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Abstract

Accurate and efficient constitutive modeling remains a cornerstone issue for solid mechanics analysis. Over

the years, the LAMÉ advanced material model library has grown to address this challenge by implement-

ing models capable of describing material systems spanning soft polymers to stiff ceramics including both

isotropic and anisotropic responses. Inelastic behaviors including (visco)plasticity, damage, and fracture

have all incorporated for use in various analyses. This multitude of options and flexibility, however, comes

at the cost of many capabilities, features, and responses and the ensuing complexity in the resulting imple-

mentation. Therefore, to enhance confidence and enable the utilization of the LAMÉ library in application,

this effort seeks to document and verify the various models in the LAMÉ library. Specifically, the broader

strategy, organization, and interface of the library itself is first presented. The physical theory, numerical

implementation, and user guide for a large set of models is then discussed. Importantly, a number of verifi-

cation tests are performed with each model to not only have confidence in the model itself but also highlight

some important response characteristics and features that may be of interest to end-users. Finally, in looking

ahead to the future, approaches to add material models to this library and further expand the capabilities are

presented.
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Chapter 1

Overview

Constitutive modeling is a fundamental aspect of solid mechanics modeling and simulation. The
wide range of behaviors of solid materials requires a vast number of models capable of modeling
all (or even some of) the different responses. This is in contrast to fluid mechanics, for example.
As such, constitutive modeling is arguably the major problem in solid mechanics. A constitutive
model is necessary for accurately predicting the state of a material. This determination includes
both the stress state whose resolution is essential for many phenomena of interest like fracture and
failure as well as capturing inelastic responses like damage or multiphysics couplings.

One aspect of obtaining an accurate resolution of the stress field is, in one sense, easy to understand.
It is mesh discretization. More degrees of freedom in a simulation enables better resolution and
results in a more accurate stress field if we look just at the mathematics. If all materials followed
an elastic law, then mesh resolution on its own would be all that is needed to resolve the stress
field. In reality, however, materials do not exhibit elastic responses except in very limited cases.

This leads us to a second aspect of calculating accurate stress fields, which is much harder to
understand. This one concerns the physics. The specific behavior of a material depends on the
physical processes specific to that material, and this must be included in a constitutive model in
some form or another. The main goal of the Library of Advanced Materials for Engineering -
LAME - is to provide a simple means to implement the wide variety of models in a library that can
be used by our solid mechanics application codes.
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Chapter 2

Strategy

As a third party library, the Library of Advanced Materials for Engineering (LAME) is renewing a
commitment to accurate, robust, and efficient constitutive modeling for solid mechanics. There are
three distinct groups that require services from LAME: constitutive model developers, application
code developers, and analysts. Each group has different, but related, requirements on LAME.

Constitutive modelers who develop the mathematical models describing the response of interest
and the associated numerical methodologies require a framework for developing and implement-
ing these models. This framework must be well documented so that these developers can easily
develop and implement a model that can, when the model is sufficiently robust, be used reliably in
production calculations.

Application code developers, on the other hand, require that the library of constitutive models share
a common, simple interface. This requires that the conceptual division between a constitutive
model and the application code be well understood. The application codes also require verified
behavior of the models along with certain performance requirements as these models can be called
billions of times in an analysis.

Analysts require constitutive models that are both verified and well documented. The responses
of interest can very greatly depending on the material utilized and the conditions under which
it is loaded. This accounts for the wide range and sheer volume of constitutive models in the
literature. Furthermore, there may be nothing that affects the results of an analysis more then
the constitutive model. Therefore, the analyst needs a thorough knowledge of the behavior of the
models along with how to use it in an application code. Such an understanding is also essential
for the accurate determination and calibration of different material and model parameters. In some
cases, even subtle changes in a material specimen's history can lead to large variation in properties
and responses. As such, a clear description and understanding of this input data is essential for
appropriate utilization of different models.

Due to the varied requirements on LAME, a strategy for supporting these various user groups has
been developed. This strategy is described here.
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2.1 Code Development

There are many strategies that can be employed for a code development process. The choice of
such a procedure depends on what the overall project is creating. And even after a development
process has been selected, it is often tailored to the needs of the specific code project.

The LAMÉ code development team has spent some time deciding on an appropriate process that
reflects the needs of the project and its stakeholders.

Given that LAMÉ has two roles, as an interface to a host code that will supply a material model
response and as a repository for constitutive models, this led us to consider two different code
development processes: one for the interface and one for the constitutive models.

For the interface an iterative process was chosen. The iterative process allows us to plan and gener-
ate requirements, perform analysis and design, implement and deploy code changes and finally test
and evaluate the code. This process can work well for the interface design where we implement
the conceptual changes that we want to the interface. The models beneath the interface should be
unaffected by these changes, and where they are affected it will be on the surface.

For the constitutive models a waterfall process was chosen. Generally the process of developing
and implementing a constitutive model is a linear process that is followed by a single person.
That person generates requirements, designs the solution, implements the solution as a piece of
code, verifies the code and maintains the code. Much of the constitutive modeler's work involves
formulating the model, which is a solid mechanics and applied mathematics problem first and
foremost. This can be seen as either the gathering requirements phase or part of the design phase.
The design and implementation phases are where the code development occur. All models are
verified after they are implemented. However, model verification itself is quite complicated, so
this step is not simple. Finally the model is maintained through documentation and user support.
Bug fixes are also an aspect of code maintenance in this process.
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2.2 Model Implementation

The key feature in LAME that allows constitutive models to be implemented easily and application
codes to be able to use those models is the interface. The key concept to understand concerning
the interface is that it defines what roles the constitutive models have, what roles the application
codes have, and how the models and the codes transfer information.

From the application code perspective we would like all of the constitutive models to look the
same. Of course this is not the case. This is why, if we were to look at our legacy finite element
codes, we see information regarding specific constitutive models show up in the application codes.
Even a piece of information as simple as a material model ID will show up in the application code
in order that the code call the correct model. Modern programming languages/styles allow us to
avoid this confusion.

From a constitutive modeling perspective we would like a simple interface for implementing
constitutive models. Constitutive modelers are only part-time code developers. They can have
strengths in many areas in addition to code development, including physics, chemistry, contin-
uum mechanics, applied mathematics, numerical methods and experimental mechanics. Having a
code development environment that is useful for a constitutive model developer is necessary in the
design of the constitutive model library.

2.2.1 Code Standards

The need to supply not only robust constitutive models, but also a robust constitutive modeling
environment, requires strict adherence to code standards. Some code standards are stylistic. These
are necessary to support the code (promoting readability) and to simplify the effort needed by the
constitutive modeler to implement a model. Other code standards are necessary to support the code
on various platforms and to prevent unintended behavior like memory leaks.

2.2.2 Testing Standards

Ensuring robust and reliable constitutive models also requires testing. There are two main concerns
in providing constitutive modeling to an application code: accuracy and speed. Both of these
concerns can be addressed to a large degree through testing. Toward this end two testing systems
are developed: a verification test suite and a performance test suite.

2.2.2.1 Verification Testing

Constitutive models for the large deformation of materials can be extremely complex. This com-
plexity is added to by the issues associated with implementing the model in the code. There are
two questions associated with assessing this complexity. First, what is the expected result of the
model, independent of its implementation? Second, does the implementation model that response?

2.2.2.2 Performance Testing

In a nonlinear solid mechanics analysis, the constitutive models are called often. For an explicit
transient dynamics problem, the model is called once for each time step for each integration point
in the finite element model. On the other hand, implicit quasi-static analyses call the model every
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iteration of every time step for each integration point in the finite element model.

Given the amount of time that a nonlinear solid mechanics finite element analysis spends calculat-
ing the stresses in a constitutive model, the performance of the constitutive model can have a large
effect on the performance of the host code.

In order to ensure some measure of performance, a procedure for testing the performance of the
models is proposed. First, a baseline set of performance data must be generated. Given that
the CPU time used by the model can depend on many things, including the current loads on the
machine where the test is being run, developing an approach for modeling the performance is
not straightforward. If we call the various states of the machine "configurations", then the best
approach appears to be to generate a large set of data for the performance of the constitutive model
that reflects the performance on a single machine over a large variety of its configurations.

Specifically, since we want to test only the speed of the constitutive model, we run tests that
are fully prescribed strain paths. This eliminates any need for the material driver to solve an
equilibrium state. We also want to test as many of the features of the constitutive model as possible.
This requires a prescribed strain path that pushes the model into regimes of interest. For example,
for an elastic-plastic model the performance test has to trigger plasticity, otherwise it will not
reflect accurately on how the model performs in an analysis. We also want the strain path to push
the plasticity model deep enough into the plastic range.

Determination of an appropriate strain path is not clear cut for all materials. Recognizing this, the
performance tests should be documented clearly so that we know exactly what we are testing and
we can go back and modify a test if there is some feature of the model that doesn't appear in the
performance test.

2.2.3 Documentation Standards

In order to disseminate information about the models in LAMÉ, there must be a commitment
to documentation. The theory behind the models and their implementation must be documented.
Furthermore, much of the success of the verification and performance testing depends on documen-
tation too. Finally, documentation must be generated for analysts that allows them to understand
what materials and behavior the model can represent, along with the inputs necessary to use the
model and the outputs that come from the model.
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Chapter 3

Code Style

An important aspect of LAMÉ 's success is keeping a specific code style. This is useful for a
number of reasons. First, the behavior of the models is easier to understand if the code is written
in a clear, consistent style. Second, given the number of people who may develop in LAMÉ , we
cannot possibly maintain and support all possible coding styles. There are many ways to solve a
problem from a code perspective. What we are aiming for in LAME is to develop a code style that
balances performance and readability. In general we avoid code complexity unless there is a very
good reason to adopt a particular code strategy.

29



3.1 C/C++

There are two areas where C/C++ code style affects LAMt. One is in the wrapper for the consti-
tutive model. This is C++ code and is declares and defines the constitutive model, as derived from
the Material base class, in the .h and .0 files respectively. It is very important that these files follow
a strict look and feel. The files are simply meant to define the interface between the host code and
the constitutive model. As such, any details of the algorithms that a given constitutive model uses
should appear in the model files, not the interface.
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#ifndef _EP_POWER LAW_H_
#define _EP_POWER LAW_H_

#include <interface/Material .h>
#include <utilities /LameFortran .h>

namespace lame {

class EPPowerLaw : public Mate al {

public :

explicit EPPowerLaw( const MatProps & props );
virtual —EPPowerLaw

static Material * createMaterial ( const MatProps & props );

int initialize ( matParams * p );
int getStress ( matParams * p );
int getConsistentTangent ( matParams

private :

};

* p );

//
// private and unimplemented to prevent use

//

EPPowerLaw ( const EPPowerLaw & );
EPPowerLaw & operator= ( const EPPowerLaw &

#endif

);

Code 1: A code listing from the header file for the elastic-plastic power law hardening model
showing the declarations of the class for the model, which is derived from the Material base class.
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3.2 FORTRAN

Many, perhaps most, constitutive models are coded in FORTRAN. FORTRAN has historically
been the language of choice for scientific computing, and many constitutive modelers still write
models in FORTRAN. Because of this LAME is committed to supporting FORTRAN.

There are many styles of code that is written in FORTRAN. In order to standardize the look and
feel, and by extension influence the reliability of the models, a number of requirements on the
FORTRAN code in LAMÉ are necessary.

First, we require the use of IMPLICIT NONE. Many models are written using IMPLICIT
DOUBLE PRECISION where variables that start with certain letters are double precision by de-
fault. A side effect of this is that variables can sometimes be used with unintended consequences.
By requiring IMP L I C I T NONE the code developer (or model developer in this case) must ex-
plicitly declare, and by extension consider, every variable they use in the code.

As a side effect of I MP L I C I T NONE, we require the explicit declaration of each type of vari-
able. For consistency between models the INTEGER variables are declared first, followed by the
DOUBLE PRECISION variables and finally the CHARACTER variables. Furthermore, the vari-
ables in the calling list to the subroutine are declared first, then the variables that are used in the
subroutine. Finally, D IMENS I ON statements set the sizes of the arrays that are used in the subrou-
tine. Again the variables that are arrays in the calling list are sized first, followed by arrays that are
used in the subroutine. While the variables in the calling list will have a variable length, depending
on what is sent into the subroutine, the arrays that are declared and used in the subroutine must
have fixed length. If a variable length array is needed in the subroutine, then a scratch variable
must be declared and the memory allocated by the host code! As an example consider the main
subroutine in the elastic-plastic power law hardening model as shown in Code 2.

In addition to requiring the explicit declaration of variables at the start of a FORTRAN subroutine,
we also require a heading that defines the input and output variables for the subroutine. This is
done with comment lines. In the case of certain arrays, like the material property arrays and state
variable arrays, we also require a list of the material properties and state variables respectively.
This is shown in Code 3.

A number of parameters can also be declared for the subroutine. This is quite useful for predefined
double precision constants and the indexing of tensors and state variable arrays. Following this
material properties are declared, allowing the material properties to be declared with names that
relate to the property.

Next, the model generally loops over the number of material points it is given to operate on. For
some subroutines, like the GE T_S TRE S S subroutines, this is the primary algorithm for the model.
As a result, this should be well documented with comments in the code so that the algorithm that
is used to numerically integrate the constitutive model can be understood.

1 see the section on the C++ model wrapper for how to declare scratch space from the host code.
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SUBROUTINE EP POWER_LAW_GET_STRESS ( NELEM, DT , NPROP , PROPS ,
* D , STRESS_OLD , STRESS NEW , NSV , STATE_OLD , STATE NEW )

c

header included here. See Code 3

c
IMPLICIT NONE

c
INTEGER NELEM, NPROP , NSV
DOUBLE PRECISION DT , PROPS , D , STRESS_OLD , STRESS NEW
DOUBLE PRECISION STATE_OLD , STATE NEW

C
INTEGER IEQPS , IRAD , IXX , IYY , IZZ , IXY , IYZ , IZX
INTEGER K, KXX, KYY, KZZ ,KXY, KYZ, KZX

C
DOUBLE PRECISION YM, PR , YS , HARD CON, HARD_EXP , ELUDER
DOUBLE PRECISION E , STRESS , TWOG, XLAM, THREEG , TERM, FACTOR
DOUBLE PRECISION DS , PRESS , DSMAG2, R2 ,DSMAG, DIFF , DEQPS
DOUBLE PRECISION SMAG, HO , H1 , DH1 , F , DF , EQPSO , EQPS 1
DOUBLE PRECISION ROOT23 , ROOT32 , TOL

C

C

C

CHARM_ Ilit* 8 0 MESSAGE

DIMENSION PROPS (NPROP )
DIMENSION D ( 6 ,NELEM)
DIMENSION STRESS_OLD ( 6 , NELEM ) , STRESS_NEW ( 6 , NELEM)
DIMENSION STATE_OLD (NSV , NF1EM) , STATE NEW (NSV , NELEM)

DIMENSION STRESS ( 6 ) , DS ( 6 )

Code 2: A code listing from the elastic-plastic power law hardening model showing the declara-
tions of variables and dimensioning of arrays used in the subroutine.
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SUBROUTINE EP POWER_LAW_GET_STRESS ( NELEM, DT, NPROP, PROPS ,
D, STRESS_OLD , STRESS_NEW, NSV, STATE_OLD, STATE NEW )

C
C***********************************************************************
C***********************************************************************
C
C DESCRIPTION :
C elastic plastic material model with power law hardening
C
C FORMAL PARAMETERS — INPUT/OUTPUT:
C NELEIVI I/— INT number of elements
C DT I/— REAL time increment
C NPROP I / — INT size of material property array
C PROPS I/— REAL array of material properties
C (1) youngs modulus
C (2) poissons ratio
C (3) yield stress
C (4) hardening constant
C (5) hardening exponent
C (6) luders strain
C D I/— REAL strain rate (rate of deformation)
C STRESS_OLD I / — REAL stress at t_n
C STRESS_NEW —/O REAL stress at t_n+1
C NSV I/— INT number of state variables
C STATE_OLD I / — REAL state variables at t_n
C STATE NEW —/O REAL state variables at t_n+1
C
C STATE VARIABLES
C
C

(1)
(2)

equivalent plastic strain
radius of yield surface

C (3) xx component of back stress
C (4) yy component of back stress
C (5) zz component of back stress
C (6) xy component of back stress
C (7) yz component of back stress
C (8) zx component of back stress
C
C***********************************************************************

C

Code 3: A code listing from the elastic-plastic power law hardening model showing the heading
for this model.
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Chapter 4

Interface

LAMÉ is designed to have a simple interface that allows the easy implementation of a wide range
of constitutive models. This interface is between the application code (sometimes referred to as
the "host code') and the constitutive model.

The interface has two main aspects: the data that is passed between the application code and the
model, and the functions that pass this data. Given that the interface consists of data and functions,
the most reasonable way to set up this interface is through a class.

The class that defines this interface is the Material class, which is declared in
include/interface/Material . h.

There are two types of data that are passed between the application code and the model. The first
is the material property information. This is done using an object in the MatProps class. This is
used when constructing a material model at the beginning of an analysis.

The second type of data that is passed between the application code and the material model is the
data that the material model uses during an analysis. This data is in the MatParams struct. This
data consists of the stress, the kinematics, the time and time step, etc.
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Chapter 5

Material Models

This section details the constitutive models that are implemented and supported in LAMt. The
description of each model has four sections. First, a section discussing the theory of the model is
found. This is the mathematical description of the model in a continuum mechanics framework,
independent of its implementation in a computational code. As these models are intended for solid
mechanics analysis, the following section describes the numerical implementation of the model.
This delves into how the model is implemented in the code and any special numerical techniques
that are used to integrate the model. The subsequent section presents the verification problems that
are run for the model. Through the results of such problems, evidence is provided that, to the best
of our understanding, the model is behaving as expected. Finally, documentation of the model user
inputs and user outputs are given for analyst reference.

It is our belief that this collection of documentation is important for the use of our constitutive
models, and it provides confidence that our models are implemented correctly for the capabilities
that are tested.

What this documentation does not provide is guidance on how to use the models. Different ma-
terials behave differently, and it is the responsibility of the user to ensure that the material model
chosen can accurately model the behavior of a particular material. Furthermore, even with a single
material, many models might be capable of modeling the material depending on the loading in a
given analysis. It is the responsibility of the analyst to ensure that the model they choose is the
best model for their problem. Across the different models, parameters may also vary in value or
have slight changes in interpretation. Care needs to undertaken to ensure that material and model
parameters used accurately reflect the specific material being investigated (some parameters may
vary with simple changes in processing route) and capture the behaviors that of interest. If em-
phasis needs to be placed on initial yield rather than failure, subtle differences in some parameters
may be expected.
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5.1 Hypoelastic Models

Many models presented in this report are derived starting with small deformation formulations.
These models are implemented in finite deformation codes by substituting the rate of deformation
for the strain rate' , and making the stress rate objective. There are many objective stress rates to
choose from, the two most common being the Jaumann and the Green-McInnis.

Models that are implemented using the Jaumann or Green-McInnis stress rate are done so in an
unrotated configuration. This means that the incremental constitutive relations are written in this
configuration. The tensor components of the Cauchy stress, o-ii, and the rate of deformation, Dij,
are unrotated using some orthogonal tensor, Q1.1 = Qji, such that

Ti1 = QkicridQu ; di; = QkiDklQu (5.1.1)

where 7',1 and d,j are the components of the unrotated stress and rate of deformation respectively.
The choice of orthogonal tensor, Qii, depends on the objective stress rate. The incremental consti-
tutive relation is then written as

= + fij (dkl, A t) (5.1.2)

After the stress is updated in the unrotated configuration, it is rotated forward to the current con-
figuration [1].2

If the Green-McInnis stress rate is used, then the unrotated configuration is found using the rotation
tensor from the polar decomposition of the deformation gradient

dxr1 = FijdXj ; Fij = RikUkj = VaRkj ; Qij = Rij (5.1.3)

If the Jaumann stress rate is used, then the unrotated configuration is found using the rotation tensor
from the polar decomposition of the incremental deformation gradient

dx7+1 = ftijd.V.; ; Fij = kikOki = r7ikhkj ; Qij = Rij (5.1.4)

Without loss of generality we will assume the Green-McInnis stress rate. The algorithm for the
Jaumann stress rate can be recovered by substituting Fi j for Fij and hi; for Rij in what follows.

Before updating the stress, the rotation is calculated from the deformation gradient in the current
configuration, Fii. The unrotated rate of deformation is then

fdi • = le 1Dbile+1 (5.1.5)ki lj

11t should be noted that the rate of deformation is not the rate of any strain measure.
2The terminology used in describing the unrotated configuration with the rotations backward and forward is in-

finitely confusing. It is simply one of the many difficulties encountered using finite deformation hypoelastic models.
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and the unrotated stress is updated using (5.1.2). Then the stress is rotated to the current configu-
ration, using the same rotation that we used to unrotate the rate of deformation

0_75E1 = R7k i+ Tikl+1„,,it (5.1.6)

The unrotated stress from the previous time step is simply T;) = kklio-k/R7j. Furthermore, for the
elastic model (Section 5.3) the stress update algorithm can be reduced to

= kiik+1R1ko-n,„Rilkir + /16ijAtDkk + 2µAtDii (5.1.7)

One final note about this algorithm. While it is convenient to use the rotation tensor R771, strictly
this is not correct. Since the rate of deformation is most often computed at the mid-step configura-
tion, the rotation used to unrotate the rate of deformation should be the rotation from the mid-step
deformation gradient, i.e. the deformation gradient that relates the mid-step configuration to the
reference configuration. Other consistency considerations should also be considered, but we will
not discuss them here. Suffice it to say that the solutions all converge in the limit of infinitesimal
time steps. In a future release of LAME other options might be added.
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5.2 Hyperelastic Models

Hyperelastic materials are in many ways easier to understand than hypoelastic materials, and are
often considered more thermodynamically consistent. On the other hand, it may be difficult to
consistently extend a small deformation model to the finite deformation regime in a hyperelastic
framework. Regardless of the pluses and minuses of the two formulations, hyperelastic models are
in LAME and will be reviewed here.

Hyperelastic models generally assume a scalar valued strain energy density that is a function of
invariants of the deformation through the deformation gradient, Fij. Using the principle of material
frame indifference, the strain energy density is written as a function of the symmetric right Cauchy-
Green tensor, Cii = FkiFki

w = w (ci,) (5.2.1)

The stress, in particular the second Piola-Kirchhoff stress, is found by taking the derivative of W
with respect to Cif. This relation comes from the stress-power relations. From the second Piola-
Kirchhoff stress, we can find the Cauchy stress

aws ij = 2aCii ; crij = — FikS klFil (5.2.2)

Hyperelastic models are generally of two types. The most common are written in terms of the three
invariants of Cif: /1, /2, and /3

1 ,
= trC = Cii ; = — CiiC • • — Ci •Ci.) ; 13 = detC2 JJ J J

The second Piola-Kirchhoff stress is then

(aw  ar1 aw ar2 
+
aw ar3)s i;  2 aci; ar2 aci; (913 acid

(5.2.3)

(5.2.4)

Evaluating this expression requires the derivatives of the invariants with respect to the components
Cii

ari ar2
aci; °if aCij

ar3= risi; - cif ; nc,
iuk-j

= I3C7j1 (5.2.5)

Using this in the expression for the second Piola-Kirchhoff stress, and converting it to the Cauchy
stress, we have
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o_i 2 v ± + I aviT B.. aw p3i
J lab" a12) (5.2.6)

The majority of hyperelastic models calculate the stress in this manner.

Some hyperelastic models, however, have their strain energy densities written in terms of the prin-
cipal stretches [2]. When this is the case the calculation of the stress is more complex. The right
stretch can be written as

U =
i=1

(5.2.7)

where Ai are the principal stretches, or eigenvalues, and ei are the principal directions, or eigen-
vectors. The strain energy density is MAO. We calculate the stress components of the second
Piola-Kirchhoff stress, Š j, with respect to the principal directions

S = Siiei (5.2.8)

This is done by calculating awl ac in the following manner

aAi ac
aw aw

614/ = = — : 6C

Writing the right Cauchy-Green tensor with respect to the principal directions we have

3 3

ei ; SC = E 2Ajoiliej + 48Coi1 (ei ei +
i=i i=i

Equating terms on both sides of (5.2.9) we get

c_ 1 aw c_ 1 aw
'11 aA, ; " 22 A2 aA2 ' " 33 A3 aA3 ' ""

(5.2.9)

(5.2.10)

otherwise (5.2.11)

These calculations can also be checked by writing the invariants in terms of the principal stretches.
For a hyperelastic model written in terms of the invariants the results should be the same.

The differences between hypoelastic and hyperelastic models should not matter for the analyst.
For the constitutive modeler, however, the benefits and drawbacks of the two formulations must be
considered.
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5.3 Elastic Model

5.3.1 Theory

The elastic model is a hypoelastic extension of isotropic, small-strain, linear elasticity [1] [2] [3].
The stress-strain response for an isotropic, elastic material is

= AnijSkk + 2Peij

where the Lamé constants, A and it, are given by

Ev
  ; P = 

2 (1 + v)
= 
(1 + v)(1 — 2v)

(5.3.1)

(5.3.2)

This model is extended to a finite-deformation, hypoelastic model by first making it a rate equation.
Then the stress rate is replaced with an objective stress rate and the strain rate is replaced with the
rate of deformation. This gives us

crij= AõijDkk +2pDij (5.3.3)

The stress rate is arbitrary, as long as it is objective. Two objective stress rates are commonly
used: the Jaumann rate and the Green-McInnis rate. For problems with fixed principal axes of
deformation, these two rates give the same answers. For problems where the principal axes of
deformation rotate during the deformation, the two rates can give different answers. Generally
speaking there is no reason to pick one objective rate over another. Sierra/SM uses the Green-
McInnis rate.

The fourth-order elastic moduli are used in many constitutive models. There are many equivalent
representations for the elastic moduli. In index notation we present the following three representa-
tions

ijklDkl

Cijki 1+ v 1 — 
2v6A1 + 2

 
(6i1c6ii + (5ig5jk) (5.3.4)

Cifid = A(5 Al p (6i0 ;I + 6il8fic) (5.3.5)

( 
2

Cod = K, f5ij6kl + P (5ik6.ji + (5i1(5 lc — —6i15klJ 3 J (5.3.6)

where K is the elastic bulk modulus and is given by
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K =   
3 (1 — 2v) 

(5.3.7)

5.3.2 Implementation

The elastic model is a hypoelastic model and is implemented using an unrotated configuration in
order to preserve objectivity. Given an unrotated rate of deformation, dii, and the unrotated stress at
time tn, 777, the unrotated stress is updated by integrating the constant unrotated rate of deformation

= + ildijAtdkk + 2µAtdij (5.3.8)

5.3.3 Verification

Three verification problems are run for the elastic model: uniaxial stress, pure shear, and biaxial
stress. The results of these test problems serve as verification for the elastic model.

5.3.3.1 Uniaxial Stress

The elastic model was verified in uniaxial stress. The problem was run with a Young's modulus of
200 GPa and a Poisson's ratio of 0.3. The axial stress is simply

0-11 = EEti (5.3.9)

The axial stress is shown in Figure 5.1. The axial stress is linear with the axial strain and has a
slope of E = 200 x 103 MPa.

The lateral strains for uniaxial stress are

E22 833 = -17E11

The lateral strains are shown in Figure 5.2.

(5.3.10)
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Figure 5.1: The axial stress component o-ii in uniaxial stress using the elastic model.

5.3.3.2 Biaxial Stress

The elastic model is verified in biaxial stress. Biaxial stress is a plane stress state where o-11 = 0-1,
0-22 = 0-2, and all other stress components are zero. The problem is displacement controlled in the
x1 and x2 directions. If the applied strains are s11 = s and 822 = as where a E [0, 1], then the
applied displacements are

u1 = /11 — 1 ; /11 = exp(s)

(5.3.11)

u2 = A2 — 1 ; A2 = exp(as).

In the following results, a will be taken to be 0.45. For the plane stress state, we have 0-33 = 0,
which allows us to solve for s33

V
E33 =  (1 + a)s.

1— v

The component £33 is shown in Figure 5.3. The in-plane stress components are

(5.3.12)
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Figure 5.2: The lateral strain components £22 and £33 in uniaxial stress using the elastic model.

E
0-11 =  (1 + av)e

1 — v2
(5.3.13)

0-22 =  E (a + v) E.
1 — 1/2

The in-plane stress components are shown in Figure 5.4.
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Figure 5.3: The strain component 833 in biaxial stress using the elastic model.

5.3.3.3 Pure Shear

The elastic model is verified in pure shear. Pure shear gives a stress state where cr12 is the only
non-zero stress component. The problem is completely displacement controlled and the applied
shear strain is 812 = s(t).

The shear stress in the problem is

0-12 = 2µ8 (5.3.14)

The shear stress-strain response is shown in Figure 5.5.
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Figure 5.4: The normal stress components o-ii and 0-22 in biaxial stress using the elastic model.

48



El2

Figure 5.5: The shear stress component 0-12 in pure shear using the elastic model.
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5.3.4 User Guide

BEGIN PARAMETERS FOR MODEL ELASTIC

#

# Elastic constants

#

YOUNGS MODULUS = <real> E
POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G
BULK MODULUS = <real> K
LAMBDA = <real> A
TWO MU = <real> 2µ

END [PARAMETERS FOR MODEL ELASTIC]

There are no output variables available for the elastic model. For information about the elastic
model, consult [4].
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5.4 Elastic Three Dimensional Orthotropic Model

5.4.1 Theory

The ELASTIC 3D ORTHOTROPIC model is an extension of the previously discussed ELASTIC
routine and describes the linear elastic response of a material which exhibits orthotropic symmetry,
where the orientation of the principal material directions can be arbitrary with respect to the global
Cartesian axes as specified by the user.

First, a rectangular, cylindrical, or spherical reference coordinate system is defined. The material
coordinate system can then be defined through two successive rotations about axes in the reference
coordinate system. These principal axes are denoted as A, B, and C in the following. Thermal
strains are also defined with respect to these principal material axes.

