

C Find dev iatoric s tresses 
sl si g 1 + P 
s2 si g 2 + p 
s3 si g 3 + p 
s4 sig 4 
s 5 sig 5 
s 6 si g 6 

C Fin Mi ses quiva l e nt stress 
q t rial = zero 

rial = sl**2 + s2**2 + s 3* * 2 + two*s4**2 
1 + two*sS**2 + two*s6**2 
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q_trial = SQRT( threeHalfs*q_trial ) 
C Set up old equivalent plastic strain 

If ((stepTime + t ota lTime) . eq. ze ro) THEN 
e_pl_old zero 

ELS E 
s tateOld ( i, 1 ) 

ENDIf 
C et up "emperature effects 

T = zero 
T = t em Old(i ) 

C Fi nd lhe new t o ta l equivalent devia ~.o ric s r ai n incremenL 
deeq = twoThirds* ( del** 2 + de2** 2 + de3** 2 + 

1 t wo* de4**2 + two* de5* *2 + two*de6**2 ) 

deeq = SQRT(deeq) 

dedot = deeq / dt 


C Log tra p for e dot 
If (edo t .gt. zero) THE N 

dedot LOG LOG( dedo t 
ELS E 

dedo t LOG ze r o 
ENDIF 
yie l d = CO + Cl*EXP ( - C3*T + C4*T*dedot _ LOG) + 

1 C5* (e y l_old** xn ) 
C Chec k f o r yielding 

If (q_t Li al .le. y ield) THEN 

stressNew (i, 1) sigl 

s re ssNew(i, 2) s i g2 

s t ressNe w (i, 3 ) sig3 

s t re ssNew(i,4 ) sig4 

stressNew ( i, 5) sig5 

stressNew(i,6) s ig 6 

depl = ze r o 

d .het a = zero 

c oun t = 0 


,':LSE 
C fi: ~ :.i old devia to r l c s tresses 

sl g_mean zero 
sig_me an == -third * (s tre ssO l d (i,l ) + 

1 stressOld(i, 2 ) + stressOld(i , 3 ) ) 
s o ldl st r essOld (i,l ) + s ig_me an 
s old2 stressOld(i , 2) + s i g _mea n 
s old 3 stressOld(i,3) + s ig_mean 
s old4 s tressOld (i ,4) 
s ol d S st re ssO l d(i,5 ) 
s old6 stressOld(i, 6) 

C Find e qui va le nt 	 d8viatoric strains 
eh a tl s o l dl/ (t wo* G) + del -
eha t2 s 

-
ol d2 / (two*G) + de2 

e hat3 s o ld3/ (two*G) + d e3-
e at4 s old4 / (two*G) + de 4 -
e h atS s - o ldS / (two*G) + d e S 
e hat6 s 

-
old6 / (t wo*G) + de 6 

C fi nd t ota l equ i va l ent deviatoric s t ra in 
e t ilde = twoThirds* ( ehatl**2 + ehat2**2 + ehat3**2 + 

1 two* eha t 4* * 2 + two*ehat S**2 + two*ehat6**2 ) 
e t il de = SQRT(e t i lde) 

C Use Bisection Method t o find depl (equivalent dev i a t o ri c pla s ti c 
C strai n inc rement) 

To l == 1. OdS 

de p l _ a zero 

d e p l _b = 1.Od-l 
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de p I = (depl _a + d epl _ b) /t wo 
edot = depl / dt 
I F (edot .gt. zero) THEN 

edot LOG LOG( edot 
ELSE 

edot LOG zero 
ENDIF 
q depl CO + Cl*EXP (-C 3*T + C4*T*edot LOG) + 

1 C5* ( (e_pl_ old + depl) ** xn ) 

f d e pl three*G* (eti l d e - depl) q depl 

count = 0 


DO !':HI LE ((AB S (f_ depl) . g t . Tol) . AN . (co . 1e . IOO)) 
c ount = co u n c ~ 1 
depi = (dep l _ + depi b) / two 

C ] f t h e Bisection method is not going to converge then se t depi to it's 
C maximum possibl e value i.e. the increment in total equivalent stra in. 

I F (count.ge.lOO) THEN 
C i nd old deviatoric stra ins 

ehatl o l d s o l d l / (two*G ) 
eha t2 o l d s ol d 2/ (two*G ) 
ehat3 old s o ld3 / (two* G) 
ehat4 old s _o l d4 / (two*G) 
e hat 5 old s _old5 / ( t wo* G) 
ehat6 old s old 6 / ( two*G) 

C Fi A 01 total equivalent devi ator i c s r ai n 
eti lde ol d = twoTh i rds* ( e h a tl o l d H 2 + 

1 ehat2 old** 2 + ehat3 o l d**2 + two*ehat4 old** 2 + 
2 two*ehat5 o l d**2 + two*ehat6 old**2 ) 

etilde_old = SQRT(etilde old) 
Find the tota l equivalent d eviatoric strain increment 


dep l _ bb = (etilde - eti l de_old) 

depl = depl_bb 


END IF 
C If the re is a plastic 	stra in increme nt t hen q changes 

edot a = dep l _ a /d t 
edot = depl / dt 
IF (edot _a .gt . zero) THEN 

edot LOG a LO G( edo a) 
ELSE 

edot LOG a zero 
ENDIF 
I F (edot .gt. z e r o) THEN 

edot LOG LOG ( edot 
ELS E 

edot LOG zero 
END I F 

q . a = CO + Cl*EXP(- C3*T + C4*T*edot LOG_a) + 
1 C5* ( (e_ pI _ o l d + d e pI _ a) * * xn) 

q_ depl = CO + Cl*EXP(-C3*T + C4*T*edot LOG) + 
1 C5* (( e_p I _ o l d + e pl)** xn) 


f = three*G* (e t i l d e - d epl a) - q_ a 

f p I = hree* G* (elilde - p I ) - g e l 

I · ( ( f_a*f_depl ) .gt. z ero ) THEN 


dep l_a dep l 

ELS E 


dep I _ b dep l 

END I F 


C T:. i' deviatoric stre s s e s are therefore: 
d! nom = one + three*G*depl / q _depl 
IF (denom . eq . zero) THEN 

sl = zero 

128 




Univ
ers

ity
 of

Cap
e T

ow
n

Appendix B 

:il. zero 
s3 zero 
s4 zero 
s5 zero 
s6 zero 

ELSE 
sl (two*G / denom) * e h a tl 
s2 (two* G / d enom) * e hat 2 
s3 (two* G / denom) * ehat3 
s4 (two* G / d en om) * eha t4 
s5 (two'· G / denom) * ehat5 
s6 (two* G / denom) * ehat6 

END IF 
C Fi n nor a 1 s (in d irection of devi a -or i c st resses) 

x normal1 threeHal f s*sl/q_dep1 
xnorma 1 2 threeHa1fs*s2/q_depl 
xnormal3 threeHalfs*s3/q_depl 
xnorma l4 threeHalfs*s4 / q_dep1 
xnormal5 threeHalfs *s5/q_depl 
xn ormal6 threeHalfs*s6/q_depl 

C Find deviatoric p l astic strain increment components 
d pll depl*xnormal1 

C depl2 dep1*xnormal2 
C dep13 depl*xnormal3 
C dep l4 dep1* x normal4 
C dep l5 d epl* xno rma15 
C dep16 depl*xnorma 1 6 
C Find new stresses 

s trial1 sl p 
s tria12 s2 - p 
s trial3 s 3 P 
s trial4 s4 
s t rialS s5 
s t r ial6 s6 

C Find i ncrease in .emperature 
tp. rm = (xneta*dep l )/(two*de nsity( i )*s _ heat) 
d t: heta = term* ( xnormal1* (s tressOl d (i,l)+s_trial1) + 

1 xnorma l 2* (stressOld(i,2)+s_trial2) + 
2 xn orma l3* (stressOld(i,3)+s_trial3) + 
3 two*xnormal4* (stre ssOld(i ,4 )+s ri 1 4) + 
4 two*xnorma15* (st res s0 1d( i,5)+s_ t rial5) + 
5 two* xnormal6* (stressOld (i, 6) +s_tr ial 6) 

T tempOld(i) + dtheta 

END DO 


C Fi n d new stresses 
s t ressNew(i,l) s trial l 
s t re ssN ew(i, 2) ria1 2 
s t r essNew(i,3) s t r i 1 3 
s t.res sNew (i, 4) s tri a l 4 
stressNew(i,5) s t ria lS 
stressNew(i,6) s tria16 

END IF 
C Update the s tate v a riables 

stat eN ew( i,l) = stateOld(i,l) + depl 
tempNe\..J(i) = tempOld(i) + dtheta 

C 
C Update the specific internal energy ­

st ress Power = zero 
st ressPower = half * stressOld(i,l) + s tressNew( i,l) 

1 *stra i n l nc(i,l) + ( s r essOld( i, 2) + s re s s e w(i,2) 
2 *strainInc(i,2) + ( st re ssO l d(i,3) + s tre ss Ne w(i , 3) 
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3 *strainInc(i,3) + t wo* ( stressOld(i,4) + stres sNew ( i,4 ) 
4 *strainI nc(i,4) + two*( s tressO ld(i, S) + stre ssNew(i ,S ) 
5 * s tra inI c( i, S) + two* ( s tre ssO l d( i, 6) + stressNew( i, 6) 
6 *strainI nc( i,6) 

c 
ene rInt e rnN ew( i) = ene rInternOld (i) + st ressPowe r/dens it y( i ) 

c 
C Up a t e the di ss i pa t ed inelast i c specific energy ­

smean ze r o 

sme a n = t h ird * ( s tressNew (i ,l ) + s tres sNew( i, 2) 


1 + stres sNew (i, 3) ) 

e qu ivStres s = threeHal fs * 


1 (( stressNew(i,1)-smean)**2 

2 + (st r es sNew(i, 2) - s mean)** 2 

3 (stressNe w(i,3)-smean)**2 

4 + two * stressNew(i,4)**2 

5 + t wo * s tre ssNew (i,5)**2 

6 + t wo * st ressNew( i,6 )**2 


IF (equivStress .ne. ze ro) THEN 
e quivStress = SQRT( equivStress 

ENDlF 
p l ast i cWo r kI nc = equivStress * depl 
enerInclasNew(i) = ene rInelasOld (i ) + plas t icWork Inc/ de ns ity (i) 
END IF 

C \I]RITE (unit=ll O, fmt=l OO) i, count, f _depl, depl 
E 0 00 

C 1 00 FORMAT ( I 3 ,f8. 2 , f 1 6.8 , f 1 6 .10) 

RETUR 
END 
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B.3 ZERILU-ARMSTRONG VUMAT FOR FCC MATERIALS 


SU BROUTINE vumat( 
C Rea on l y ­

1 nb l ock, ndir , nshr, nstatev, nfieldv , nprops, lanneal, 
2 stepTi me , tOLalTime, dt, cmname, coordMp, charLength, 
3 props, densi LY, st rai nInc , relSpinInc , 
4 t e mpOld, str~t chOld , defg radOld, fieldO ld, 
5 stressOld , s ~ ateOld, enerInte rnOld, enerI nelasOld, 
6 tempNew, stret chNew, defgradNew , fieldNew, 

C Wri te onl y -
7 stressNew, s t ateNew, enerInternNew, enerInelasNew 

C 
I CLUDE ' vaba_param.inc ' 

C 
C Linear elastic, ZA-FCC hardening. 
C Th e state va riable s are stored as: 
C STATE(* ,l ) = t ota l equival e nt p lasti c strain 
C Tempera ture and strai n rat e in DO loop. 
C 

All arrays dimen sioned by (*) are not used in thi s al gor ithm 
DIMENSION props(nprops), dens ity(nb l oc k ) , 

1 coordMp(nbl ock ,* ) , 
2 charLength(*) , strainlnc(nbloc k,ndir +nshr), 
3 rel SpinInc(*), tempOld(nblock), 
4 stretchOld(*), defgradOl d(*) , 
5 fieldOld(* ) , stressOl d(nbl oc k,ndir+ns hr), 
6 stat eO ld(nblock,n statev) , enerlnte rnOld(nbl ock ), 
7 e nerlnelasOl d(nbl oc k), tempNew(nblock), 
8 s t retchNew (*) , defgradNew(* ) , f ie ldNew( * ) , 
9 st re ssNew (nbl oc k, nd ir+nshr ), sta teNe w(nblock,n s tatev), 
1 enerInternNew(nblock), enerlne l asNew(nblock) 

C 
HARACTER*80 c mn ame 

C 
PARAMETER ( zero = O.OdO, one = l.OdO, two = 2.0dO, three 3. 0dO , 

1 th Jrd = one/three, half = . 5dO, twoTh i rds = two / three, 
2 t h r e eHal fs = 1.5dO ) 

C Material p roper t y definiti o ns 
e zero 
e props(l) 
xnu zero 
xnu props(2) 
CO ze ro 
CO props (3) 
C2 ze ro 
C2 props(4) 
C3 zero 
C3 props(5) 
C4 zero 
C4 prop s(6) 
xne ta zero 
xne t a props(7) 
s hea t zero 
s hea t props(8) 

C 
C fi n u Bu lk a nd Shear modul ii 

G = e / ( tw o * (one + xnu) 
bu l k = e / ( three * (one - two* xnu ) 
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c 
C 0 EN(unit=110,FILE='e:\Thesis\test.dat') 
C 

C 
DO i = l,nblock 

C Find strain trace increme nt 
trac e zero 
t r a ce = stra i n Inc(i,l) + strainInc(i,2) + 

1 s train I nc(i,3) 
C Fi nd deviatoric st r ain increments 

del strainI nc(i,l) third*trace 
de2 strainl nc (i, 2) third* trace 
d e 3 strain I nc(i,3) - third*trace 
d e 4 strain l nc(i,4) 

e 5 strainl nc(i,5) 

d e 6 strainl nc(i,6) 


C Find trial elastic deviatoric stress increments 
s l i nc two* G* del 
s2 inc twO" G* d e2 
s3 inc two" G* de3 
s 4 i nc two* G* d e 4 
s5 i nc t wo" G* de S 
s6 i nc two~ G* de6 

C find equiva l ent pr~ssure stress increment 
p inc = zero -
p i nc = -bulk * trace 

C fi nd trial stresses 
sig1 stressO ld(i,l) + sl inc p lnc-

-sig2 stressOld(i,2) + s2 inc p inc -
-s ig3 stressOld(i,3) + s3 inc p inc -

si 4 stressOld(i,4) + s4 inc 

sig5 s t res sO I d ( i , 5) + s5 inc 


-
s ig6 stressOld(i,6) + s6 inc 

C For Abaqus c heck 
IF (st e pTime + totalTime . eq . zero) THEN 

stressNew(i,l) sig1 
stressNeloJ( i,2) sig2 
stressNew( i,3) sig3 
stressNel.-v (i, 4 ) sig4 
stressNew(i,5) sig5 
stressNew(i,6) sig6 

ELSE 
C Find equiva l ent pressure stress 

p = zero 
p = -third * (sig1 + sig2 + sig 3) 

C Find deviatoric s tresses 
81 sig 1 + P 
s 2 sig2 + p 
s3 sig3 + p 
s4 sig4 
s5 sig5 
s6 sig6 

C Find Mises equ i va lent stress 
q_trial = zero 
q_tria l = sl**2 + s2**2 + s3**2 + two*s4**2 

1 + two*s5**2 + two*s6**2 
q t rial = SQRT ( threeHalfs"-q _ t rial ) 

C Set up old e quivalent p l astic strain 
IF ((stepTime + totalTime) .eq. zero) TH EN 

e pI_old = zero 
ELSE 
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ENDIF 
C Set up temperature effects 

T = zero 
T = tempOld(i) 

C Find the ne w total equivalent deviatoric s ra in increment 
dee q woThirds* ( del**2 + de2** 2 + d e 3**2 + 

1 tw n*de4**2 + two* de5**2 + wo*de6** 2) 
deeq = SQRT(deeq) 

dot = e eq/ dt 
C Log trap f or edot 

I F (ed ot .gt. zero) THEN 
dedot LOG LOG ( dedot 

ELSE 
dedot LOG zero 

ENDIF 
yield = CO + C2* (e_pl_old** hal f)*EXP(-C3*T + 

1 C4*T*dedot LOG) 
C Chec k for yielding 

IF (q 	 tr i al .le. yield) THEN 

st r essNet"i(i,l) sigl 

str essNew (i, 2) sig2 

s t.cessNew(i,3 ) s ig3 

stressNew(i,4) s ig 4 

stressNew(i,S) sigS 

stressNew (i, 6) sig6 

dep l = zero 

dt heta = zero 

cou nt = 0 


ELSE 
C ~ind old deviatoric stresses 

si9_mean zero 
s i ~_mean = -third * (stressOld(i,l) + 

1 stressOld(i,2) + stressOld(i,3)) 
s old1 stressOld(i,l) + sig_ mean 
s o ld2 stressOld(i,2) + sig _mean 
s o ld3 stressOld(i,3) + sig_mean 
s o ld4 stressOld(i, 4) 
s o ldS stressOld(i,S) 
s )ld6 stressOld(i,6) 

C Find equivalent 	deviatoric strains 
ehatl s oldll (two*G) + del -
ehat2 s old2/ (two*G) + de2 
ehat3 s old3/ (two*G) + de3 
ehat4 s old4/ (two*G) + de4 

-
eha tS s oldS / (two*G) + deS 

-
ehat6 s old6/ (two*G) + de6-

C Find total equival e nt deviatoric strain 
etilde = twoThirds* ( ehatl* * 2 + ehat2**2 + ehat3**2 + 

1 two*ehat4**2 + two* ehatS**2 + two*ehat6**2 ) 
etilde = SQRT(etilde) 

C Use Bi s e ction Method to find depI (equivalent deviatoric plastic 
C strain increment) 

Tol = 1. OdS 
depl_a = zero 
d ep l _b = 1.0d-l 
dep l = (dep l_a + dep l _b)/two 
e do t = depl/dt 
If (edot .gt. zero) THEN 

edot LOG = LOG( edot 
ELS E 
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edot LOG = zero 
ENDIf 
q_depl = CO + C2* ((e_pl_old + depl)**half) 

1 *EXP(-C3*T + C4*T*edot_LOG) 

f _d epl = three*G* (etilde - depl) - q_depl 

co unt = 0 


DO WHILE ((ABS(f_depl) .gt.Tol ) .AND. (count.le.lOO)) 
count = count + 1 
depl = (depl_a + depl_b)/two 

C I f t he Bisection method is not going to converge then set depl to it's 
C maximum poss ible value i.e. the inc rement in total equivalent strain. 

I F (count.ge.lOO) THEN 
C f ind old deviatoric strains 

ehatl old s oldl/ (two*G) 
ehat2 old s old2/ (two* G) 
ehat3 old s old3/(two*G) 
ehat4 old s_old4/ (two*G) 
ehat5 old s_old5/ (two*G) 
ehat6 old s_old6/ (two*G) 

C finu old total equivalent deviatoric strain 
etilde old = twoThirds* ( ehatl old** 2 + 

1 ehat2 old**2 + ehat3 old**2 + two*ehat4 o l d**2 + 
2 two*ehat5 old**2 + two*ehat6 old**2 ) 

e tilde _old = SQRT(etilde_old) 
C ~ind the total equivalent deviatoric strain increment 

depl_bb = (etilde - e t i lde_old) 
depl = depl_bb 

END If 
C If there is a plastic strain increment then q changes 

edot_a = depl_a/dt 
edot = depl/dt 
IF (edot_a .gt. zero) THEN 

edot LOG a LOG( edot a 
ELSE 

edot LOG a zero 
ENDIF 
IF (edot .gt. zero) THEN 

edot LOG LOG ( edot 
EL SE 

edot LOG zero 
ENDIF 
q_a = CO + C2* ((e p I old + depl_a)**half) 

1 *EXP(-C3*T + C4*T*edot_LOG_a) 

q_depl = CO + C2* ((e_pl_old + depl)**half) 


1 *EXP(-C3*T + C4* T*edot_LOG) 

f_a = three*G* (etilde - depl_a) - q_a 

f_depl = three*G* (etilde - depl) - q_depl 

If ( (f_a*f_depl) .gt.zero ) THEN 


depl_a depl 

ELSE 


depl 

ENuIf 


C T e deviatoric stresses are therefore: 
denom = one + three* G*depl/q _depl 
If (de nom . e q. ze ro ) TH EN 

sl zero 
s2 z e ro 
s3 zero 
s4 zero 
s5 zero 
s6 zero 
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ELSE 
sl (two* G / denom) * ~ :~ ~t l 

s2 (two*G / d o nom) * ehat2 
s3 (two* G / denom) * ehat3 
s4 (two*G / denom) * ehat4 
sS (two* G / denom) * e hatS 
s6 ( two* G / denom) * e hat 6 

EN D IE' 
C E'ind normals (in d irect i o n o f deviatori c stresses) 

xno rma l l three Ha lfs*sl / q_depl 
xn o rma12 three Ha l fs*s2/q_dep l 
xn o rma1 3 threeHalfs*s3/q_depl 
xnorma 1 4 threeHalfs*s4/q_ dep l 
xnorma l S threeHalfs*sS / epl 
xnorma1 6 threeH a l f s*s 6/ e pl 

C ::.nd dev i a tori c 	 p l astic strain increment compone nts 
C 	 depll depl* xnormall 

dep12 depl*xnorma12 
dep13 depl*xnorma13 

c dep14 depl*xno rma1 4 
c depl S depl* x no rmal S 
c de p 16 depl *xnorma16 
C E'i nd new stresse s 

s j-rial l sl p 
s t ria12 s2 p 
s t ria13 s3 p 
s t ria14 s 4 
s t ria lS sS 
s t ria16 s6 

C ?ind inc r ease in t ,=mperature 
te r m = (xneta*depl) / (two*densi ty( i )*s heat ) 
dtheta term* ( xnormall* (stressOld(i, l) +s _tr iall) 

1 xnorma12* (stressOld(i, 2)+s_tr ia1 2) + 
2 xno rma1 3* (stressO l d(i,3 ) +s_tr i a 1 3) + 
3 two*xnorma14* (stressOld( i,4)+s_tria14) 
4 two*xnorma l S* (stressOld ( i,S )+s_tr i a l S) 
5 two* xnorma16* (s tressOl d ( i, 6) +s tria16) 

T tempOld( i ) + dtheta 
END DO 

C ,,' ,;nd ro ,' ',;' s :- ::-esses 
s tr-e ssNew( i,l ) s trl 11 
s t r essNew( i, 2) s tria 12 
st r essNew( i, 3) s tr ia13 
stressNew( i, 4) s tria14 
st re ssNew(i ,S ) s tr i a lS 
stressNew( i, 6) s tr i a 1 6 

END IF 
C Up a t e t he stat e variables 

sta eNew ( i,l ) = stateOld (i,l) + dep l 
t empNew(i) = tempOld(i) + dtheta 

C 
C Up ate the spec if i internal energy ­

s t r es s Power = zero 
s t r e ssPowe r = half * str s Ol d( i, l) + st r essNew (i , 1) ) 

1 * st rainInc(i ,l ) + stressO l d(i , 2) + stressNew(i , 2) 
2 *stra i nInc( i , 2) + stressOld(i , 3) + s tressNew( i, 3) 
3 *strainInc(i,3) + two* ( stressOld(i , 4) + stressNew(i , 4) 
4 *strainInc(i , 4) + two* ( stressOld ( i,S ) + st re ssNew( i, S) 
5 *strain Inc(i , S) + two*( s tres sO ld(i, 6) + stressNew( i, 6) 
6 * stra i nInc (i , 6) 

C 

+ 

+ 
+ 
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e ne rInternNew(i) = enerInternOld(i) + stress Power / density(i) 
c 
C UpdaLe the dissipated inelastic specific energ y ­

smean zero 
smean = third * ( stressNew (i, 1) + stressNew (i, 2) 

1 + stressNew(i,3) ) 
equivStress = threeHalfs * 


1 (( stressNew(i,1)-smean)**2 

2 + (stress~ew ( i, 2)-smean)**2 


3 + ( s t re ss ~ew ( i,3)-smean)**2 


4 + t wo * stressNe w(i,4)**2 

5 + two * stressNew(i,S)**2 

6 + t wo * stressNew (i , 6 )**2 


I F (equivStless .ne. zero) THEN 
e q u ivStress = SQRT( equivStre ss 

ENDI F 
plasticWork Inc = equivStress * dep l 
e ne rInelasNew( i ) = enerInelasOld(i) + plasticWorkInc/density(i) 
EN D IF 

C WRITE (unit=110, fmt=100) i,count,f_de pl,de pl 
EN D 00 

C 100 FO RMAT ( I 3,f8 . 2 ,f16.8,f16.10) 
C 

RETURN 
END 
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B.4 JOHNSON-COOK VUMAT USING NEWTON'S METHOD 


SUBROUT NE v um t( 
C Rea on l y­

1 nb l oc k, ndir, nshr, nstatev , n fi eldv, nprops, lann eal, 
2 s tep Time, total Time , dt, cmname, coordMp, charLength, 
3 p rops, density, strainInc, relSpinInc, 
4 tempOld, stretchOld, defgradOld, fieldOld, 
3 s tressOld, stateOld, enerInternOld, e nerInelasOld, 
6 temp New, stretchNew, defgradNew, fiel New, 

C vlri t e onl y ­
5 st ress New, stateNew, e nerInternNew, ener Inel asNew 

C 
IIJCLUDE ' vaba~param. inc' 

C 
C 
C Li near elastic, JC hardening (inc l uding tempe r atu re ) . Rate dependent. 
C The te variables are s tored as: 
C STATE(*,l) = total equivalent plastic strain 
C Uses Newton's method with the old temperature and strain rate. 