The elastic stiffness for an orthotropic material can be described in terms of the elastic compli-
ance which relates the strain to the stress, Eij = Sijklcrkl. For a material with an orthogonal ABC
coordinate system, and written in that reference frame, the elastic compliance tensor is given by

=

-
EAA

VAB
EAA

VAC
EAA

VBA
EBB

1

EBB

VBC
EBB

VCA
Ecc

VCB
Ecc

Ecc

0

0

0

0

0

0

0

0

0

(5.4.1)
0 0 0 0 0

2LTAB

0 0 0 0 0
2GBC

0 0 0 0 0 1

2GCA

where the " 7" is used to denote a variable in the ABC material system.

From the definition (5.4.1), it can be seen that requiring symmetry leads to relations of the form,

EBB Ecc EAA
VBA = VAB ; VCB = VBC ; VAC = VCA •

E ccE,AA raBB
(5.4.2)

Therefore, only 9 independent constants are needed to fully define the model behavior.

The orthotropic model is also formulated in a hypoelastic fashion, leading to a constitutive equation
(in the ABC material frame) of,

where Ai] is the thermal strain rate.

0
( kl b kthi)

CT ij ijkl 
b (5.4.3)
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The elastic stiffness tensor, tijkll is the inverse of the compliance, tijkl =
determined to be,

where

T./kip and as such may be

CAAAA CAABB CCCAA O O O

CAABB CBBBB CBBCC 0 0 0

CCCAA CBBCC CCCCC 0 0 0
(5.4.4)

0 0 0 2GAB 0 ()

0 0 0 0 2GBC 0

0 0 0 0 0 2Gc,4_

1 — VBCVCB
CAAAA = 

A 
EAA ; CBBBB

1 — 

A A 

VCAVAC 1 — VABVBA
 EBB ; CCCCC = ECC

(5.4.5)

V BA + VCAVBC VCB + VABVCA VAC + VBCVAB 
CAABB = A 

CAA ; CBBCC = 
A 

E, BB ; CCCAA = 
A 

Ecc

and A = 1 — VABVBA — V BCVCB — VCAVRT — 2VABVBCVCA.

See [1] for more information about the elastic three-dimensional orthotropic model.

5.4.2 Implementation

Given the similarities in formulation, the 3D orthotropic and elastic models are integrated in a
similar fashion. Section 5.3.2 discussed many of these issues in detail for the isotropic elastic
formulation. As such, in this section, special attention is paid to the treatment of the complexity
associated with the orthotropic model — namely, the multiple coordinate systems.

To implement the elastic 3D orthotropic model, two coordinate systems need to be considered —
the local ABC material and global XYZ coordinate systems. The former is used in defining the
material response and the latter refers to the larger boundary value problem being analyzed. To
map between these configurations, a user-defined coordinate system is specified that can be rotated
twice about one of its current axes to give the final, desired directions. A corresponding rotation
tensor, Qii, may also be constructed in this way and used to transform various variables. Noting
that the elastic stiffness tensor is constant throughout loading enables the transformation

Cijkl = QaiQbjQckQdlCabcd (5.4.6)
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to be performed during initialization. The " " is used with the rotation tensor Qij to emphasize
that it does not map between the unrotated and rotated configurations (as defined in (5.1.1)) and is
instead associated with transforming between the ABC and XY Z frames.

In the material coordinate system, the thermal strain tensor may be written as,

= ar\ s. s „th „th g.
'ij c'bb ku 1 ulbu + °cc ku utcu jc, (5.4.7)

where satha (0) , Egb (0) , and ecth, (0) are the temperature (0) dependent thermal strain functions in the
A, B, and C principal material directions, respectively, and Sij is the Kronecker delta. Using the
same constant transformation, Qij, the XYZ-system thermal strain tensor is determined to be,

Ei, (0) = atieathb0 jb.

Following (5.1.7), the updated Cauchy stress may then be found to be,

(5.4.8)

01;1 = 4+1 Rninko-nmnKlirjt1 Cijkl (AtDkl — (etki; (On+1) — 41; (9"))) (5.4.9)

where the time dependency in the thermal strains is accounted for through changes in the temper-
ature field.

5.4.3 Verification

The elastic 3D orthotropic model is verified through both biaxial displacement and uniaxial strain
tests. The first is performed with the material and global coordinate systems aligned to investigate
anisotropy while the second is done with the material coordinate system misaligned with respect
to the global system. The latter also incorporates a thermal loading component to test the thermal
strain contributions. In this case, it is assumed that each of the thermal strain input functions
have linear slopes of aaa, abb, and a„ for the A, B, and C principal material axes, respectively.
A common zero strain reference temperature, To, is assumed for all three functions. The set of
material properties used for these tests are given in Table 5.1.

E AA = E 10,000.0 ksi GAB 100.0 ksi

EBB 200.0 ksi G BC 1,000.0 ksi

ECC 10.0 ksi GCA 5.0 ksi

VAB = v 0.25 aaa 50 li

V BC 0.2 a bb 500 li

VCA 0.003 acc 5 K
00 293 K

Table 5.1: The material properties for the elastic 3D orthotropic model used for the varying tem-
perature, uniaxial stress tests.
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5.4.3.1 Biaxial Displacement

First, to investigate anisotropic effects, the case of a biaxial applied displacement of the form,

ui = A1 ö + (5.4.10)

is considered for a material which has its axes aligned with the global Cartesian system — al =
a2 = 0 or the A, B, and C frame is the same as the 81, e2, and e3. To simplify the problem,
A2 = A1 and it can be shown that (noting 0-33 = 0 from a corresponding traction free condition),

Ell = ln (1 + /11) ,

822 In (1 + —
2
Ai

1 )

V AC + V BCV AB V BC + V BAV AC 
E33 = E11 E22.

1 — V ABV BA 1 — V ABV BA
(5.4.11)

With the strain state known, analytical stresses may be found via Hooke's law. The corresponding
results of both the numerical and analytical results are presented below in Figure 5.6. Numerical re-
sults are found through a single element test. Importantly, by comparing the results of Figures 5.6a
and 5.6b the expected and desired anisotropy may be clearly seen in the vast difference of stress
magnitudes (as indicated by the figure scaling). Additionally, the matching results serves to verify
the model under such conditions.
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(b) 0-22 and (733

Figure 5.6: Analytical and numerical results of axial a-ii and transverse , 0-22 and 0-33, as a function
of the stretch Ai •

5.4.3.2 Uniaxial Strain

Secondly, the capabilities of this model under arbitrary rotations are explored. To be able to an-
alytically consider this problem, a uniaxial strain (Eii = E116i16j1) loading is investigated. The
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material properties are rotated with the specified orientations per Equations (5.4.6) and (5.4.8) us-
ing the specified orientations in Table 5.2. A combined thermal-mechanical loading is considered.
Specifically, the material is first stretched to the specified strain and that strain is then held fixed
during a heating step (AT =400 K) to investigate the ability of the model to accurately incorpo-
rate anisotropic coefficients of thermal expansion. The results for both the analytical and numerical
(from a corresponding single element simulation) analyses are shown in Figure 5.7 with the normal
and shear stresses presented in Figures 5.7a and 5.7b respectively. Clear agreement may be seen
during both the thermal and mechanical loading stages including the anisotropic effects further
verifying model capabilities.

al 30 Direction 1 3

az 60 Direction 2 1

Table 5.2: The coordinate system rotations used with the elastic 3D orthotropic model for the
uniaxial strain test.
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Figure 5.7: Analytical and numerical results of the stress state through a thermomechanical uniax-
ial strain loading as a function of the axial strain en .
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5.4.4 User Guide

BEGIN PARAMETERS FOR MODEL ELASTIC_3D_ORTHOTROPIC

# Elastic constants

YOUNGS MODULUS = <real> E
POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G
BULK MODULUS = <real> K
LAMBDA = <real> A
TWO MU = <real> 2µ

# Material coordinates system definition

COORDINATE SYSTEM = <string> coordinate_system_name

DIRECTION FOR ROTATION = <real> 11213

ALPHA = <real> al (degrees)
SECOND DIRECTION FOR ROTATION = <real> 11213

SECOND ALPHA = <real> a2 (degrees)

# Required parameters

YOUNGS MODULUS AA

YOUNGS MODULUS BB

YOUNGS MODULUS CC

=

=

=

<real> EAA
<real> EBB
<real> Ecc

POISSONS RATIO AB = <real> VAB
POISSONS RATIO BC = <real> VBC
POISSONS RATIO CA = <real> VCA
SHEAR MODULUS AB = <real> GAB
SHEAR MODULUS BC = <real> GBC
SHEAR MODULUS CA = <real> GCA

# Thermal strain functions

THERMAL STRAIN AA FUNCTION = <string> stat(0)

THERMAL STRAIN BB FUNCTION = <string> 4(9)

THERMAL STRAIN CC FUNCTION = <string> Etch, (0)

END [PARAMETERS FOR MODEL ELASTIC_3D_ORTHOTROPIC]

There are no output variables available for the Elastic Three-Dimensional Orthotropic material
model.
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5.5 Neo-Hookean Model

5.5.1 Theory

The neo-Hookean model is a hyperelastic generalization of isotropic, small-strain linear elastic-
ity. The stress-strain response for the neo-Hookean model may be determined from a free energy
function - in this case the strain energy density, W. The form of the strain energy density ([1]) is

1 [1

2
W(C ij) = 

2 
—K (J2 — 1) — ln + —

2
11(Ckk- 3) (5.5.1)

where K and pi are the bulk and shear moduli, respectively. The deformation measure is given by
the components of the right Cauchy-Green tensor, where Cif = Fk,Fkj. The determinant of the

deformation gradient is given by J and is a measure of the volumetric part of the deformation. C,i
provides the isochoric part of the deformation and is given by

cij = PkiPkj, ; Pii = J 113Fii . (5.5.2)

The second Piola-Kirchoff stress, with components may be determined by taking a derivative
of the strain energy density and the Cauchy stress may be found by mapping from the second
Piola-Kirchoff stress. The components of the Cauchy stress are

1 ((Ti.1 = J-51311 Bkk6ij) (5.5.3)

where AI = FikFik, are the components of the left Cauchy-Green tensor and 6.ij is the Kronecker
delta.

Linearizing (5.5.3) we recover small strain linear elasticity

2
crij = (K — 

3
—µ)tik,k6ij + (ujj + uji)

(5.5.4)

= (K — —2 
3
µ) £kkõij 2pEij .

The neo-Hookean model is used for the recoverable (elastic) part for a number of inelastic, finite
deformation constitutive models.

5.5.2 Implementation

As a hyperelastic model, the current state of the material may be determined by the total deforma-
tion. To this end we use the polar decomposition of the deformation gradient,

59



Fii = VikRki , (5.5.5)

in which vii are the components of the left stretch tensor and R,, is the corresponding rotation.
Noting that,

Bii = VikVkj ; (5.5.6)

and J = det (10 , the Cauchy stress (via (5.5.3)) is found. The unrotated stress, Tii, which is
needed for internal force calculations in Sierra/SM, is found using the transformation

Tij = RkiCrIcIRIj •

5.5.3 Verification

(5.5.7)

It is possible to find closed form solutions for a number of loadings. Five problems are described
here: uniaxial stress, pure shear strain, pure shear stress, uniaxial strain and simple shear. One set
of material properties was used for all tests and they are given in Table 5.3. The elastic modulus
and Poisson's ratio are given in addition to the bulk and shear moduli.

K 0.5 MPa ii 0.375 MPa
E 0.9 MPa v 0.2

Table 5.3: The material properties for the neo-Hookean model used for both the uniaxial and
simple shear tests.

5.5.3.1 Uniaxial Stress

For uniaxial stress we will assume, without loss of generality, that o-i ~ O. The deformation, in
terms of the components of the left stretch tensor, for this stress state is

V11 = 11,1 ; V22 = V33 = A-2 ; (5.5.8)

with all other components being zero.

The Cauchy stress is given by (5.5.3), however for simplicity we will use the Kirchhoff stress
instead

Tii = (5.5.9)

where in what follows T11 = T. With the lateral stresses being zero we have two equations
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T = —
2 

2

 
- 1) + 3pj-2/3 (Ai -

0 = —
K 
(J2 - 1) -

1 
1.1.1-213 (A.2i -

2

First, we solve for J by looking at the trace of the stress tensor. This gives us

3K
T =  (J2 — 1)

2
; J=

2T
1 + —

3K 
.

(5.5.10)

(5.5.11)

Once we have J we can write Ai = /11 and solve for /11 by
Kirchhoff stress. For this we have

looking at the deviatoric part of the

T = µ J-2/3 (A? (5.5.12)
Ai

Rearranging we get a cubic equation for A1

/131 - (1.1213) /11 - J = 0 . (5.5.13)

A solution for this can be found with the following substitution

= x + — ; n = j2/3 (5.5.14)
3x 

9

r-

which gives a quadratic equation for x3

3

x6 — Jx3 + —P = 0 (5.5.15)
27

The one meaningful solution to this polynomial is

1/3
2

3
x [2j +

1

(5.5.16)
\/2)

with which we can substitute into (5.5.14) to get /11. With J and /11 we can solve for A.2. Note that
in this solution the axial Kirchhoff stress, T , is the independent variable.

This solution is compared to the solution from a single element problem in Sierra/SM in Fig-
ures 5.8a and 5.8b. It should be noted that the response of the neo-Hookean model is slightly
nonlinear. The linear elastic solution is given by the green line in each figure.
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Figure 5.8: Analytical and numerical results for the (a) uniaxial stress and (b) lateral strain. The
green line gives the linear elastic response.

5.5.3.2 Pure Shear Strain

For pure shear strain the deformation gradient, which is symmetric, is

1
(/1 + Al 0

= (/1 - /1-1 + AT' 0
1

(5.5.17)
2

0 0 2

which gives no volume change, J = 1. Since there is no volume chance, the Kirchhoff stress is
equal to the Cauchy stress: T = o-. Using (5.5.3), the non-zero stress components are

0_12 = P2 (A2 - A-2)

0-11 = 0-22 
3 2(A2 + A-2) d

0-33 = )(1 (2 - /12 + A-2) .

(5.5.18)

The results of a single element problem in Sierra/SM are compared with the analytical solution in
Figure 5.9. it is interesting to note that the normal stresses, o-ii, 0-22, and 0-33 are not equal to zero.
This is a much different result than what we get for the linear hypoelastic model.
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Figure 5.9: Analytical and numerical results for the neo-Hookean model subjected to a pure shear
strain. The solid lines are the analytical results and the boxes are results from Sierra/SM.

5.5.3.3 Pure Shear Stress

Since pure shear strain did not result in a pure shear stress state, we do not expect a pure shear
stress state to result in a pure shear strain state. For pure shear stress the only non-zero stress
component is
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0-12 T PB11 (5.5.19)
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Figure 5.10: Analytical and numerical results for the neo-Hookean model subjected to a pure
shear stress. The curve gives the logarithmic strain component, 833 = 21n B. The solid lines are
the analytical results and the boxes are results from Sierra/SM.
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and using (5.5.3) it can be shown that J = 1. The deformation, in terms of the left Cauchy-Green
deformation tensor, is

B B12 0
[Bii] = B12

0
B
0

0
B

(5.5.20)

The equation we need to solve for the deformation is det B = 1. This gives us the cubic equation

2

B3 - (I) B 1 = 0 . (5.5.21)

This is a cubic equation of the same form as that in the uniaxial stress problem. We make the
substitution

2

B = x + —
3x

; p = (—) . (5.5.22)

This gives us a quadratic equation in x3

,3
6
- X

3 
+ = 0 (5.5.23)

which has the solution

27
,

1/3

4p31 1
x =

2
+ 
2

1 (5.5.24)
27

Substituting this solution into (5.5.22) gives B.

The results of a single element problem in Sierra/SM are compared with the analytical solution in
Figure 5.10. Of interest here is the fact that the normal strains, 611, 622, and 833 are not equal to
zero. Again, this is a different result than what we get for the linear hypoelastic model.

5.5.3.4 Uniaxial Strain

First, utilizing a displacement condition corresponding to uniaxial strain results in a deformation
gradient of the form,

Fij = 4.61;61 j 6.2i6.2j+ (5.5.25)

By evaluating relation (5.5.3) with this deformation field produces stresses that may be written as
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0-11

0-22 = 0-33

(Å2 — A.-5 13 ,

= (A — — (A2 — 1) A-513

(5.5.26)

with the shear stress components equal to zero. Both the corresponding analytical and numerical
solutions are presented in Figure 5.11.
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Figure 5.11: Analytical and numerical results for the uniaxial stretch case.

5.5.3.5 Simple Shear

For the simple shear case, a deformation gradient of the form,

Fii = dii + )451i6.2j, (5.5.27)

is assumed. Noting this is a volume preserving deformation (J = 1) and again evaluating (5.5.3)
produces stresses that may be written as,

2 2
Cr11 —

3
/11/

0-22 = 0-33
1

3
PY2

0-12 = py

(5.5.28)

(5.5.29)
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Figure 5.12: Analytical and numerical results for the simple shear case.

Both the corresponding analytical and numerical solutions are presented in Figure. 5.12.
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5.5.4 User Guide

BEGIN PARAMETERS FOR MODEL NEO_HOOKEAN

#

# Elastic constants

#

YOUNGS MODULUS = <real> E
POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G
BULK MODULUS = <real> K
LAMBDA = <real> A
TWO MU = <real> 211

END [PARAMETERS FOR MODEL NEO_HOOKEAN]

There are no output variables available for the neo-Hookean model.
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5.6 Gent Model

5.6.1 Theory

The Gent model is a hyperelastic model of rubber elasticity developed from phenomenological
continuum mechanics approaches. Specifically, the model is based on the concept of limiting
chain extensibility and is an accurate approximation to the Arruda-Boyce model. To determine the
stress-strain response of the Gent model, a strain energy density of the form ([1]),

Woo 

2 

1 K [ 1

2 
(J2 1) - ln J + ln (1 

Bkk 3)
2 In

(5.6.1)

is proposed with K and µ the bulk and shear moduli, J the determinant of the deformation gra-
dient and .172 an input parameter for limiting the value of f3kk - 3. J„, is the parameter effectively
accounting for limiting chain extensibility. The deformation measure is given by Bij, the compo-
nents of the Left Cauchy Green tensor, where Bij = FikF Bkk provides the isochoric part of the
deformation and is given by

= FikF jk ; Fij = 13 Fij. (5.6.2)

In the limit where Jrn —> oo the Gent model reduces to the classical neo-Hookean model
(see (5.5.1)). This can be seen by defining x to be *, taking a Taylor series expansion of

ln (1 - (Ekk - 3)x) about x = 0 and taking the limit as x —> O.

The second Piola-Kirchoff stress, with components S ij, may be determined by taking a derivative
of the strain energy density. A mapping of the second Piola-Kirchoff may be used to determined
the Cauchy stress. These relations produce components of the Cauchy stress, crij, that are

1 ( 1 ) J-5/3/14. (Bi; - Bkke5ij) 
cif = -K J - - bij +

- Bkk ± 3 '2 

where 6,i is the Kronecker delta.

(5.6.3)

The Gent model is a useful model for rubber elasticity as it is simple and provides similar pre-
dictions to comparatively complicated molecular models. It is also a practical model to use since
analytic solutions to benchmark problems exist for this model.

5.6.2 Implementation

As a hyperelastic model, the current state of the material may be determined by the total deforma-
tion. To this end we use the polar decomposition of the deformation gradient,

Fii = (5.6.4)
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in which vii are the components of the left stretch tensor and Rif is the corresponding rotation.
Noting that,

Bij = VikVk j, (5.6.5)

and J = det (17ii), the Cauchy stress (via (5.6.3)) is found. The unrotated stress, T,j, which is
needed for internal force calculations in Sierra/SM, is found using the transformation

Tij = RkiC klRl j.

5.6.3 Verification

(5.6.6)

It is possible to find closed form solutions for a number of loadings. Three problems are described
here: uniaxial strain, simple shear, and hydrostatic compression. One set of material properties
was used for all tests and they are given in Table 5.4. The elastic modulus and Poisson's ratio are
given in addition to the bulk modulus, shear modulus, and limiting chain extensibility parameter,
Jtn.

K 0.325 MPa µ 0.15 MPa Jm 13.125
E 0.39 MPa v 0.33

Table 5.4: The material properties for the Gent model used for uniaxial strain, simple shear, and
hydrostatic compression tests.

5.6.3.1 Uniaxial Strain

First, utilizing a displacement condition corresponding to uniaxial strain results in a deformation
gradient of the form,

Fij = Ai:50u + 82iö2i + 83i83j• (5.6.7)

By evaluating relation (5.6.3) with this deformation field, we produce stresses that may be written
as,

0-11 = 1\ 2 4'4'12 —1)(A 
A 1 3 /1.3—(J,n +3)/1513+2/1

(5.6.8)

Cr22 = 0-33 = 444'12-1)I)(A — + 3
A 3 A- —(4,+3)A5 13 +2A'

with the shear stress components equal to zero. Both the corresponding analytical and numerical
solutions are presented in Figure 5.13.

70



1.2 1.4 1.6

Uniaxial Stretch,

1.8 2 0

— Analytical
o Adagio

—
— a22
— 0.33

Figure 5.13: Analytical and numerical results for the uniaxial stretch case.

5.6.3.2 Simple Shear

For the simple shear case, a deformation gradient of the form,

Fii = dij ydlid2j, (5.6.9)

is assumed. Noting this is a volume preserving deformation (J = 1) and again evaluating (5.6.3)
produces stresses that may be written as,

0-11 3 jrn _ y2

1 ./mkty2

2 Jm/tY2

0-22 = 0-33 = 3 Jul _ y2

0-12 jrn y2

Both the corresponding analytical and numerical solutions are presented in Figure. 5.14.

5.6.3.3 Hydrostatic Compression

(5.6.10)

The volumetric deformation capabilities of the model are also investigated through displacement
controlled hydrostatic compression. Specifically, hydrostatic compression results in a deformation
gradient of the form,

Fi1 = Aôij, (5.6.11)
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Figure 5.14: Analytical and numerical results for the simple shear case.

where 0 < < 1. As there is no deviatoric deformation, evaluation of (5.6.3) produces stresses that
may be written as,

0-11 = 0-22 = 0-33 = (iK A
3
— 73) , (5.6.12)

with the shear stress components equal to zero. Both the corresponding analytical and numerical
solutions are presented in Figure 5.15.
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Figure 5.15: Stress determined analytically and numerically for the Gent model during displace-
ment controlled hydrostatic compression.
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5.6.4 User Guide

BEGIN PARAMETERS FOR MODEL GENT

#

# Elastic constants

#

YOUNGS MODULUS = <real> E
POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G
BULK MODULUS = <real> K
LAMBDA = <real> A
TWO MU = <real> 2µ
#
Jm Parameter <real> Jm

END [PARAMETERS FOR MODEL GENT]

There are no output variables available for the Gent model.
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5.7 Elastic-Plastic Model

5.7.1 Theory

The elastic-plastic model is a hypoelastic, rate-independent linear hardening plasticity model. The
rate form of the constitutive equation assumes an additive split of the rate of deformation into an
elastic and plastic part

Dii = (5.7.1)

The stress rate only depends on the elastic strain rate in the problem

o
ijkl Dekl (5.7.2)

where Ctik1 are the components of the fourth-order, isotropic elasticity tensor.

The key to the model is finding the plastic rate of deformation. For associated flow the plastic rate
of deformation is in a direction normal to the yield surface. The yield surface is given by

f ajj, = (o-ii,aij) — Cr (e) = 0 (5.7.3)

where 0 is the effective stress, aii are the components of the back stress (used with kinematic
hardening), and Cr is the hardening function which is a function of an internal state variable, the
equivalent plastic strain sp. An example of such a yield surface (plotted in the deviatoric 7T-plane)
is presented below in Figure 5.16. The isotropy of the yield surface is clearly evident.

For the elastic plastic model a linear hardening law is assumed

Cr = cry + H'e (5.7.4)

where Cry is the yield stress and H' is the hardening modulus.

If the stress state is such that f < 0, the the behavior of the material is elastic; if the stress state is
such that f = 0 and f < 0, i.e. the strain rate brings the stress inside the yield surface, then the
behavior of the material is elastic; if the stress state is such that f = 0 and f > 0, i.e. the strain rate
brings the stress outside the yield surface, then plastic deformation occurs.

We assume associated flow in this model, which gives the plastic rate of deformation

(90
= (5.7.5)

where j, is the consistency parameter. For the elastic-plastic model the yield surface is assumed to
be a von Mises yield surface with a back stress tensor to denote the center of the yield surface. The
effective stress for a von Mises yield surface is
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fvonMises

Figure 5.16: Example von Mises yield surface (J2) used by the elastic-plastic model presented in
the deviatoric 7r-plane. In this case the surface is plotted for au = 0 and P3 = O.

3
26j6j ; 6j = Sij — alJ

where sj, are the cornponents of the deviatoric stress tensor

1
sii = — 3 duckk

and au are the components of the back stress tensor, another internal state variable.

The equivalent plastic strain is found through equating the rate of plastic work

1.4413 = (Tug./ = CrkP = y

P = f dty

(5.7.6)

(5.7.7)

(5.7.8)

Finally, the model allows for kinematic hardening through the back stress. The back stress is a
symmetric, deviatoric rank two tensor that evolves in the following manner
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2
= 3 (1 — /3) H'DP (5.7.9)

The radius of the yield surface can be defined, R = ,Veigij. The evolution of the radius of the
yield surface is given by

2 .
-
3
fill' e (5.7.10)

In (5.7.9) and (5.7.10) the parameter /3 E [0, 1] distributes the hardening between isotropic and
kinematic hardening. If = 1 the hardening is isotropic, if )3 = 0 the hardening is kinematic, and
if /3 is between 0 and 1 the hardening is a combination of isotropic and kinematic.

5.7.2 Implementation

The elastic-plastic linear hardening model is implemented using a predictor-corrector algorithm.
First, an elastic trial stress state is calculated. This is done by assuming that the rate of deformation
is completely elastic

T,f; = 77i + At (Anijdkk + 2µclii) (5.7.11)

The trial stress state can be decomposed into a pressure and a deviatoric stress

Ttr ij
P kk 9 aij A

(5.7.12)

The difference between the deviatoric trial stress state and the back stress is compared to the current
radius of the yield surface

= stir./ ; et2r = (5.7.13)

If er < R2 then the strain rate is elastic and the stress update is finished. If et2, > R2 then plastic
deformation has occurred. The algorithm then needs to determine the extent of plastic deformation.

The normal to the yield surface, Nii is assumed to lie in the direction of the trial stress state. This
gives us the following expression for N,i

N — (5.7.14)

In what follows the change in the yield surface is assumed to be a linear combination of isotropic
and kinematic hardening, i.e. the yield surface grows and or moves. Using a backward Euler
algorithm the final deviatoric stress state is
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where the plastic strain increment is

The updated back stress is

4;1 = s'irj — At 2µdri (5.7.15)

At = —
2
Agwif

a771 = atizi + 3 (1 - p) (rr Ae) Ni;

and the updated radius of the yield surface is

R n + 1 = Rn +fl 23 (H,A8p)

(5.7.16)

(5.7.17)

(5.7.18)

Combining these expressions we get an equation for the change in the equivalent plastic strain over
the load step

(3µ + H') DEp = 2 
olen -Rn) ; = siri - di;

With AV' we can update the stress and the internal state variables.

5.7.3 Verification

(5.7.19)

The elastic-plastic material model is verified for a number of loading conditions. The elastic prop-
erties used in these analyses are E = 70 GPa and v = 0.25. The hardening parameters are o-y = 200
MPa, H' = 500 MPa, andfl = 1. By setting p = 1 the hardening is isotropic.

5.7.3.1 Uniaxial Stress

The elastic-plastic model is tested in uniaxial tension. The test looks at the stress, strain, and
equivalent plastic strain and compares these values against analytical results for the same problem.
The model is tested in uniaxial stress in the x (x1), directions.

For the uniaxial stress problem, the only non-zero stress component is o-ii. In the analysis that
follows o-ii = o-. There are three non-zero strain components, sib 822, and 633. In the analysis that
follows sii = s. Furthermore, the axial elastic stress, sen = o-IE will be denoted by Ee
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Axial Stresses

The uniaxial stress calculated by the model in Adagio is compared to an analytical solution. For
uniaxial loading in the x1 direction, the effective stress is

(5.7.20)

If the stress state is on the yield surface, then 0 = 5- (e), so the axial stress, as a function of the
hardening function, is

o- = 6- (e) = H' (5.7.21)

The stress state can be calculated from the hardening law and the anisotropy parameters.

To evaluate the axial stress we need the equivalent plastic strain as a function of the axial strain. If
we equate the rate of plastic work we get

cre = 0- (t te) kP = E — e

which, when integrated, gives us an equation for the equivalent plastic strain

Ee — o-
e-P =  

E + H'

The equivalent plastic strain can then be used in (5.15.25) to find the axial stress, o-

0- + Ire
0- =  

1 + HVE

(5.7.22)

(5.7.23)

(5.7.24)

The axial stresses is shown in Figure 5.17.

Lateral Strains

For the lateral strains we need the plastic strains and therefore the normal to the yield surface. The
components of the normal to the yield surface are

(90 ap 30 1
= 1 ; =   =

00-11 .90-22 (90-33 2

The elastic axial and lateral strain components are

CT CTe e
°11 9 822 — e33 = —V—

E 
= —VEe

(5.7.25)

(5.7.26)
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The plastic axial strain component is

cr e
6P11 = 611 — —E = — (5.7.27)

which comes from the additive decomposition of the strain rates. Using the equivalent plastic
strain (5.15.27) we can find the lateral plastic strain components

42 = = 2 (6 Ee)

The lateral total stain components prior to yield are 822 = 833 = —lie. After yield they are

where Ee = o-IE.

Results are shown in Figure 5.18.

e 1 „

622 = 833 = —
2

(5.7.28)

(5.7.29)
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5.7.3.2 Pure Shear

The shear stress calculated by the elastic-plastic model in Adagio is compared to analytical solu-
tions. Considering pure shear with respect to the x1-x2 axes, the only non-zero shear stress is (712,
and the only non-zero shear strain will be 812 For pure shear with respect to the x1-x2 axes, the
effective stress is

0 = 0-12 (5.7.30)

If the stress state is on the yield surface, then = Cr (e), so the shear stress is

0-12 =
(e)

(5.7.31)

Using this, the pure shear stress state can be calculated from the hardening law and the anisotropy
parameters.

To evaluate the shear stress we need the equivalent plastic strain as a function of the shear strain.
If we equate the rate of plastic work we get

Crkv = 20-12 (k12 — 42)
2

— 12 E

e

12)

which, when integrated, gives us an implicit equation for the equivalent plastic strain

_ 2 5- (0 
=  

)
12 G

The equivalent plastic strain can now be used to find the shear stress.

Boundary Conditions for Pure Shear

The deformation gradient that gives pure shear for loading relative to the x1-x2 axes is

[F] =

(A + A-1) z (A — A-1) 0 

(A — A-1) a (A + A-1) 0

0 0 1

0 E 0

—> [e] = e 0 0

0 0 0

(5.7.32)

(5.7.33)

; s = ln /1.. (5.7.34)

For loading relative to the x2-x3 axes and the x3-x1 axes the boundary conditions are modified
appropriately.
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Results

The results for the elastic-plastic model loaded in pure shear are shown in Figure 5.18. We see
that the stress strain curves in pure shear as calculated by Adagio follow the expected stress strain
curves. All other stress and strain components for the three problems are zero.

83



160

140

120

19 80

•N 60

40

20

612)E12)
012 Adagio o

623 Adagio

031 Adagio o

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

shear strain

Figure 5.19: Shear stress versus shear strain using the elastic-plastic model. Results are for shear
in the x1-x2 plane, x2-x3 plane, and x3-x1 plane.
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5.7.4 User Guide

BEGIN PARAMETERS FOR MODEL ELASTIC_PLASTIC

# Elastic constants

YOUNGS MODULUS = <real> E
POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G
BULK MODULUS = <real> K
LAMBDA = <real> A
TWO MU = <real> 2 µ

# Hardening Behavior

YIELD STRESS = <real> cry

BETA = <real> (1.0)

HARDENING MODULUS = <real> If
END [PARAMETERS FOR MODEL ELASTIC_PLASTIC]

Output variables available for this model are listed in Table 5.5 and Table 5.6. For information
about the elastic-plastic model, consult [1].

Table 5.5: State Variables for ELASTIC PLASTIC Model

Name Description
EQPS equivalent plastic strain, V'
RADIUS radius of the yield surface, R
BACK_STRESS back stress (symmetric tensor), ai j
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Table 5.6: State Variables for ELASTIC PLASTIC Model for Shells

Name Description
EQP S equivalent plastic strain, e
TENS ILE_EQP S equivalent plastic strain only accumulated when the material

is in tension (trace of stress tensor is positive)
RADIUS radius of the yield surface, R
BACK_S TRE SS back stress (symmetric tensor), crij
ITERATIONS radial return iterations
ERROR error in plane stress iterations
P S_I TER plane stress iterations
T S TRAIN integrated thickness strain
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5.8 Elastic-Plastic Power Law Hardening Model

5.8.1 Theory

The elastic-plastic power law hardening model is a hypoelastic, rate-independent plasticity model
with power law hardening [1]. The rate form of the constitutive equation assumes an additive split
of the rate of deformation into an elastic and plastic part

Di j= D + T)o i (5.8.1)

The stress rate only depends on the elastic strain rate in the problem

Crij— ijklpekl (5.8.2)

where Ciin are the components of the fourth-order, isotropic elasticity tensor.

The key to integrating the model is finding the plastic rate of deformation. For associated flow the
plastic rate of deformation is in a direction normal to the yield surface. The yield surface is given
by

f (cru, e) = (0-„,) — (e) = 0 (5.8.3)

where q5 is the equivalent stress and is the hardening function which is a function of the equivalent
plastic strain V3 . For this model the hardening function uses a power law

5-(sp) = (Ty + A W) — SLY (5.8.4)

which is shown in Figure 5.20. The yield stress is o-y, the hardening constant is A, the hardening
exponent is n, and the Luders strain is 8L. The bracket < • > is the Macaulay bracket defined as

0 if x < 0
= —

x, if x > O.

By assurning associated plastic flow, the plastic rate of deforrnation can be written as

Di; yP •  ao 

For this model the yield surface is chosen to be a von Mises yield surface, so

=

(5.8.5)

(5.8.6)

(5.8.7)
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Figure 5.20: Typical stress-strain response for the power-law hardening model.

where sii are the components of the deviatoric stress

1
sii = Cr ij — 3 6ijukk (5.8.8)

Unlike the elastic-plastic model 5.7, the power-law hardening model does not allow for kinematic
hardening, so there is no back stress.

5.8.2 Implementation

The elastic-plastic power-law hardening model is implemented using a predictor-corrector algo-
rithm. First, an elastic trial stress state is calculated. This is done by assuming that the rate of
deformation is completely elastic

71; = T + At (Aöjjdkk + 2/1dii)

The trial stress state is decomposed into a pressure and a deviatoric stress

p
tr = —

1Tlicrk • St!' = rT —
3 ij

The effective trial stress is calculated and and used in the yield function (5.8.3).

f (Sir j, Vi) = cb — 5- (Ep)
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If f < 0 then the strain rate is elastic and the stress update is finished. If f > 0 then plastic defor-
mation has occurred and a radial return algorithm determines the extent of plastic deformation.

The normal to the yield surface is assumed to lie in the direction of the trial stress state. This gives
us the following expression for Nii

stir./
N — rr

Using a backward Euler algorithm, the final deviatoric stress state is

where the plastic strain increment is

(5.8.12)

471 = s ri — 4 t2pc/Ii'i (5.8.13)

Mr./ = 
2 
—
3AeNi• (5.8.14)

The equation for the change in the equivalent plastic strain over the load step is found as the
solution to

3µAZP + 5- („ + AP) — r fn = 0 (5.8.15)

5.8.3 Verification

The elastic-plastic power-law hardening model is verified for uniaxial stress and pure shear. The
elastic properties used in these analyses are E = 70 GPa and v = 0.25. The hardening law used for
the model is

= Cry + A W' — (5.8.16)

For these calculations Cry = 200 MPa, A = 400 MPa, n = 0.25, and 8L, = 0.008.

5.8.3.1 Uniaxial Stress

The elastic-plastic power-law hardening model is tested in uniaxial tension. The test looks at the
axial stress and the lateral strain and compares these values against analytical results for the same
problem. In this verification problem only the normal strains/stresses are needed, and the shear
terms are not exercised.

For the uniaxial stress problem, the only non-zero stress component is .9-11 . In the analysis that
follows o-i = o-. There are three non-zero strain components, 611, 622, and 633. In the analysis that
follows si = E and 822 = 833. Furthermore, the axial elastic strain, 87i = o-/E will be denoted by
5e
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The equivalent plastic strain, V', for this model is equivalent to 41, and is

5- (0)
-P -£ - e

E
(5.8.17)

This allows us, after yield, to parameterize the problem with the equivalent plastic strain.

For the lateral strains we need the lateral plastic strain. Plastic incompressibility (EPk = 0) gives usk 

P 
1

E 2 = P2. (5.8.18)

Combined with the lateral elastic strains we have the lateral strain as a function of the equivalent
plastic strain

5- (e) 1

E 2
622 = -V  SP (5.8.19)

The results are shown in Figures 5.21 and 5.22 and show agreement between the model in Adagio
and the analytical results.
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Figure 5.21: The axial stress as a function of axial strain for the elastic-plastic power-law hardening
model.
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Figure 5.22: The lateral strain as a function of axial strain for the elastic-plastic power-law hard-
ening model.
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5.8.3.2 Pure Shear

The elastic-plastic power-law hardening model is tested in pure shear. The test looks at the shear
stress as a function of the shear strain and compares these values against analytical results for the
same problem. For the pure shear problem, the only non-zero strain component is 812 and the only
non-zero stress component is 0-12-

After yield, the shear stress as a function of the hardening curve is o-12 = (e)/ -\/. The elastic
shear strain is s12 = 0-12/2G; the plastic shear strain is 42 = A5g3/2. Using this, the shear stress
and strain are given as functions of the equivalent plastic strain

5- (P) -\/_ 1 Cr (e)
0-12 =   ; 812 = 

2 
EP + (5.8.20)

This allows us, after yield, to parameterize the problem with e.

The results are shown in Figure 5.23 and show agreement between the model in Adagio and the
analytical results.
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Figure 5.23: The shear stress as a function of shear strain for the elastic-plastic power-law harden-
ing model.
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5.8.4 User Guide

BEGIN PARAMETERS FOR MODEL EP_POWER_HARD

#

# Elastic constants

#

YOUNGS MODULUS = <real> E
POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G
BULK MODULUS = <real> K
LAMBDA = <real> A
TWO MU = <real> 2µ
#
# Hardening behavior

#

YIELD STRESS = <real> crY
HARDENING CONSTANT = <real> A
HARDENING EXPONENT = <real> n
LUDERS STRAIN = <real> EL

END [PARAMETERS FOR MODEL EP_POWER_HARD]

Output variables available for this model are listed in Table 5.7 and Table 5.8. For information
about the elastic-plastic power-law hardening model, consult [2].

Table 5.7: State Variables for EP POWER HARD Model

Name Description
EQP S equivalent plastic strain, Vi
TENSILE_EQPS equivalent plastic strain only accumulated when the material

is in tension (trace of stress tensor is positive)
RADIUS radius of yield surface, R
ITERATIONS number of radial return iterations
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Table 5.8: State Variables for EP POWER HARD Model for Shells

Name Description
EQP S equivalent plastic strain, e
TENS I LE_EQP S equivalent plastic strain only accumulated when the material

is in tension (trace of stress tensor is positive)
RADIUS radius of yield surface, R
ITERATIONS number of radial return iterations
ERROR error in plane stress iterations
P S_I TER plane stress iterations
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5.9 Ductile Fracture Model

5.9.1 Theory

The ductile fracture model is identical to the elastic-plastic power-law hardening model with the
addition of a failure criterion and an isotropic decay of the stress to zero during the failure process
within the constitutive model. To accomplish this task, the tearing parameter, tp, proposed by
Wellman [1] is introduced and the functional form as given as

tp = o-„,ax 

)4

CiVi

/0 ( 3 (0- 

2

max 0-m)
(5.9.1)

where crmax is the maximum principal stress, and crm is the mean stress. It can also be noted that the
tearing parameter evolves during the plastic deformation regime as indicated by integrating over
the effective plastic strain, V3 . The angle brackets denoting the Macaulay brackets, where

0 if x < 0
(x) = ,

x if x > 0
(5.9.2)

are used to ensure that the failure process occurs only with tensile stress states and prevent "damage
healing". The failure process then initiates at a critical tearing parameter, tpcm, and the correspond-
ing stress decay occurs over a strain interval corresponding to the critical crack opening strain,

eccos. Importantly, the Eccos serves a dual role in that it may also be used to control the energy dissi-
pated during failure. With respect to the latter point, careful selection of the critical crack opening
strain may be used to ensure consistent energy is dissipated through different meshes. This decay
process is isotropic and linear with the current damage value being equivalent to the ratio of crack
opening strain in the direction of the maximum principal stress to the critical value.

5.9.2 Implementation

The ductile fracture model seeks to capture both the nonlinear elastic-plastic and fracture responses
of a ductile metal. Independently, each of these requirements necessitates the use of a nonlinear
solution algorithm and the combination of the two is even more complex. This consideration is
compounded by the relaxation and softening observed during the failure process that introduces
additional complications for the global finite element solver. For this discussion, however, the
focus is solely on the underlying numerical treatment of the failure process at the constitutive level.
The solution of the elastic-plastic constitutive problem was discussed in detail in Section 5.8.2
while details of the implications at the global finite element problem are found in the Sierra/SM
User's Guide [2]. With respect to the latter, it is important to note that in quasistatic cases the
ductile fracture model is tightly integrated with the multilevel CONTROL FAILURE capabilities
although details of this coupling are left to [1, 2].

Prior to fracture initiation — while t'71 < tcprit — the ductile fracture model is exactly that of the
elastic-plastic power law. Through this process the tearing parameter is continually calculated at
the plastically converged state. When fracture initiation is first detected — rp+ > tcprit — the direction
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of the maximum principal stress, denoted by the normalized vector nr, is determined and stored.
Regardless of loading path, this vector does not change during the unloading process. Additionally,
for this first initial failure step, the unrotated stress tensor, Tii must be set equal to its maximum
value, TT' before any unloading may be performed. This maximum value is simply given by,

t perit tn
T jit = + (Tr — 7j) 'Ptn

tP P

(5.9.3)

with 71; being the elastic trial stress. As alluded to in the prior section, a linear decay based on the
crack opening strain in the direction of maximum stress, Eco„ is utilized. To determine this decay
value, the crack opening strain increment is first found via

clEnco+,1 =< PrCcIVncir >, (5.9.4)

where crt1 is the total unrotated rate of deformation and 13 is a partitioning factor between plasticti

and crack opening strains and takes the value of 1 for all loading steps except the initiation step.
The "< • >" are the Macaulay brackets. During the first fracture step,

tn+1 tcrit
R = P P 

tn+1 tn •
P P

The current crack opening strain is then simply,

and the decay value, an+l, is then found as,

(5.9.5)

= 40s + ds'c'c+2 A t (5.9.6)

an+1 = max , Eccos[ 0 
n+1

— Ecos  1

Eccos 

. (5.9.7)

To perform the actual stress decay, the hardening and yield values are proportionally decayed via,

o_n+1 (e) = ce+16_f on+1 a= n+1 n (5.9.8)

with e = (79 being the critical yield stress associated with the yield surface, q), and flu is
the backstress tensor used with kinematic hardening. The decayed stress is then found by radially
returning to the reduced yield stress, d-n-Fl (0 As a .12 deviatoric yield stress is used for the plastic
response, the hydrostatic component of the stress tensor is similarly decayed.
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5.9.3 Verification

The ductile fracture model is tested in uniaxial stress and pure shear. For these test problems, the
Young's modulus and Poisson's ratio are E = 70 GPa and v = 0.25. The yield stress is taken to
be o-y = 200 MPa while the hardening constant and exponent are A = 400 MPa and n = 0.25,
respectively, and the Lfiders strain is 0.008. To describe failure, the critical tearing parameter is
,critr = 0.025 and the critical crack opening strain is sec°, = 0.001.

5.9.3.1 Uniaxial Stress

For loading in uniaxial stress the only non-zero stress component is cr1 1. All other stress compo-
nents are zero. If the stress state is on the yield surface then this stress is

ci1 = (5-(0, (5.9.9)

with Cr being the yield stress including any hardening effects associated with the evolution of the
effective plastic strain, Pi . To evaluate the axial stress we need the equivalent plastic strain as a
function of the axial strain, ell. If we equate the rate of plastic work we get

CrkP = (kri - 41) ---> kP = kit - 41 = 11

which, when integrated, gives us an implicit equation for the equivalent plastic strain

(5.9.10)

(5.9.11)

Alternatively, we write the axial strain as a function of the equivalent plastic strain, which allows
us to parameterize the problem with -EP

n 6-(e)

E
ell = +  (5.9.12)

In uniaxial stress the pressure is o-1 / 3 and the maximum principal stress is Crmax = 0-11. Using this
in (5.9.1) we get

tp = (5.9.13)

i.e. the tearing parameter is equal to the equivalent plastic strain. This result is shown in Fig-
ure 5.24a. The final value for the tearing parameter is a function of the number of steps, or the step
size. The smaller the step size the closer the final value is to teprit.

The axial stress as a function of axial strain is shown in Figure 5.24b. The axial stress depends
on the elastic-plastic response until the critical tearing parameter is reached. As with the tearing
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parameter results, this point is time step dependent. Once the critical tearing parameter is reached
the stress decay occurs over the critical crack opening strain.
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Figure 5.24: The (a) tearing parameter, tp, and (b) axial stress-strain response for the ductile frac-
ture model in uniaxial stress. The post failure reduction in stress depends on the time discretization
or step size.

5.9.3.2 Pure Shear

For loading in pure shear the only non-zero stress component is cr12. All other stress components
are zero. If the stress state is on the yield surface then the shear stress is

6-(e)

0-12 = (5.9.14)

To evaluate the shear stress we need the equivalent plastic strain as a function of the shear strain.
If we equate the rate of plastic work we get

15-k13 = 20-12 (12 — 42)

2 ;,e/
kP = — 12 c'12)

which, when integrated, gives us an implicit equation for the equivalent plastic strain

2  ( 45-(kP)=

e 12 .0G ) •

(5.9.15)

(5.9.16)

Alternatively, we write the shear strain, 612 as a function of the equivalent plastic strain, which
allows us to parameterize the problem with V'
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5-(0
612  

-p  +2 -OG •
(5.9.17)

In pure shear the pressure is zero, and the maximum principal stress is crmax = 0-12. Using this
in (5.9.1) we get

2) 4
t = (-3 . (5.9.18)

This result is shown in Figure 5.25, where the tearing parameter is a function of the shear strain.
The final value for the tearing parameter is a function of the number of steps, or the step size. The
smaller the step size the closer the final value is to tcprit.

The shear stress as a function of shear strain is shown in Figure 5.26. The shear stress depends
on the elastic-plastic response until the critical tearing parameter is reached. As with the tearing
parameter results, this point is time step dependent. Once the critical tearing parameter is reached
the stress decay occurs over the critical crack opening strain.
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Figure 5.25: The tearing parameter, tp, in pure shear. The maximum tearing parameter depends on
the time discretization or step size.
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Figure 5.26: Shear stress vs. shear strain for the ductile fracture model in pure shear. The post
failure reduction in stress depends on the time discretization or step size.
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5.9.4 User Guide

BEGIN PARAMETERS FOR MODEL DUCTILE_FRACTURE

# Elastic constants

YOUNGS MODULUS = <real> E
POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G
BULK MODULUS = <real> K
LAMBDA = <real> A
TWO MU = <real> 21.1

# Yield surface parameters

YIELD STRESS = <real> cr

HARDENING CONSTANT = <real> A
HARDENING EXPONENT = <real> n

LUDERS STRAIN = <real> EL

# Failure parameters

CRITICAL TEARING PARAMETER = <real> rrit
CRITICAL CRACK OPENING STRAIN = <real> 8„„

END [PARAMETERS FOR MODEL DUCTILE_FRACTURE]

Output variables available for this model are listed in Table 5.9. For information about the ductile
fracture material model, consult [1].
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Table 5.9: State Variables for DUCTILE FRACTURE Model

Name Description
EQPs equivalent plastic strain, Vi
RADIUS radius of yield surface, R
BACK_STRESS back stress - tensor aij
TEARING_PARAMETER Current value of the integrated tearing parameter
CRACK_OPENING_STRAIN Current value of the crack opening strain. Will be zero prior

to reaching the maximum tearing parameter.
FAILURE_DIRECTION Crack opening direction (maximum principal stress direction

at failure) - vector
DF_STRAIN_XX XX component of current strain
DF_STRAIN_YY YY component of current strain
DF_STRAIN_ZZ ZZ component of current strain
DF_STRAIN_XY XY component of current strain
DF STRAIN YZ YZ component of current strain
DF STRAIN ZX ZX component of current strain
MAX_RADIUs Yield surface radius at failure
MAX_PRES s Stress pressure norm at failure
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5.10 Multilinear Elastic-Plastic Model

5.10.1 Theory

The multilinear elastic-plastic model is a generalization of the standard rate independent plasticity
models already presented - the linear and power law hardening models. However, rather than hav-
ing a specific functional form, the multilinear hardening model allows the user to input a piecewise
linear function for the hardening curve. The rate form of the constitutive equation assumes an
additive split of the rate of deformation into an elastic and plastic part such that

Dij = + (5.10.1)

The stress rate only depends on the elastic strain rate so that,

Crij= ijkl ke 19 (5.10.2)

where Ciikl are the components of the fourth-order, isotropic elasticity tensor.

The key to the model is finding the plastic rate of deformation. For associated flow, the plastic rate
of deformation is in the direction normal to the yield surface. With a yield surface given by

0 (a-if) — 5- (e) = 0 (5.10.3)

then the plastic rate of deformation can be written as

rp • ao_ .

For this model the yield surface is taken to be a von Mises yield surface, such that

where sii are the components of the deviatoric stress

1
sii = Crij — 3 dijCrick•

For simplicity it is easier to write (5.10.4) in terms of the normal to the yield surface

00
DP = ; = /

00-ij

00

(5.10.4)

(5.10.5)

(5.10.6)

(5.10.7)
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Figure 5.27: An example of a multilinear elastic-plastic stress-strain curve.

The model also incorporates temperature dependence in that the elastic properties and the yield
stress can be functions of temperature. This is not as general as having the yield curves depend on
temperature. For that behavior the thermoelastic-plastic model can be used.

An example stress vs. plastic strain hardening curve is shown in Figure 5.27. This curve was
generated for a loading case of uniaxial strain. In this case, the effective stress is the same as the
uniaxial. Therefore, for use with the multilinear elastic-plastic model this curve would simply have
to be discretized and used as input.

5.10.2 Implementation

The multilinear elastic-plastic model is implemented using a predictor-corrector algorithm. First,
an elastic trial stress state is calculated. This is done in the unrotated configuration (see Section 5.1)
by assuming that the rate of deformation is completely elastic

Tif?" = 77; + At (/16ijc/kk + 2µd1j) . (5.10.8)

The trial stress state is decomposed into a pressure and a deviatoric stress

II 
= Ttr . 

J,t.ii
r

3 kk 

The effective trial stress is calculated and used with the yield function (5.8.3),

(5.10.9)

f (stip = (sr.)) — (e). (5.10.10)

108



If f < 0 then the response is elastic and the stress update is finished. If f > 0 then plastic
deformation has occurred and a radial return algorithm is used to determine the extent of this
behavior.

The model assumes associated flow such that the normal to the yield surface lies in the direction
of the trial stress state. This leads to the following expression for the normal, Nip

1V — .

I 
tr 

I 1,7

(5.10.11)

Using a backward Euler algorithm, the final deviatoric stress state may be written as

471 = stir — A t2/4 (5.10.12)

where the plastic strain increment, Ac/fj, is

Ac/Fi = 
2 
—
3
MPNi (5.10.13)

Thus, to determine the response of the material the increment of the effective plastic strain, AU,
needs to be determined. This may be done by solving the linearized consistency equation over the
load step that is written as,

3,u4Z•P + 5- + MP) — Otr + f„ = 0. (5.10.14)

5.10.3 Verification

The multilinear elastic-plastic material model is verified for uniaxial stress and pure shear. The
elastic properties used in these analyses are E = 70 GPa and v = 0.25. In order to appropriately
verify this model, the hardening curve must have a functional form to appropriately determine an
analytical solution. Here, the hardening law used for the model is a Voce law with the following
form

5-(0= o-y + A (1 — exp(—no). (5.10.15)

In the numerical analyses, this expression is discretized at a series of plastic strain values and used
as input. For these calculations Cry = 200 MPa, A = 200 MPa, and n = 20.

5.10.3.1 Uniaxial Stress

The multilinear elastic-plastic model is tested in uniaxial tension. The test looks at the axial stress
and the lateral strain and compares these values against analytical results for the same problem. In
this verification problem only the normal strains/stresses are needed, and the shear terms are not
exercised.

109



For the uniaxial stress problem, the only non-zero stress component is o-11. In the analysis that
follows o-n = o-. There are three non-zero strain components, Ell , E22, and E33. In the analysis that
follows E11 = E and E22 = E33. Furthermore, the axial elastic strain, Een = o-IE will be denoted by
Ee

The equivalent plastic strain, &, for this model is equivalent to en, and is

5- (£p)—P —E — 8

This allows us, after yield, to parameterize the problem with the equivalent plastic strain.

For the lateral strains we need the lateral plastic strain. Incompressibility gives us

(5.10.16)

(5.10.17)

Combined with the lateral elastic strains we have the lateral strain as a function of the equivalent
plastic strain

5- (&) 1
E22 = —V

2
E-P (5.10.18)

The results are shown in Figures 5.28 and 5.29 and show agreement between the model in Adagio
and the analytical results.
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Figure 5.28: The axial stress as a function of axial strain for the multilinear elastic-plastic model
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Figure 5.29: The lateral strain as a function of axial strain for the multilinear elastic-plastic model
with an analytical Voce law for the hardening model.
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5.10.3.2 Pure Shear

The multilinear elastic-plastic model is tested in pure shear. The test looks at the shear stress as
a function of the shear strain and compares these values against analytical results for the same
problem. For the pure shear problem, the only non-zero strain component is 812 and the only
non-zero stress component is 0-12-

After yield, the shear stress as a function of the hardening curve is o-12 = (e) / -\/. The elastic
shear strain is s12 = 0-12/2G; the plastic shear strain is 42 = A5g3/2. Using this, the shear stress
and strain are given as functions of the equivalent plastic strain

5- (0) -\/_ 1 Cr (0))
0-12 =   ; 812 = 813

2 A/ 2G
(5.10.19)

This allows us, after yield, to parameterize the problem with e.

The results are shown in Figure 5.30 and show agreement between the model in Adagio and the
analytical results.
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5.10.4 User Guide

BEGIN PARAMETERS FOR MODEL MULTILINEAR_EP

# Elastic constants

YOUNGS MODULUS = <real> E
POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G
BULK MODULUS = <real> K
LAMBDA = <real> A
TWO MU = <real> 2p

# Hardening behavior

YIELD STRESS = <real> cry

BETA = <real> ,(3 (1.0)

HARDENING FUNCTION = <string> hardening_function_name

# Functions

YOUNGS MODULUS FUNCTION = <string> ym_function_name

POISSONS RATIO FUNCTION = <string> pr_function_name

YIELD STRESS FUNCTION = <string> yield_stress_function_name

END [PARAMETERS FOR MODEL MULTILINEAR_EP]

Output variables available for this model are listed in Table 5.10 and Table 5.11.

Table 5.10: State Variables for MULTILINEAR EP Model

Name Description
EQPS equivalent plastic strain
TENSILE_EQPS equivalent plastic strain only accumulated when the material

is in tension (trace of stress tensor is positive)
RADIUS radius of yield surface
BACK_STRESS back stress (symmetric tensor)
YOUNGS_MODULUS the current Young's modulus as a function of temperature
POISSONS_RATIO the current Poisson's ratio as a function of temperature
YIELD_STRESS the current yield stress as a function of temperature
ITERATIONS radial return iterations
YIELD FLAG inside (0) or on (1) the yield surface
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Table 5.11: State Variables for MULTILINEAR EP Model for Shells

Name Description
EQPS equivalent plastic strain
TENS I LE_EQP S equivalent plastic strain only accumulated when the material

is in tension (trace of stress tensor is positive)
RADIUS radius of yield surface
BACK_STRESS back stress (symmetric tensor)
YOUNGS_MODULUS the current Young's modulus as a function of temperature
POI S SONS_RAT I0 the current Poisson's ratio as a function of temperature
YIELD_STRESS the current yield stress as a function of temperature
ITERATIONS radial return iterations
ERROR error in plane stress iterations
PS_ITER plane stress iterations
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5.11 Multilinear Elastic-Plastic Fail Model

5.11.1 Theory

Like the ductile fracture model, the multilinear elastic-plastic fail model is an extension of an
existing plasticity model (multilinear elastic-plastic) to include a ductile failure criteria. Again, the
tearing parameter criterion and failure propagation model of Wellman [1] is selected. Specifically,
this approach uses a failure criterion (the tearing parameter, tp) that is based on the history of the
plastic strain and stress states. Most failure criteria for ductile failure involve some form of the
stress triaxiality, or the ratio of the pressure and the effective (shear) stress. The tearing parameter,
however, is slightly different in that it depends on the pressure and the maximum principal stress
and is given as,

tP

s 
20-max 

=  )111 dEP,
f0 \ 3 (0-max — cr.)

(5.11.1)

with crmax and o-ni being the maximum principal and mean stresses, respectively. The exponent m
is typically taken to be 4 while the are Macaulay brackets defined as,

{
= 

0 x 0

x x > 0 '
(5.11.2)

and introduced so that failure only occurs and propagates under tensile stress states. Failure then
initiates when the tearing parameter, tp, reaches a critical value, tr. After this point, the stress
decays (to 0) in a linear fashion according to the ratio of the crack opening strain in the maximum
principal stress direction to its critical value, Eccos. Modification and control of this latter parameter
is important as it may be used to ensure consistent energy is dissipated through different meshes.

5.11.2 Implementation

The multilinear elastic-plastic fail model seeks to capture both the nonlinear elastic-plastic and
fracture responses of a ductile metal. Independently, each of these requirements necessitates the
use of a nonlinear solution algorithm and the combination of the two is even more complex. This
consideration is compounded by the relaxation and softening observed during the failure process
that introduces additional complications for the global finite element solver. For this discussion,
however, the focus is solely on the underlying numerical treatment of the failure process at the
constitutive level. The solution of the elastic-plastic constitutive problem was discussed in detail
in Section 5.10.2 while details of the implications at the global finite element problem are found
in the Sierra/SM User's Guide [2]. With respect to the latter, it is important to note that the ductile
fracture model is tightly integrated with the multilevel CONTROL FAILURE capabilities although
details of this coupling are left to [1, 2].

Prior to fracture initiation — while tnp+1 < tr — the multilinear elastic-plastic fail model is the same
as the "normar multilinear elastic-plastic model. Through this process the tearing parameter is
continually calculated at the plastically converged state. When fracture initiation is first detected

tn
P
+1 > t — the crack direction (assumed aligned with the maximum principal stress), denoted

P
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by the normalized vector Kr, is determined and stored. Regardless of loading path, this vector
does not change during the unloading process. Additionally, for this first initial failure step, the
unrotated stress tensor, Tij must be updated to its maximum value, Tjit before any unloading may
be performed. This is done simply by,

tperit 173

77.trit = + (Tr" - tn+1 tn'
P P

with Tfil being the elastic trial stress. As alluded to in the prior section, a linear decay based on the
crack opening strain in the direction of maximum stress, Ecos, is utilized. To determine this decay
value, the crack opening strain increment is first found via

(5.11.3)

clscno+51 =< y1'6'471-117 >, (5.11.4)

where C1 is the unrotated rate of deformation and y is a partitioning factor between plastic and
crack opening strains and takes the value of 1 for all loading steps except the initiation step and the
"< • >" are the Macaulay brackets. During the first fracture step,

tn+1 tcrit
P P 

Y = tn+i _ tn •
P P

The current crack opening strain is then sirnply,

ecn-oEs1 ecnos+ dEcno+sl At.

and the decay factor, a, may be written as

sn+1an+1 = max [0 , Eccos — cos 

Eccos

(5.11.5)

(5.11.6)

(5.11.7)

Given the temperature dependence, stress decay is slightly more complicated than in the ductile
fracture case. This task is primarily accomplished by decreasing the yield stress (radius) propor-
tionally with the decay factor,

crn-Fl(Ep)= an+lcrf (5.11.8)

where 54 = q5 (Tcrit) is the yield stress at failure. The decayed stress is then found by radially
returning to this reduced yield stress. Similarly, the hydrostatic and von Mises effective stress
at failure (o-m and em, respectively) are also calculated and stored to appropriately constrain the
stress state. An additional check is then performed to ensure (and if necessary modify) the decayed
stress to ensure that,

CTI.n < ao-4,‘ CrvM < 
Clem. (5.11.9)
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5.11.3 Verification

The multilinear elastic-plastic model with failure has been tested with a number of verification
tests. Specifically, uniaxial stress and uniaxial strain loadings are considered. For the elastic-
plastic response, the same material properties as those in Section 5.10.3 are again considered. To
this end, the Young's modulus and Poisson ratio are E = 70 GPa and v = 0.25, respectively, and a
Voce hardening model of the form,

cr(e). 0-y+ A (1 — exp (—ne)) , (5.11.10)

is discretized and used. In this case, o-y = 200 MPa, A = 200 MPa, and n = 20.