All arra y s dimensioned by (*) a re not used in this algorithm 
DI MENS ION props(nprops), density(nblock), 

1 coordMp(nblock,*), 
2 c harLength(* ) , st rainInc(nblock,ndi r +n shr) , 
3 r e l SpinInc(* ) , tempOld (nb l ock) , 
4 s t retchOld(*), defgradOld(*), 
5 f i eldOld(*), stressOld(nblock,ndir+nshr), 
6 s tateOld(nblock,nst a tev), enerI n te rnOld( nbl oc k) , 
7 e ne rl nelasOld(nblock), tempNew(nb: ock) , 
8 stretchNew(*), defgradNew(*), fi e ldNew( *) , 
9 stressNew(n l ock ,ndir+nshr), stateNew(nbloc k,nstatev), 
1 enerInternN e w(nbloc k), enerInelasNew(nblock) 

C 
CHARACTER*80 c mn a me 

C 
PARAMETER ( zero = O. OdO, one = 1. OdO , t ,w = 2 . OdO, three 3.0dO, 

] . hi rd = one/three , half = .SdO, t woThird s = t wo /t hree , 
2 t;lreeHalfs = l. SdO ) 

C Mat e r ia l property definitions 
e zero 
e props(l) 
xnu zero 
xnu props(2) 
A zero 
A props(3) 
B zero 
B props(4 ) 
xn zero 
xn props(S) 
xm zero 
xm props(6) 
T t rans zero 
T t r a ns props(7) 
T mel. zero 
T mel t props(8) 
xneta - zero 
xneta props(9) 
s h at zero 
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s he at props (10) 


C zero 

C props(ll) 


c 
C Find Bulk and Shear modulii 

G = e / ( two * (one + xnu) 
bu 2. k = e / ( t h ree * (one - two" xnu) 

C 
C O~EN(unit =llO,FILE=le: \ Thesis\test.dat') 

C 
C 

DO i = l,nblock 
C Fi nd strain trace increment 

trace zero 
trace = str ~ inlnc(i,l} + strainlnc(i,2} + 

1 strai n lnc(i,3} 
C Fi nd deviatoric strain increments 

del strainlnc(i,l} t hird*trace 
d e 2 strain lnc(i,2} - third*trace 
de 3 strain lnc(i,3} third*t r a ce 
d e4 strainlnc(i,4} 
deS strainlnc(i,5} 
de6 strain l nc(i,6} 

C Fi nd trial elasti c deviatoric stress increme nts 
sl i nc two* G* del 
s2 inc two* G* de2 
s3 i nc t wo* G* de3 
s4 i nc t w * G* de4 
s5 i nc two* G* deS 
s6 i nc two* G* de6 

C Find equivalent pressure stress increment 
p i nc = zero 

p- i n e = -bu l k * trace 
C Find tr i al stresses 

sigl stressOld(i,l} + sl inc p i nc -
sig2 stressOld(i,2} + s2 inc p i nc 
sig3 stressOld (i,3} + s3 inc p inc 
sig4 stress01d (i,4} + s4 inc 

-
si g5 stress01d(i,5} + s5 inc 
si g 6 stressOld(i,6} + s6 inc 

C For Aba qus check 
I F (stepTime + totalTime .eq. zero) THEN 

stressNe w(i,l} sig1 
st ressNew(i,2} sig2 
stressNew(i,3} sig3 
stressNe w(i,4} sig4 
stressNe w(i,5} sig5 
stressNew(i,6} sig6 

ELSE 
C Pind equivalent pressure stress 

p = zero 
p = -t h i rd * (sig1 + sig2 + sig3) 

C Fino de vi a t oric s t resses 
sl sig1 + p 
s2 sig2 + p 
s3 si g 3 + p 
s4 sig4 
s5 sig5 
s6 s i g 6 

C lnd Mises equiva l en t stress 
q_trial = zero 
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q trial = sl**2 + s2**2 + s3**2 + two*s4**2 
1 + two*s5**2 + two*s6**2 

q trlal = SQRT( threeHalfs* q_tria l ) 
C Se up o l d equiva l e nt plast ic strain 

IF (( stepTi me + total Time) . eq . zero) THEN 
ey l _old zero 

ELSE 
stateOld(i,l) 

EN DIF 
C etu o ld empera t u re effects 

T = zero 
T = LcmpOld( i ) 
IF (T . I t . T trans) THEN 

T star = zero 
ELSEIF ( T_t rans .ge. T .l e . T_me lt ) THEN 

T star (T - T trans)/ (T_mel t - T_ t r a ns) 
ELSE 

T star one 
EN D I F 

C Fi nd the new total equ ivalent deviatoric strain increment 
deeq = twoThirds* ( del**2 + de2**2 + de3**2 + 

I t wo*de4**2 + two*de~:""2 + two*de6**2 ) 
deeq = ~QRT(deeq) 

dedot = deeq/dt 
C Log trap for edot 

IF (dedot . gt . zero) THEN 
dedot LOG LOG( dedot 

ELSE 
dedot LOG zero 

ENDIF 
yield = (A + B* (e_pl_old**xn))* (one - T star**xm) 

I * (o ne + C*dedot_ LOG) 
C ::heck for y i e lding 

IF (q_t r· ial . le. yield) THE N 
s t ressNew (i, 1) s ig l 
s ressNew (i, 2) s ig2 
s t. ressNew( i, 3) sig3 
s t ressNew( i, 4) sig4 
stressNew( i, 5) sigS 
stressNew( i, 6) sig6 
d e pl = zero 
dtheta = zero 
count = 0 

ELSE 
C Find o l d de v i atoric stresses 

sjg_mean zero 
sig_mean = - third * (stressOld (i , 1) + 

I stressOld(i , 2) + stressOl d( i, 3)) 
s oldl stressOl d(i ,l ) + s i g _mea n -
s 01d2 stressOl d(i,2) + s i g_mean 
s 01d3 stressOld(i,3) + sig_mean 
s 01d4 stressOld(i , 4) 
s oldS stressOld(i , S) 
s 01d6 stressOld (i, 6) 

C Find equivalent 	deviatoric strains 
ehatl s - oldl / (two*G) + del 
ehat2 s - 01d2/ (two*G) + d e 2 
e at3 s 0 1d3/ (two*G) + de 3 
ehat4 s 

-
0 1d4/ (two*G) + de 4 

e at5 s 
-

oldS/ (two*G) + e5 
e at6 s 

-
old6/ (tl-JQ*G) + de 6 
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C Find total equivalent deviator i c strain 
et ilde = twoTh i rds* ( e hatl** 2 + eha t2* * 2 + ehat3** 2 + 

1 two*ehat4**2 + two*e h a t5* *2 + two*ehat6**2 ) 
eti lde = SQRT (eti lde) 

C Use Newt ons Method to fin d depl (equivalent deviatoric pl ast i c 
C s t ra in inc rement 

T,) l = 1. Od 5 
d e pl_old = zero 
d e pl = 1.Od- 3 
f_depl = th ree* G* (etilde - depl) - y ield 

o unt = 0 
CO WHILE (( ABS ( f _ d e pl).g t . Tol ) . D. (cou n L . le.l S) ) 

count = count + 1 
depl_o ld = depl 
q = (A + B* ((depl + e_pl_old)**xn))* 

1 (one-T st ar**xm)* (one + C*dedot LOG ) 
depl = depl + (three*G* (etilde - dep l) - q) 

1 /( three*G + B*xn* ((e_pl_old)** (xn-one)) 
2 * (one-T star**xm)*(one + C*dedot LOG)) 

I f (count.ge.1 5) THEN 
C Fi n d 0 1 . dev iatoric s trains 

ehatl old s o ldl / (tvw*G) 
ehat2 old s _ 0 I d2/ (two*G) 
eha t 3 old s_01 3/ (two*G) 
ehat4 o l d s o l d4 /( t wo*G ) 
ehat5 old s _ 0 1d5/ (two* G) 
e hat 6 o ld s _ol d6/ (two*G) 

C Find o ld t ota l equivalent de v i atori c stra in 
et ilde o l d = twoThi rds* ( eha tl o l d* * 2 + 

I ehat2 0 Id**2 + ehat3 01d**2 + two*ehat4 o ld**2 + 
2 two*ehat 5 old**2 + two*ehat6 01d**2 ) 

e t ilde_o ld = SQRT(eti lde_old) 
C F ' n d the total equivalent devia t oric s trai n increment 

dep l_bb = (e til de - eti lde_ol d) 
dep l = dep l_bb 

END If 
f_depl = thre e*G* (e i l de - d pI ) - q 

END DO 
C T e dev i ator i c stresses are therefore: 

de nom = one + three*G*depl/q 
sl (two*G / denom) * ehatl 
s2 ( two*G / denom) * eha t 2 
s3 (two*G / den om) * eha t 3 
s4 (two*G / denom) * ehat 4 
s5 (two*G / denom ) * ehat5 
s6 (two*G / d e nom) * ehat6 

C Fi n d normals ( i n d i rec tion o f deviatoric s t res ses) 
xnormall t h reeHalf s*s l /q 
xno rma 1 2 threeHalfs*s2 /q 
xnorma13 threeH lfs*s 3 /q 
xno rma14 th reeHal fs* s4/q 
xno rma1 5 threeHalfs*s5 /q 
xno rma1 6 threeHalfs*s6 /q 

C Find deviatoric plastic stra in increment compo ne nt s 
C depl l depl*xnormal l 
C d " p12 dep l *xnorma1 2 
C d " p1 3 depl * xnorma 13 
C d~p 14 dep l*xnorma 14 
C d( ~ p 15 dep l* xnorma 15 
C dep1 6 dep l*x normal6 
C Find new stresses 
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s t r i a ll s l - p 
s tri a 1 2 s2 - p 
s t r i al3 s3 - p 
s tr i a 1 4 s4 
s tr i a15 s5 
s t r i a 1 6 s6 

C Find i nc rease i n t empe r a t u r e 
t e r m = (xneta*depl )/( t wo*de n s it y( i )*s haat) 
d t: he t a = t erm* ( xno r ma ll* (stressO l d( i, l) +s_tr i a ll) + 

1 xnorma1 2* (stre ssO l d( i, 2) +s _tri a 1 2) + 
2 xnorma 1 3* (stressOl d( i, 3) +s_t r i a 1 3) + 
3 two* xno rma14* (st ressO l d (i, 4 ) +s _ tr i a 14) + 
4 two*xno rma15*(s r e ssO l d( i, 5) +s r i a1 5 ) + 
5 two* xnorma16* (stre ssO l d (i, 6) +s _ tria16) 

C Find new stre s ses 
stressNew( i,l ) s triall 
s t r ess New( i, 2) s tria12 
s t ressNew( i, 3) s tr i a 13 
s 1: r essNew (i, 4 ) s tr i a 1 4 
s t ressNew( i, 5) s t ri a 1 5 
stressNew( i, 6) s t r i a 1 6 

END IF 
C U d ate the s t a t e v ar i abl es 

s t a t e New( i, l ) = s t a t eO l d( i,l ) + dep l 
t e mpNew( i ) = t empO l d( i ) + dt heta 

C 
C Up ate the specifi c interna l energy ­

stre ss Power = zero 
s t ress Power = half * stressOld(i,l) + st ressNew( i,l ) 

1 *s t r ain I n c( i,l ) + ( stre ssOld(i,2) + s t ressNew( i, 2) 
2 *s train I nc( i, 2) + ( s t ressOld(i,3) + stressNew( i ,3) 
3 * strai n l nc(i, 3) + t wo* ( stressO ld(i,4) + stressNew( i, 4) 
4 *strai nI nc(i,4 ) + t wo* ( s t ressO l d( i, j) + stressNew( i , S) 
5 *strai nI nc(i, 5) + two* ( stressOld( i, 6) + s t ressNew( i, 6) 
6 * strai n I nc (i, 6) 

C 
e ner InternNe w( i ) = ener In ternOl d(i) + s t ressPower / de n s it y( i ) 

C 
C Upda e he d i ss i pa t ed ine l as ti c specifi c e ne r gy ­

s mean zero 

smean = t h i rd * ( s t ressNew( i,l ) + stressNew( i,2) 


1 + s t ress New( i ,3) ) 

eq uivS t ress = th reeHa l fs * 


1 (( stressNew( i, 1) - smean)**2 

2 + (stressNew( i,2 ) - s mean)**2 

3 + (stressr e w(i,3)-smean )**2 

4 + two * s tressNew(i,4)* *2 

5 + t wo * st ressNew(i,5)* *2 

6 + two * stressNew(i,6) **2 


IF (equi vS t r ess .ne. zero) THEN 
equ i vStres s = SQRT ( e qu i vStress 

E DI F 
plas t i cWork I nc = equ i vS t ress * d e p J 
ene r Ine l asN e w(i) = e ner Ine l asO ld (i ) + p l ast i cWorkInc/density(i) 
END I F 

C RI E (un i t = l l O,fmt= lOO) i, cou n t , f _dep l ,depl, yield , q trlal 
END DO 

00 FORMAT ( I 4 , f8 . 2 , fl6 . 4 , fl 6 . 14 , fl 6 . 2 , fl6. 2) 
C 

RETURN 
END 
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s triall sl - p 
s tria12 s2 p 
s tria13 s3 p 
s tria14 s4 
s trialS s5 
s t ria16 s6 