In terms of failure, the critical tearing parameter, tperit is taken to be .04, the critical crack opening

strain, Eccos, is .005 and in = 4.0.

5.11.3.1 Uniaxial Stress

To consider the uniaxial response, displacement controlled deformations are applied such that the
only non-zero stress is the axial component, o-11. Through such a loading path, three distinct
regimes result. The first is the elastic domain with tp = 0. Second is the plastic domain. During
this stage,

0-11 = , (5.11.11)

and by considering the rate of plastic work and integrating yields the implicit (in terms of equivalent
plastic strain) relation,

6- (P')
= sll  

)E

By rearranging, the axial strain may be found in terms of the plastic strain as,

Ell 
p (e)

= E  •
E

(5.11.12)

(5.11.13)

With this stress state (o-ij = Crlldil5j1), the pressure is simply a-ii/3 and the maximum principal
stress is a-max = 0-11. From (5.11.1), the tearing parameter is then

tp = e . (5.11.14)

The final stage of deformation corresponds to the failure process in which the axial stress is,

0-11 = a0-pealo (5.11.15)
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and

6ccos — (811 — Speak)
a =  

ECCOS

(5.11.16)

In the preceding relations, 0-peak and speak are the axial stress and strain, respectively, at failure
initiation. The former is simply 0-peak = r and speak = tcprit Grpeak/E.

The tearing parameter and axial stress evolution as a function of axial strain are presented in Fig-
ures 5.31a and 5.3 lb, respectively. Good agreement is observed between the results verifying the
model capability under such a loading. Three different numerical load incrementations were con-
sidered in this analysis and some dependence on load step is noted in the post-failure response of
Figure 5.3 lb. Even with this observation, the resulting agreement between the different responses
is still quite good.
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Figure 5.31: Analytical and numerical results of the tearing parameter and axial stress evolution
through a uniaxial tension loading path as a function of the axial strain, 611.

5.11.3.2 Pure Shear

The analysis of the pure shear loading path follows closely with that of the ductile fracture model
(Section 5.9.3.2). In this case, pure shear deformations are applied such that the only non-zero
stress and strain are o-12 and 612, respectively. Therefore, during plastic loading

and by cornparing the plastic rate of work,

612 =

0-12 = (5.11.17)

(5.11.18)
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Additionally, as the stress state is purely in shear there is no hydrostatic stress and the maximum
principal stress is simply 0-max = 0-12 leading to an expression for the tearing parameter of the form,

2 
4

3t,, = (—) (5.11.19)

The stress then simply decays after the critical tearing parameter is reached. Numerical (from
Adagio) and analytical results are presented in Figure 5.32. Specifically, the tearing parameter and
shear stress evolutions are presented in Figures 5.32a and 5.32b, respectively. Clear agreement is
noted indicating the ability of the model to capture the response over a variety of loading paths.
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Figure 5.32: Analytical and numerical results of the tearing parameter and shear stress evolution
through a pure shear loading path as a function of the shear strain, 812.
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5.11.4 User Guide

BEGIN PARAMETERS FOR MODEL ML_EP_FAIL

# Elastic constants

YOUNGS MODULUS = <real> E
POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G
BULK MODULUS = <real> K
LAMBDA = <real> A
TWO MU = <real> 2µ

# Hardening behavior

YIELD STRESS = <real> cr

BETA = <real> /3 (1.0)
HARDENING FUNCTION = <string> hardening_function_name

# Functions

YOUNGS MODULUS FUNCTION = <string> ym_function_name

POISSONS RATIO FUNCTION = <string> pr_function_name

YIELD STRESS FUNCTION = <string> yield_stress_function_name

# Failure parameters

CRITICAL TEARING PARAMETER = <real> tcrit

CRITICAL CRACK OPENING STRAIN = <real> sccos

CRITICAL BIAXIALITY RATIO = <real> critical_ratio(0.0)

FAILURE EXPONENT = <real> m (4.0)
END [PARAMETERS FOR MODEL ML_EP_FAIL]

Output variables available for this model are listed in Table 5.12 and Table 5.13.
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Table 5.12: State Variables for ML EP FAIL Model

Name Variable Description
EQPS Equivalent plastic strain
RADIUS Radius of yield surface
BACK_STRESS back stress - tensor
BACK_STRESS_XX back stress - xx component
BACK_STRESS_YY back stress - yy component
BACK STRESS ZZ back stress - zz component
BACK_STRESS_XY back stress - xy component
BACK_STRESS_YZ back stress - yz component
BACK_STRESS_ZX back stress - zx component

YOUNGS_MODULUS Current Young's modulus as a function of temperature
POISSONS_RATIO Current Poisson's ratio as a function of temperature

YIELD_STRESS Current Yield stress as a function of temperature
TENSILE EQPS equivalent plastic strain only accumulated when the material

is in tension (trace of stress tensor is positive)
ITERATIONS radial return iterations
YIELD_FLAG inside(0) or on(1) yield surface
TEARING_PARAMETER Current integrated value of the tearing parameter. Zero until

yield is reached
CRACK_OPENING_STRAIN Current value of the crack opening strain. Zero until the crit-

ical tearing parameter is reached
FAILURE_DIRECTION crack opening direction at failure - vector
FAILURE_DIRECTION_X crack opening direction at failure - x component
FAILURE_DIRECTION_Y crack opening direction at failure - y component
FAILURE_DIRECTION_Z crack opening direction at failure - z component
MAX_RADIUS maximum radius at initial failure
MAX PRESSURE maximum stress pressure norm at initial failure
CRITICAL_CRACK_

OPENING STRAIN

CRITICAL_TEARING_

PARAMETER
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Table 5.13: State Variables for ML EP FAIL Model for Shells

Name Variable Description
EQPS equivalent plastic strain
RADIUS radius of yield surface
BACK_STRESS back stress - tensor
BACK_STRESS_XX back stress - xx component
BACK_STRESS_YY back stress - yy component
BACK STRESS ZZ back stress - zz component
BACK_STRESS_XY back stress - xy component
BACK_STRESS_YZ back stress - yz component
BACK_STRESS_ZX back stress - zx component

YOUNGS_MODULUS Current Young's modulus as a function of temperature
POISSONS_RATIO Current Poisson's ratio as a function of temperature
YIELD_STRESS Current Yield stress as a function of temperature
ITER radial return iterations
ERROR Error in plane stress iterations
PS_ITER Plane stress iterations
TEARING_PARAMETER Current integrated value of the tearing parameter. Zero until

yield is reached
CRACK_OPENING_STRAIN Current value of the crack opening strain. Zero until the crit-

ical tearing parameter is reached
FAILURE_DIRECTION crack opening direction at failure - vector
FAILURE_DIRECTION_X crack opening direction at failure - x component
FAILURE_DIRECTION_Y crack opening direction at failure - y component
FAILURE_DIRECTION_Z crack opening direction at failure - z component
RADIUS MAX maximum radius at initial failure
TENSILE_EQPS equivalent plastic strain only accumulated when the material

is in tension (trace of stress tensor is positive)

123



References

[1] G. W. Wellman. A simple approach to modeling ductile failure. Technical Report SAND2012-
1343, Sandia National Laboratories, Albuquerque, NM, June 2012. pdf.

[2] Sierra/SolidMechanics Team. Sierra/SolidMechanics 4.46 User's Guide. Technical Report
SAND2017-9759, Sandia National Laboratories, Albuquerque, NM, 2017.

124



5.12 Johnson-Cook Model

5.12.1 Theory

The Johnson-Cook model [1, 2] is an isotropic, hypoelastic plasticity model. Unlike the pre-
viously discussed models, the Johnson-Cook formulation is rate-dependent and as such is often
considered for high-rate, finite strain simulations like those for impact. The viscoplastic response
is phenomenological in that the form of the model is not derived from any physical mechanisms
like other viscoplastic models, e.g. Zerilli-Armstrong [3], Steinberg-Guinan-Lund [4, 5], BCJ [6],
and the MTS model [7, 8] to name a few. Like most other rate-dependent models, the current
formulation utilizes an effective plastic strain rate, P, to capture rate dependence.

As with other hypoelastic plasticity models, an additive decomposition of of the total rate of de-
formation such that,

Dij=D~+Dp, (5.12.1)

is used such that an objective stress rate of the form,

Cr ij= L•im, ;apeId (5.12.2)

with Cijkl being the fourth-order, isotropic elasticity tensor, may be used.

With respect to the yield behavior, the Johnson-Cook model incorporates both strain rate and tem-
perature, 0, dependence. This leads to a yield function of the form,

f (0- ij, , = (Grij) — Cr (e, , (5.12.3)

in which (o-ii) is the effective stress — the von Mises effective stress is used — and 5- is the
isotropic hardening function. Incorporating the temperature and rate dependency, the hardening
function is written as,

5- (e,e,(9) = [A + B (e)N] [1 + Cln kP*] [1 — 0* m] (5.12.4)

where g is the equivalent plastic strain, P* = P/k0 is a dimensionless plastic strain rate, 0* is
the homologous temperature and A, B, C, N, and M are material parameters. The dimensionless
plastic strain rate is normalized with k0 while the homologous temperature is defined as,

e* =
°melt — Oref

0 — Oref
(5.12.5)

with 0, °ref, and °melt being the current, reference, and melt temperatures. Note, the temperature
used internal to the Johnson-Cook model is NOT the standard prescribed "temperature field. In-
stead, the material temperature is initialized by a model input as 00. By assuming adiabatic thermal
conditions, subsequent plastic work raises the material temperature via,
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13 09 = ,
pC, 

• (5.12.6)

where p is the materials density, C, is the specific heat, and (0 < ,(3 < is the fraction of plastic
work that is converted to heat.

A modification has also been made regarding the strain rate dependence. Specifically,

e* = max (1, e/k0) , (5.12.7)

is implemented.

The Johnson-Cook model also has a failure criterion. The Johnson-Cook damage model [2] has a
failure strain that is given by:

Ef = (Di + D2 exp (D377)) (1 + D4 ln P*) (1 + D50*) (5.12.8)

with D1, D2, D3, D4, and D5 being material parameters andRis the triaxiality (77 = (1/3) 0—Ickla—vM).
The damage in the model is accumulated over time using:

t Ep

D =
o Ef

(5.12.9)

When D = 1, the material has failed. For the default behavior of the Johnson-Cook model, the
fracture behavior is not active.

5.12.2 Implementation

The implementation of the Johnson-Cook model requires the effective strain rate to be used for
calculating the rate effects on yield. This is done through a predictor-corrector return mapping
algorithm. In what follows the temperature dependence is not included; this will be addressed
later.

The initial response is assumed to be elastic and a trial stress state is calculated

71ri = T + Cijk1 A tdkl (5.12.10)

Since the plastic response is independent of pressure we can use the deviatoric stress

1
sij = Tij — 3dijTkk

(5.12.11)

+ 2µ A td;i,
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with d;./ being the total deviatoric rate of deformation - c/;./ = dii - (1/3) (5ijcikk.

If this gives a von Mises stress that is greater then the effective stress, i.e.

Otr (5.12.12)= 2sl'istir > A + B (en))
N

then plastic deformation occurs and we solve the following nonlinear equation for P,

[A + B (p(n) AthP) N] [ C ln (max (1, kP/k0))] = - 3pAtkP. (5.12.13)

This simple equation comes from the radial return algorithm

stri • ctr.
41" = SF,/ - 3p At kP —> SZI 1 = (Or - Pi)

cbtr
(5.12.14)

Taking the inner product of both sides gives (5.12.13).

5.12.3 Verification

The Johnson-Cook model is verified through a series of uniaxial stress and pure shear tests. Given
the emphasis on the strain-rate and temperature dependent nature of the model a series of these
tests are performed at different loading conditions. The material properties and model parameters
used for these tests are given in Table 5.14 and come from the work of Corona and Orient [9].
Note, in this case a modified reference plastic strain rate is used (ko = 1 x 10-4s-1) as the one
reported in [9] was selected based on calibration conditions. Here the value is selected to better
investigate and highlight strain rate dependency.

E 71.7 GPa v 0.33
A 217 MPa B 405 MPa

C 0.0075 Eo lx10-4 s-1

Oref 293 K Omelt 750 K
N 0.41 M 1.1
p 2810 kg/m3 Cy 960 J/(kg-K)
D1 0.015 D2 0.24
D3 -1.5 D4 -0.039
D 5 8.0

Table 5.14: The material properties and model parameters of the Johnson-Cook model used for
verification testing
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5.12.3.1 Uniaxial Stress

To determine a (semi)-analytical expression of the Johnson-Cook model, the equivalency of plastic
work for uniaxial loading is recalled such that,

CTkP = te), (5.12.15)

with cr, t, and e being the uniaxial stress, total strain rate, and elastic strain rate, respectively.
Noting that sP = — te, the expression for the flow stress (5.12.4), the definition of the homologous
temperature (5.12.5), and the dimensionless strain rate, the plastic work expression (5.12.15) may
be rearranged as

1
£13 = so exp  

C A + B (MN] [1 — 19"1 C
(5.12.16)

Given the implicit nature (in terms of effective plastic strain) of (5.12.16), a semi-analytical ap-
proach is used to evaluate the Johnson-Cook model. Specifically, a simple forward Euler inte-
gration scheme is adopted to solve (5.12.16) and then update the remaining state variables. Using
such an approach, Figure 5.33 presents the stress-strain and corresponding damage evolution of the
Johnson-Cook determined at three strain rates. A constant total logarithmic strain rate is applied
by utilizing an applied displacement of the form,

ui (t) = (ea't — 1) 6i1, (5.12.17)

where co is the considered strain rate. Here rates corresponding to a slow quasistatic (co =
1 x 10-3s-1), medium (co = ls-1), and high rate (w = 1 x 103s-1) loading are considered to explore
a variety of regimes. Temperature effects are not addressed in Figure 5.33 = 0) to first inves-
tigate the purely mechanical response. The damage evolution is evaluated by simply integrating
expression (5.12.9) and noting that for a uniaxial loading ri = 1/3. In this case, as the constitutive
behavior is being probed the material does not degrade when D > 1.

From the results of Figure 5.33 clear agreement is observed between the numerical and semi-
analytical response verifying the model behavior in a variety of conditions. Next, to explore the
thermomechanical coupling, three different plastic work conversion ratios (13 = 0.00, 0.50 and
1.0) are considered for the medium strain rate (co = ls-1). The stress, damage, and temperature
evolutions are all presented in Figure 5.34 as a function of axial strains.

From Figure 5.34 the influence of the thermomechanical coupling may be clearly observed. For
instance, a roughly 50 K increase in material temperature over the loading range may be seen in the
= 1 case leading to a roughly 25% decrease in the damage metric and approximately 10% drop

in final stress. Additionally, clear agreement between the semi-analytical and numerical responses
providing additional verification of the coupled capabilities of the model.
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Figure 5.33: Semi-analytical and numerical (a) stress-strain and (b) damage evolutions of the
Johnson-Cook model subjected to a uniaxial loading at three different applied strain rates. In these
results,fl = 0 such that heat associated with plastic work is allowed to transfer to the environment.

5.12.3.2 Pure Shear

For the pure shear case, a loading like that described in Appendix A.3 is utilized. Specifically,
displacements producing a deformation gradient of,

1 
_Li-1 (XX _LX \ lt -1 xx _L x,c),_xx

Fi
f
=-
2 
(A ) J2) + —

2 
vl — ) (uip,f2 j1) j39 (5.12.18)

are considered with A = A (t) = ewt. This loading leads to a logarithmic shear strain rate of k12 = w
that is constant in time enabling the study of strain rate effects.

In the shear stress case, the plastic work equivalency is written as,

5-kP = 20-1242. (5.12.19)

Like the uniaxial stress case, the definition of the effective stress may be used with the fact that

= 23kP to find the following form of the effective plastic strain rate,

'ar12 1
kP = ko exp  

C [A + B (U)N] [1 — 0"1] C •
(5.12.20)

A simple forward Euler scheme is then used to integrate the model at three different strain rates —
w = .001s-1, 1 s-1 and 1000s-1. The stress-strain and damage evolution responses of these cases
are presented in Figure 5.35 for the purely mechanical case (13 = 0). With respect to the damage
evolution, it is noted that for pure shear responses 77 = O.
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Figure 5.34: Semi-analytical and numerical (a) stress-strain (b) damage and (c) temperature evolu-
tions of the Johnson-Cook model subjected to a uniaxial loading with three different plastic work
conversion ratios, p. The strain rate for all three cases is t = ls-1.

The effect of plastic work is considered for w = 1s-1 in Figure 5.36. Similar influences like those
reported in the uniaxial stress case are observed. A larger increase in temperature through plastic
loading is noted however. Regardless in both the results of Figures 5.35 and 5.36 clear agreement
between numerical and semi-analytical is observed further verifying the current implementation of
the Johnson-Cook model.
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Figure 5.35: Semi-analytical and numerical (a) stress-strain and (b) damage evolutions of the
Johnson-Cook model subjected to a pure shear loading at three different applied strain rates. In
these results, /3 = 0 such that heat associated with plastic work is allowed to transfer to the envi-
ronment.
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5.12.4 User Guide

BEGIN PARAMETERS FOR MODEL JOHNSON_COOK

#

# Elastic constants

#

YOUNGS MODULUS = <real>

POISSONS RATIO = <real>

SHEAR MODULUS = <real>

BULK MODULUS = <real>

LAMBDA = <real>

TWO MU = <real>

#

# Yield surface

#

YIELD STRESS =

HARDENING CONSTANT =

HARDENING EXPONENT =

RATE CONSTANT =

REFERENCE

EDOT_REF

#

# Failure

#

D1

D2 =

D3 =

D4 =

D5 =

#

# Temperature

#

RHOCV

BETA

THERMAL EXPONENT

RATE

E

v

G

K

A

2µ

parameters

<real>

<real>

<real>

<real>

= <real>

= <real>

strain parameters

<real>

<real>

<real>

<real>

<real>

D1 (0 .0)

D2 (0 .0)

D3 (0 .0)

D4 (0 .0)

D5 (0 .0)

softening

A

B

N

C

ko
?

(0.001)

(0.0)

commands

= <real> pC,
= <real> 13 (0.95)

= <real> M

REFERENCE TEMPERATURE = <real> Oref

MELT TEMPERATURE

INITIAL TEMPERATURE

#

FORMULATION = <int> ? (0)

#

END [PARAMETERS FOR MODEL JOHNSON_COOK]

= <real> knelt

= <real> Op

Output variables available for this model are listed in Table 5.15.



Table 5.15: State Variables for JOHNSON COOK Model

Name Variable Description
RADIUS radius of yield surface
EQPS equivalent plastic strain
T HE TA temperature
EQDOT effective total strain rate
ITER

EFAIL failure strain, sf
DAMAGE damage, D
YIELD_STRESS yield stress
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5.13 .12 Plasticity Model

5.13.1 Theory

The J2 plasticity model is a generic implementation of a von Mises yield surface with kine-
matic and isotropic hardening features. Unlike similar models (e.g. Elastic-Plastic, Elastic-Plastic
Power Law) more general, in-development isotropic hardening models are implemented that en-
able greater flexibility in definition and the possibilities of limited rate and/or temperature depen-
dence. Note, although some testing exists, these feature remain "in-developmenr.

As is common to other plasticity models in Lamé, the J2 plasticity model is an isotropic, hypoe-
lastic formulation. As such, the total rate of deformation is additively decomposed into an elastic
and plastic part such that

Dii = + j. (5.13.1)

The objective stress rate, depending only on the elastic deformation, may then be written as,

o

zi ijkl
e

where Cijkl is the fourth-order elastic, isotropic stiffness tensor.

The yield surface for the J2 plasticity model, f , may be written,

(5.13.2)

f (0-u, e, e,19) = (0-ii, au) - 5- (e,e,e) (5.13.3)

in which ajj, sp, P , and 19 are the kinematic backstress, equivalent plastic strain, equivalent plastic
strain rate, and absolute temperature, respectively, while and 5- are generically the effective
stress and flow stress. Broadly speaking, the effective stress encapsulates directional and kinematic
effects while the flow stress gives the size of the current yield surface. It should also be noted
that writing the yield surface in this way splits the dependence on the state variables between the
effective stress and flow stress functions.

As the current model is for J2 plasticity, the effective stress is given as,

As2 
\ 3 ,

au) = —
2 

— aij) (sij — aij) , (5.13.4)

with su being the deviatoric stress defined as su = o-ij — (113)Crick6 if . For the flow stress, a general
representation of the form,

5- (e, P, = o-yery (P) el-y (0) + K (06-h (P) (19) 9 (5.13.5)

is allowed. In this fashion, the effects of isotropic hardening (K (e)), rate (ery,h), and temperature
(6-30) are decomposed although separate temperature and rate dependencies may be specified for
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yield (subscript "y") and hardening ("If '). Such an assumption is an extension of the multiplicative
decomposition of the Johnson-Cook model [1, 2]. It should be noted that not all such effects need
to be included and the default assumption of the hardening classes is that the response is rate and
temperature independent. The following section on plastic hardening will go into more detail on
possible choices for functional representations.

An associated flow rule is utilized such that the plastic rate of deformation is normal to the yield
surface and is given by,

= aoi; , (5.13.6)

where ji is the consistency multiplier enforcing f = 0 during plastic deformation. Given the form
of f , it can also be shown that ji =

5.13.1.1 Plastic Hardening

Plastic hardening refers to increases in the flow (yield) stress, (5-, with plastic deformation. As
such, hardening is described via the functional relationship between the flow stress and isotropic
hardening variable (effective plastic strain), 45- (0). Over the course of nearly a century of work in
metal plasticity, a variety of relationships have been proposed to describe the interactions associ-
ated with different physical interpretations, deformation mechanisms, and materials. To enable the
utilization of the same plasticity models for different material systems, a modular implementation
of plastic hardening has been adopted such that the analyst may select different hardening models
simply from the input deck thereby avoiding any code changes or user subroutines. In this sec-
tion, additional details are given to the different models to enable the user to select the appropriate
choice of model. Note, the models being discussed here are only for isotropic hardening in which
the yield surface expands. Kinematic hardening in which the yield surface translates in stress-space
with deformation and distortional hardening where the shape of the yield surface changes shape
with deformation are not treated. For a larger discussion of the phenomenology and history of
different hardening types, the reader is referred to [3, 4, 5].

Given the ubiquitous nature of these hardening laws in computational plasticity, some (if not most)
of this material may be found elsewhere in this manual. Nonetheless, the discussion is repeated
here in a consolidated fashion for the convenience of the reader.

Linear

Linear hardening is conceptually the simplest model available in LAMt. As the name implies, a
linear relationship is assumed between the hardening variable, e , and flow stress. The constant
giving the degree of increase of yield stress with plastic flow is termed the modulus and is given
as, H', while the expression for the flow stress may be written,

= Cry + H. (5.13.7)

The simplicity of the model is its main feature as the constant slope,
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dõ-
= 1-1/

dU '
(5.13.8)

makes the model attractive for analytical models and cheap for computational implementations
(e.g. radial return algorithms require only a single correction step). Unfortunately, the simplicity
of the representation also means that it has limited predictive capabilities and can lead to overly
stiff responses.

Power Law

Another common expression for isotropic hardening is the so-called "power law" hardening. In
fact, this form has seen sufficient historic utilization that a dedicated ELAs T IC-PLASTIC POWER
LAW HARDENING model may be found in LAMÉ (see Section 5.8.1). For this form, the effective
equivalent plastic strain, < e - EL > , in which < • > are Macaulay brackets and EL is the Liiders
strain, is raised to a constant power, n, typically taken such that 0 < n < 1 and multiplied by a
constant modulus A. The Lfiders strain is a positive, constant strain value (default to zero) giving
an initial plastic deformation domain in which the response is perfectly plastic (see Fig. 5.20).
Often, this sort of behavior is associated with localized deformations of some sort. This expression
is given as,

leading to a derivative of the form,

dP

5- = + A < Sp - EL >n , (5.13.9)

chi-
= nA < - EL >(n-1) . (5.13.10)

Note, one difficulty in such an implementation is that when n < 1 and the effective equivalent
plastic strain is zero, numerical difficulties may arise in evaluating the derivative necessitating
special treatment of the case.

Voce

The Voce hardening model (sometimes referred to as a saturation model) uses a decaying expo-
nential in terms of the equivalent plastic strain such that the hardening eventually saturates to a
specified value (thus the name) Such a relationship has been observed in some structural metals
giving rise to the popularity of the model. The hardening response is given as,

Cr = Cry + A (1 - exp (-nP)) , (5.13.11)

in which A is a constant modulus and n is a fitting exponent describing how quickly the hardening
saturates. Importantly, the derivative is written as,

dõ-

dP
= nA exp (-ne) , (5.13.12)
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and is well defined everywhere giving the selected form an advantage over the aforementioned
power law model.

Johnson-Cook

The Johnson-Cook hardening type is a rate-dependent formulation utilizing the assumption that
rate-independent and rate-dependent contributions may be multiplicatively separated. Specifically,
use of this option requires specifying a user-defined hardening function to capture rate-independent
contributions and Johnson-Cook type rate dependent coefficients. The flow stress may be written
in this fashion as,

P)]
= 5-y CO [1 + C ln , (5.13.13)

so

in which (V') is the user-specified rate-independent hardening function, C is a fitting constant
and to is a reference strain rate below which the material behaves in a rate independent fashion.

Power Law Breakdown

Like the Johnson-Cook formulation, the power-law breakdown model is also rate-dependent.
Again, a multiplicative decomposition between rate-independent and dependent hardening con-
tributions. In this case, however, the functional form is derived from the analysis of Frost and
Ashby [6] in which power-law relationships like those of the Johnson-Cook and cease to appropri-
ately capture the physical response. The form used here is similar to the expression used by Brown
and Bammann [7] and is written as,

)(11

(3- = a=y (Vj 1 + asinh (— (5.13.14)

with eky (V) ) being the user supplied rate independent expression, g is a model parameter related
to the activation energy in going from climb to glide-controlled deformation, and m dictates the
strength of the dependence.

Flow Stress

Unlike the previously described models, the flow-stress hardening method is less a specific physical
representation and more a generalization of the hardening behaviors to allow greater flexibility in
separately describing isotropic hardening, rate-dependence, and temperature dependence. As such,
the generic flow-stress definition of

(e, sp, e) = y (e) (e) 6- (0), (5.13.15)

is used in which 6- and 6- are rate and temperature multipliers, respectively, that by default are
unity (such that the response is rate and temperature independent) and 5-37 is the isotropic hardening
component that may also be specified as,
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ei-y = o-y + K (P) , (5.13.16)

with cry being the constant yield stress and K is the isotropic hardening that is initially zero and a
function of the equivalent plastic strain. A multiplicative decomposition such as this mirrors the
general structure used by Johnson and Cook [1, 2] although greater flexibility is allowed in terms
of the specific form of the rate and temperature multipliers.

Given the aforementioned defaults for rate and temperature dependence, the corresponding mul-
tipliers need not be specified. A representation for the isotropic hardening, however, must be
specified and can be specified via linear, power-law, or Voce representations discussed earlier in
this section. A user-defined isotropic hardening function may also be used although it must be
highlighted that the interpretation differs from the general user-defined hardening model. In this
case, as the specified function represents the isotropic hardening, it should start from zero — not
yield.

Although the flow-stress hardening model defaults to rate and temperature independent, a multi-
plier may be defined for either (or both) of the terms. For rate-dependence, either the previously
discussed Johnson-Cook or power-law breakdown models may be used. In this case, however,
the user-specified rate-independent hardening is specified via the isotropic hardening model. In
terms of temperature dependence, the multiplier may be specified given a Johnson-Cook depen-
dency [1, 2],

(0 — Oref  ) M6' (0) = 1 , (5.13.17)
Ornelt — Oref

with Oref, Omelt and M being the reference temperature, melting temperature, and temperature ex-
ponent. The temperature multiplier may also be specified via a user defined function. In either
case, it must be highlighted that at the current time the temperature field must be incorporated via
a boundary condition. There is currently no incorporation of plastic work or other couplings.

Decoupled Flow Stress

Like the flow-stress hardening method, the decoupled flow-stress hardening implementation is a
generalization of the hardening behaviors to allow greater flexibility. In differentiating the two,
for the decoupled model the rate and temperature dependence may be separately specified for the
yield and hardening portions of the flow stress. As such, the generic flow-stress definition of

.5- (8p, P, 9) = o-yery (P) &y (0) + K W) ell (0 61(0 , (5.13.18)

is used in which 6- and 6- are rate and temperature multipliers, respectively, that by default are
unity (such that the response is rate and temperature independent) with subscripts "y" and "h"
denoting functions associated with yield and hardening. The isotropic hardening is described by
K (V') and cry is the constant initial yield stress. It may also be seen that if the yield and hardening
dependencies are the same (ery = al and ery = al ) the decoupled flow stress model reduces to that
of the flow stress case and mirrors the general structure of the Johnson-Cook model [1, 2].
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Given the aforementioned defaults for rate and temperature dependence, the corresponding mul-
tipliers need not be specified. A representation for the isotropic hardening, however, must be
specified and can be specified via linear, power-law, or Voce representations discussed earlier in
this section. A user-defined isotropic hardening function may also be used although it must be
highlighted that the interpretation differs from the general user-defined hardening model. In this
case, as the specified function represents the isotropic hardening, it should start from zero — not
yield.