C find i n c rease in t emperature 

1 
2 
3 
4 
5 

C Find ne,,, 

t e rm = (xneta*dep l )/( t wo*density(i)*s heat) 
d l:he ta = term* ( xnormall* (stressOld (i, 1) +s_trialll + 

xnorma12* (stressOld(i,2)+s_tria12) + 
xnorma13* (stressOld(i,3)+s_tria13) + 
two* xnorma14* (stressOld (i, 4) +s _ tria14) + 
two* xno rmalS* (s t ressOld (i, S) +s Lria1 5 ) + 
two* xnorma16* (stressOld (i, 6) +s_tria16) 

stresses 

END IF 

stressNew(i,l) 
st ressNew(i,2) 
s t ressNew(i,3) 
s 1: ressNew(i,4) 
stressNew(i,S) 
stressNew(i,6) 

s trial1 
s tria12 
s tria13 
s tri a 14 
s t ri alS 
s tria16 

C U d ate the state v ariables 

C 

stateNew(i, l ) = stateOld (i ,l ) + depl 
tempNew(i) = tempOld(i) + dtheta 

C Update the specific internal energy -
stre ssPower = zero 

C 

C 

1 
2 
3 
4 
5 
6 

stressPower = half * 
*strainInc(i,l) + 
*strainInc(i,2) + 
*strai n l nc(i,3) + two* 
*strainI nc(i,4) + two* 
*strainl nc(i,S) + two* 
* strainI nc (i, 6) 

stressOld(i,l) + stressNew(i,l) 
( stressOld(i,2) + stressNew(i,2) 
( stressOld(i,3) + stressNew(i,3) 
( stress01d(i,4) + stressNew(i,4) 
( stress01d(i,~) + stressNew(i, 5) 
( stressOld( i,6 ) + stressNew(i,6) 

enerInternNew(i) = enerInternOld(i) + stressPower/ density(i) 

C U~ ate the dissipated inelasti c specific ene r gy -
smean zero 

C 

100 
C 

smean = third * ( stressNew(i,l) + stressNew(i,2) 
1 + stressNew( i , 3) ) 

e quivStress = threeHalfs * 
1 ( (stressNew( i, 1) -smean)**2 
2 + (stressNew( i,2)-smean)**2 
3 + (stressrew(i,3)-smean)**2 
4 + two * stressNew(i,4)**2 
S + two * stressNew(i,S)**2 
6 + two * stressNew(i,6)**2 

I F (equivStress .ne. zero) THEN 
equivStress = SQRT( equivStress 

ElDU 
plas ticWorkInc = equivS Lress * d e p ] 
e ne r InelasNe w(i) = enerInelasOld ( i ) + plast i cWorkInc /density(i) 
END IF 

WRITE (un i t=1 10,fmt=100) i,count ,f_depl,depl , y i eld ,q trlal 
END DO 
FORMAT ( 1 4, f8 . 2 , fl6 . 4 , fl6 . 14 , fl 6 . 2 , fl6. 2) 

RETURN 
END 
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B.5 JOHNSON-COOK VUMAT USING NON-ITERATIVE METHOD 


SUBROUT I NE vumat( 
C Re a only­

1 nb l oc k, ndi r , nshr, nstatev , nfieldv , nprops, lanneal, 
2 st e p Ti me, t o t alTime, dt, cmname, coordMp , cha rLeng h, 
3 props , dens i ty, strainInc, relS p inlnc, 
4 tempOld, st r etchOld, defgradOld, f ieldOld, 
S st r essOld, stateOld, enerlnternOld, enerIne l a sO ld, 
6 empNew , st r etchNew , defgradNew, iel dNew, 

C Wd t e onl y ­
7 t r e s sNew, s t a teNew, ene r l nternN e w, ene r Inel asNew 

C 
INCLU DE ' vaba_param.inc' 

C 
C Linea r elastic, JC hardening (inc ludi ng tempe rat ure ). Rate dependent. 
C The state va r i ables are stored as : 
C STATE(*,I) = total equivalent plastic st rain 
C 
C All arrays dimensi oned by (*) are not used i n this algorithm 

01 ENS ION props (nprops) , dens it y(nb l ock) , 
1 c oo rdMp(nblock,* ) , 
2 cha rLength(*), st rainInc(nblock ,ndir+nshr), 
3 re lS pinlnc(*), tempOld(nblock), 
4 st r e tchOld (*) , defgradO l d(*) , 
S fie l dO l d(*) , s tressOld (nblock,ndi r +n s h l ) , 
6 stateOld(nbl ock ,nstatev) , enerlnternOld(nblock), 
7 enerlnelasO l d( nblock), tempNew(n b l ock) , 
8 stretchNew( - ), defgradNew(*), fi e ldNew(*), 
9 stressNew(nblock,ndir+nshr), stateNew(nblock ,nst atev ) , 
1 enerInternNew (nbl ock) , enerInelasNew(nbloc k) 

c 
CHARACTER* 80 c mname 

c 
ARAMETE R( z e r o = O.OdO, one = 1. 0dO, t wo = 2.0dO , t hree 3.0dO , 

1 t h i r d = on e / thre e , half = .SdO, twoTh i rd s = two / three, 
2 t hre eHa lf s = I.SdO ) 

C ['1ate r ial p roperty definiti ons 
e zero 
e p r ops(l) 
xnu zero 
xnu props(2) 
A zero 
A props(3) 
B zero 
B props(4) 
xn zero 
xn props(S) 
xm ze r o 
xm props(6) 
T trans zero 
T t ran s props(7 ) 
T melt zero 
T me l t props (8) 
xneta ze ro 
xne ta p rops(9) 
s he t zero 
s heat props (10 ) 
C zero 
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c = props (11) 
c 
C Fi Bu lk and Shear modulii 

G = e / ( tvo * (o ne + xnu) 

bu lk = e / ( three * (one - two*xnu ) 


C 
C OPEN(unit=llO,FILE= ' e : \The sis\test . dat ' ) 
C 

DO i = 1, nblock 
C Ei nd s t ra in trace increment 

tr a c e zero 
r a c e = strainlnc(i , l) + s tra i nlnc(i , 2) + 

1 stra in lnc(i , 3) 
C Fin deviatoric stra in increments 

de l stra inlnc(i ,l ) third* rac e 
de 2 st r a i ll lnc( i, 2) - third*tr c e 
de 3 s trai Inc(i,3) - third*t race 
d e4 stra in lnc( i,4) 
deS strainlnc(i , 5) 
de6 s tr ainlnc( i, 6) 

C Fi nd t r ial e l ast i c deviatori c stres s increments 
s l i nc two*G*de1 
s2 i c two*G*de2 
s 3 i nc t wo* G* d e 3 
s4 i nc two* G* de4 
s 5 inc two* G* deS 
s6 i nc two* G* de6 

C Fi nd equiva l ent pressure stress increment 
p inc = zero 

:inc = -bu .. k * trace 
C Fi nd tri a l stresses 

s i g1 stressO ld (i , 1) + s l inc - p i nc 
s i g2 stressO ld (i , 2) + s2 i nc - p inc 
s i g3 stressO l d (i , 3) + s3 inc - p inc 
s i g 4 stressOld( i,4) + s4 inc 
si 5 stre r; sOld (i, 5) + s5 i nc -
s i g6 st re :;sOld (i, 6) + s 6 inc 

C Fo r Aba qus check 
IF (st e pT ime + tota1Time .eq. zero) THEN 

stressN(·w(i ,l) s ig1 
st r essNew( i, 2) sig2 
stressNew( i,3 ) s i g3 
stressNew(i, 4) sig4 
stressNew( i,5 ) sig5 
stressNew(i , 6) sig6 

ELS E 
C Find equivalent pressure s tress 

p = zero 
p = -thi r d * (s ig1 + s ig2 + s i g 3 ) 

C Find deviatoric s tresses 
sl s i g1 + p 
s 2 s i g 2 + p 
s3 s i g 3 + P 
s4 s i g 4 
s5 si g5 
s6 s ig6 

C Pi d Mi ses equi val ent s tress 
q_tria 1 = ze r o 
q_trial = 51**2 + s2**2 + s3**2 + two*s4**2 

1 + two*s5**2 + two*s~ *2 

q_tri a l = SQRT( threeHalf s*q_t rial 
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C Set u p old equivalent plastic strain 
IF (( s tepTime + totalTime) .eq. zero) THEN 

e _p l old zero 
ELSE 

stateOld(i,l) 
t:N DI F 

C Set up temperatur e effects 
T = z ero 
T = tempOl d (i ) 
I F (T . It. T_ trans) THEN 

T star = zero 
ELSEIF ( T_tran s .ge. T .le . T_me lt ) THEN 

T star (T - T_trans)/( T_melt - T trans) 
!::LSE 

T s tar o ne 
END IF 

C Equiva len t total strain inc rement 
deeq = twoThirds* ( del**2 + de2** 2 + de3* * 2 + 

1 two*de4**2 + two*de 5 -2 + t wo*de6** 2 ) 
d eeq = SQRT(deeq) 
dedot = deeq/dt 

C Equ ivalent t ota l s tr a in rate 
If (dedot .ge.one) THEN 

dedot _log LOG (dedot ) 
ELSE 

dedot log zero 
END IF 
yield = (A + B* (e_p l _o ld** xn ))* (o ne - T star** xm) 

1 * (one + C* dedot log ) 
C Che ck f or yielding 

IF (q 	 t rial .le. yield) TH EN 
s re ssNew (i, 1) Slg 

s c ressN ew( i,2) s ig2 
s t ressNew(i,3) si g3 
s t r essNew( i,4) s ig4 
s t r essNew( i,5 ) sig5 
s t r essN ew (i, 6) s ig6 
depl = zero 
dtheta = zero 
cou n t = 0 

ELSE 
C Sca l ing fa c t o r 

IF (q_trial.gt.zero) TH EN 
beta yield / q r i a l 

ELSE 
beta zero 

E D I F 
C 	 New adjusted devi t o ric stresses 

s1 new b eta* s1 
s2 new beta*s2 -
s 3 new beta* s3 
s 4 new beta*s4 
s 5 new beta* s5 
s 6 n ew beta*s6 

C Find o l d deviatoric s tresse s 
s ig_mean ze r o 
sig_mea n = -th ird * (s r e ssO l (i, 1) + 

s - r e s s Ol ( i, 2) + stressOl d ( i , 3 ) ) 
s o ld1 stressOld(i, 1) + s i g_ me an 
s 01d2 stressOld(i,2) + s ig_mean 
s o l d3 stres s Old(i,3 ) + sig_mean 
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s old4 stressOld(i,4) 
s oldS stressOld(i,S) 
s 0ld6 stressOld(i,6) 

C Devi toric elasti c strain increme nts 
deell (sl new s _o ldl) / (two*G )-
deel2 (s2 new s _ 0 I d2)/ ( wo*G) 
d e e l 3 (s3 new s old3) / ( . wo* G) 
d e e l 4 (s4 n ew - s old4 ) / (two~ G) 
d e elS (sS new s _ oldS) / ( t wo*G)

-
deel6 (s6 new s o l d6) / (two*G) 

C Dev i a t o ric plastic strain increments 
deepll del deell 
d e epl2 de2 dee12 
d e epl3 de3 deel3 
d e e pl4 de4 - dee1 4 
d e eplS deS - dee l S 
d e epl6 de6 deel6 

C Equ~val e n t deviato ric plastic strain increme nt 
d e pl = twoThirds* ( d eep l l**2 + deepI2**2 + deep13* *2 + 

1 two*deepI4**2 + two*dee p I5** 2 + two*de ep1 * ' 2 ) 
depl = SQRT(depl) 

C MisG~ equivalent stress 
q depl = (A + 8* ((depl + e_pl_old)**x n )) * (o ne-T star**xm) 

1 * (o n e + C*dedo t log) 
C Find equivalent deviatoric strains 

ehatl s oldl/(two*G) + del 
-

e h at2 s 01d2/ (two*G) + d e 2 -
e h a t3 s _0Id3/ (two*G) + de3 
ehat4 s _o ld4 / (two*G) + d 4 
ehatS s o ldS / (t"'Jo* G) + deS -
e at6 s old6/(two G) + d e 6 -

C Th e deviatoric stresses are therefore : 
d e n om = one + three* Gkdep l / q _ depl 

~s 1 ( t>w* G / dc: :::>m) ha t 
s2 (two*G / denom) * ehat 2 
s 3 (two* G / denom) * ehat3 
s (two* G / den om) * ehat4 
s 5 (two* G / den om) * ehatS 
s 6 (two* G / denom) * ehat6 

C Fi nd Mis es y ield f u ncti o n to check - this is opti ona l 
q_ mi ses = zero 
q __mises = s l* *2 + s2**2 + s3**2 + two*s4*~'2 

1 + two*sS**2 + two*s 6**2 
q_mises = SQRT( threeHa l fs * q mises 
f _ depl = q_mises - q_depl 

C Find normals (in d irection of dev iatoric stresses) 
xnormall threeHa lfs*sl/q_depl 
xno rma1 2 threeHalfs*s2/q_depl 
xnormal3 threeHalfs*s 3/q_ depl 
xnormal4 threeHalfs* s4/q_depl 
xnormalS threeHalfs* sS/q._ d e pl 
xnormal6 threeHalfs*s6/q_depl 

C Find d e viatoric plasti c s train increment compo nents 
C d e pl l depl*xnormall 
C dep12 depl*xno r ma 12 
C d e p13 d epl*xnorma13 

d c p14 depl*x no rma14 
C d e plS depl*x normalS 
C dep16 depl*xnorma16 
C Find new s resses 

s tria1 1 = s1 - P 
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5 tr i a 1 2 52 p 
5 tria1 3 53 p 
5 t r ia14 54 
s trialS sS 
s tri a 1 6 s6 

C Find increase in temperature 
te r m = (xneta*depl )/( two*densit y( i)*s_heat) 
dtheta = term* ( x no rmall* (stressOld(i ,l )+s_triall) + 

1 xnorma12* (stressOld(i, 2)+s_ tria12 ) + 
2 xnorma 1 3* (stressO ld (i, 3) +s_tria1 3) + 
3 two*xnorma 14* (sc ressOld(i , 4 ) +s_t r ia14 ) + 
4 two* xnorma 1 5* (stressOld(i , S) +s_tria1S) + 
S two* xn orma 1 6* (s tressO l d (i, 6) +s _tr i a 1 6) 

C fi nd new stresses 
stres sNew(i,l ) 5 t r i all 
s t ressNew(i,2 ) 5 tri a 1 2 
s t ressNew(i, 3 ) s tri a 1 3 
s t re ssNew( i,4 ) s t r i a 14 
stressNew( i,5 ) 5 tria lS 
stressNew (i, 6) s tr ia1 6 

EN D IF 
C Upda te the state var iab le s 

s t at eNew(i , l) = s tateOl d(i ,l ) + depl 
tempNew(i) = tempO ld ( i ) + d theta 

c 
C Upda te the specific internal e nergy ­

stressPower = zero 
stressPower = half * stressO l d(i ,l ) + stressNew(i,l) ) 

1 *strai nInc (i,l) + ( stressOld (i,2) + stressNew(i ,2 ) 
2 *st rainl nc( i,2) + ( stre ssO ld(i, 3) + stressNew( i, 3) 
3 *s t rainl nc(i , 3) + two* ( stressOld( i,4) + stressNew(i , 4) 
4 * stra inI nc (i,4) + t wo* ( s tressO l d(i ,S ) + stressNew( i,S ) 
5 *st rainI nc(i , 5) + t wo* ( st r essO l d(i , 6) + s tressNew ( i , 6) 
6 *st r a in l nc( i, 6) 

enerInte r nNew( i ) = enerInternO l d( i ) + st ressPower/density(i) 
C 
C Jpd a t e t h e dissipated inelas t ic s pec ifi c energy ­

s me a n zero 

smean = third * ( stres sNew(i ,l ) + stressNew( i, 2) 


1 + stressNew(i , 3) ) 

equi vS tress = th reeHa1fs * 


1 ((stressNew( i,l ) - smean)** 2 

2 + (stressNew(i , 2)-smean)** 2 

3 + (stressNew(i , 3) -smean)**2 

4 + two * stressNew(i ,4 )**2 

S + two * s t ressNew(i ,S )** 2 

6 + two * stressNew(i,6)**2 


IF (e quivSt r ess .ne. zero) THEN 
e q ui vS tres s = SQRT ( equi vS t ess 

ENDI F 
p l asticWorklnc = equivStress * depl 
e nerI ne l asNew(i) = e n e rInelas0 1d( i ) + p1ast i c WorkInc / dens i ty( i ) 
END IF 

C i·m ITE (unit=1l 0 , fm t =1 00) i, beta ,f_depl, depl 
EN DO 

100 FORMAT (I4, f1 6 .1 0 ,f1 6 .4,f16 . 10) 
C 

RETURN 
END 
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B.6 EXAMPLE INPUT DECK FOR COMBINED LOADING - SINGLE ELEMENT 


'He d ing 
** Job name : Comb i ned Model name : JC-complete - comb i ned 
** 
** PARTS 
** 
* Part , name=Cube 
* End Pa r 
** 
** A SEMB LY 
** 
*As semb l y, name =Assembly 
** 
,- Ins t ance , name=Cube -1, pa rt =Cube 
*Node 

1 , 0.01 , o. , 0.0 1 
2 , o. , o. , 0 . 01 
3 , 0.0 1, O. , O. 
4 , o. , O. , O. 
5 , O. )1 , 0.01 , 0. 0 1 
6 , O. , 0.0 1, 0.01 
7 , 0.01 , 0 . 01, o. 
8 , .J . , 0 . 01, o. 

* E e ment, type=C3D8R 
1, 5 , 6, 8 , 7 , 1, 2 , 4 , 3 
** Reg i o n : (So lid:P i cked) 
* El s et , e l set= 11 , i n ternal 

1 , 
*~ Section : Solid 
*Soli d Sec t ion , elset= 1 1 , mater i a l =JC-comple Le - copper 
1 . , 

-k End I nstance 

* Nse , nset= Pic kedSet8 , inte r na l, instance=Cube - l , generate 


1 , 8 , 1 
*E1set , e l s et= PickedSet8 , i n t erna l, instance=C ube- l 

1 , 
* 	 s t , nset= PickedSetl3 , i n terna l, instance~Cube -1 

1 , 2 , 5, 
*Elset , e l set= Picke dSetl3 , internal, instance=Cube- l 

1, 
'NseL , nse t= PickedSe tl4 , int ernal , ins tance =Cube - l 

3 , 4 , 7 , 8 
* 	 lset , el s et=_Picked Set I 4 , i n terna l, ins a nc e =Cube - l 

1, 
* 	 set , nset= PickedSe t 31 , inte r na l, instance=Cube - l 

1 , 2 , 5, 6 
* Else t, e l se t =_PickedSet3 1, i n t erna l, ins t ance=Cub e-1 

1, 
*N s et , ns e t = PickedSet32 , in te r nal , i ns tance =Cube-l 

3 , 4 , 7 , 8 
CElset , e l set=_ PickedSet32 , internal, instance=Cube - 1 

1 , 
* E d Assembly 
** 
** MATE RI ALS 
** 
'Ma e r i a l, name =JC-compl ete-copper 
*Dens i t y 
8 9 60. , 
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* Depvar 
2 , 

* Use r Ma ter i al , constants=ll 
7e+10 , 0.3, ge +07 , 2.92e +08 , 0.31, 1.0 9 , 30 0. , 

1356 . 
0.9, 383 . , 0 .025 

* Ma teri al , name =J C-complete-iron 
, Densi ty 
78 90 . , 
I Depv r 

2 , 
'Use r Mate rial, constants=ll 

2e+ 11 , 0. 3 , l.75 e +08, 3.8 e +08 , 0 .32, 0 .55, 300. , 
1811 . 

0.9, 452. , 0.06 
** 
** FIELDS 
** 
** Na me: Temperature Type : Temperat ure 
·Ini t ial Condit i ons , type=TEMPERATURE 

Picke dS et8 , 300. 
* * --------------------------------------------------- - -----------­
** 
H, STEP : Load 
** 
*S tep , name=Load 
' Dyna mic, Explicit 
, 0.0 01 
~ Bulk Viscosity 
0 . 06 , l. 2 
.' * 
** BOUN DARY CONDI TION S 
* * 
** Na e : 8C-l Type : Veloc ity/Angu l ar veloc it y 
* o undary , type=VELOCITY 
_Pic kedS e t13, 3 , 3 , 10. 
* * Name : 8C-2 Type: Ve l oc i ty/Angula r vel ocity 
"Boundary, type =VELOCI TY 
_Pic ke dSet1 4, 3 , 3, -1 0. 
** arne : 8C- 3 Type : Velocity /Angular v elocity 
* Boun ar y , t ype =VELOCITY 

Pi c kedSe t 3 l, 2 , 2 , 10. 
** 'a me : 8C-4 Type: Ve locit y/Angu l ar velocit y 
* Boun dary, type=VELOCITY 
_ Picked Set3 2 , 2 , 2 , -10. 
** 
** FI ELD 
** 
** me: Temperature Type: Temperat ure 
* Temperatu r e 
_Pi ckedSet8 , 3 00. 
* * 

** OUTPUT RE QUES TS 

-A,- * 
*Restart , write , number i nterval=l, time ma rks=NO 
** 
H FI ELD OUTPUT: F-Output-l 
** 
*Output , fie l d, n umber intervals=200 
'k Node Ou t put 
U, V, A 
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A Element Output 
, NE , E, ELEN , TEMP, SDV 

, * 

** HI STORY OUTPUT: H-Output-l 
** 
*Output , history, va riabl e=PRESELECT 
* End St ep 
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B.7 EXAMPLE INPUT DECK FOR TAYLOR TEST 


* Hea d ing 
** J o b name : Impact Mode l name : Cynli nder - use r 
* * 
** PART S 
* * 
* Part , name=Cyl inder 
* End Part 
* Part , name= Ri gid 
* End Par t 

** l\S 	 EMBLY 
A * 
*As s embly , n ame=As sembly 
** 
*I nst nc e , name=Ri gid-l, part=Rigid 
"* R gion : (Rig i d : Pi c ked) 
* Eleme n t, t ype=V~SS , e l set= II _MASS 
1, 1 
* Mas s , el s e t = I I MASS 
10 . , 
. No e 

1, o. , o. , O. 
* se ~ , nse t =Rig i d -l-RefPt , i n t erna l 

1 , 

'Serfa ce, t yp = REVOLUTION, n ame =Ri gid 

START, 0 ., O. 


LINE , 0.0 12 , O. 
*R i . i d Body , r e f node=Rig i d -l-Re fP t , anal yti c a l s ur face=Rig id 
* End I ns t a nce 

* I nst nce, name =Cy li nde r-l, part=Cyli nder 
0., 0 . 001 , O. 
0 ., 0.00 1, O. , - 1 . , 0 . 00 1, 

O. , 90 . 
, 	 0 e 

1, c . , 0 . 003 81, 0 . 006 048 
2 , O. , 0 .0 038 1, 0 . 0 126 

Details removed due to space constraints 

1 949 , 0.002250 3 62 , 0 . 0008357069 , 0. 005544 
1950 , 0 .002 318396 , 0.0 004 192 0 1 6 , 0. 005 4 4 

, Elemen t , t yp e=C3 D8R 
1, 91 , 4 1 2 , 11 46, 402 , 1 , 22 , 282, 55 
2 , 412 , 41 3 , 11 47 , lJ. 46, 22 , 23 , 283 , 282 

14 99, 644 , 633 , 133 , 1 34 , 1949 , 1950, 890 , 889 
1500, 63 3 , 177 , 12 , 133 , 1 950 , 11 20, 248 , 890 

** Reg i o n: (Cyl inde r : Pic ked) 
* El set , el se t =_ Il , i n t e r nal , genera t e 

1, 1 500 , 1 
** Se ction : Cyl i nde r 
' So lid Section , elset= II, mate r i a l=JC- compl e e - iron 
1. , 
* En· Ins t a nce 
* Ns e t , n s et= Pic kedSet 8 , in t e r nal , i nst ance=Cyli nde r-l, ge ne r ate 
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1, 1950 , 1 
~Elset , e lse t= PickedSet8, internal, instance=C yl inder-1, generate 

1, 1500 , 1 
* 	iset , nse t=_ PickedSet9, internal, instance=Cylinder-l, gene r te 

1, 1 9 5 0 , 1 
* El set, el s et= Pic kedSe t9, interna l, ins tance=Cylinder-l, generate 

1, 1500 , 1 
, se , nset=_Pi cke e t l O, in tern 1 , i nsta nce=C y l i n e r-l 

9, 10 , 11 , 1 2, 13, 15, 19, 20 , 21, 99, 100, 101, 
10 2 , 103 , 104 , 105 

llll , 111 2, 1113, 1114, 1115, 111 6 , 11 1 7 , 1118 , 1119, 11 20 
*E l s e , els e~=_PickedSetl0, internal, instance=Cylinder-l 

1 62 , 1 68 , 174 , 18 0 , 186, 192 , 198, 204 , 210, 216, 222, 228, 
234 , 240 , 2 46, 252 

1 4~8 , 14 64, 1 47 0 , 1476, 1482, 1488, 14 94 , 1500 
* Nset , n s t =_P ickedSet1 1, internal, ins L~nce=Cylinder-1 

1, 2 , 5 , 6 , 17, 18, 19, 20, 21, 22, 23 , 24 , 
2 5 , 26, 27, 28 

105 6 , 1057,1 05 8, 1059,1060,1061,1062,1063,1064,106 5 
*Elset, el s e t = Picke dS et 11, in te rna l, instanc e =Cylinder-1 

1 , 2 , 3, 4, 5, 6 , 7 , 8 , 9 , 10, 11, 12, 
13, 7 9 , 80 , 81 

1133 , 113 4 , 11 35 , 1 l36, 1137, 1138, 1139, 1140 
* 	 s et , nse t =_P i c kedSet12, internal, instanc e=Rigid-1 

1 , 
* Elset , else =_Cylinder-bot_S 4, interna l, instance=Cylinder-1, generate 

32 t1 , 45 6, 12 
* Elset , e l s e t =_Cylinde r -bot_S3, internal, ins tance=Cylinde r -1 

45 7, 45 8 , 4 59 , 460, 461, 46 2 , 529, 530, 531, 532, 533, 534, 
10 9 , 10 70 , 1071, 1 07 2 

107 3, 1 074 , 114 1, 11 42, 1143, 1144, 1145, 11 46, 121 3 , 1214, 121 5, 1216 , 
12 17 , 12 18 , 1285, 12 86 

1 287 , 1 28 8, 1289, J 290 , 135 7 , 13 58, 1359, 136 0 , 1 36 1, 1 362 , 1429, 1430, 
1431 , 1 43 2, 1433, 1434 

Su rface , t ype=ELEMENT, name =Cyl inder - bot 
_Cylinder -bot_S4, S4 
_ Cyl inde r -bot_S3, S3 
* End Assembly 
** 
** MATERI ALS 
** 

* Mate r ial , n a me=JC-complete-copper 
~ Den s i y 
8960 . , 
,-De va r 

2 , 
'User Mate r i al , c ons t an t s =l 1 

1 . 24 e+ 11 , 0 .34, ge+07, 2.9 2e+0 8, 0. 3 1, 1. 09 , 30 0 . , 
1356 . 
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0 . 9 , 383 . , 0 . 02 5 
* M te ri a l , n a me =JC - comp l e t e -iron 
* De n s it y 
78 90 . , 
* Depvar 

2 , 
*Use r Mate ria l, const a nt s =ll 

2 . 0 7e+1 1, 0 . 29 , 1.75e+0 8 , 3. 8E' 108, 0 . 32 , O. :iJ , 300. , 
1811 . 