Although the decoupled flow-stress hardening model defaults to rate and temperature indepen-
dent, a multiplier may be defined for any of the terms. For rate-dependence, either the previously
discussed Johnson-Cook or power-law breakdown models may be used. In this case, however,
the user-specified rate-independent hardening is specified via the isotropic hardening model. In
terms of temperature dependence, the multiplier may be specified given a Johnson-Cook depen-
dency [1, 2],

m
6- (0) = 1 

(9 — Oref

emelt °ref 
(5.13.19)

where Oref, °melt, and M are the reference temperature, melting temperature, and temperature ex-
ponent. A temperature multiplier may also be specified via a user defined function. In either case,
it must be highlighted that at the current time the temperature field must be incorporated via a
boundary condition. There is currently no incorporation of plastic work or other couplings.

5.13.2 Implementation

The J2 plasticity model is implemented using a radial return predictor-corrector algorithm. First,
an elastic trial stress state is calculated. This is done by assuming that the rate of deformation is
completely elastic,

= T + At (ilöijcikk + Zudij) . (5.13.20)

The trial stress state is decomposed into a pressure and a deviatoric stress

ptr = 3 — J 
71,rk ; = TJ 

— (5.13.21)

A trial yield function value, r, is calculated by assuming purely thermoelastic deformations (P =

0, er = P,',) such that,

fr (stiri„j, = 0, = 
rr 
(Stirp Cr (4, Pt; = 0,0,+1) . (5.13.22)

If j,tr < 0 then the strain rate is elastic and the stress update is finished. If ftr > 0 then plastic de-
formation has occurred and a radial return algorithm determines the extent of plastic deformation.
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The normal to the yield surface is assumed to lie in the direction of the trial stress state. This gives
the following expression for Nij,

(stir. — Le.)
Ni =  

(stri — a7j)

Using a backward Euler algorithm, the final deviatoric stress state is

where the plastic strain increment is

(5.13.23)

sii71 = stir,/ — A t2pdri, (5.1 3.24)

Adrj = iAkPNij. (5.13.25)

The equation for the change in the equivalent plastic strain over the load step is found as the
solution to

3pAkP + 6- + AkP, At, O72+1) Otr fn = 0, (5.13.26)

in which the plastic strain rate is approximated as, kP = AkP/At.

5.13.3 Verification

The .12 plasticity model is verified through a series of uniaxial and pure shear tests considering a
variety of hardening models. Specifically, the boundary value problems of Appendix A.5 are used.
Throughout these tests, the elastic properties are maintained as E = 70 GPa and v = 0.25.

5.13.3.1 Plastic Hardening

For the verification of the J2 model, a series of tests using different rate-independent, rate-
dependent, and combinations of these hardening models are investigated for both uniaxial stress
and pure shear. For these cases, by imposing a constant plastic strain rate as described in Ap-
pendix A.5 the model response may be analytically determined as a function of time. For the
rate-independent cases, a constant plastic sp = 1 x 10-4s-1 is used to replicate quasi-static condi-
tions.

The various rate-dependent and rate-independent hardening coefficients are found in Table 5.16
while the remaining model parameters are unchanged from the previous verification exercises.
For the current verification exercises, the rate-independent hardening models (linear, Voce, and
power-law) and rate-dependent forms (Johnson-Cook, power-law breakdown) are examined.
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C 0.1 E0 1 x 10-4 s-1
g 0.21 s-1 m 16.4

RLinear. 200 MPa - -

Art 400 MPa Firt 0.25

Avoce 200 MPa hVoce 20

Table 5.16: The model parameters for the hardening verification tests used with the J2 plasticity
model during verification tests. Parameters for the rate-independent hardening functions, ej-y, are
also given and denoted with a 7 while the subscript refers to the functional form.

Rate-Independent

First, the ability of the built-in rate-independent hardening models is assessed in both uniaxial
stress and pure shear. Specifically, the linear, power-law, and Voce hardening models are con-
sidered and the results determined analytically and numerically are presented in Figure 5.37. As
expected, excellent agreement is noted between the two sets of results. Importantly, as the re-
sponses of all three rate-independent isotropic hardening models are presented in the same figures,
the corresponding behaviors can be seen. Note, the given parameterizations are not selected for any
form of equivalency. Nonetheless, the linear post-yielding behavior of the corresponding model
can be seen and compared to the non-linear responses of the Voce and power-law implementations.
The critical difference of the latter two being that the Voce response saturates at a stress level while
the power-law continues to grow.
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Figure 5.37: Analytical and numerical (a) uniaxial stress-strain and (b) pure shear responses of the
J2 plasticity model with linear, power-law, and Voce rate-independent isotropic hardening. Solid
lines are analytical while open symbols are numerical.
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Rate-Dependent

With the performance of the model under rate-independent conditions established, next the capabil-
ities of the rate-dependent (Johnson-Cook and power-law breakdown) formulations are considered.
Note, the flow-stress and decoupled flow-stress models that incorporate temperature dependence
are left to later sections. As such, in these cases user-defined analytic functions are used for each
of the specified rate-independent hardening models rather than particular implementations.

The uniaxial stress-strain responses are interrogated for the Johnson-Cook and Power-law break-
down rate-dependent hardening models considering linear, power-law, and Voce isotropic harden-
ing in Figure 5.38. Five decades of plastic strain rates kP = 1 x 10-3 —> 1 x 101s-1 are considered.
In comparing the analytical and numerical results between all of the cases exceptional agreement
is noted between every case.

Similarly, the pure shear responses of the six hardening combinations over the five plastic strain
rates are given in Figure 5.39 for both analytical and numerical approaches. As with the normal
cases, outstanding agreement is noted between the various results. Thus, between the plethora of
problems presented in Figures 5.38 and 5.39 the performance of the rate-dependent models may
be considered verified.

Flow Stress

Decoupled Flow Stress
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Figure 5.38: Analytical and numerical uniaxial stress-strain responses of the J2 plasticity model
with (a,b) linear, (c,d) power-law, and (e,f) Voce isotropic hardening with the (a,c,e) Johnson-Cook
and (b,d,f) Power-law breakdown rate-dependent hardening models. Solid lines are analytical
while open symbols are numerical.
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oǹ

• 300

2 200

100

0.5

8 o

700

600

6'0_ 500

b. 400

1:7; • 300

'2 ▪ 200

100

o o rate: 1.0e-03

o o rate: 1.0e-02

A A rate: 1.0e-01

o o rate: 1.0e+00

o o rate: 1.0e+01

0.1 0.2 0.3
shear strain, E (-)

(c) Power-Law, Johnson-Cook

0.4 0 5

/fere_eeeeee.e.013•046.3

  0 0 rate: 1.0e-03

o o rate: 1.0e-02

A A rate: 1.0e-01

o o rate: 1.0e+00

o o rate: 1.0e+01

8 0 0.1 0.2 0.3
shear strain, E (-)

(e) Voce, Johnson-Cook

0.4 0.5

700

600

0_ 500
2

„nob. 400

300

2 • 200

100

8 o

700

600

0_ 500
2

„flint 400

17-,, 300

_ac) 200

100

o o rate: 1.0e-03

o o rate: 1.0e-02

A A rate: 1.0e-01

o o rate: 1.0e+00

o o rate: 1.0e+01

0.1 0.2 0.3
shear strain, E (-)

(b) Linear, Power-Law Breakdown

0.4 0.5

o o rate: 1.0e-03

o o rate: 1.0e-02

A A rate: 1.0e-01

o o rate: 1.0e+00

o 0 rate: 1.0e+01

8 0 0.1 0.2 0.3 0.4
shear strain, E (-)

(d) Power-Law, Power-Law Breakdown

700

600

0_ • 500

„not 400

a)
+Luz, 300

2 200
Ln

100

0 5

=====================

----------------------

O o rate: 1.0e-03

o o rate: 1.0e-02

A A rate: 1.0e-01

o o rate: 1.0e+00

O 0 rate: 1.0e+01

8.0 0.1 0.2 0.3 0.4
shear strain, E (-)

(f) Voce, Power-Law Breakdown

0.5

Figure 5.39: Analytical and numerical pure shear responses of the J2 plasticity model with (a,b)
linear, (c,d) power-law, and (e,f) Voce isotropic hardening with the (a,c,e) Johnson-Cook and (b,d,f)
Power-law breakdown rate-dependent hardening models. Solid lines are analytical while open
symbols are numerical.
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Figure 5.40: Analytical and numerical uniaxial stress-strain responses of the J2 plasticity model
using the flow-stress hardening model comprised of (a,b) linear, (c,d) power-law, and (e,f) Voce
isotropic hardening, (a,c,e) Johnson-Cook and (b,d,f) power-law breakdown rate multipliers, and
(a-f) Johnson-Cook temperature multipliers. Solid lines are analytical while open symbols are
numerical.
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Figure 5.41: Analytical and numerical pure shear responses of the J2 plasticity model using the
flow-stress hardening model comprised of (a,b) linear, (c,d) power-law, and (e,t) Voce isotropic
hardening, (a,c,e) Johnson-Cook and (b,d,f) Power-law breakdown rate multipliers and (a-t)
Johnson-Cook temperature multipliers. Solid lines are analytical while open symbols are numeri-
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Figure 5.42: Analytical and numerical uniaxial stress-strain responses of the J2 plasticity model
using the decoupled flow-stress hardening model comprised of (a-c) linear, (d-f) power-law, and
(g-i) Voce isotropic hardening, (a-i) temperature independent hardening, (a-i) Johnson-Cook type
temperature multiplier for yield, (a,d,g) Johnson-Cook and power-law breakdown type yield and
hardening rate multipliers, respectively, (b,e,h) rate-independent yield with Johnson-Cook type
hardening rate dependence, and (c,f,i) power-law breakdown yield rate dependence with rate-
independent hardening. Solid lines are analytical while open symbols are numerical. Abbrevi-
ations inside () denote form of rate-dependence. A "-" indicates rate independence while "JC' and
"PLB" represent Johnson-Cook and power-law breakdown, respectively.
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Figure 5.43: Analytical and numerical uniaxial stress-strain responses of the J2 plasticity model
using the decoupled flow-stress hardening model comprised of (a-c) linear, (d-f) power-law, and
(g-i) Voce isotropic hardening, (a-i) temperature independent yield, (a-i) Johnson-Cook type tem-
perature multiplier for hardening, (a,d,g) power-law breakdown and Johnson-Cook rate multipli-
ers for yield and hardening, respectively (b,e,h) rate-independent hardening with Johnson-Cook
type yield rate dependence, and (c,f,i) power-law breakdown hardening rate dependence with rate-
independent yield. Solid lines are analytical while open symbols are numerical. Abbreviations in-
side () denote form of rate-dependence. A "-" indicates rate independence while "JC" and "PLB"
represent Johnson-Cook and power-law breakdown, respectively.
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5.13.4 User Guide

BEGIN PARAMETERS FOR MODEL J2_PLASTICITY

#

# Elastic constants

#

YOUNGS MODULUS = <real> E

POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G

BULK MODULUS = <real> K

LAMBDA = <real> A

TWO MU = <real> Zo

#

# Yield surface parameters

#

YIELD STRESS = <real> a-3,

A = <real> a (1.0)

BETA = <real> 13 (1.0)

#
# Hardening model

#

HARDENING MODEL = LINEAR 1 POWER_LAW 1 VOCE 1 USER_DEFINED I

FLOW_STRESS I DECOUPLED_FLOW_STRESS I CUBIC_HERMITE_SPLINE I

JOHNSON_COOK 1 POWER_LAW_BREAKDOWN

#

# Linear hardening

#

HARDENING MODULUS = <real> LC

#

# Power-law hardening

#

HARDENING CONSTANT = <real> A

HARDENING EXPONENT = <real> n (0.5)

LUDERS STRAIN = <real> si, (0.0)

#

# Voce hardening

#

HARDENING MODULUS = <real> A

EXPONENTIAL COEFFICIENT = <real> n

#

# Johnson-Cook hardening

#

HARDENING FUNCTION = <string>hardening_function_name

RATE CONSTANT = <real> C

REFERENCE RATE = <real> sp

#

# Power law breakdown hardening

#
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HARDENING FUNCTION = <string>hardening_function_name

RATE COEFFICIENT = <real> g

RATE EXPONENT = <real> m

#

# User defined hardening

#

HARDENING FUNCTION = <string>hardening_function_name

#

# Spline based hardening curve

#

CUBIC SPLINE TYPE = <string>

CARDINAL PARAMETER = <real> val

KNOT EQPS = <real_list> vals

KNOT STRESS = <real_list> vals

#

#

# Following Commands Pertain to Flow_Stress Hardening Model

#

# - Isotropic Hardening model

#

ISOTROPIC HARDENING MODEL = LINEAR I POWER_LAW I VOCE I

USER_DEFINED

#

# Specifications for Linear, Power-law, and Voce same as above

#

# User defined hardening

#

ISOTROPIC HARDENING FUNCTION = <string>iso_hardening_fun_name

#

# - Rate dependence

#

RATE MULTIPLIER = JOHNSON_COOK I POWER_LAW_BREAKDOWN I

RATE_INDEPENDENT (RATE_INDEPENDENT)

#

# Specifications for Johnson-Cook, Power-law-breakdown

# same as before EXCEPT no need to specify a

# hardening function

#

# - Temperature dependence

#

TEMPERATURE MULTIPLIER = JOHNSON_COOK I USER_DEFINED I

TEMPERATURE INDEPENDENT (TEMPERATURE INDEPENDENT)

#

# Johnson-Cook temperature dependence

#

MELTING TEMPERATURE = <real> °melt

REFERENCE TEMPERATURE = <real> Oref
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TEMPERATURE EXPONENT = <real> M

#

# User-defined temperature dependence

TEMPERATURE MULTIPLIER FUNCTION = <string>temp_mult_function_name

#

#

# Following Commands Pertain to Decoupled_Flow_Stress Hardening Model

#

# - Isotropic Hardening model

#

ISOTROPIC HARDENING MODEL = LINEAR I POWER_LAW I VOCE I USER_DEFINED

#

# Specifications for Linear, Power-law, and Voce same as above

#

# User defined hardening

#

ISOTROPIC HARDENING FUNCTION = <string>isotropic_hardening_function_name

#

# - Rate dependence

#

YIELD RATE MULTIPLIER = JOHNSON_COOK I POWER_LAW_BREAKDOWN

RATE_INDEPENDENT (RATE_INDEPENDENT)

#

# Specifications for Johnson-Cook, Power-law-breakdown same as before

# EXCEPT no need to specify a hardening function

# AND should be preceded by YIELD

#

# As an example for Johnson-Cook yield rate dependence,

#

YIELD RATE CONSTANT = <real> CY

YIELD REFERENCE RATE = <real> fY0
#

HARDENING_RATE MULTIPLIER JOHNSON_COOK I POWER_LAW_BREAKDOWN I

RATE_INDEPENDENT (RATE_INDEPENDENT)

#

# Syntax same as for yield parameters but with a HARDENING prefix

#

# - Temperature dependence

#

YIELD TEMPERATURE MULTIPLIER = JOHNSON_COOK I USER DEFINED I

TEMPERATURE_INDEPENDENT (TEMPERATURE_INDEPENDENT)

#

# Johnson-Cook temperature

#

YIELD MELTING TEMPERATURE

YIELD REFERENCE TEMPERATURE

YIELD TEMPERATURE EXPONENT

dependence

= <real> 6rnelt
= <real> OrYe f

= <real> MY
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# User-defined temperature dependence

YIELD TEMPERATURE MULTIPLIER FUNCTION = <string>yield_temp_mult_fun_name

HARDENING TEMPERATURE MULTIPLIER = JOHNSON_COOK I USER_DEFINED I

TEMPERATURE_INDEPENDENT (TEMPERATURE_INDEPENDENT)

Syntax for hardening constants same as for yield but

with HARDENING prefix

END [PARAMETERS FOR MODEL J2_PLASTICITY]

Output variables available for this model are listed in Table 5.17.

Table 5.17: State Variables for J2 PLASTICITY Model

Name Description
EQPS equivalent plastic strain, V3
EQDOT equivalent plastic strain rate, P
SEFF effective stress, 0
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5.14 Hosford Plasticity Model

5.14.1 Theory

Like other elastic-plastic models in Lamé, the Hosford plasticity model is a rate-independent hy-
poelastic formulation. Unlike the Hill and other more complex plasticity models, it is isotropic. In
a similar fashion to those models, the total rate of deformation is additively decomposed into an
elastic and plastic part such that

D~j=D~+DP. (5.14.1)

The objective stress rate, depending only on the elastic deformation, may then be written as,

o

tj ijklDj<1. (5.14.2)

The Hosford plasticity model utilizes a yield surface first put forth by W. F. Hosford in the
1970's [1] that is isotropic but non-quadratic. This specific form was proposed due to experi-
mental observations of biaxial stretching in which neither the Tresca or J2 yield surfaces could
describe the results. In contrast to many of the yield surfaces proposed for similar purposes, only
two parameters are utilized. Even with these limited terms, the developed model is quite versatile
and can be reduced to von Mises or Tresca conditions as well as capturing responses in between.
This yield surface is given as,

f (o-ij, = (o-ij) — 5- = 0, (5.14.3)

in which 0 (o-i j) is the Hosford effective stress and 5- (V') is the isotropic hardening function. The
Hosford effective stress is a non-quadratic function of the principal stresses (o-i, i = 1, 2, 3) and is
given as

(Cr1.1) = [
10-1 — 0-21a + 10-2 — 0-3 la + 10-1 — 

0_3 la 1/a

2
(5.14.4)

in which a is the yield surface exponent. Interestingly, if a = 2 or 4 the yield surface reduces to
that of a J2 von Mises surface while a = 1 or as a —) oo produces a Tresca like shape. If the value
of a is above 4 the yield surface takes a position between the Tresca and J2 limits Typical values
are a = 6 or a = 8 for bcc and fcc metals, respectively [2]. To highlight this variability the yield
surface is plotted below in Figure 5.44 for three values of a — a = 4, 8, and 100.

For the hardening function, Cr (e), a variety of forms including linear, power law, or a more general
user defined function may be used.

An associated flow rule is utilized such that the plastic rate of deformation is normal to the yield
surface and is given by,

(5.14.5)
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— a = 4

— a = 8

— a =100

Figure 5.44: Example Hosford yield surfaces, f = 0; a), presented in the deviatoric
plane. The presented surfaces correspond to the different yield exponents a = 4, 8, and 100.

where y is the consistency multiplier enforcing f = 0 during plastic deformation. Given the form
of f, it can also be shown that y = P.

For details, please see [3].

5.14.1.1 Plastic Hardening

Plastic hardening refers to increases in the flow (yield) stress, 5-, with plastic deformation. As
such, hardening is described via the functional relationship between the flow stress and isotropic
hardening variable (effective plastic strain), 6- (U). Over the course of nearly a century of work in
metal plasticity, a variety of relationships have been proposed to describe the interactions associ-
ated with different physical interpretations, deformation mechanisms, and materials. To enable the
utilization of the same plasticity models for different material systems, a modular implementation
of plastic hardening has been adopted such that the analyst may select different hardening models
simply from the input deck thereby avoiding any code changes or user subroutines. In this sec-
tion, additional details are given to the different models to enable the user to select the appropriate
choice of model. Note, the models being discussed here are only for isotropic hardening in which
the yield surface expands. Kinematic hardening in which the yield surface translates in stress-space
with deformation and distortional hardening where the shape of the yield surface changes shape
with deformation are not treated. For a larger discussion of the phenomenology and history of
different hardening types, the reader is referred to [4, 5, 6].

Given the ubiquitous nature of these hardening laws in computational plasticity, some (if not most)
of this material may be found elsewhere in this manual. Nonetheless, the discussion is repeated
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here in a consolidated fashion for the convenience of the reader.

Linear

Linear hardening is conceptually the simplest model available in LAMt. As the name implies, a
linear relationship is assumed between the hardening variable, e), and flow stress. The constant
giving the degree of increase of yield stress with plastic flow is termed the modulus and is given
as, H', while the expression for the flow stress may be written,

5- = o-y +

The simplicity of the model is its main feature as the constant slope,

c15-
=

dP

(5.14.6)

(5.14.7)

makes the model attractive for analytical models and cheap for computational implementations
(e.g. radial return algorithms require only a single correction step). Unfortunately, the simplicity
of the representation also means that it has limited predictive capabilities and can lead to overly
stiff responses.

Power Law

Another common expression for isotropic hardening is the so-called "power law" hardening. In
fact, this form has seen sufficient historic utilization that a dedicated E LAS T IC-PLASTIC POWER
LAW HARDENING model may be found in LAME (see Section 5.8.1). For this form, the effective
equivalent plastic strain, < Ep - EL >, in which < • > are Macaulay brackets and EL is the Hiders
strain, is raised to a constant power, n, typically taken such that 0 < n 1 and multiplied by a
constant modulus A. The Laders strain is a positive, constant strain value (default to zero) giving
an initial plastic deformation domain in which the response is perfectly plastic (see Fig. 5.20).
Often, this sort of behavior is associated with localized deformations of some sort. This expression
is given as,

leading to a derivative of the form,

5- = o-y + A < - EL >n , (5.14.8)

do-

dP
= nA < - EL >(n-1) . (5.14.9)

Note, one difficulty in such an implementation is that when n < 1 and the effective equivalent
plastic strain is zero, numerical difficulties may arise in evaluating the derivative necessitating
special treatment of the case.
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Voce

The Voce hardening model (sometimes referred to as a saturation model) uses a decaying expo-
nential in terms of the equivalent plastic strain such that the hardening eventually saturates to a
specified value (thus the name) Such a relationship has been observed in some structural metals
giving rise to the popularity of the model. The hardening response is given as,

Cr = cry + A (1 — exp (—r&)) , (5.14.10)

in which A is a constant modulus and n is a fitting exponent describing how quickly the hardening
saturates. Importantly, the derivative is written as,

d5-

dP
= nAexp , (5.14.11)

and is well defined everywhere giving the selected form an advantage over the aforementioned
power law model.

Johnson-Cook

The Johnson-Cook hardening type is a rate-dependent formulation utilizing the assumption that
rate-independent and rate-dependent contributions may be multiplicatively separated. Specifically,
use of this option requires specifying a user-defined hardening function to capture rate-independent
contributions and Johnson-Cook type rate dependent coefficients. The flow stress may be written
in this fashion as,

1 + Cln 
to 

(5.14.12)

in which 5- (V') is the user-specified rate-independent hardening function, C is a fitting constant
and to is a reference strain rate below which the material behaves in a rate independent fashion.

Power Law Breakdown

Like the Johnson-Cook formulation, the power-law breakdown model is also rate-dependent.
Again, a multiplicative decomposition between rate-independent and dependent hardening con-
tributions. In this case, however, the functional form is derived from the analysis of Frost and
Ashby [7] in which power-law relationships like those of the Johnson-Cook and cease to appropri-
ately capture the physical response. The form used here is similar to the expression used by Brown
and Bammann [8] and is written as,

kp)(11o)1
= -o-y(e)[i + asinh (— (5.14.13)
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with '&y (e) being the user supplied rate independent expression, g is a model parameter related
to the activation energy in going from climb to glide-controlled deformation, and m dictates the
strength of the dependence.

5.14.2 Implementation

The Hosford plasticity model is implicitly integrated using a closest point projection (CPP) return
mapping algorithm (RMA). The resulting nonlinear equations are solved via a line search aug-
mented Newton-Raphson method and the stress update routine is very similar to that of the Hill
plasticity model. The key difference between the two is the isotropy. Specifically, given that the
Hosford yield surface is isotropic and the functional form is given in terms of principal stresses, the
stress update routine is performed in principal stress space and then converted to global Cartesian
values.

For a loading step, a trial stress state, T f 5, may be computed by knowing the rate of deformation,
dij, and time step as,

Tf; = T + AtCijkldkl. (5.14.14)

The principal stresses, T fr , may then be used to determine the trial yield function value, Otr =
(7, fr z.p(n)) trp < 0, the elastic trial solution is acceptable. On the other hand, if the trial

solution is inadmissible, the aforementioned CPP-RMA problem is solved in principal stress space.
The crux of this algorithm is the simultaneous solution of two nonlinear equations — (i) the flow rule
and (ii) consistency condition. The former leads to a residual, RL, of the form (again in principal
stress space),

Ri = 
ao 

— Ay = 0,aTi

while the latter is enforced by the yield function,

(5.14.15)

f = (T 1) — 5- (0= 0, (5.14.16)

and its derivative (f) being zero. This system is solved via a Newton-Raphson type approach in
which the state variables (stress, T„ and consistency multiplier, y) are iteratively corrected until the
residuals are satisfied. Using (k + 1) and (k) to denote the next and current iterations, this updating
takes the form,

Ay(k+l) = Ay(k) + A (Ay) ,

T k+1) = + AT„ (5.14.17)

in which T" = Tr and Ay" = O. Consistent linearization of the two equations can be solved to
give correction increments of the form,
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A (Ay) =

f(k) le) (k) acb(k)

ATi = —Yijqc) ( RP + A (Ay)
ao(k)\

OT;

with .Yijqc) being the Hessian of the CPP-RMA problem and irk) is the slope of the hardening
curve.

(5.14.18)

Previous studies have indicated that the Newton-Raphson method alone may be insufficient to
guarantee convergence with arbitrary stress states in the case of non-quadratic yield surfaces [9,
10, 3]. To address this, a line search method is adopted. In such an approach, the incrementation
rule (5.14.17) is modified such that,

Ay(k+1) = Ay(k) + aA (Ay) ,
= (k)+ aATi, (5.14.19)

where a E (0, 1] is the step magnitude. This parameter enforces that the solution be converging
and is determined via various convergence criteria. The a = 1 case corresponds to the Newton-
Raphson method. Utilization of this approach has been shown to greatly increase the robustness of
this algorithm under large trial stresses [3].

Finally, upon convergence of the algorithm, the Cartesian stress are found from the principal
stresses via,

7'1:1:F1 =tj

3

k=1

Tn+1
k ci'f' (5.14.20)

in which ek is the eigenvector of the kth principal stress.

Details of this implementation and the line search algorithm may be found in the work of
Scherzinger [3].

5.14.3 Verification

The Hosford plasticity material model is verified through a variety of loading and material con-
ditions. For these cases, the elastic properties corresponding to 2090-T3 aluminum [11] given in
Section 5.15.3 are utilized. The elastic properties are E = 70 GPa and v = 0.25 while a linear
hardening law of the form,

(e) = a-y + Ke, (5.14.21)

with o-y = 200 MPa and K = E/200 is assumed. For these studies, two different yield surface
exponents will be used, a = 4, 8. The former corresponds to the JZ surface while the latter is a
common value for aluminum.
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5.14.3.1 Uniaxial Stress

In the case of uniaxial stress (o-), it is trivial to note that the corresponding principal stress state is
simply o-i = 0-, 0-2 = 0-3 = O. As such, regardless of a,

0 = 10-11. (5.14.22)

With the aforementioned linear hardening, this case reduces to that discussed in Section 5.7.3.1.
Corresponding analytical and numerical results (both with a = 4 and 8) of the axial stress and
lateral strain are presented in Figures 5.45a and 5.45b, respectively. In these figures, the invariance
of response on yield surface exponent through this loading is clearly observed.
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Figure 5.45: (a) Axial stress-strain and (b) lateral strain results of the Hosford plasticity model
determined analytically and numerically for the case of yield surface exponents a = 4, 8.

5.14.3.2 Pure Shear

To explore the impact of the yield exponent a, the case of pure shear is considered. Specifically, the
only shear component shall be in the Cartesian el — e2 direction such that 0-12 = T and 812 are the
only non-zero components. Noting that the three principal stresses are T, 0, —T, the yield condition
simplifies to

= [1+ 2a-1ra T. (5.14.23)

The equivalent plastic strain may then be found as a function of 812 in the same way as presented
in Section 5.15.3.2. Shear stress-strain results for both a = 4, 8 are presented in Figure 5.46 as
determined both by adagio and analytically. The boundary conditions for this loading are given in
Appendix A.3. In these results, the effect of the yield surface exponent, a, may clearly be seen.
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Figure 5.46: Shear stress-strain results of the Hosford plasticity model determined analytically and
numerically for the case of yield surface exponents a = 4, 8.

5.14.3.3 Plastic Hardening

To verify the capabilities of the hardening models, rate-independent and rate-dependent alike, the
constant equivalent plastic strain rate, P, uniaxial stress and pure shear verification tests described
in Appendix A.5 are utilized. In these simplified loading cases, the material state may be found ex-
plicitly as a function of time knowing the prescribed equivalent strain rate. For the rate-independent
cases, a strain rate of kP = 1 x 10's-1 is used for ease in simulations although the selected rate
does not affect the results. Through this testing protocol, the hardening models are not only tested
at different rates but also different yield surface shapes. In the current Hosford case, multiple yield
surface exponents, a, are considered to probe this effect. Additionally, the rate-dependent models
are tested for a wide range of strain rates (over five decades) and with all three rate-independent
hardening functions ( &y in the previous theory section). Although linear, Voce, and power-law
rate-independent representations are utilized in the rate-dependent tests, in those cases the hard-
ening models are prescribed via user-defined analytic functions. The rate-independent verification
exercises, on the other hand, examine the built-in hardening models. This distinction necessitates
the different considerations and treatments.

The various rate-dependent and rate-independent hardening coefficients are found in Table 5.18
while the remaining model parameters are unchanged from the previous verification exercises.
For the current verification exercises, the rate-independent hardening models (linear, Voce, and
power-law) will first be considered and then the rate-dependent forms (Johnson-Cook, power-law
breakdown).
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C 0.1 Eo 1 x 10-4 s-1

g 0.21 s-1 m 16.4

RLinear 200 MPa - -

Art 400 MPa Firt 0.25

Avoce 200 MPa hVoce 20

Table 5.18: The model parameters for the hardening verification tests used with the Hosford plas-
ticity model during verification tests. Parameters for the rate-independent hardening functions, 5-3,
are also given and denoted with a 7 while the subscript refers to the functional form.

Linear

The aforementioned verification exercises from Appendix A.5 are used to investigate the numerical
implementation of the rate-independent linear hardening model. Results from uniaxial stress and
pure shear exercises determined analytically and numerically are given in Figure 5.47 for three
different exponents a = 4, 8, and 20. The first exponent produces a J2 like response with the latter
increasing the curvature of the yield surface. As discussed in Section 5.14.3.1, a purely uniaxial
response is independent of exponent thus producing the collapsed results in Figure 5.47a. In both
the uniaxial stress and pure shear cases, clear agreement is noted between the two sets of results.
The linear slope (tangent modulus) giving the model its name is also observable in the results of
Figure 5.47.
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Figure 5.47: Analytical and numerical (a) uniaxial stress-strain and (b) pure shear responses of the
Hosford plasticity model with rate-independent, linear hardening. Solid line are analytical while
open symbols are numerical.

Power-Law

To consider the performance of the common power-law hardening model with the Hosford yield
surface, the uniaxial stress and pure shear exercises of Appendix A.5 are solved analytically and
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numerically. These results are presented in Figure 5.48 for three different Hosford exponents —
a = 4, 8 and 20. As expected from previous discussions the uniaxial stress results in Figure 5.48a
are independent of a. For both the uniaxial stress and pure shear results, the desired agreement be-
tween analytical and numerical solutions is apparent. These results also highlight the initial curved
response during plastic-deformation eventually transitioning into a more linear type response.
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Figure 5.48: Analytical and numerical (a) uniaxial stress-strain and (b) pure shear responses of
the Hosford plasticity model with rate-independent, power-law hardening. Solid line are analytical
while open symbols are numerical.

Voce

For the rate-independent Voce hardening model, the problems of Appendix A.5 are used to verify
the model response. Specifically, results for the uniaxial stress and pure shear analyses are pre-
sented in Figure 5.49 as determined analytically and numerically for three different values of a —
a = 4, 8, and 20. From these results, clear agreement is noted between the two sets of results;
including the invariance of the uniaxial stress case to a (Figure 5.49a). Additionally, the results of
Figure 5.49 also exemplify the saturation nature of the Voce hardening model as the stress-strain
response eventually asymptotes.

Johnson-Cook

As noted in Section 5.14.3.1, the uniaxial stress response is independent of a. This is also reflected
Appendix A.5.1 in which the stress weighting coefficients (F) for the Hosford uniaxial case are
one. As such in Figure 5.50 the results of the constant equivalent plastic strain rate uniaxial stress
test are presented with a = 8 and using the linear (5.50a), power-law (5.50b), and Voce (5.50c)
rate-independent hardening models for five different rates — kP = 1 x 10-3, 1 x 10-2, 1 x 10-1, 1 x 100
and 1 x 101 s-1. In all cases in Figure 5.50 excellent agreement is observed between the results.

Unlike the uniaxial stress case, for pure shear the response depends on the exponent a. Therefore,
in addition to the three hardening models, results are also presented for three different exponent
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Figure 5.49: Analytical and numerical (a) uniaxial stress-strain and (b) pure shear responses of the
Hosford plasticity model with rate-independent, Voce hardening. Solid line are analytical while
open symbols are numerical.

values — a = 4, 8, and 20. The results for all nine cases are presented in Figure 5.51 and again
excellent agreement is noted in all instances.

Power-Law Breakdown

As mentioned in the previous Johnson-Cook section, for the Hosford model under uniaxial stress
the response is independent of yield surface exponent, a. Therefore, Figure 5.52 presents the
results of the constant equivalent plastic strain rate verification test of Appendix A.5.1 for strain
rates spanning five decades — kP = 1 x 10-3, 1 x 10-2, 1 x 10-1, 1 x 10° and 1 x 101 s-1. The tests
are performed for each rate—independent hardening model. In all fifteen cases excellent agreement
is noted between numerical and analytical results.

Similarly, Figure 5.53 gives the results of the pure shear variant of the constant equivalent plastic
strain rate verification test of Appendix A.5.2. The same five rates used in the uniaxial stress case
are again utilized although in this instance as the pure shear response does depend on a the results
are given for three yield surface exponents — a = 4, 8 and 20. In the forty-five cases shown in
Figure 5.53 quite acceptable agreement is noted verifying the capabilities of the rate-dependent
Hosford implementation.
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Figure 5.51: Analytical and numerical stress-strain response of the Hosford plasticity model with
rate-dependent, Johnson-Cook type hardening in pure shear with (a-c) linear (d-f) power-law and
(g-i) Voce rate-independent hardening. Solid lines are analytical results while open symbols are
numerical.
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Figure 5.52: Analytical and numerical uniaxial stress-strain response of the Hosford plasticity
model (a = 8) with rate-dependent, power-law breakdown type hardening with (a) linear (b) power-
law and (c) Voce rate-independent hardening. Solid lines are analytical results while open symbols
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Figure 5.53: Analytical and numerical stress-strain response of the Hosford plasticity model with
rate-dependent, power-law breakdown type hardening in pure shear with (a-c) linear (d-f) power-
law and (g-i) Voce rate-independent hardening. Solid lines are analytical results while open sym-
bols are numerical.
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5.14.4 User Guide

BEGIN PARAMETERS FOR MODEL HOSFORD_PLASTICITY

#

# Elastic constants

#

YOUNGS MODULUS = <real> E

POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G

BULK MODULUS = <real> K

LAMBDA = <real> A

TWO MU = <real> Zo

#

# Yield surface parameters

#

YIELD STRESS = <real> a-3,

A = <real> a (1.0)

#

# Hardening model

#

HARDENING MODEL = LINEAR I POWER_LAW

CUBIC_HERMITE_SPLIT I JOHNSON_COOK

I VOCE I USER_DEFINED

I POWER_LAW_BREAKDOWN

#

# Linear hardening

#

HARDENING MODULUS = <real> LC

#

# Power-law hardening

#

HARDENING CONSTANT = <real> A

HARDENING EXPONENT = <real> n (0.5)

LUDERS STRAIN = <real> EL (0.0)

#

# Voce hardening

#

HARDENING MODULUS = <real> A

EXPONENTIAL COEFFICIENT = <real> n

#

# Johnson-Cook hardening

#

HARDENING FUNCTION = <string>hardening_function_name

RATE CONSTANT = <real> C

REFERENCE RATE = <real> Eo

#

# Power law breakdown hardening

#

HARDENING FUNCTION = <string>hardening function name

RATE COEFFICIENT = <real> g
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RATE EXPONENT = <real> m

# User defined hardening

HARDENING FUNCTION = <string>hardening_function_name

# Spline based hardening curve

CUBIC SPLINE TYPE = <string>

CARDINAL PARAMETER = <real> val

KNOT EQPS = <real_list> vals

KNOT STRESS = <real_list> vals

END [PARAMETERS FOR MODEL HOSFORD_PLASTICITY]

Output variables available for this model are listed in Table 5.19.

Table 5.19: State Variables for HOSFORD PLASTICITY Model

Name Description

EQPS equivalent plastic strain, V)

EQDOT equivalent plastic strain rate, kP

SEFF effective stress, 0

172



References

[1] W.F. Hosford. A generalized isotropic yield criterion. Journal of Applied Mechanics, 39:
607-609,1972.

[2] A. Graf and W. Hosford. Calculations of forming limit diagrams. Metallurgical Transactions
A, 21A:87-94,1990.

[3] W. M. Scherzinger. A return mapping algorithm for isotropic and anisotropic plasticity mod-
els using a line search method. Computer Methods in Applied Mechanics and Engineering,
317:526-553, 2017.

[4] R. Hill. The Mathematical Theory of Plasticity. Oxford University Press, 1950.

[5] J. Lemaitre and J.-L. Chaboche. Mechanics of Solid Materials. Cambridge University Press,
1990.

[6] J. Lubliner. Plasticity Theory. Dover, 2008.

[7] H. J. Frost and M. F. Ashby. Deformation mechanism maps: the plasticity and creep of metals
and ceramics. Pergamon press, 1982.

[8] A.A. Brown and D.J. Bammann. Validation of a model for static and dynamic recrystalliza-
tion in metals. International Journal of Plasticity, 32-33:17-35,2012.

[9] F. Armero and A. Perez-Foguet. On the formulation of closes-point projection algorithms
in elastoplasticity — part I: The variational structure. International Journal for Numerical
Methods in Engineering, 53:297-329, 2002.

[10] A. Perez-Foguet and F. Armero. On the formulation of closest-point projection algorithms in
elastoplasticity — part II: Globally convergent schemes. International Journal for Numerical
Methods in Engineering, 53:331-374, 2002.

[11] F. Barlat, H. Aretz, J. W. Yoon, J. C. Brem, and R. E. Dick. Linear transformation-based
anisotropic yield functions. International Journal of Plasticity, 21:1009-1039,2005.

173



5.15 Hill Plasticity Model

5.15.1 Theory

The Hill plasticity model is similar to other plasticity models except that it is not isotropic. It is a
hypoelastic, rate-independent plasticity model. The rate form of the equation assumes an additive
split of the rate of deformation into an elastic and plastic part

Dii = + (5.15.1)

The stress rate only depends on the elastic rate of deformation

Crii= ijklpekl (5.15.2)

where Cul,/ are the components of the fourth-order, isotropic elasticity tensor.

The Hill plasticity model has an orthotropic yield surface that assumes orthogonal principal ma-
terial directions. An example of this yield surface is presented below in Figure 5.54 along with
examples of two isotropic surfaces — the von Mises (J2) and Hosford (with a = 8). The vari-
ous surface parameters correspond to 2090-T3 aluminum and the specific Hill strengths are found
in [1]. By comparing the Hill surface to the two isotropic surfaces, the impact of the anisotropy is
clear. Additionally, substantial differences to the normals of the yield surfaces at points of inter-
section highlight the impact of the yield function selection on the resulting flow directions.

In functional form, the Hill yield surface looks like a von Mises yield surface except that there are
6 yield stresses: crY1, 22, 33, 1 43, and 41. These yield stresses correspond to 3 normal and 3TY2, 
shear yield stresses. The yield function takes the form

"
0'2 = F (6-22 — 6-33)2 G (3-33 — 6-11)2 + (6-11 — 0-22)

2

(5.15.3)

+2L6-2 + 2M6-2 + 2N 6-2 = 5-2 (P3)3 31 12

The coefficients F, G, H, L, M, and N were introduced by Hill. In terms of the yield stresses they
are:

F (o-)2 [  1  +  1 1  1 (cr)2

2 [ (crY22)2 (crY33)2 (oil) 2 _1 
L =  

2 (TY23) 2

G = (Cr)2  1 +  1 1 1 
M = 

(5_)2 1

2 (cry33)2 (0_11)2 (Gry22)2 
, 

2 (TY31)2
(5.15.4)
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- fvonMises
— — f.1 Hos ford

Figure 5.54: Example anisotropic Hill yield surface, fHill (0" p sP = CI) presented in the deviatoric
7r-plane fit to 2090-T3 aluminum. Comparison von Mises (J2) and Hosford (with a = 8) surfaces
are also presented.

(c3-)2
H=

1 1 1
;

(cr)2
N2 (cryll)2 (cry22)2 (cry33)2 =

2 (42) 2

where is a reference yield stress.

Rather than input the six independent yield stresses, the ratios of the yield stresses to some refer-
ence yield stress are generally used as input. These ratios are

CTY11 ; - /7-. 1 TY2
R11 = R12 =

Cr cr

CrY22 ; R23 = TY23
R22 =

Cr Cr

CTY TY
R33 = 33

6-
; R31 =

(5.15.5)

These ratios are set up so that if Rij = 1 then the yield surface is isotropic.

The orientation of the principal material axes with respect to the global Cartesian axes may be
specified by the user. First, a rectangular or cylindrical reference coordinate system is defined.

175



Spherical coordinate systems are not currently implemented for the Hill model. The material co-
ordinate system can then be defined through two successive rotations about axes in the reference
rectangular or cylindrical coordinate system. In the case of the cylindrical coordinate system this
allows the principal material axes to vary point-wise in a given element block.

The plastic rate of deformation, as with the isotropic models, assumes associated flow

P • acfrD = y acrij (5.15.6)

Given the form for 0, the consistency parameter, '5/ is equal to the rate of the equivalent plastic
strain, P.

The hardening behavior is given by 5-(e). This hardening function can be a linear hardening
function, a power law hardening function, or a user defined hardening function.

For more information about the Hill plasticity model, consult [2].

5.15.1.1 Plastic Hardening

Plastic hardening refers to increases in the flow (yield) stress, 5-, with plastic deformation. As
such, hardening is described via the functional relationship between the flow stress and isotropic
hardening variable (effective plastic strain), d- (U). Over the course of nearly a century of work in
metal plasticity, a variety of relationships have been proposed to describe the interactions associ-
ated with different physical interpretations, deformation mechanisms, and materials. To enable the
utilization of the same plasticity models for different material systems, a modular implementation
of plastic hardening has been adopted such that the analyst may select different hardening models
simply from the input deck thereby avoiding any code changes or user subroutines. In this sec-
tion, additional details are given to the different models to enable the user to select the appropriate
choice of model. Note, the models being discussed here are only for isotropic hardening in which
the yield surface expands. Kinematic hardening in which the yield surface translates in stress-space
with deformation and distortional hardening where the shape of the yield surface changes shape
with deformation are not treated. For a larger discussion of the phenomenology and history of
different hardening types, the reader is referred to [3, 4, 5].

Given the ubiquitous nature of these hardening laws in computational plasticity, some (if not most)
of this material may be found elsewhere in this manual. Nonetheless, the discussion is repeated
here in a consolidated fashion for the convenience of the reader.

Linear

Linear hardening is conceptually the simplest model available in LAMt. As the name implies, a
linear relationship is assumed between the hardening variable, V) , and flow stress. The constant
giving the degree of increase of yield stress with plastic flow is termed the modulus and is given
as, H' , while the expression for the flow stress may be written,

Cr = Cry + WP. (5.15.7)
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The simplicity of the model is its main feature as the constant slope,

dCr

d
= 
H,

P 
(5.15.8)

makes the model attractive for analytical models and cheap for computational implementations
(e.g. radial return algorithms require only a single correction step). Unfortunately, the simplicity
of the representation also means that it has limited predictive capabilities and can lead to overly
stiff responses.

Power Law

Another common expression for isotropic hardening is the so-called "power law" hardening. In
fact, this form has seen sufficient historic utilization that a dedicated ELAs T I c-P LAST IC POWER
LAW HARDENING model may be found in LAME (see Section 5.8.1). For this form, the effective
equivalent plastic strain, < Ep — EL >, in which < • > are Macaulay brackets and EL is the Hiders
strain, is raised to a constant power, n, typically taken such that 0 < n 1 and multiplied by a
constant modulus A. The Luders strain is a positive, constant strain value (default to zero) giving
an initial plastic deformation domain in which the response is perfectly plastic (see Fig. 5.20).
Often, this sort of behavior is associated with localized deformations of some sort. This expression
is given as,

leading to a derivative of the form,

= o-y + A < sp - sL >n, (5.15.9)

dc7r

dP
= nA < — EL >.(11-1) . (5.15.10)

Note, one difficulty in such an implementation is that when n < 1 and the effective equivalent
plastic strain is zero, numerical difficulties may arise in evaluating the derivative necessitating
special treatment of the case.

Voce

The Voce hardening model (sometimes referred to as a saturation model) uses a decaying expo-
nential in terms of the equivalent plastic strain such that the hardening eventually saturates to a
specified value (thus the name) Such a relationship has been observed in some structural metals
giving rise to the popularity of the model. The hardening response is given as,

= Cry + A (1 - exp (-/&)) , (5.15.11)

in which A is a constant modulus and n is a fitting exponent describing how quickly the hardening
saturates. Importantly, the derivative is written as,
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d5-

AP
= nA exp (—ne), (5.15.12)

and is well defined everywhere giving the selected form an advantage over the aforementioned
power law model.

Johnson-Cook

The Johnson-Cook hardening type is a rate-dependent formulation utilizing the assumption that
rate-independent and rate-dependent contributions may be multiplicatively separated. Specifically,
use of this option requires specifying a user-defined hardening function to capture rate-independent
contributions and Johnson-Cook type rate dependent coefficients. The flow stress may be written
in this fashion as,

(3- = eky (e) [1 + Cln , (5.15.13)
Eo

in which 5- (V') is the user-specified rate-independent hardening function, C is a fitting constant
and k) is a reference strain rate below which the material behaves in a rate independent fashion.

Power Law Breakdown

Like the Johnson-Cook formulation, the power-law breakdown model is also rate-dependent.
Again, a multiplicative decomposition between rate-independent and dependent hardening con-
tributions. In this case, however, the functional form is derived from the analysis of Frost and
Ashby [6] in which power-law relationships like those of the Johnson-Cook and cease to appropri-
ately capture the physical response. The form used here is similar to the expression used by Brown
and Bammann [7] and is written as,

kp )1

Cr 
1

= 5-y ( V)) 1 + asinh (— (5.15.14)

with 5-y (V') being the user supplied rate independent expression, g is a model parameter related
to the activation energy in going from climb to glide-controlled deformation, and m dictates the
strength of the dependence.

5.15.2 Implementation

The Hill plasticity model uses a predictor-corrector algorithm for integrating the constitutive
model. Given a rate of deformation, dii, and a time step, A t, a trial stress state is calculated
based on an elastic response

rjr. = T + 0 t (5.15.15)
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If the trial stress state lies outside the yield surface, i.e. if 0(7TI) > 5-, then the model uses a
backward Euler algorithm to return the stress to the yield surface. There are two equations that
need to be solved. To ensure that the plastic strain increment is in the correct direction we have

Rp P (90= At dij — = 0
aTij

while to ensure that the stress state is on the yield surface we require

(5.15.16)

f = (Tii) — 5- = 0 (5.15.17)

The primary algorithm for solving these equations is a Newton-Raphson algorithm. Using Ay
(which is equal to AU) and T, jas the solution variables, we set up an iterative algorithm where

where Ay" = 0 and T,T) = Tfiland

Ay(k+l) = Ay(k) + A (Ay)

T tyro = T,Y;) + ATi,

At dp =

The Newton-Raphson algorithm gives

ijkl

'ijf(k) 
Dck) (k) ao(k) 

aT kl A (Ay) = aok) 1,00
aTi ifid

aTkl

AT; = ( arh(k)i(jk k) l R : c l) + A (Ay)  -t-

aTkl )

(5.15.18)

(5.15.19)

(5.15.20)

A straightforward Newton-Raphson algorithm does not always converge, so the return mapping
algorithm is augmented with a line search algorithm
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Ay(k+l) = Ay(k) + aA (Ay)

(5.15.21)

= + aATij

where a E (0, 1] is the line search parameter which is determined from certain convergence con-
siderations. If a = 1 then the Newton-Raphson algorithm is recovered. The line search algorithm
greatly increases the reliability of the return mapping algorithm.

5.15.3 Verification

The Hill plasticity material model is verified for a number of loading conditions. The elastic
properties used in these analyses are E = 70 GPa and v = 0.25. The parameters that are used to
define the yield surface are

R11 = 1.000680 ; R12 = 0.909194

R22 = 0.906397 ; R23 = 0.851434 (5.15.22)

R33 = 1.027380 ; R31 = 0.799066

These parameters correspond to a parameterization of the Barlat model for 2090-T3 aluminum [8]
that is fit to the Hill model. The hardening law used for the model is a Voce law with the following
form

d- (e) = o-y + A (1 — exp(—ne)) (5.15.23)

For these calculations Cry = 200 MPa, A = 200 MPa, and n = 20. Finally, the coordinate system
used in these calculations is a rectangular coordinate system with the el, e2, e3 axes aligned with
the x, y, z axes.

5.15.3.1 Uniaxial Stress

The Hill plasticity model is tested in uniaxial tension along the three orthogonal principal material
directions. The tests looks at the stress, the strain, and the equivalent plastic strain and compares
these values against analytical results for the same problem. In this verification problem only the
normal stresses are needed, and the shear terms are not exercised. Therefore, the parameters R12,
R23, and R31 are not used in the problem and a separate verification test will be needed for shear
response.
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The model is tested in uniaxial stress in the x, y, and z directions, giving three test problems. Each
problem can be formulated exactly the same. For the description of the test we will only look at
loading in the x direction (x1 direction).

For the uniaxial stress problem, the only non-zero stress component is o-i . In the analysis that
follows o-ii = o- . There are three non-zero strain components, 8ii, En, and 833. In the analysis that
follows En = E. Furthermore, the axial elastic strain, en = cr 1 E will be denoted by se .

Axial Stresses

The uniaxial stress calculated by the rnodel in Adagio is compared to analytical solutions. For
uniaxial loading in the el direction, the effective stress is

(5.15.24)

If the stress state is on the yield surface, then = 5- (V)), so the axial stress, as a function of the
hardening function, is

= Rkkõr (e) (5.15.25)

This shows that the stress state can be calculated from the hardening law and the anisotropy pa-
rameters.

To evaluate the axial stress we need the equivalent plastic strain as a function of the axial strain. If
we equate the rate of plastic work we get

frkP = a- - e) = R1 1 - e ) (5.15.26)

which, when integrated, gives us an implicit equation for the equivalent plastic strain

e = RH ( E — R11
E

(5.15.27)

The equivalent plastic strain can then be used in (5.15.25) to find the axial stress, cr. .

The axial stresses for loading in the other directions can be found the same way. The axial stresses
for loading in the ei, e2, and e3 directions are shown in Figure 5.55.

Lateral Strains

For the lateral strains we need the plastic strains and therefore the normal to the yield surface. The
components of the normal to the yield surface are
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(90 1 ao ao
= HRH ;  = GRil

ao-ii R11 80-22 80-33

The elastic axial and lateral strain components are

= .
'11 E 9 '22 — '33 — —VE 

= —ye

The plastic axial strain component is

cr

= — = 8 — Ee

(5.15.28)

(5.15.29)

(5.15.30)

which comes from the additive decomposition of the strain rates. Using the equivalent plastic
strain (5.15.27) we can find the lateral plastic strain components

42 = — (E — Ee) HR211 ; 43 = — (E — Ee) GR211

The lateral total stain components prior to yield are £22 = E33 = —VE. After yield they are

E22 = —VEe HR11 3

£33 = —VEe — GR1

where Ee = crIE.

For loading in the y direction, a similar analysis leads to the lateral strains, after yield

£33 = —1,Ee — FR22e

811 = — HR22V'

For loading in the z direction, a similar analysis leads to the lateral strains, after yield

E11 = — GR33e

E22 = —VEe — FR33e

Results for all three loadings are shown in Figures 5.56, 5.57, and 5.58.

(5.15.31)

(5.15.32)

(5.15.33)

(5.15.34)
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Figure 5.55: Stresses when loading in the el, e2, and e3-directions using the Hill model with a Voce
hardening law.
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Figure 5.56: Lateral strain as a function of axial strain for the Hill model of 2090-T3 aluminum.
Loading is in the el-direction and the hardening law is a Voce law.
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Figure 5.57: Lateral strain as a function of axial strain for the Hill model of 2090-T3 aluminum.
Loading is in the e2-direction and the hardening law is a Voce law.
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Figure 5.58: Lateral strain as a function of axial strain for the Hill model of 2090-T3 aluminum.
Loading is in the e3-direction and the hardening law is a Voce law.
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5.15.3.2 Pure Shear

The shear stress calculated by the Hill plasticity model in Adagio is compared to analytical solu-
tions. Without loss of generality we will look at solutions for pure shear with respect to the el-e2
axes. Solutions for shear with respect to the other axes will be similar. In what follows, the only
non-zero shear stress will be 0-12, and the only non-zero shear strain will be 812 In general, for pure
shear with respect to the ere2 axes, the effective stress is

0- 2
= 1/3

it12

If the stress state is on the yield surface, then = Cr (P), so the shear stress is

R12 _
0-12 = (e' )

This shows that the pure shear stress state can be calculated from
anisotropy parameters.

To evaluate the shear stress we need the equivalent plastic strain as a
If we equate the rate of plastic work we get

(5-kP = 20-12 (812 - 42)

(5.15.35)

(5.15.36)

the hardening law and the

function of the shear strain.

2R12

E -  h=, 812 - 42)
V 3

which, when integrated, gives us an implicit equation for the equivalent plastic strain

_13 2R12 ( (U) 
- 812
'0 0 2 G

If we define R12 = R12/ 15 then we get a form similar to what we had for uniaxial stress

V;' = 2k12 (812 h12°-2(EGP)

The equivalent plastic strain can now be used to find the shear stress.

Boundary Conditions for Pure Shear

The deformation gradient that gives pure shear for loading relative to the el -e2 axes is
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(5.15.38)

(5.15.39)



(A, + /1-J) — A-1) 0 e 0

[F] = — A-1) + o [E] s 0 0 ; 8 = ln A (5.15.40)

0 0 1 0 0 0

For loading relative to the e2-e3 axes and the e3-e1 axes the boundary conditions are modified
appropriately.

Results

The results for the Hill plasticity model loaded in pure shear are shown in Figure 5.59. We see
that the stress strain curves in pure shear as calculated by Adagio follow the expected stress strain
curves. All other stress and strain components for the three problems are zero.
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Figure 5.59: Shear stress versus shear strain using the Hill model with a Voce hardening law.
Results are for shear in the three orthogonal planes of the material coordinate system.

5.15.3.3 Plastic Hardening

To verify the capabilities of the hardening models, rate-independent and rate-dependent alike, the
constant equivalent plastic strain rate, P, uniaxial stress and pure shear verification tests described
in Appendix A.5 are utilized. In these simplified loading cases, the material state may be found ex-
plicitly as a function of time knowing the prescribed equivalent strain rate. For the rate-independent
cases, a strain rate of = 1 x 10-4s-1 is used for ease in simulations although the selected rate does
not affect the results. Through this testing protocol, the hardening models are not only tested at dif-
ferent rates but also in different principal material directions to consider the anisotropy of the Hill
yield surface. Additionally, the rate-dependent models are tested for a wide range of strain rates
(over five decades) and with all three rate-independent hardening functions (Cky in the previous the-
ory section). Although linear, Voce, and power-law rate-independent representations are utilized
in the rate-dependent tests, in those cases the hardening models are prescribed via user-defined an-
alytic functions. The rate-independent verification exercises, on the other hand, examine the built
in hardening models. This distinction necessitates the different considerations and treatments.

The various rate-dependent and rate-independent hardening coefficients are found in Table 5.20
while the remaining model parameters are unchanged from the previous verification exercises.
For the current verification exercises, the rate-independent hardening models (linear, Voce, and
power-law) will first be considered and then the rate-dependent forms (Johnson-Cook, power-law
breakdown).

Linear

To examine the performance of the rate-independent linear hardening model, the verification exer-
cises from Appendix A.5 are used. In this case, as the Hill yield surface is being considered, the
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C 0.1 Eo 1 x 10-4 s-1

g 0.21 s-1 m 16.4

RLinear 200 MPa - -

Art 400 MPa Firt 0.25

Avoce 200 MPa hVoce 20

Table 5.20: The model parameters for the hardening verification tests used with the Hill plasticity
model during verification tests. Parameters for the rate-independent hardening functions, ej-y, are
also given and denoted with a 7 while the subscript refers to the functional form.

responses are determined numerically and analytically in the uniaxial stress case with loading in
three different principal material directions and three different shear planes for the pure shear case.
These results are presented in Figure 5.60. From these responses, superb agreement between the
analytical and numerical results is noted. Additionally, the constant linear stress-strain response
during plastic deformations clearly demonstrates the behavior giving this model its name
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Figure 5.60: Analytical and numerical (a) uniaxial stress-strain and (b) pure shear responses of the
Hill plasticity model with rate-independent, linear hardening. Solid lines are analytical while open
symbols are numerical.

Power-Law

The rate-independent power-law hardening model is verified by using the uniaxial stress and pure
shear problems of Appendix A.5. Results of these endeavors determined analytically and numer-
ically are presented in Figure 5.61 in which the uniaxial stress problem is presented for loading
aligned with the three different principal material directions and three different shear planes for
the pure shear case. From these results, outstanding agreement is noted between both numerical
and analytical results sets verifying the model. Also, the initially stiff hardening decreasing to a
lower linear tangent modulus characteristic of power-law hardening models is clearly evident in
the various result sets of Figure 5.61.

188



600

500

a- 400

1.2, 300

T>24 200

100

0.1 0.2 0.3
axial strain, e (-)

(a) Uniaxial Stress

0.4 0 5

300

250

200

aq 150

6,3 - 100
_c

50

8 o

o o 12
o o 23

0 0 31

0.1 0.2 0.3
shear strain, E (-)

(b) Pure Shear

0.4 0 5

Figure 5.61: Analytical and numerical (a) uniaxial stress-strain and (b) pure shear responses of the
Hill plasticity model with rate-independent, power-law hardening. Solid lines are analytical while
open symbols are numerical.

Voce

Verification of the rate-independent Voce hardening model is pursued by considering both the
uniaxial stress and pure shear approaches of Appendix A.5. The results of these investigations
determined analytically and numerically are shown in Figure 5.62. For the uniaxial stress cases,
loadings in each of the three principal material directions is presented while complementary results
from the three shear planes are shown for the pure shear case. In each of these six instances,
exemplary agreement is observed between the different results sets. Additionally, such stress-
strain results also show the "saturatioe behavior associated with Voce models in which at some
equivalent plastic strain the material no longer hardens.

Johnson-Cook

As noted in Appendix A.5.1, the uniaxial stress response depends on the yield surface anisotropy
coefficients (for the Hill model the R' s) . The respective coefficients are given in the aforemen-
tioned appendix while Figure 5.63 presents the results of forty-five different verification exercises
corresponding to different combinations of the three material principal directions (el , e2, and e3),
five equivalent plastic strain rates(1 x 10-3, 1 x 10-2, 1 x 10-1, 1 x 10° and 1 x 101 s-1), and
three rate-independent hardening models (linear, power-law, and Voce). For each combination, the
analytical and numerical results match to within acceptably small numerical differences.

For the pure shear case, the problem discussed in Appendix A.5.2 is considered. The results still
depend on the Hill R coefficients and forty-five different loadings are presented in Fig. 5.64. In this
instance, three different shearing planes are used in lieu of the principal directions. Nonetheless,
for these results the key result remains the same — analytical matches numerical further verifying
rate dependent capabilities.
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Figure 5.62: Analytical and numerical (a) uniaxial stress-strain and (b) pure shear responses of the
Hill plasticity model with rate-independent, Voce hardening. Solid lines are analytical while open
symbols are numerical.