0. 9 , 452. , 0 . 06 
** 
** INTERACTI ON PROPERTIES 
** 
* Su r f a c e I . t e r act ion, name =I ntPr op-1 
* Fr ict i o n 

* S rfac e Be h a vi o r, p ressure - ove r c l os ure=HARD 
-A -}.,­

* * BOUN DARY CON DITIONS 
* -k 

** Name: Rigi d f i x Typ e : Symme t ry / Anti symme try/ Encastre 
* Boundar y 
_Pi ckedSet 12 , EN CAS TRE 
* Na me: Sym l Type : Symmet r y/Anti symme try / Encastre 

* Bounda r y 
_Pi c kedS et ll, XSYMM 
** a rne : Sym 3 Type: Symmetry / Antisymme try / Enc as tre 
* Bound a r y 
_P i c ke dSet l O, ZSYMM 
* "K 

** 

** Name : Te mperatu re Type: Te mpe r a t u r e 

* I n' t ial Conditi on s , type=TE MP ERATURE 
_Pic kedSe t9, 300 . 
H Name : Vel ocity Type : Vel ocit y 
* I n i tia l Conditi on s , t ype =VELOCITY 

_ Pi c ke dS t8 , 1, O. 

_P i cke d e t8 , 2 , - 279 . 

_ Pi c ke dS et8, 3 , O . 

• * ---------- - ------------------------------------------------ - ---­
** 

k * STEP : Impact 

** 

* ep , na me = I mpact 
ADynamic , Expl icit, element by eleme nt 
, 0 . 0001 
'Bul k Vi scosit y 
0 . 06 , 1. 2 
** 
** FIELDS 
** 
** arne : Tempe r a tu re Type : Temper a t u r e 

T mpera t u r e 
_Pic k d Set 9 , 300 . 
k* 

** I TERACT I ONS 
** 
** Inte rac ti on: Int-l 
*ConLact Pa ir, int e r act ion=I nt Pr op- 1, me c ha ni c al c on s t r i n t=KI NEMATI C 
Cylinde r - b ot , Rig i d - I .Rigid 
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** 

** OUTPUT REQUE ST S 

** 

* Res t art, wr ite , number i nte rval=lO, t ime marks=NO 
k * 
** fIEL D OUTPUT : F-Output-l 
** 
' Ou t ut, fi e ld, numbe r interval s =2 00 
,', No e Out put 
U, V, A, RF, COORD 
~ Elerne n : 0 t put 
S, LE , ELEN , TEM P, ~ DV 

J* 

!. k HISTORY OUT PUT: H-Output-l 

** 
*O utput, history, variable=PRESELECT 
* End Step 
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ApPENDIXC 

ELEMENT TEST RESULTS 

C.l ARMCO-IRON 

C.l.l SINGLE ELEMENT 

C.l.l.l COMPRESSION 

Iron -0.lm/8 Iron -IOm/, 

700wo ,---------------------------- ­
500 

-400 -----=== 
~300~ 
b 200 
'" 

100 

600 

~5°Oi~ 
4006 V 

:: 300 
b 
'" 200 

100 

o 0005 0.01 O.oJ5 0.02 0.025 0.03 0.05 0.1 0.15 01 015 OJ OJ5 0.4 

TIlrO!(S<C) Time (moec) 

1-ZA Mises ­ jCAbaqus Mi... --jCVwmt Mises l I-ZAMi6.. ­ jCAbaqusMi6.. ­ jCvumatM;,.. 1 

a) b) 
Figure C.l: Compression - Mises stress component for Armco-Iron 

a) 0.1 mis, b) 10 m/s. 

Iron -O.lm/, Iron -10m/8 

0.0000 0.0050 0.0100 O.oJ50 0.0200 01l25O 0.03 ODoooo 0.00005 0000100000150.00020 0.0002S 0.00030 0.0003S 0.00040 

OooE+OO ,----~--____.----~--~----~--_, ODOE+OO r----~__--_._--~--~--.,______.--___, 

O~--~----~--~----~----~--~ 

-looE+08-looE+08 

-200£+08 


-;; -2.00£+{)8 
~ .J00£+{)8eo. 
~ -4.00£+{)8 ~,.~ .J00£+08 ' ­

~-400£+08 ~~~==______________~ ..~--..;:""__""-'======:::=====_~ -5oo£+{)8 ~ 
-600£+08 

-5.00£+08 -------=--------J -7.00£+08 


-6oo£+{)8 L------------------------ - ­ ~OO£+{)8 L-----------------------------

Tun. (sec) 

1- ZA S33 - jCAbaqus S33 - jCVumat S33 1 I-ZAS33 jCAbaqusS33 jCVumatS33 I 

a) b) 
Figure c.2: Compression - 533 stress component for Armco-Iron 

a) 0.1 mis, b) 10 m/s. 
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Iron - 10m/_Iron -O.lm/­

1.81 
Ih0.9 

0.8 1.4 
0.7 12 

c: 0.6 c: 1-;;;~ 05 ~ 0.8 
<J1 0.4 

Oh03 
0.402 
02 


0 

0.1 

0 

0 O.ooS om oms 0.03 0 0.00005 O.DOOI O.oooIS 01lOO2 0.00025 0.0003 0.00035 0.0004 

Ttm>(s",) Tane("",,) 

I-ZAPEEQ - )CAbaqus PEEQ - )CVumatPEEQ1 1- ZA PEEQ - lCAbocpJs PEEQ - )C VuImt PEEQ 1 

~ ~ 
Figure C.3: Compression - PEEQ for Armco-Iron a) 0.1 mis, b) 10 m/s. 

Iron -Olm/s Iron -lOmjs 

420 ~O r--------------------------------, 

400 

;.­
~380 
E 
~36() 

'"6340.. 
E-­

320 


300 

0 0.005 om oms 0.02 0.025 0.03 o 000005 0.0001 O.ooolS 01lOO2 0.00025 0.0003 0.00Q35 0.0004 

Ture(8E<) 

1-ZA tmcp -- lC Abaqus n.u., - )CVumat tmv 1 1-ZA tmv _ .lCAbaqus II!q> - )cVumat t~1 

a) b) 
Figure C.4: Compression - temperature for Armco-Iron a) 0.1 mis, b) 10 m/s. 

0.02 0.025 
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C.l.l.2 SHEAR 

Iron -O.lm/s 	 11m -IOm/s 

600 ,-------------------, 

-;;400 

~300 r-
~ 

700 

600 

_500 ~ 

~ 400 C/' 
:: 	 300 
b~ 	200 oJ> 	 200 

100 

om om 0.Q3 0.04 0.05 0Jl6 0.07 0.08 0.2 0.4 0.6 08 

Time (sec) Tim. ""soc) 

I-ZAMi,.. - JCAbaqw; Mis.. ­ JC Yumat Mi... I 1-ZA Mis.. ­ JC Abaqw; Mise< - JC Yumat Mises I 

a) b) 
Figure C.S: Shear - Mises stress component for Armco-Iron a) 0.1 mis, b) 10 m/s. 

Iron -0.1""8 Iron -1Om/. 

3.00£+08 ,-------- --------- 4.00£+08 .,..----------- ------, 

3~E+082~£+08 ~-__- - ------- ­
3.00E+08 

-;;- 2.00£+08 . /" -;;-2~E+08 ~ e:.. { ~ 
:: 150£+08 ~ 2.00E+08 
~ J; 150E-Hl8
'" 1.00£+08 

I.oOE+08 
5.00£t{)7 

S.ooEt{)7 

0.00£<00 +--~-.__-.__-.__-.__-.__-._______, O.OOE<OO +---....,----,------,-------,_-----1 
O.OJ 0.02 0.Q3 OM 0.05 0Jl6 0.07 0.08 o 0.0002 01XJ04 0.0006 0.0008 0.001 

Tune (.ee) Tan. (sec) 

I­ ZAS23 - JCAhaqu'S23 - JCYumatS23I I-ZAS23 ­ JCAhaqusS23 - JCVumatS23 I 

a) b) 
Figure C.6: Shear - S23 stress component for Armco-Iron a) 0.1 mis, b) 10 m/s. 

Iron -O.lm/, 	 11m -10m/. 

1.4,--------­

0.9 
1.2 

0.8 
0.7 

" 0.6 .5 0.8 
.~ 05 

~ 0.6 '" 0.4 
0.3 	 OA 

0.0002 0.0004 0.0006 0.001 

Time (,ec) 

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 

Tim. (,ec) 

0.0008 

1- ZA PEEQ - JC Abaqu, PEEQ - JC Yumat PEEQ I 	 1-ZA PEEQ - JC Abaqus PEEQ - JC Yumat PEEQ I 

~ 	 ~ 
Figure C.7: Shear - PEEQ for Armco-Iron a) 0.1 mis, b) 10 m/s. 
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Iron ·10m/.!ron.O.1m/s 

420 	 480 T--------------- ­
460 

400 

~380 ~~~~ 	 ~~ 2400 	 ~....-"
~3W t 380 

"­"­
~340 e360 ~.... ~ 340 

320 
320 


300 
 300 

0 0.0002 0.0004 0.0006 0.0008 0.001 

Time (.ee) 

1- ZA temp - IC Abaqu. temp - IC Vumat temp 1 

a) b) 
Figure C.B: Shear - temperature for Armco-Iron a) 0.1 mis, b) 10 m/s. 

0.01 	 0.D2 0.03 0.04 ODS 0.06 0.07 0.08 

rIllE (sec) 

1- ZA tenp - IC Abaqus tenp - IC Vumat tenp 1 
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CI.I.3 TENSION 

Iron -O.Im/s !roo -10m!. 

600 
~~--~================= 
400 ~---------------- (r --­

-;; 400-;; 
300 

r 	 ... 
500 

i i 300 
: 200 b.12 200

'"'" 
100 100 

0+---~--.---.---~--~--~--~---41 0 

o ~ ~ ~ ~ ~ ~ ~ ~ 0 02 0.4 O.b OJ! I 12 1.4 l.b 1.8 

Tare (sec) 	 Timr (mire) 

1-ZA Ma.. - IC Aha,!"" Ma .. - IC Vumat MiBes 1 1-ZA Mis.. - IC Abaqu. Mi... - IC Vumat Mis.. 1 
a) b) 

Figure C9: Tension - Mises stress component for Armco-Iron a) 0.1 mis, b) 10 m/s. 
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1-ZA 533 ­ IC Abaquo 533 - IC Vumat 5331 I-ZA533 ­ ICAhaqus533 ­ IC Vumat 533 1 

a) b) 
Figure CIO: Tension - 533 stress component for Armco-Iron a) 0.1 mis, b) 10 m/s. 
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a) b) 
Figure Cll: Tension - PEEQ for Armco-Iron a) 0.1 mis, b) 10 m/s. 
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a) b) 
Figure C.12: Tension - temperature for Armco-Iron a) 0.1 mis, b) 10 m/s. 
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C.l.l.4 COMBINED 

Iron·O.lmps 
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a) 
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700 ,-------------------------- -----, 
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Tim. (DI.OC) 

1- ZA Mii.. - jC Abequs Mi6.. --Ie Yumal Mi6.s 1 

b) 
Figure C.13: Combined - Mises stress component for Armco-Iron a) 0.1 mis, b) 10 

m/s. 
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b) 
Figure C.14: Combined - 522 stress component for Armco-Iron a) 0.1 mis, b) 10 

m/s. 
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Figure C.1S: Combined - 533 stress component for Armco-Iron a) 0.1 mis, b) 10 
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a) b) 
Figure C.16: Combined - PEEQ for Armco-Iron a) 0.1 mis, b) 10 m/s. 
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a) b) 
Figure C.17: Combined - temperature for Annco-Iron a) 0.1 mis, b) 10 m/s. 
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C.l.2 8 (2x2x2) ELEMENTS 

Ct.2.t TENSION 
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----============= 5.00E+Ol 1 -----::::-============15.00E+08 I 
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1-ZA Mise! eieJrentl - )C Abaqus Mise! e1Wlf1lt5 - )C Vuma! Mise! e11!1TO!!1151 1-ZA /.Ii..,. e1f1rffi\ 3 - )C Abaqus Mis.. e1"""",!7 - )C Yuma! Mis.. e11!1TO!!1171 

a) b) 
Figure CtS: Tension - Mises stress for Annco-Iron at 0.1 mls 

a) element 1 & 5 and b) element 3 & 7. 
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a) b) 
Figure Ct9: Tension - Mises stress for Annco-Iron at 10 mls 

a) element 1 & 5 and b) element 3 & 7. 