Power-Law Breakdown

For the power-law breakdown model, the same forty-five cases discussed in the previous sec-
tion (three directions, five rates, three hardening models) are again solved via the approach of
Appendix A.5.1 in Figure 5.65. Although the impact of rate on the responses differs due to the as-
sumed representation of the rate-dependent hardening, excellent agreement is still noted between
analytical and numerical results.

To expand on the uniaxial stress results, the response through pure shear is also probed via the
method of Appendix A.5.2. Again forty-five different cases are investigated and their results are
presented in Figure 5.66. Once again, the results aligning thereby verifying the capability of the
model and producing additional credibility.
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Figure 5.63: Analytical and numerical uniaxial stress-strain response of the Hill plasticity model
with rate-dependent, Johnson-Cook type hardening with (a-c) linear (d-f) power-law and (g-i) Voce
rate-independent hardening. Solid lines are analytical results while open symbols are numerical.
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Figure 5.64: Analytical and numerical stress-strain response of the Hill plasticity model with rate-
dependent, Johnson-Cook type hardening in pure shear with (a-c) linear (d-f) power-law and (g-
i) Voce rate-independent hardening. Solid lines are analytical results while open symbols are
numerical.
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Figure 5.65: Analytical and numerical uniaxial stress-strain response of the Hill plasticity model
with rate-dependent, power-law breakdown type hardening in with (a-c) linear (d-f) power-law and
(g-i) Voce rate-independent hardening. Solid lines are analytical results while open symbols are
numerical.
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Figure 5.66: Analytical and numerical stress-strain response of the Hill plasticity model with rate-
dependent, power-law breakdown type hardening in pure shear with (a-c) linear (d-f) power-law
and (g-i) Voce rate-independent hardening. Solid lines are analytical results while open symbols
are numerical.
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5.15.4 User Guide

BEGIN PARAMETERS FOR MODEL HILL PLASTICITY

#

# Elastic constants

#

YOUNGS MODULUS = <real> E

POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G

BULK MODULUS = <real> K

LAMBDA = <real> A

TWO MU = <real> 2.1i

#

# Material coordinates system definition

#

COORDINATE SYSTEM = <string> coordinate system_name

DIRECTION FOR ROTATION = <real> 11213

ALPHA <real> al (degrees)

SECOND DIRECTION FOR ROTATION = <real> 11213

SECOND ALPHA = <real> a2 (degrees)

#

# Yield surface parameters

#

YIELD STRESS = <real> crY
R11 = <real> R11 (1.0)

R22 = <real> R22 (1.0)

R33 = <real> R33 (1.0)

R12 = <real> R12 (1.0)

R23 = <real> R23 (1.0)

R31 = <real> R31 (1.0)

#

# Hardening model

#

HARDENING MODEL = LINEAR I POWER_LAW I VOCE I USER_DEFINED I

CUBIC_HERMITE_SPLIT I JOHNSON_COOK I POWER_LAW_BREAKDOWN

#

# Linear hardening

#

HARDENING MODULUS = <real> Lr

#

# Power-law hardening

#

HARDENING CONSTANT = <real> A

HARDENING EXPONENT = <real> n (0.5)

LUDERS STRAIN = <real> EL (0.0)

#

# Voce hardening

#
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HARDENING MODULUS = <real> A
EXPONENTIAL COEFFICIENT = <real> n

# Johnson-Cook hardening

HARDENING FUNCTION = <string>hardening_function_name

RATE CONSTANT = <real> C

REFERENCE RATE = <real> to

# Power law breakdown hardening

HARDENING FUNCTION = <string>hardening_function_name

RATE COEFFICIENT = <real> g

RATE EXPONENT = <real> m

# User defined hardening

HARDENING FUNCTION = <string>hardening_function_name

# Spline based hardening curve

CUBIC SPLINE TYPE <string>

CARDINAL PARAMETER = <real> val

KNOT EQPS = <real_list> vals

KNOT STRESS = <real_list> vals

END [PARAMETERS FOR MODEL HILL_PLASTICITY]

Output variables available for this model are listed in Table 5.21.

Table 5.21: State Variables for HILL PLASTICITY Model

Name Description
EQPS equivalent plastic strain, Vi
EQDOT equivalent plastic strain rate, P
SEFF effective stress, 0
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5.16 Barlat Plasticity Model

5.16.1 Theory

The Barlat plasticity model is a hypoelastic, rate-independent plasticity model. The underlying
yield surface is both anisotropic and non-quadratic [1]. With respect to the former, linear transfor-
mations of the deviatoric stress are used to capture texture and anisotropy effects. The rate form of
this model assumes an additive split of the rate of deformation into an elastic and plastic part

= +

The stress rate only depends on the elastic rate of deformation

CTii= ijklpekl

(5.16.1)

(5.16.2)

where CIfid are the components of the fourth-order, isotropic elasticity tensor.

To describe anisotropy in the yield-behavior, two linear transformation tensors, qjkl and qjkl, are
introduced such that,

' =sii  Cijklskl sfi; = c7jklskl, (5.16.3)

with si j being the deviatoric stress tensor (ski = crij-1130-kkdij) and ,s;.i and being transformed
stresses. Two transformations are used to capture both the anisotropy of the yield surface and flow
rule. In Voigt notation the two transformation tensors are given as,

_
0 —C/12 —C/13 O O O -

—C/21 O —C/23 O O O

C'
—C/31
0

—C/32
0

O
0

O
c'44

O
O

O
O

(5.16.4)

0 0 0 0 C/55 O
0 0 0 0 0 c66

0 +c1,2 —c13 O O O
—c21 O —c; O O O

[c"] = —c'3,1
0

—c32
0

O
0

O
c"44 

O
O

O
O

(5.16.5)

0 0 0 0 C"55 O
0 0 0 0 0 c6"6 _

Alternatively, the transformed stresses may be written in terms of the Cauchy stress tensor as,

Slf.j = s" = L".,j yid kl, (5.16.6)
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,franffinnkl and L;'jkl In this case, Hod is the symmetric deviatoricwhere L;jkl = = C;'frnnffmnkl.
projection tensor and takes the form of,

In reduced form,

[L1 =1

\
14/ = 2

 
Oik(5. jl ö ill jk 38i

j
6kl•

- c12 + c13 —2C)12 + Cfn C112 — 2C1.3 0 0 0
—2e21 + C23 C)21 + C' 3 C21 — 2C123 0 0 0

—261 + c32 c31 — 2c32 c31 + C32 0 0 0

0 0 0 3c:14 0 0
0 0 0 0 3c55 0
0 0 0 0 0 3c'66_ 

and an analogous expression may be written for 14.i' kl.

The yield surface, f, is given as,

f = (0-,J) — 5- = o,

(5.16.7)

(5.16.8)

(5.16.9)

in which 0 (cif) is the effective stress and 5-(sP) is the (isotropic) hardening function. The effective
stress is written in terms of the principal transformed stresses (s; and , respectively) and the yield
surface exponent, a, as,

1 I-
(0-ij) ={ —4 — + sDa + s'3,161

+14-51a+14—sDa ls/2 —sDa (5.16.10)
11a

+ — la + is/3 — sDa + is/3 411} .

An example of such a yield surface is given in Figure 5.67 along with examples of previously
presented (von Mises, Hosford, Hill) surfaces. The presented Barlat surface corresponds to that
of 2090-T3 aluminum first characterized by Barlat et al. [1]. In Figure 5.67, both the anisotropy
and non-quadratic nature of the yield surface is evident leading to differing strengths and flow
directions at various stresses from any of the other models.

The orientation of the principal material axes with respect to the global Cartesian axes may be
specified by the user. First, a rectangular or cylindrical reference coordinate system is defined.
Spherical coordinate systems are not currently implemented for the Barlat model. The material
coordinate system can then be defined through two successive rotations about axes in the reference
rectangular or cylindrical coordinate system. In the case of the cylindrical coordinate system this
allows the principal material axes to vary point-wise in a given element block.
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Figure 5.67: Example Barlat yield surface, fJBarlat j, sp = 0) , of 2090-T3 aluminum presented in
the deviatoric 7r-plane. Comparison von Mises (J2), Hosford (with a = 8), and Hill surfaces are
also presented for comparison.

The plastic rate of deformation, as with the isotropic models, assumes associated flow

DP 60ij Y. acrij, (5.16.11)

in which ji is the consistency multiplier. Given the form for 0, '5, is equal to the rate of the equivalent
plastic strain, P. As the yield surface is cast in transformed stress space, determining the flow
direction in Cartesian space may be done via the chain rule (details may be found in [2]) leading
to an expression of the form,

(.90 as,,, ao as,,,
, LL „-F  

aSfic de "'hi as,' asff Lftninij
k.i 

J.
mn k 17111

(5.16.12)

The hardening behavior is given by 5-(U). This hardening function can be a linear hardening
function, a power law hardening function, or a user defined hardening function.

For more information about the Barlat plasticity model, consult [1, 2].

5.16.1.1 Plastic Hardening

Plastic hardening refers to increases in the flow (yield) stress, Cr, with plastic deformation. As
such, hardening is described via the functional relationship between the flow stress and isotropic
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hardening variable (effective plastic strain), õr (V)). Over the course of nearly a century of work in
metal plasticity, a variety of relationships have been proposed to describe the interactions associ-
ated with different physical interpretations, deformation mechanisms, and materials. To enable the
utilization of the same plasticity models for different material systems, a modular implementation
of plastic hardening has been adopted such that the analyst may select different hardening models
simply from the input deck thereby avoiding any code changes or user subroutines. In this sec-
tion, additional details are given to the different models to enable the user to select the appropriate
choice of model. Note, the models being discussed here are only for isotropic hardening in which
the yield surface expands. Kinematic hardening in which the yield surface translates in stress-space
with deformation and distortional hardening where the shape of the yield surface changes shape
with deformation are not treated. For a larger discussion of the phenomenology and history of
different hardening types, the reader is referred to [3, 4, 5].

Given the ubiquitous nature of these hardening laws in computational plasticity, some (if not most)
of this material may be found elsewhere in this manual. Nonetheless, the discussion is repeated
here in a consolidated fashion for the convenience of the reader.

Linear

Linear hardening is conceptually the simplest model available in LAMt. As the name implies, a
linear relationship is assumed between the hardening variable, sp, and flow stress. The constant
giving the degree of increase of yield stress with plastic flow is termed the modulus and is given
as, H', while the expression for the flow stress may be written,

= Cry + . (5.16.13)

The simplicity of the model is its main feature as the constant slope,

dc3-

dsp 
= (5.16.14)

makes the model attractive for analytical models and cheap for computational implementations
(e.g. radial return algorithms require only a single correction step). Unfortunately, the simplicity
of the representation also means that it has limited predictive capabilities and can lead to overly
stiff responses.

Power Law

Another common expression for isotropic hardening is the so-called "power law" hardening. In
fact, this form has seen sufficient historic utilization that a dedicated ELAs T IC-PLASTIC POWER
LAW HARDENING model may be found in LAMÉ (see Section 5.8.1). For this form, the effective
equivalent plastic strain, < sp - EL >, in which < • > are Macaulay brackets and EL is the Liiders
strain, is raised to a constant power, n, typically taken such that 0 < n < 1 and multiplied by a
constant modulus A. The Liiders strain is a positive, constant strain value (default to zero) giving
an initial plastic deformation domain in which the response is perfectly plastic (see Fig. 5.20).
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dtP

Often, this sort of behavior is associated with localized deformations of some sort. This expression
is given as,

leading to a derivative of the form,

Cr = cr y +A < -EL >11 (5.16.15)

do-
 = nA < >(n 1) •
dEp

(5.16.16)

Note, one difficulty in such an implementation is that when n < 1 and the effective equivalent
plastic strain is zero, numerical difficulties may arise in evaluating the derivative necessitating
special treatment of the case.

Voce

The Voce hardening model (sometimes referred to as a saturation model) uses a decaying expo-
nential in terms of the equivalent plastic strain such that the hardening eventually saturates to a
specified value (thus the name) Such a relationship has been observed in some structural metals
giving rise to the popularity of the model. The hardening response is given as,

= cry + A (1 — exp (—ne)) , (5.16.17)

in which A is a constant modulus and n is a fitting exponent describing how quickly the hardening
saturates. Importantly, the derivative is written as,

do-
= nA exp (-11 1') , (5.16.18)

and is well defined everywhere giving the selected form an advantage over the aforementioned
power law model.

Johnson-Cook

The Johnson-Cook hardening type is a rate-dependent formulation utilizing the assumption that
rate-independent and rate-dependent contributions may be multiplicatively separated. Specifically,
use of this option requires specifying a user-defined hardening function to capture rate-independent
contributions and Johnson-Cook type rate dependent coefficients. The flow stress may be written
in this fashion as,

kP )1
Cr = (e) [1 + C In , (5.16.19)

Eo

in which O-(e) is the user-specified rate-independent hardening function, C is a fitting constant
and to is a reference strain rate below which the material behaves in a rate independent fashion.
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Power Law Breakdown

Like the Johnson-Cook formulation, the power-law breakdown model is also rate-dependent.
Again, a multiplicative decomposition between rate-independent and dependent hardening con-
tributions. In this case, however, the functional form is derived from the analysis of Frost and
Ashby [6] in which power-law relationships like those of the Johnson-Cook and cease to appropri-
ately capture the physical response. The form used here is similar to the expression used by Brown
and Bammann [7] and is written as,

kp

Cr = (0 [1 asinh — (5.16.20)

with eky (V') being the user supplied rate independent expression, g is a model parameter related
to the activation energy in going from climb to glide-controlled deformation, and m dictates the
strength of the dependence.

5.16.2 Implementation

Like the Hill and Hosford models, the Barlat plasticity model uses a elastic predictor-inelastic
corrector closest point projection (CPP) return mapping algorithm (RMA) for integration. Details
of the numerical scheme and forms of the necessary derivatives may be found in the work of
Scherzinger [2]. For this approach, given a rate of deformation, dii, and a time step, At, a trial
stress state is calculated based on an elastic response

Tf5 = T. + At Cijkldia. (5.16.21)

If the trial stress state lies outside the yield surface, i.e. if 0(7'i? > 5-, then the model uses an
implicit, backward Euler algorithm to return the stress to the yield surface. To perform this task,
two nonlinear equations need to be solved. The first is associated with the satisfaction of the flow-
rule and ensures that the plastic strain increment is in the correct direction. Such a relation leads
to a residual of the form,

Rif = Adri — 4y  
80 

= 0. (5.16.22)

while the second equation to be addressed enforces that the converged stress state is on the yield
surface and is written as,

f = (T 1) — 5- = 0. (5.16.23)

The primary method for solving these equations is a Newton-Raphson algorithm With Ay (which
is equal to Ae) and Tij being the solution variables, an iterative algorithm is utilized such that
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Ay(k+i) = Ay(k) + A (Ay)

Tvc+1) = T,(,) + AT,,,

with 4y(°) = 0 and 7',(.1) = T . The plastic rate of deformation correction is then simply

Odipj = ijkl 
 ( -rtr Tkl)

(5.16.24)

(5.16.25)

After linearizing the residual and consistency equations (Equations (5.16.22) and (5.16.23)), the
set of nonlinear equations may be solved for the correction increments leading to expressions of
the form,

f(k) 

(Ay) = 

D1k) (k) 80(k)
ittj aTkl

4Ti j =

80(k) 
(k) ao(k) 

(97-k1 (k)
aTij tjkl

(90(k)

Ijkl "kl
(k) (p(k) + A (Ay) 

aTkl)

and Y(k) is the Hessian of the RMA problem (not the yield surface) and is given as,ijkl

(-„e9(k) (:
ijkl jkl Ay(k) 

1920(10 ) -1

(5.16.26)

(5.16.27)

and Sijkl =

Unfortunately, a straightforward Newton-Raphson algorithm does not always converge, so the
RMA is augmented with a line search algorithm producing modified incrementation relations with

Ay(k+l) = Ay(k) + aA (Ay) ,

(5.16.28)

21+1) = +

where a E (0, 1] is the line search parameter which is determined from certain convergence con-
siderations. If a = 1 then the Newton-Raphson algorithm is recovered. The line search algorithm
greatly increases the reliability of the return mapping algorithm.
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5.16.3 Verification

To verify the Barlat plasticity model a similar approach to that used for the Hill plasticity model
(Section 5.15.3) is utilized. Specifically, both uniaxial stress and pure shear loadings are consid-
ered. To this end, the response of a 2090-T3 aluminum with Voce hardening of the form,

Cr (n = cry + A (1 exp (—be)) , (5.16.29)

is used. The corresponding elastic, plastic, and anisotropy model parameters are given in Ta-
ble 5.22.

E 70 GPa v 0.25
a 8 co-Y 200 MPa
A 200 MPa b 20

c12 -0.069888 c'112. 0.981171

CI. 3 0.936408 c'13 0.476741

c. 1 0.079143 c21 0.575316
6 3 1.003060 c"32 0.866827
6 1 0.524741 e13 1.145010
c32 1.363180 e23 -0.079294
C 14 4 1.023770 e44 1.051660
C f5 5 1.069060 c55 1.147100
c66 0.954322 c '6,6 1.404620

Table 5.22: The material and model parameters for the Barlat plasticity model used for verification
testing. The anisotropy coefficients correspond to 2090-T3 aluminum and are from [1].

Finally, the coordinate system used in these calculations is a rectangular coordinate system with
the 4, 4, 4 axes aligned with the x, y, z axes.

5.16.3.1 Uniaxial Stress

First, the response of the material subject to a uniaxial stress is considered. As such, the Cauchy
stress tensor takes the form o-ij = cr6,16ii. In the transformed stress space, this uniaxial tensor
becomes,

1
s/J. = —3o-

C12 ± C13

O

0

—2c c'21 + 23

0

0

O O —2c_31 + c_32

(5.16.30)

, 1
= 0-ij 3

c12 + e1/3
O

0
—2c21 + c23

O
O .

O 0 —2c3, + c3,
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It is noted from (5.16.30) the that two transformed stress tensors are purely diagonal and therefore
in a principal state. The actual ordering of the components into the corresponding principal stresses
depends on the anisotropy coefficients. By inspection of Table 5.22 it is clear in this instance that
tensors are already ordered (s'i = 41, si = 4'1 etc.). With this observation, the effective stress may
be reduced to,

0 (crii) = (010-1, (5.16.31)

where co is a constant dependent on model parameters and is written as,

1 { 1w =— — [lc " C,i3ia + Ici2 + ci3 + 2c'2'13 4 12 13 C12 — — C'Lla + IC112 + C1.3 + — C3
 rr 

"2Ia

1C2'3 — 2C21 1 — C1112 — C1113la 1C213 — 2C/21 + 2C12'1 — C/213Ia -I- IC/23 — 2C/21 + 2C/3t1 — C31121a

-I- 162 — 2C31 1 — C1112 — C11131a -I- 162 — 261 -I- 2C1211 C/2131a + lc/32 — 261 2c/311 c3"211

Axial Stresses

To determine the axial stress, it is first noted that during plastic deformation,

(5.16.32)
1/a

} •

0 (o-,J) = wo- = 5- (P) , (5.16.33)

where the fact that a tensile loading will be investigated (o- > 0) is leveraged. The stress is then
simply,

5- (e)
o- =  (5.16.34)

This shows that during plastic deformation the stress state can be calculated from the hardening
law and anisotropy parameters.

To evaluate the axial stress, a relationship between the equivalent plastic strain and axial strain is
needed. By noting the uniaxial stress state and equating the rate of plastic work, it is evident that,

HP = 0-(t- e) kP = -(t-e)to (5.16.35)

which, when integrated, gives an implicit equation for the equivalent plastic strain that is written
as

1 (8 Cr()

coE )
(5.16.36)
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The equivalent plastic strain can then be used in (5.16.34) to find the axial stress, cr. Correspond-
ing stress-strain results determined analytically in this fashion and numerically via Adagio are
presented below in Figure 5.68.

400

350

300
fa

— 250

b

(A' 200

(13

150  

100  

50  

0 0

analytical

Adagio

ol.
0.00 0.02 0.04 0.06

axial strain, Eli (-)
0.08 0.10

Figure 5.68: Axial stress-strain response determined analytically and numerically for 2090-T3
aluminum using the Barlat plasticity model with Voce hardening.

Lateral Strains

To determine the plastic strain, the derivatives of the yield surface with respect to the Cauchy stress
(0/ao-ii) are needed. From (5.16.12) it can be seen that these relations are quite complex and the
reader is referred to [2] for a detailed discussion of how to rigorously evaluate these derivatives
under arbitrary conditions. In this effort, the fact that the principal directions of the transformed
stresses (el,' and en are aligned with the global coordinate system ('4' = 4 etc.) simplifies the
problem sufficiently to allow for an analytical treatments. In this case,

ask
(951.,

= ekiekj.

With this observation, the lateral flow directions may be written as,

ao aac:P22.1-,,[
° 
8,s°, (63 2c'i2) + os°, (61 + 6 

ds3
3) + , (61 — 262)

aq) acb „N]+   (6'3 26'2) +   (c/2",+ cs) +   (c.'3'1 -2c32)aSrr as"2 aS"3

(5.16.37)

(5.16.38)

207



ao l[ao , (90 ao ,(c. 12 263) + + c. )kc2i 2c/23) + , 31 32ao-33 3 as'i as' '3
.90 „ (-90 „C21 2C/2/3)   (C1I/ 1 + C3/I 2i )ae' (C12 26'3) + aS" (2 oS'3' (5.16.39)

in which the various aolas; derivatives are functions of the anisotropy coefficients and explicit
forms may be found in [2].

The total strain is written simply as,

with the elastic strain being

eij = (5.16.40)

0-
622 = 633 = -V —E

and the plastic strains found via the flow rules as,

_  ao ao
-22 - 8 E-19 P cr 3333 =(90-22

(5.16.41)

(5.16.42)

The flow directions were given previously in (5.16.38) and (5.16.39) while the equivalent plastic
strain may be found via (5.16.36). Figure 5.69 presents the lateral strains as a function of the axial.
Clear agreement may be observed both in Figure 5.68 and 5.69 verifying the model. Additionally,
the effect of the anisotropy is plainly evident in Figure 5.69 in which the two lateral strains differ
by approximately a factor of four.

To test the other directions and further examine the anisotropic character of the model, the coordi-
nate system rotation input options are used to align the "r and "3" directions of the material with
the applied load. Analytical expressions may be determined by similarly rotating the coefficients
in the previous expressions, although these are not repeated here for brevity. The corresponding
results for the loading aligned with the "r and "3" directions are presented in Figures 5.70 and
5.71, respectively. All of the results are given with respect to the original coordinate system to
avoid confusion. Clear agreement between analytical and simulation results is noted in both cases
further verifying the capabilities of the model. Importantly, by comparing the various stress-strain
and lateral strain curves, the influence of the material and model anisotropy on the responses may
readily be observed.

5.16.3.2 Pure Shear

In this section, the pure shear response of the Barlat model is interrogated to assess its performance
under such conditions. Before proceeding, it is important to recall the ordering of the shear stresses
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Figure 5.69: Lateral strain as a function of axial strain of 2090-T3 aluminum with Voce hardening
as determined by the Barlat plasticity model both analytically and numerically.
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Figure 5.70: Analytical and numerical (a) stress-strain and (b) lateral strain responses of 2090-T3
aluminum with Voce hardening and the Barlat plasticity model. The material is rotated such that
the loading is aligned with the "2" direction.

in Sierra/SM. Specifically, the 0-12, 023, and 0-31 stresses are associated with the 44, 55, and 66,
respectively, anisotropy coefficients.

To explore the shear performance of the Barlat plasticity model, a stress tensor of the form cii =
T (CW.12 + 6.05 j1) is considered. The ordered principal stresses of the transformed stress tensors
are,
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Figure 5.71: Analytical and numerical (a) stress-strain and (b) lateral strain responses of 2090-T3
aluminum with Voce hardening and the Barlat plasticity model. The material is rotated such that
the loading is aligned with the "3" direction.

[C)44T
0

—C144T

thereby simplifying the effective stress to,

with

During plastic flow,

rr =
c'4'4T
0

—e4T

= {_l [ic41 4 _ c4rIztla iczir 4 + Czttr4la _F icztr 4la ic4n411}

2

(5.16.43)

(5.16.44)

(5.16.45)

= 7-4" = Cr (e) , (5.16.46)

producing an expression for the stress in terms of equivalent plastic strain as,

T = —Cr (e) . (5.16.47)

A relationship between the equivalent plastic and axial strains may be determined by first consid-
ering the equivalency of plastic work,
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crkP = 2T (12 - E12) = (š12 — te) .

Integrating leads to an implicit expression of the form,

2 (0)
E.P 
= — (12  

4-G )

(5.16.48)

(5.16.49)

The preceding relations may be used to analytically determine the shear stress-strain response.
Corresponding results, along with those produced by Adagio, are presented in Figure 5.72. Shear
responses are also presented for stress tensors of the form crij = T (62i(53.1 63i(52j) ("23") and
crij = T (61i63,7 (53i61 j) ("31"). Analytically, these results were determined by substituting the
relevant anisotropy coefficients in (5.16.43)-(5.16.49). For the results from Adagio, the coordinate
system input commands were used to rotate the material coordinate system accordingly.

In all the cases presented in Figure 5.72 excellent agreement is noted. This not only verifies the
performance of the current model under pure shear loadings but also demonstrates the i mpact of
the anisotropy and exercises the coordinate system rotation capabilities.

200

150

o_
a

0 100

_c

50

0
0.00 0.02 0.04 0.06

shear strain, E (-)

======

=======

tt tttt
tttt

vn.0,,
Als,.

4.01%

— nalytical

0 0 Adagio

 — 12

— 23

— 31

0.08 0.10

Figure 5.72: Shear stress-strain results for 2090-T3 aluminum determined analytically and numer-
ically by the Barlat plasticity model with Voce Hardening

5.16.3.3 Plastic Hardening

To verify the capabilities of the hardening models, rate-independent and rate-dependent alike, the
constant equivalent plastic strain rate, P, uniaxial stress and pure shear verification tests described
in Appendix A.5 are utilized. In these simplified loading cases, the material state may be found ex-
plicitly as a function of time knowing the prescribed equivalent strain rate. For the rate-independent
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cases, a strain rate of kP = 1 x 10-4s-1 is used for ease in simulations although the selected rate
does note affect the results. Through this testing protocol, the hardening models are not only
tested at different rates but also in different principal material directions to consider the anisotropy
of the Barlat yield surface. Additionally, the rate-dependent models are tested for a wide range
of strain rates (over five decades) with all three rate-independent hardening functions (6-y in the
previous theory section). Although linear, Voce, and power-law rate-independent representations
are utilized in the rate-dependent tests, in those cases the hardening models are prescribed via
user-defined analytic functions. The rate-independent verification exercises, on the other hand,
examine the built-in hardening models. This distinction necessitates the different considerations
and treatments.

The rate-dependent and rate-independent hardening coefficients are found in Table 5.20 while
the remaining model parameters are unchanged from the previous verification exercises. For the
current verification exercise, the rate-independent hardening models (linear, Voce, and power-law)
will first be considered and then the rate-dependent forms (Johnson-Cook, power-law breakdown).

C 0.1 to 1 x 10-4 s-1

g 0.21 s-1 m 16.4

HLinear 200 MPa - -

APL 400 MPa Fin, 0.25

Avoce 200 MPa Fivoce 20

Table 5.23: The model parameters for the hardening verification tests used with the Barlat plasticity
model during verification tests. Parameters for the rate-independent hardening functions, 5-y, are
also given and denoted with a 7 while the subscript refers to the functional form.

Linear

For the rate-independent linear hardening model, verification is considered via the uniaxial stress
and pure shear exercises of Appendix A.5. As the anisotropic Barlat yield surface is being used for
this examination, the uniaxial stress response is determined for loading in three different principal
material planes while the pure shear response is found along three shear planes. Results determined
analytically and numerically are presented in Figure 5.73. Clear agreement is evident between the
dual solution approaches. Additionally, the linear response and constant tangent modulus during
plastic deformation highlights the characteristic feature of the current model.

Power-Law

To probe the power-law rate-independent hardening model, analytical and numerical results to the
uniaxial stress and pure shear problems of Appendix A.5 are determined. Given the anisotropic
nature of the current model, responses are determined along the three principal and three shearing
planes for the uniaxial stress and pure shear cases and all six cases are shown in Figure 5.74. In
considering Figure 5.74, it is apparent that the numerical and analytical responses agree quite well
verifying this specific response. These cases also highlight the initially stiff plastic response that
eventually evolves into a more compliant linear like response that is associated with a power-law
hardening model.
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Figure 5.73: Analytical and numerical (a) uniaxial stress-strain and (b) pure shear responses of the
Barlat plasticity model with rate-independent, linear hardening. Solid lines are analytical while
open symbols are numerical.
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Figure 5.74: Analytical and numerical (a) uniaxial stress-strain and (b) pure shear responses of
the Barlat plasticity model with rate-independent, power-law hardening. Solid lines are analytical
while open symbols are numerical.

Voce

Verifying the Voce model is addressed through the methods of Appendix A.5. To this end, ana-
lytical and numerical uniaxial stress and pure shear responses are determined along three different
principal directions and shear planes, respectively. The results for these various cases are presented
in Figure 5.75 and unambiguous agreement is readily seen between the analytical and numerical
results providing further credence to hardening model capabilities. Responses in Figure 5.75 also
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exhibit the clear saturation of hardening with sufficient plastic strain that is usually associated with
the Voce model.
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Figure 5.75: Analytical and numerical (a) uniaxial stress-strain and (b) pure shear responses of
the Barlat plasticity model with rate-independent, Voce hardening. Solid lines are analytical while
open symbols are numerical.

Johnson-Cook

To investigate the uniaxial response of the Johnson-Cook rate-dependent hardening model, the
problem discussed in Appendix A.5.1 is considered. In this analysis, the response depends only
on time and the various c; and Barlat yield surface coefficients. For a full-spectrum verification,
forty-five different cases are evaluated using three different material principal directions (el, e2, and
e3), five different rates (P = 1 x 10-3, 1 x 10-2, 1 x 10-1, 1 x 10° and 1 x 101 s-1), and three different
rate-independent hardening models (linear, Voce, and power-law). All forty-five analytical and
numerical results are presented in Figure 5.76 and quite notable agreement is observed in each
instance.