162 




Univ
ers

ity
 of

Cap
e T

ow
n

Appendix C 

lron- O.lm/ .1Im-0.1m/ . 
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a) b) 
Figure C.20: Tension - 533 stress component for Anuco-Iron at 0.1 mls 

a) element 1 & 5 and b) element 3 & 7. 
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1- ZA S33 "'eoettl - ICAbaqus S33"arent 5 - IC Yumat S33 "'"""",t 51 I-ZA S33 "'"""",13 - IC Abaq.lsS33 eIe!:rent 7 - ICYumalS33 eleoett71 

a) b) 
Figure C.21: Tension - 533 stress component for Annco-Iron at 10 mls 

a) element 1 & 5 and b) element 3 & 7. 
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~ 	 ~ 
Figure C.22: Tension - PEEQ for Annco-Iron at 0.1 mls 

a) element 1 & 5 and b) element 3 & 7. 
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Iron-IOmfs 	 Iron -IOmfs 
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~ 	 ~ 
Figure C.23: Tension - PEEQ for Armco-Iron at 10 mls 

a) element 1 & 5 and b) element 3 & 7. 
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a) b) 
Figure C.24: Tension - temperature for Armco-Iron at 0.1 mls 

a) element 1 & 5 and b) element 3 & 7 
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Figure C.25: Tension - temperature for Armco-Iron at 10 mls 

a) element 1 & 5 and b) element 3 & 7. 
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C.l.2.2 SHEAR 
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~ 	 ~ 
Figure C..26: Shear - Mises stress for Armco-Iron at 0.1 mls 

a) element 1 & 5 and b) element 3 & 7. 
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a) b) 
Figure C.27: Shear - Mises stress for Armco-Iron at 10 mls 

a) element 1 & 5 and b) element 3 & 7. 
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froo ·O.lm/s Iron·O.1m/. 
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a) b) 
Figure C.28: Shear - S23 stress component for AnTIco-Iron at 0.1 mls 

a) element 1 & 5 and b) element 3 & 7. 
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a) b) 
Figure C.29: Shear - S23 stress component for Armco-Iron at 10 mls 

a) element 1 & 5 and b) element 3 & 7. 
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~ ~ 
Figure C.30: Shear - PEEQ for AnTIco-Iron at 0.1 mls 

a) element 1 & 5 and b) element 3 & 7. 

166 

, 


http:Iron�O.1m


Univ
ers

ity
 of

Cap
e T

ow
n

440 

Appendix C 

Iron ·IOm/,Iron . 10m! • 
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a) b) 
Figure C.33: Shear - temperature for Annco-Iron at 10 m/s 

a) element 1 & 5 and b) element 3 & 7. 
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~ ~ 
Figure C.31: Shear - PEEQ for Armco-Iron at 10 m/s 

a) element 1 & 5 and b) element 3 & 7. 
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Figure C.32: Shear - temperature for Armco-Iron at 0.1 m/s 

a) element 1 & 5 and b) element 3 & 7. 
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C.l.3 64 (4x4x4) ELEMENTS 

C.t.3.t TENSION 
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a) b) 
Figure C.34: Tension - Mises stress for AnTIco-Iron at 0.1 mls 

a) element 1 & 49 and b) element 13 & 61. 
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~ ~ 
Figure C.35: Tension - Mises stress for AnTIco-Iron at 10 mls 

a) element 1 & 49 and b) element 13 & 61. 
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Figure C.36: Tension - 533 stress component for Armco-Iron at 0.1 mls 
a) element 1 & 49 and b) element 13 & 61. 
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a) b) 
Figure C.37: Tension - 533 stress component for Armco-Iron at 10 mls 

a) element 1 & 49 and b) element 13 & 61. 
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a) b) 
Figure C.38: Tension - PEEQ for Armco-Iron at 0.1 mls 

a) element 1 & 49 and b) element 13 & 61. 
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Iron - IOm/sIron -lOm/s 

ICVumatPEEQ eJement491--lA PEEQeJement 13 -- ICAbaqus PEEQeJement61 --ICVumatPEEQeJement61 ! 

a) b) 
Figure C.39: Tension - PEEQ for Annco-Iron at 10 mls 

a) element 1 & 49 and b) element 13 & 61. 

Figure C.40: Tension - temperature for Annco-Iron at 0.1 mls 
a) element 1 & 49 and b) element 13 & 61. 
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a) b) 
Figure C.41: Tension - temperature for Armco-Iron at 10 mls 

a) element 1 & 49 and b) element 13 & 61. 
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C.l.3.2 SHEAR 
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a) b) 
Figure C.42: Shear - Mjses stress for Annco-Iron at 0.1 m/s 

a) element 1 & 49 and b) element 13 & 61. 
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Figure C.43: Shear - Mises stress for Armco-Iron at 10 m/s 

a) element 1 & 49 and b) element 13 & 61 
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Figure C.44: Shear - S23 stress component for Armco-Iron at 0.1 mls 

a) element 1 & 49 and b) element 13 & 61. 
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Figure C.45: Shear - S23 stress component for Armco-Iron at 10 mls 

a) element 1 & 49 and b) element 13 & 61. 
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a) b) 
Figure C.46: Shear - PEEQ for Armco-Iron at 0.1 mls 

a) element 1 & 49 and b) element 13 & 61. 
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Figure C.47: Shear - PEEQ for Annco-Iron at 10 mjs 

a) element 1 &49 and b) element 13 & 61. 
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a) b) 
Figure C.49: Shear - temperature for Armco-Iron at 10 mjs 

a) element 1 & 49 and b) element 13 & 61. 
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Figure C.48: Shear - temperature for Armco-Iron at 0.1 mjs 

a) element 1 &49 and b) element 13 & 61. 
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C.1.4 512 (8x8x8) ELEMENTS 

C.t.4.t TENSION 
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Figure C.50: Tension - Mjses stress for AnTIco-iron at 0.1 mls 

a) element 1 &449 and b) element 57 &505. 
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Figure C5t: Tension - Mises stress for Armco-Iron at 10 mls 

b) element 1 & 449 and b) element 57 & 505. 
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a) b) 
Figure e.54: Tension - PEEQ for Armco-Iron at 0.1 mls 

a) element 1 & 449 and b) element 57 & 505. 
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Figure C.52: Tension - 533 stress component for Armco-Iron at 0.1 mls 

a) element 1 & 449 and b) element 57 & 505. 
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Figure C.53: Tension - 533 stress component for Armco-Iron at 10 mls 

a) element 1 & 449 and b) element 57 & 505. 
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Figure C.SS: Tension - PEEQ for Annco-Iron at 10 mls 

a) element 1 & 449 and b) element 57 & 505. 
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Figure C.56: Tension - temperature for Armco-Iron at 0.1 m/s 

a) element 1 & 449 and b) element 57 & 505. 

!roo. \0 mi. !roo ·10 m/s 

440 440 

420 420 

~ 400 ~4oo 
B380 ~ 380 

~ 360 

M 

~ 360 
c..

2 340 2 340t- t ­
320 
 320 

300 

0.0002 0.0004 0.0006 0.0008 0.001 

Time (.",) 	 Time (.ee) 

I- ZA tempelemenl\ - JCAboqu. temp elemenl 449 - JCVUMATtempelemenl449 11-ZA temp <!Iemlllt57 - JC Aboqustemp dement 505 - JCVUMATtempdem....15051 

~ 	 ~ 
Figure C.S7: Tension - temperature for Annco-Iron at 10 mls 

a) element 1 & 449 and b) element 57 & 505. 
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C.l.4.2 SHEAR 
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Figure C.58: Shear - Mises stress for Armco-Iron at 0_1 mls 

a) element 1 & 449 and b) element 57 & 505. 
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Figure C.S9: Shear - Mises stress for Armco-Iron at 10 mls 

a) element 1 & 449 and b) element 57 & 505. 
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Figure C.60: Shear - S23 stress component for Annco-Iron at 0.1 mls 

a) element 1 & 449 and b) element 57 & 505. 
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a) b) 
Figure C.61: Shear - S23 stress component for Annco-Iron at 10 mls 

a) element 1 & 449 and b) element 57 & 505. 

Figure C.62: Shear - PEEQ for Annco-Iron at 0.1 mls 
a) element 1 & 449 and b) element 57 & 505. 
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a) b) 
Figure C.63: Shear - PEEQ for Armco-Iron at 10 m/s 

a) element 1 & 449 and b) element 57 & 505. 
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Figure C.M: Shear - temperature for Armco-Iron at 0.1 mls 

a) element 1 & 449 and b) element 57 & 505. 
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a) b) 
Figure C.65: Shear - temperature for Armco-Iron at 10 mls 

a) element 1 & 449 and b) element 57 & 505. 
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C.2 OFHC COPPER 

C.2.1 SINGLE ELEMENT 

C.2.1.1 COMPRESSION 

Copper -O.1m/s Copper -IOm/s 
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I-ZAMiti.. - JCAbaq.. Mise6 - JCVumo'Mi... 1 I-ZAMis.. - /CAba.,.,Mises - JCVuma!Mioes 1 

~ ~ 
Figure C.66: Compression - Mises stress component for OFHC Copper 

a) 0.1 m/s, b) 10 m/s. 
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a) b) 
Figure C.67: Compression - 533 stress component for OFHC Copper 

a) 0.1 mis, b) 10 m/s. 

180 


http:3.00�.08
http:1.00�.08
http:0.00�.00


Univ
ers

ity
 of

Cap
e T

ow
n

AppendixC 

Copper -0.\ m/' 	 Copper - IOm/ . 
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a) b) 
Figure C.68: Compression - PEEQ for OFHC Copper 

a) 0.1 mis, b) 10 m/s. 
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Figure C.69: Compression - temperature for OFHC Copper 

a) 0.1 mis, b) 10 m/s. 
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C.2.1.2 SHEAR 

Copper -O.ho!. Copper - I f}m!. 
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~ ~ 
Figure C.70: Shear - Mises stress component for OFHC Copper 

a) 0.1 mis, b) 10 m/s. 
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a) b) 
Figure C.71: Shear - S23 stress component for OFHC Copper 

a) 0.1 mis, b) 10 m/s. 
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Copper·O.lll1/ s Copper·IOm/, 
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Figure C.72: Shear - PEEQ for OFHC Copper 
a) 0.1 mis, b) 10 m/s. 
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Figure C.73: Shear - temperature for OFHC Copper 

a) 0.1 mls, b) 10 mls. 
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C.2.1.3 TENSION 

Copper· O.\m/, Copp« . I Om/. 
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a) b) 
Figure C.74: Tension - Mises stress component for OFHC Copper 

a) 0.1 mis, b) 10 m/s. 
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Figure C.75: Tension - 533 stress component for OFHC Copper 


a) 0.1 mis, b) 10 m/s. 
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eopp... -0.1m/. Copper -11lm/. 
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Figure C.76: Tension - PEEQ for OFHC Copper 

a) 0.1 mis, b) 10 m/s. 
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Figure C.77: Tension - temperature for OFHC Copper 

a) 0.1 mis, b) 10 m/s. 
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C.2.1.4 COMBINED 
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~ 	 ~ 
Figure C.7S: Combined - Mises stress component for OFHC Copper 

a) 0.1 mis, b) 10 m/s. 
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Figure C.79: Combined - S22 stress component for OFHC Copper 

a) 0.1 mis, b) 10 m/s. 
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Figure C.SO: Combined - 533 stress component for OFHC Copper 
a) 0.1 mis, b) 10 m/s. 

Figure C.81: Combined - PEEQ for OFHC Copper 
a) 0.1 mis, b) 10 m/s. 

Figure C.82: Combined - temperature for OFHC Copper 
a) 0.1 mls, b) 10 mls. 
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C.2.2 8 (2x2x2) ELEMENTS 

C.2.2.1 TENSION 
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~ ~ 
Figure C.83: Tension - Mises stress for OFHC Copper at 0.1 mls 

a) element 1 & 5 and b) element 3 & 7. 
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Figure C.M: Tension - Mises stress for OFHC Copper at 10 mls 

a) element 1 & 5 and b) element 3 & 7. 
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Figure C.BS: Tension - 533 stress component for OFHC Copper at 0.1 mls 
a) element 1 & 5 and b) element 3 & 7. 
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Figure C.86: Tension - 533 stress component for OFHC Copper at 10 mls 

a) element 1 & 5 and b) element 3 & 7. 
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Figure C.S7: Tension - PEEQ for OFHC Copper at 0.1 mls 

a) element 1 & 5 and b) element 3 & 7. 
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Figure C.88: Tension - PEEQ for OFHC Copper at 10 m/s 

a) element 1 &5 and b) element 3 & 7. 
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Figure C.S9: 	Tension - temperature for OFHC Copper at 0.1 m/s 

a) element 1 & 5 and b) element 3 & 7. 
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a) b) 
Figure C.90: Tension - temperature for OFHC Copper at 10 m/ s 

a) element 1 & 5 and b) element 3 & 7. 
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C.2.2.2 SHEAR 

Copper·O.lm/ , ~.O.lm/' 
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~ 	 ~ 
Figure C.91: Shear - Mises stress for OFHC Copper at 0.1 m/s 

a) element 1 & 5 and b) element 3 & 7. 
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b) 

)C Vw:na! Mis.. elem!nt 7 1 

Figure C.92: Shear - Mises stress for OFHC Copper at 10 m/s 
a) element 1 & 5 and b) element 3 & 7. 
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~ ~ 
Figure C.93: Shear - S23 stress component for OFHC Copper at 0.1 m/s 

a) element 1 & 5 and b) element 3 & 7. 
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Cq>per -lOm/s Copper -1000s 
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Figure C.94: Shear - S23 stress component for OFHC Copper at 10 m/s 

a) element 1 & 5 and b) element 3 & 7. 

Copper·O.lm!. Cq>per -O.lmf· 

I .--------------------------~0.8 
0.9 0.7 
0.8 

0.6 
OJ 

0.5 
" 0.6 

. "~ 0.4 .~ 0.5 

Q; 0.3 VI 0.4 

03
0.2 

01 
0.1 0.1 

0 O~-~--~-~--~-~--_.--_.--~ 

1 ­

0 0.01 

ZA PEEQ element 1 

0.02 0.03 0.04 0.05 0.06 0.07 0.08 

Time (sec) 

om 0.02 0.03 0.04 0.05 

TiJr< (sec) 

- )C Abaqu. PEEQ .lement 5 - )C Vumot PEEQ element 511-ZA PEEQ element 3 ­ )C Aboqus PEEQ element 7 ­

0.06 OM 0.08 

)C Vumot PEEQ element 71 
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Figure C.95: Shear - PEEQ for OFHC Copper at 0.1 m/s 

a) element 1 & 5 and b) element 3 & 7. 
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a) b) 
Figure C.96: Shear - PEEQ for OFHC Copper at 10 m/s 

a) element 1 & 5 and b) element 3 & 7. 

192 

http:Copper�O.lm


Univ
ers

ity
 of

Cap
e T

ow
n

Appendix C 

Copper-O.lm/. 	 Copper -O.lm/s 
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a) b) 
Figure C.97: Shear - temperature for OFHC Copper at 0.1 mls 

a) element 1 & 5 and b) element 3 & 7. 
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a) b) 
Figure C.98: Shear - temperature for OFHC Copper at 10 mls 

a) element 1 & 5 and b) element 3 & 7. 
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C.2.3 64 (4x4x4) ELEMENTS 

C.2.3.1 TENSION 

Copper -O.lm/s 	 Copper-0.1m/& 

5.00[. 08 .,.-----------------, 5.00[.08 .,.-------------­
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!-ZA Mii.. d<ment I -	 lC Abaqus Mis.. dommt49 - lCVumatMi... element4911-ZA Mioe<demont 13 - lCAbaqui Mises dement 61 - lCVumatMi... etement611 

~ 	 ~ 
Figure C.99: Tension - Mises stress for OFHC Copper at 0.1 mls 

a) element 1 & 49 and b) element 13 & 61. 
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Time (.ee) Time (see) 
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~ 	 ~ 
Figure C.100: Tension - Mises stress for OFHC Copper at 10 mls 

a) element 1 & 49 and b) element 13 & 61. 
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Coppe<-O.Im/s Coppe<-O.Im/s 

5.00E+08 ,------- ----------, 

4.00[+08 4.00[+08 
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a) b) 
Figure C.IOI: Tension - 533 stress component for OFHC Copper at 0.1 mls 

a) element 1 & 49 and b) element 13 & 61. 
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a) b) 
Figure C.I02: Tension - 533 stress component for OFHC Copper at 10 mls 

a) element 1 & 49 and b) element 13 & 61. 
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Figure C.103: Tension - PEEQ for OFHC Copper at 0_1 mls 

a) element 1 & 49 and b) element 13 & 61. 
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Copper-lOm/s Copper - I Om/. 
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~ ~ 
Figure C.106: Tension - temperature for OFHC Copper at 10 mls 

a) element 1 & 49 and b) element 13 & 61. 
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Figure C.IM: Tension - PEEQ for OFHC Copper at 10 mls 

a) element 1 &49 and b) element 13 & 61. 
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a) b) 
Figure C.IOS: Tension - temperature for OFHC Copper at 0.1 mls 

a) element 1 &49 and b) element 13 & 61. 
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C.2.3.2 SHEAR 
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~ 	 ~ 
Figure C.109: Shear - S23 stress component for OFHC Copper at 0.1 m/s 

a) element 1 & 49 and b) element 13 & 61. 
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Figure C.I07: Shear - Mises stress for OFHC Copper at 0.1 m/s 

a) element 1 & 49 and b) element 13 & 61 
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Figure C.IOS: Shear - Mises stress for OFHC Copper at 10 m/s 

a) element 1 & 49 and b) element 13 & 61. 
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Copper - 1Om/8 	 Copper - 1Om/. 
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Figure CllO: Shear - S23 stress component for OFHC Copper at 10 mls 

a) element 1 & 49 and b) element 13 & 61. 
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a) b) 
Figure Cllt: Shear - PEEQ for OFHC Copper at 0.1 mls 

a) element 1 & 49 and b) element 13 & 61. 
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Figure C.ll2: Shear - PEEQ for OFHC Copper at 10 mls 

a) element 1 & 49 and b) element 13 & 61. 
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Cq:>per -0·1m/" 	 Copper-OJm/' 
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a) b) 
Figure C.ll3: Shear - temperature for OFHC Copper at 0.1 mls 

a) element 1 & 49 and b) element 13 & 61. 

Figure C.ll4: Shear - temperature for OFHC Copper at 10 mls 
a) element 1 & 49 and b) element 13 & 61. 
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0.ll4 0.05 0.06 

C.2.4 512 (8x8x8) ELEMENTS 

C.2.4.1 TENSION 

Copper· 0.1 m/, 	 Copper. 0.1 m/' 
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a) b) 
Figure C.llS: Tension - Mises stress for OFHC Copper at 0.1 mls 

a) element 1 & 449 and b) element 57 & 505. 

Copper ·10 m/s 	 Copper ·10 m/, 

5.ooE+08 ,.--------------- 5.00E+08 ,--------------------; 

4.00E+08 4.00£+08 


~ 3.00£+08 
 ~ 3.00[+08 
~ 

~ 2.00[+08~ 2.ooE+08 
'"'" 

1.ooE+08 1.00E+08 

0.00£+00 +----,------,------,---,------1 0.00[+00 +----,--------,---~--___,------l 

o 	 0.0002 0.0004 0.0006 0.0008 0.001 o 0.0002 0.D004 0.D006 0.0008 0.001 

Time (,"') Time (,"') 

I- ZA Mis.. oI.",enll - jC Aboqu' Mis.. 01.",,,,1449 - )C YUMAT Mis.. oIemenl4491- ZAMises 01.",..,157 - }C Aboqu,Mi&ef;o/emenl505 - }CYUMATMisoo oIemenl505 1 

~ 	 ~ 
Figure C.ll6: Tension - Mises stress for OFHC Copper at 10 mls 

a) element 1 & 449 and b) element 57 & 505. 
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a) b) 
Figure C.ll7: Tension - 533 stress component for OFHC Copper at 0.1 mls 

a) element 1 &449 and b) element 57 &505. 
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a) b) 
Figure C.llS: Tension - 533 stress component for OFHC Copper at 10 mls 

a) element 1 & 449 and b) element 57 &505. 
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a) b) 
Figure C.ll9: Tension - PEEQ for OFHC Copper at 0.1 mls 

a) element 1 &449 and b) element 57 & 505. 
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~ ~ 
Figure C.120: Tension - PEEQ for OFHC Copper at 10 mls 

a) element 1 & 449 and b) element 57 & 505. 

Copper . OJm/' 

440 ,---------------------------------­

g 400

! 380 

:. 360 

2 3-10 
f­

300 +--==--~--__,_----_,_----~----__--~ 
o.ot 0.02 0.03 0.04 0.05 0.06 

Time (.",) 

1- ZA temp elemenll --JC Abaqu.temp elemenl449 -- IC VUMAT temp elemenl449 1­

a) 

Copper· OJ mi. 

360 

g 350 

~ 340 

S... J30 

~ 320 
f­

310 

WO 

ZA temp elemenl57 --IC Aboqus temp element 505 - IC VUMAT lemp eltmenl505 1 

b) 

370 ,--------------------------------, 

~~--__--__,_----__----~----__--~ 
0.04 0.05 0.06OD! 0.02 Oill 

Time (.ee) 

Figure C.121: Tension - temperature for OFHC Copper at 0.1 mls 
a) element 1 & 449 and b) element 57 & 505. 
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Figure c.m: Tension - temperature for OFHC Copper at 10 mls 

a) element 1 & 449 and b) element 57 & 505. 
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C.2.4.2 SHEAR 
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b) 
Figure C.123: Shear - Mises stress for OFHC Copper at 0.1 mls 

a) element 1 & 449 and b) element 57 & 505. 
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Figure C.124: Shear - Mises stress for OFHC Copper at 10 mls 

a) element 1 & 449 and b) element 57 & 50s. 
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a) b) 
Figure C.125: Shear - S23 stress component for OFHC Copper at 0.1 mls 

a) element 1 & 449 and b) element 57 & 505. 
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Copper-l0mj' Copper -10 m/. 
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a) b) 
Figure C.126: Shear - S23 stress component for OFHC Copper at 10 m/s 

a) element 1 & 449 and b) element 57 & 505. 
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a) b) 
Figure C.127: Shear - PEEQ for OFHC Copper at 0.1 m/s 

a) element 1 & 449 and b) element 57 & 505. 
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a) b) 
Figure C.128: Shear - PEEQ for OFHC Copper at 10 m/s 

a) element 1 & 449 and b) element 57 & 505. 
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Copper -0.1 m/. Copper -0.1 m/ . 
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Figure C.129: Shear - temperahue for OFHC Copper at 0.1 m/s 

a) element 1 &449 and b) element 57 & 505. 
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Figure C.130: Shear - temperature for OFHC Copper at 10 m/s 

a) element 1 &449 and b) element 57 &505. 
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APPENDIXD 

DEFORMATION RATIOS 

In all the graphs presented the Abaqus and VUMAT Johnson-Cook results are 

indistinguishable. 
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1 

Figure Dl: Deformation ratios for Armco-Iron at 197 m/s. 
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Figure D2: Deformation ratios for Armco-Iron at 221 m/s. 
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Figure 03: Defonnation ratios for Armco~Iron at 279 m/s. 
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Figure 04: Deformation ratios for OFHC Copper at 130 m/s. 
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Figure D5: Defonnation ratios for OFHC Copper at 146 m/s. 
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Figure 06: Defonnation ratios for OFHC Copper at 190 m/s. 
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ApPENDIX 

THEORETICAL INSTABILITY ANALYSIS 

In Chapter 4 a localisation or instability phenomena is observed to occur in 

tests as the number of IS As number elements is 

element solution should converge to a more 

accurate solution. finite model will also begin to of 

the problem it is approximating as localisation (as this case). simple 

defines position on true 

strain curve can occur the test. 

E.1: in 

E.1 shows a circular specimen with length Ao, and final 

and area, I and A. cross-

sectional area if volume is with the 

constant volume: 

= Al 

* of the ideas used in this were obtained from discussions with Mr C1oete. 
References to any contributions towards these ideas are not known but the author does not 
claim credit for them. 

In Chapter 4 a localisation or instability phenomena is observed to occur in 

tension tests as the number of elements is increased. As number of is 

increased the finite element solution should asymptotically converge to a more 

accurate solution. TIle finite element model will also begin to capture the 

the problem it is approximating as localisation (as this case). 

theoretical is presented \vhich defines the earliest position on true 

the localisation can occur in the test. 

A 

and final 

cross· .. 

d.oes not 
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If length is nrl'l,cc;:>(1 as the length plus a increment, and 

similarly for area: 

The product of two incremental is In with other 

terms therefore is set to zero in equations. After simplifying re­

but 
J) 

chain an stress is written as: 

An increment in force is the between the and forces: 

Substitute the area and stress in equations E.2: 

limit is reached when a causes 

increment to be zero or become to the peak of the 

diagram as shown 
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If the length is expressed as the length plus a length increment, 

similarly for area: 

The product of two incremental is very small in comparison with the 

terms ;;md therefore is set to zero in all equations. After simplifying re-

arranging: 

but == 
I) 

chain rule an increment stress is written as: 
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Force I'1F > 0 6.F < 0 

Displacement 

Figure E.2: Stability limit on force-displacement diagram. 

Setting the force increment to zero defines the stability limit: 

der 
I'1F =0 = -Aaera6.e + An -/:"e

de 

der 
:.-=erade 

111erefore for the true stress-log strain curve the stability limit is reached when the 

slope of the true stress-log strain curve at a point equals the stress value at the same 

point (Figure E.3 a)). This point is the earliest theoretical point where instability can 

occur and is before the peak of the true stress-log sb:ain curve as shown in Figure E.3 

a) . 

True 
derstress 
de der 

,, 

" 

" 
, -=er 

era de 

Log strain 

a) b) 

Figure E.3: a) True stress-log strain curve b) slope of true stress vs true stress curve. 
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4 are based on a -n£"'rar uniformsimulations of tension test in 

instability in 

simulation results occurs much along true stress-log strain curve the 

theory predicts E.1). In an experiment material geometry would have 

which would "induce" instability. The 

occur closer to the theoretically predicted VV,UU'JA on curve. 

No experimental results are however this. The instability in 

test simulations must t-hf)ratr"'a by 

(non-uniform stress distribution) to tolerances used as well as 

errors as the 

Simulation stress (MPa)No. of elements eoretical stress (MPa) 

No instability8 312 

41764 310 

512 403314 

E.1: when theoretical and simulation occurs for 

Copper at 10 using YUMAT. 

The theoretical stress Table is found plotting the of 

slope the stress-strain curve versus the stress values finding where are 

the curves are (using VUMAT) at 0.1 mls using 

the instability is predicted to occur at about 280 MPa this case. 

shown Table as number of is stressI 

occurs stress) toward the theoretical value (theoretical 
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Copper - 0.1 m/s 
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Figure E.4: Example of how to find theoretical instability stress value. 
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