For the pure shear case, the forty-five different permutations are again explored. The same five rates
and three hardening models are used although three different shearing planes are used instead of the
three principal directions. The solution of the pure shear problem is described in Appendix A.5.2
and the analytical and numerical results are presented in Figure 5.77. As with the uniaxial stress
response excellent correspondence is noted between the two sets of results.

Power-Law Breakdown

In the case of the power-law Breakdown model, verification is again pursued through the problem
of Appendix A.5.1 and using the same forty-five cases discussed with the Johnson-Cook model.
Corresponding results are given in Figure 5.78 and as with the preceding results substantial con-
vergence is noted between the analytical and numerical results giving further credence to the hard-
ening models.
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Figure 5.76: Analytical and numerical uniaxial stress-strain response of the Barlat plasticity model
(a = 8) with rate-dependent, Johnson-Cook type hardening with (a-c) linear (d-f) power-law and
(g-i) Voce rate-independent hardening. Solid lines are analytical results while open symbols are
numerical.

As with the uniaxial stress case, the pure shear capabilities are interrogated through the procedure
of Appendix A.5.2 using the same forty-five cases outlined in the Johnson-Cook discussion. The
analytical and numerical results are presented in Figure 5.79. Again, the two result sets align
beautifully enabling further capability credibility.
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Figure 5.77: Analytical and numerical stress-strain response of the Barlat plasticity model (a = 8)
with rate-dependent, Johnson-Cook type hardening in pure shear with (a-c) linear (d-f) power-law
and (g-i) Voce rate-independent hardening. Solid lines are analytical results while open symbols
are numerical.
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Figure 5.78: Analytical and numerical uniaxial stress-strain response of the Barlat plasticity model
(a = 8) with rate-dependent, power-law breakdown type hardening with (a-c) linear (d-f) power-
law and (g-i) Voce rate-independent hardening. Solid lines are analytical while open symbols are
numerical.
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Figure 5.79: Analytical and numerical stress-strain response of the Barlat plasticity model (a = 8)
with rate-dependent, power-law breakdown type hardening in pure shear with (a-c) linear (d-f)
power-law and (g-i) Voce rate-independent hardening. Solid lines are analytical results while open
symbols are numerical.
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5.16.4 User Guide

BEGIN PARAMETERS FOR MODEL BARLAT PLASTICITY

# Elastic constants

YOUNGS MODULUS =

POISSONS RATIO =

SHEAR MODULUS =

BULK MODULUS =

LAMBDA

TWO MU

# Material coordinates system definition

COORDINATE SYSTEM

DIRECTION FOR ROTATION

ALPHA

SECOND DIRECTION FOR ROTATION

SECOND ALPHA

# Yield surface parameters

<real>

<real>

<real>

<real>

<real>

<real>

E

v

G

K

A

2p

= <string> coordinate system_name

YIELD STRESS = <real> cr

A = <real> a (4.0)

CP12 = <real> (1.0)

CP13 = <real> cfo (1.0)

CP21 = <real> (1.0)

CP23 = <real> 63 (1.0)

CP31 = <real> 61 (1.0)

CP32 = <real> c32 (1.0)

CP44 = <real> c [Lt (1.0)

CP55 = <real> 65 (1.0)

CP66 = <real> c*66 (1.0)

CPP12 = <real> e12 (1.0)

CPP13 = <real> c13 (1.0)

CPP21 = <real> qi (1.0)

CPP23 = <real> G (1.0)

CPP31 = <real> cgi (1.0)

CPP32 = <real> q2 (1.0)

CPP44 = <real> (1.0)

CPP55 = <real> q5 (1.0)

CPP66 = <real> c66 (1.0)

# Hardening model

HARDENING MODEL = LINEAR

<real>

<real>

<real>

<real>

11213
al (degrees)

11213

a2 (degrees)

I POWER LAW I VOCE I USER_DEFINED I

CUBIC_HERMITE_SPLIT I JOHNSON_COOK I POWER_LAW_BREAKDOWN
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# Linear hardening

HARDENING MODULUS = <real> hr

# Power-law hardening

HARDENING CONSTANT = <real> A
HARDENING EXPONENT = <real> n (0.5)

LUDERS STRAIN = <real> EL (0.0)

# Voce hardening

HARDENING MODULUS = <real> A
EXPONENTIAL COEFFICIENT = <real> n

# Johnson-Cook hardening

HARDENING FUNCTION = <string>hardening_function_name

RATE CONSTANT = <real> C

REFERENCE RATE = <real> to

# Power law breakdown hardening

HARDENING FUNCTION = <string>hardening_function_name

RATE COEFFICIENT = <real>

RATE EXPONENT = <real> m

# User defined hardening

HARDENING FUNCTION = <string>hardening function name

# Spline based hardening curve

CUBIC SPLINE TYPE = <string>

CARDINAL PARAMETER = <real> val

KNOT EQPS = <real_list> vals

KNOT STRESS = <real_list> vals

END [PARAMETERS FOR MODEL BARLAT_PLASTICITY]

Output variables available for this model are listed in Table 5.24.



Table 5.24: State Variables for BARLAT PLASTICITY Model

Name Description
EQPS equivalent plastic strain, kP
EQDOT equivalent plastic strain rate, kP
SEFF effective stress, 0

221



References

[1] F. Barlat, H. Aretz, J. W. Yoon, J. C. Brem, and R. E. Dick. Linear transformation-based
anisotropic yield functions. International Journal of Plasticity, 21:1009-1039,2005.

[2] W. M. Scherzinger. A return mapping algorithm for isotropic and anisotropic plasticity models
using a line search method. Computer Methods in Applied Mechanics and Engineering, 317:
526-553,2017.

[3] R. Hill. The Mathematical Theory of Plasticity. Oxford University Press, 1950.

[4] J. Lemaitre and J.-L. Chaboche. Mechanics of Solid Materials. Cambridge University Press,
1990.

J. Lubliner. Plasticity Theory. Dover, 2008.

H. J. Frost and M. F. Ashby. Deformation mechanism maps: the plasticity and creep of metals
and ceramics. Pergamon press, 1982.

A.A. Brown and D.J. Bammann. Validation of a model for static and dynamic recrystallization
in metals. International Journal of Plasticity, 32-33:17-35,2012.

[5]

[6]

[7]

222



5.17 Plane Stress Rate Plasticity Model

5.17.1 Theory

The plane stress rate plasticity model is the plane stress formulation of a J2 plasticity model given
by Simo and Taylor [1] (and described again in Simo and Hughes [2]) extended to include rate-
dependent hardening and a failure model for use with shell elements.

Like other plasticity models, the components of the objective stress rate, ° crare written as,

°-ij ijkl Dekl (5.17.1)

where Cijkl are the components of the fourth-order, isotropic elasticity tensor and are the com-
ponents of the elastic part of the total rate of deformation tensor. An additive split of the total rate
of deformation tensor into elastic and plastic contributions is assumed such that,

Dii = D + (5.17.2)

The plane stress formulation recasts the three-dimensional problem into a constrained subspace
with plane stress conditions acting as the constraints. To do this, the plane stress rate plasticity
model follows the approach of Simo and Taylor [1] to enforce o-13 = o-23 = 0-33 = 0 and related
conditions.

For the plasticity portion of the model, the formulation of Simo and Taylor [1] is used3 in which
a traditional three-dimensional J2 plasticity model is recast in reduced subspace. To do this, it is
recalled that in three-dimensions the von Mises effective stress, 0, is written,

A2 3
= —
2 
sou, (5.17.3)

with su = o-,i — (1/3)o-ko5ii the deviatoric stress. To write an equivalent expression in the reduced
subspace, the vector, o-, and matrix, P, are introduced as4,

0-11

0- = 0-22 9

0-12

such that,

1
P = —
= 3

2 —1 0
—1 2 0  ,
0 0 3

(5.17.4)

31n the work of Simo and Taylor [1] (and later Simo and Hughes [2]) hardening is assumed to be rate and temper-
ature independent. Here, such terms are included but do not materially change the formulation. Similarly, the earlier
works also introduce kinematic hardening which is not used in the current model.

4Note, here the x and X notations are introduced for vector and matrix objects, respectively, to clearly distinguish
that these variables are not tensors. This results from operating in the constrained stress subspace and means that these
terms do not have properties of a tensor and act on each other as traditional matrices and vectors.
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[sll
s = S22 = o-.

S12

In the reduced plane-stress subspace, an alternative effective stress, 0, is given as,

where

202 = o_Tp 0_ = 

3
02

1
2 —1 0

P= —1 2 0
= 3

0 0 6

in which P and P differ by a two in the shear term to reflect Voigt corrections.

A yield function, f , is introduced as,

with,

f = — R2 ,

—
2 

3 
5- (V) , ,

(5.17.5)

(5.17.6)

(5.17.7)

(5.17.8)

(5.17.9)

where e and kP are the equivalent plastic strain (isotropic hardening variable) and its rate, respec-
tively. Various hardening options may be used with this model. In general, the current flow stress
is written as,

(5- (Ep , kP , 0) = (o-y + K (e)) d- (e) 1 (  ° — 
°ref  ) 

m 
,

°melt — °ref i

(5.17.10)

in which cry is the original yield stress, K is the isotropic hardening function that may take linear,
power-law, or multilinear form, 6- the rate multiplier whose specification will be defined later, and
the right-most term is the Johnson-Cook temperature dependence term that may be optionally used
to give temperature dependence of the flow-stress.

To complete the theoretical formulation, the flow rules are specified as,

dEp = AP o-,

= At = A
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where A is the consistency multiplier enforcing f = 0 during plastic deformation and de is the
plastic strain increment in the constrained subspace. It is emphasized here that the yield surface
described in (5.17.8) is not homogeneous of degree one like in other three-dimensional formula-
tions presented in this manual. As such, the consistency multiplier and equivalent plastic strain
increment are not equivalent. As an example of this, by consideration of the preceeding relations,
it is apparent that A has units of one over stress.

The specification of the rate dependence, Cr, is important as it enables the consideration of two dif-
ferent model responses. These behaviors are controlled via the USER RATE DEPENDENCE com-
mand If this input parameter is zero, then either an analytical or user-defined rate-dependence
may be given. Importantly, in this case failure is not modeled. For the analytical case, the Johnson-
Cook [3, 4] rate-multiplier is used such that,

1 + Cln >(P) =  ,
kP < ko

(5.17.13)

with C being the rate dependence multiplier and ko is a reference rate. Note, while other models
allow user specification of the reference rate, the plane stress rate plasticity model uses the value
set in the original work of Johnson-Cook [3] such that ko = ls-1. Alternatively, a user function
may be specified for the rate multiplier, 6- .

If USER RATE DEPENDENCE is set to one, both rate dependence and failure may be modeled. With
respect to the rate dependence, (5.17.10) is rewritten,

( 
(  0 — Oref  ) M)

Cr W, P, e) = a-. W, P) 1 ,
Omelt — Oref

(5.17.14)

in which both isotropic hardening and rate dependence are described via definition of e1r. In this
case, cannot be specified through analytical expressions and must instead be given as a series of
isotropic hardening curves; each at a different strain rate. For rates not explicitly given, interpola-
tion is performed between relevant curves. Note, no extrapolation is performed with respect to the
rates. If a rate is determined outside any specified curves, the hardening is calculated with respect
to the bounding curve.

For failure, a failure parameter, a, is calculated as

1 E  de 
a = e dt =JO Ef (MkP) 6 f (77, kP)'

to

(5.17.15)

in which the summation is used to imply the discrete calculation of the damage variable over a
series of loadsteps and 6f is the rate and triaxiality, 17, dependent failure strain. The failure strain,
sf, is specified in a fashion similar to et. Specifically, a series of triaxiliaty dependent functions
are defined each at a given strain rate. Interpolation is used at rates between those specified.
Extrapolation outside the defined bounds is not done and the extremum curves are instead used.
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The onset of damage is assumed to occur when a = 1 and the current failure strain is taken to
be the critical one such that el. = Ef (t = t„) with t„ being the time at which a = 1. Subsequent
damage calculation is performed via,

tcr

la (t > t„) = 8f (ri, 0edt + ikvdt.
tcr f

(5.17.16)

After the critical failure parameter has been reached, an exponential decay relation is used to
decrease the strength of the material. In this fashion, a decay relation of the form,

= (r
1-

ec' 
( -a)

is used in which C1 is the decay coefficient.

For more information about the plane stress rate plasticity model, consult [1, 2].

5.17.2 Implementation

(5.17.17)

The plane stress rate plasticity model encapsulates both a plasticity and failure model. These
features are implemented in a decoupled, sequential sense. As such, the implementation of these
features will also be presented and discussed in a sequential fashion.

For the plasticity portion, the approach of Simo and Taylor [1] (and Simo and Hughes [2]) in
developing a single scalar equation to solve is adopted. As will be discussed, a slightly different
approach will be used to solve this equation versus that used previously. To get to this single scalar
equation, an elastic-predictor inelastic corrector scheme is adopted. In this scheme, an elastic
predictor is calculated by assuming all deformation is elastic such that,

= 0-11 AtC de+1, (5.17.18)

in which "n" and "n + 1" denote the material states at t = 4, and t = tn+1, respectively, with
At = tn+1 trt• The plane stress stiffness matrix, C, is given as,

E 1 v

= 1 — V2
=  

0 0
v 1 0 ,

0

1-v
2

(5.17.19)

with E and v being the Youngs Modulus and Poisson's ratio, respectively, and de" is the plane
stress total strain increment that is written,

ds = At
d11

d22 ,
2d12

where di.; are the components of the rate of deformation tensor.

The stress at time t = tn-F1 may be given as,

(5.17.20)
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= C LE
Fr,n+1

L J

which noting the definition of the trial stress in (5.17.18) may be implicitly rewritten,

Rearranging yields,

0_11+1 = crtr A C. ID 0_11+1
= = —

+ A e = o tr

(5.17.21)

(5.17.22)

(5.17.23)

with I the identity matrix. Importantly, by noting that 0-tr is known it is clear that (5.17.23) is an
equation for the updated stress vector in terms of only the unknown scalar consistency parameter,
A. To further simplify the problem, it can be shown that C and P share the same principal subspaces
such that (see Simo and Hughes [2] for details),

P = Q AP QT , C = Q Ac , (5.17.24)

where QT is an orthogonal matrix such that QT
 = Q 1 and the matrices Q, AP and Ac are given

= 
as,

1/3 0 0 El (1— v) 0 0 -
AP = 0 1 0 ; Ac = 0 2µ 0

0 0 2 0 0 2µ
(5.17.25)

1 —1 0
1

Q =   ,[1 1 0 (5.17.26)
— 0 0

By introducing a transformed stress vector in the principal space of C and P, q, such that,

the effective stress may be rewritten,

7112 = QT0",
7712

02 riTAPri.

(5.17.27)

(5.17.28)

By rewriting (5.17.23) in the transformed space the premultiplying matrix on the left-hand side can
be analytically inverted such that,
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7 1+1 (5.17.29)
1+ E3(1-0

ri22

1+,12µ

11'12
1+,12µ

and the effective stress may be written as a scalar function of

1 („tr
1
)2 1, \ 2 + 2 (rii2) 2W„tr

2)02 3  2 (5.17.30)(A) = 2

ul[1 + AZ 
2J[1 + /12(lE

Noting that the equivalent plastic strain and rate may be written,

2 . Ap(n+1) -p(n) 
=  8 = 8 + A 

30, At
—0,
3

(5.17.31)

means determining the updated states reduces to solving the scalar consistency equation,

f (A) = 2(A) — 5- (A) , (5.17.32)

for À. This is done iteratively by using a line-search augmented Newton-Raphson method like that
described in [5].

Failure is handled separately from plasticity and in a straight-forward fashion. Specifically, if
an > 1 (above the critical value) then a decay coefficient, fin+1 , is calculated via

fln-F1 = eC1(1-(e)
9

and the yield stress is scaled accordingly such that,

(5.17.33)

= . (5.17.34)

Such corrections are done prior to performing the plasticity calculation. Updating the damage
variable, an'l , is done via relations (5.17.15) (or (5.17.16)) after convergence is achieved for the
inelastic correction.
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5.17.3 User Guide

BEGIN PARAMETERS FOR MODEL PLANE_STRESS RATE_PLASTICITY

# Elastic constants

YOUNGS MODULUS = <real> E

POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G

BULK MODULUS = <real> K

LAMBDA = <real> A

TWO MU = <real> 21/

# Optional parameters related to inelastic correction criteria

TOLERANCE = <real> tolerance (1.0e-10)

MAX_INEL_CORR_ITER <int> maximum_correction_iterations (100)

MAX_LS_CORR_ITER <int> maximum_line_search_cutbacks (20)

USER RATE DEPENDENCE = 011(0)

YIELD STRESS = <real>

FORMULATION = <int> formulation (1)

# Input Options for USER RATE DEPENDENCE = 0

# linear hardening

HARDENING MODULUS = <real> hardening_modulus

# power law hardening

HARDENING CONSTANT = <real> hardening_constant

HARDENING EXPONENT = <real> hardening_exponent (0.5)

# multilinear hardening

HARDENING FUNCTION = <string> K(sT)

# Rate dependence

# Johnson-Cook rate dependence

RATE CONSTANT = <real> C

# multilinear rate dependence

RATE FUNCTION = <string> rate_function name

# Input Options for USER RATE DEPENDENCE = 1

# rate-dependent yield

YIELD STRAIN RATES = <real_list> yield_strain_rates

YIELD CURVES = <string_list> yield_function_names

# rate-dependent damage

FRACTURE STRAIN RATES = <real_list> fracture_strain_rates
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FRACTURE CURVES = <string_list> fracture_function_names

DECAY COEFFICIENT = <real> C1 (1.0)

# Thermal softening commands (Johnson-Cook)

INITIAL TEMPERATURE = <real> 19(t=0)

MELT TEMPERATURE = <real> °melt

REFERENCE TEMPERATURE = <real> Oref

THERMAL EXPONENT = <real> M

END [PARAMETERS FOR MODEL PLANE_STRESS_RATE_PLASTICITY]

Output variables available for this model are listed in Table 5.25.

Table 5.25: State Variables for PLANE STRESS RATE PLASTICITY Model

Name Description
EQPS equivalent plastic strain, kP
EQDOT eqiuivalent plastic strain rate, kP
SEFF effective stress, 0
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5.18 Power Law Creep Model

5.18.1 Theory

The power law creep model describes the secondary (or steady-state) creep and is useful in captur-
ing the time-dependent behavior of metals, brazes, or solder at high homologous temperatures. It
may also be used as a simple model for the time-dependent behavior of geologic materials such as
salt. A general discussion of such creep behaviors and the associated modeling may be found in
the texts of [1, 2] while the specific implementation used here is discussed in [3].

In the power law creep model, the effective creep strain rate is taken to be explicitly a function of
stress and temperature. A power law relation is used for the stress dependence while an Arrhenius
like expression is used to capture thermal effects. As such, the effective creep strain rate is written
as,

-Q= Ac3-7m exp RO) , (5.18.1)

where kc is the effective creep strain rate, 5-w is the von Mises stress, A is the creep constant, m is
the creep exponent, Q is the activation energy, R is the universal gas constant (1.987 cal/mole K),
and 0 is the absolute temperature. As a slip based mechanism, it is assumed that the creep strains
are deviatoric leading to a 3D evolution law of the form,

. 3 sii
=

2 orviw
(5.18.2)

with si j being the deviatoric stress. The corresponding incremental constitutive equation for this
model is then given as,

ijkl (Du — .1)(1) .

5.18.2 Implementation

(5.18.3)

Given the time-dependent nature of the model response, an explicit, forward Euler scheme is used
to integrate the routine. Prior analysis [3] has shown that this implementation is conditionally
stable and found an expression of the form

4 (1 + v)
Atst <

3EA exp m5-7,141
(5.18.4)

for the critical time step for stability, Atst. This time step is calculated using the previously deter-
mined material state (state n) and compared to the input time step. If necessary, the time step is cut
back to meet this critical limit.
To determine the updated material state (state n + 1) it is first noted that the creep process is purely
deviatoric. Therefore, the stress may be decomposed as,
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pi; (5.18.5)

where p is the pressure (pn = — (1/3) Tkik) and Tij is the unrotated stress. Given the decoupled
nature of the hydrostatic and deviatoric components, the updated pressure may be found as,

pn+1 = pn — K dkk At , (5.18.6)

with di j being the unrotated rate of deformation. By similarly decomposing the rate of deformation,

,4
ai • = - ukkõi • + di •J 3 J J 9 (5.18.7)

with dij being the deviatoric part of the rate of deformation, the updated deviatoric stress is

— Q nz-i
4+1 = + 2p (di • — 

2 
—
3
A exp ( 

ROn 
 )•

The updated stress is then simply,

= silit 1

5.18.3 Verification

(5.18.8)

(5.18.9)

The power law creep model is verified through two, time-dependent tests — creep and stress relax-
ation. It is noted that given the strong time dependency and form of the differential constitutive
equations, a closed form analytical expression for the response is not readily available. Semi-
analytical approaches in which simple numerical integration is used to solve the underlying differ-
ential equation, however, are well suited to such efforts and are used here to verify the numerical
responses. The set of material properties and model parameters used for these tests are taken
from [4] and are given in Table 5.26 and it is assumed that there are no thermal strains.

5.18.3.1 Creep

To consider the creep response, the model response is determined both numerically and semi-
analytically. Through such a response, the stress tensor is o-ij = o- (t) Si1S where o- (t) is a pre-
scribed boundary condition. For this investigation, o- (t) ramps linearly from 0 to o- max over the

E 90.68 MPa v 0.39
A 5.12 x 10' m 4.51
Q 1 R 19,853.50 K 0 673.00 K

Table 5.26: The material properties and model parameters for the power law creep model used for
the verification testing.
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interval t = [0, 100 s] and o-m„ = 300 MPa. The stress is then held constant (6- = 0) for the next
900 s. Inverting the constitutive law (5.18.3) for the strain rate yields,

Dij = Sijkdrkl + (5.18.10)

Furthermore, given the stress tensor form above, the creep deformation rate is,

and

= M-vmm 2
[uii .1 — — (5i2(5

.1 2
'2 + di345j3)] (5.18.11)exp 

RO

ijkl& kl = &Si j11. (5.18.12)

The total deformation rate may then be determined and easily integrated to find an analytical re-
sponse for the strain. To this end, both the semi-analytical and numerical strain and stress responses
(as a function of time) are presented in Figures 5.80a and 5.80b, respectively.
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Figure 5.80: Semi-analytical and numerical results of (a) strain and (b) stress evolution during a
creep test.

5.18.3.2 Stress Relaxation

The stress relaxation response of the considered model is evaluated both numerically and semi-
analytically. Specifically, a displacement controlled loading of u1 = (t) is investigated. The
other displacement degrees of freedom are not constrained so that a uniaxial stress state results —

Grij (t) = cr (t) 8i18j1. The displacement is prescribed such that it scales linearly from u1 = 0 at t = 0
to u1 = .01 at t = 100 s and then held fixed for 900 s. Initially the considered element is of unit
length.
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To determine the material response, it is noted that: (i) 0-22 = 0-33 = 0; (ii) E0 2 = E33 due to
isotropy; and (iii) the creep deformation rate takes the form (5.18.11). With these observations, the
elastic deformation rate in the direction of loading (D1) becomes,

De —11 — 1 +
(t) 
A (t) 

A 5-1 ,1,1m exp 
—Q 

.

Additionally, from (i) and (ii) above, it may be found that,

= D 3 = —1/Den,

leading to an equation for the stress in the direction of loading of,

&IA = (C1111 — 2vC1122)Den.

(5.18.13)

(5.18.14)

(5.18.15)

Additionally, as Di.; = D + the strains may easily integrated by using relations (5.18.11),
(5.18.13), and (5.18.14). The resultant numerical and semi-analytical strain and stress responses
are shown in Figures 5.81a and 5.81b, respectively.
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Figure 5.81: Semi-analytical and numerical results of the (a) strain and (b) stress evolution during
a stress relaxation test.
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5.18.4 User Guide

BEGIN PARAMETERS FOR MODEL POWER_LAW_CREEP

# Elastic constants

YOUNGS MODULUS = <real> E
POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G
BULK MODULUS = <real> K
LAMBDA = <real> A
TWO MU = <real> 2µ

# Viscoplastic parameters

CREEP CONSTANT = <real> A
CREEP EXPONENT = <real> m

THERMAL CONSTANT = <real> Q/R

MAX SUBINCREMENTS = <integer> max_subincrements(100)

END [PARAMETERS FOR MODEL POWER_LAW_CREEP]

Output variables available for this model are listed in Table 5.27.

Table 5.27: State Variables for POWER LAW CREEP Model

Name Description
ECREEP equivalent creep strain
SEQDOT equivalent stress rate
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5.19 Viscoplastic Model

5.19.1 Theory

The viscoplastic model is a rate dependent plasticity model that is useful for modeling solders and
brazes and was developed by Neilsen et al. [1]. This model is formulated in terms of the stress rate
for the material. Like many inelastic models, the rate of deformation, Dij, is additively decomposed
into an elastic, and an inelastic, Dlij part such that,

Dij = + D. (5.19.1)

The elastic rate of deformation is the only part that contributes to the stress rate and it does so
through the elastic moduli, Cijkl, in a linear fashion leading to the relation,

0
Cr ijklDjd, (5.19.2)

where Ciikl are the components of the fourth-order, isotropic elasticity tensor. The stress rate is
arbitrary, as long as it is objective. Two objective stress rates are commonly used: the Jaumann
rate and the Green-McInnis rate. For problems with fixed principal axes of deformation, these two
rates give the same answers. For problems where the principal axes of deformation rotate during
the deformation, the two rates can give different answers. Generally speaking there is no reason to
pick one objective rate over another.

The inelastic strain rate is a function of the stress state, o-, j, the temperature, 0, and a number of
internal state variables including both scalar isotropic, D, and tensorial kinematic, B,j, harden-
ing variables. With these dependencies defined, a general form for the evolution of the inelastic
deformation may be given by,

= Zy (cif, 0; D, Bii) nii,

where nij is the direction of inelastic deformation and is defined as,

and

1 ( 2
nij = —T sii — ,

T = (Si./ — (Su —

(5.19.3)

(5.19.4)

(5.19.5)

with sii being the deviatoric stress tensor. The inelastic strain rate, y, is defined via a hyperbolic
sin law,

238



n(e)

y = f (0) [sinh  
T  )]

a(0)D
(5.19.6)

where f(0) = exp(g(9)). The expressions g(0), a(0), and p(0) are model parameters that are func-
tions of temperature.

The evolution laws for the state variables D and Bii are,

and

where

A1
(D _ Doyi,Y 

A2 (I) DO)2

A4 •Ei • = —DT — A5bBii,
bA6

b
2
3B

(5.19.7)

(5.19.8)

(5.19.9)

The parameters Do, A1, A2, A3, A4, A5 and A6 are model parameters. The parameters A1, A2, A4
and A5 are also functions of temperature. The model can be simplified with the appropriate choice
of these parameters.

The following material parameters are functions of temperature and have the following form

G(0) = GohG(0) ; K(0) = KohK(0)

g(0) = gohg(9) ; AO) = pohp(0) ; a(0) = aoha(0)

A1(0) = A7171(0) ; A2(0) = Ah2(0)

A4(0) = A°4114(0) ; A5(0) = Ac5V15(0)

(5.19.10)

where the functions h*(0) are normalized functions of temperature and the values (*)o or (*)° are
the reference values that are input in the command block.
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5.19.2 Implementation

An explicit, forward Euler scheme is used to integrate the viscoplastic model. First, during initial-
ization, the isotropic hardening variable D is set to 1.001D0. This is done to avoid a singularity in
(5.19.7). Additionally, the kinematic variable is set to zero (Bij = 0).

Like the power law creep model that is integrated in a similar fashion, the chosen numerical scheme
is conditionally stable. As detailed in Hi, a critical stability time step of,

At„1 <
2a (0) D

3G f (0) p (0) sinhP(6)-1  ) cosh ( cr/e)D cro)D

(5.19.11)

may be determined. For convince, in the following the dependence of f, p, and a will be assumed
and not explicitly written. Instead, f"l will be used to refer to f (On+1) . Two additional limits are
also imposed to ensure accurate integration of the state variables. Specifically,

and

Atn-Fi

Atn+1 <

2SD0At„

~Dn — Dn-1I~

26D0Atn

Ibn — bn-

(5.19.12)

(5.19.13)

where (5 is an allowable error measure (here, 1.0x10-3) and xn refers to the time rate of change of
variable x at time step n. The current time step is checked to ensure it meets those criteria or else
it is scaled back to ensure accurate integration.
After assessing the acceptability of the time step, the new material state at time t = tn+1 is deter-
mined. If the time step needs to be cut back, multiple sub-increments are used. To elaborate, let
k denote a specific sub-increment and N represent the total number of sub-increments. Each kth
interval evaluates the numerical routine over a step size Stk where At = k 0 åtk. In such cases,
temperature dependent variables are linearly interpolated between their values at tn and t„1. For
example,

Atk
Gk =

Gn
+ 

At 
(Gn-Fi — Gn) (5.19.14)

where Atk is the current sub-increment time, Atk = Ekr=0 Str. For simplicity and clarity of presen-
tation, in the discussion below it is assumed that the input time step is acceptable and only a single
increment is needed. If additional sub-increments were needed, the below steps would be repeated
N times with time intervals of irStjc.

It is first noted that the unrotated stress, Tu, and deformation rate, dii, may be decomposed as,
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= —pncSij +

1
crizj = +

(5.19.15)

(5.19.16)

with p being the pressure (p = —Tkk) and dij being the rate of deviatoric deformation. As the
inelastic deformation flows in a deviatoric direction, the hydrostatic and deviatoric components
may be evaluated separately. With this in mind, the pressure may be easily integrated via,

Kn+1 1pn+1=pn  Kn 2(1(n_Ficn+1)dkkAt, (5.19.17)

where Kn is abbreviated notation for K (On). The inelastic deformation rate is then determined as,

D'ii = (olj, On; Dn, nij, (5.19.18)

by evaluating expressions (5.19.4)-(5.19.6) at t = tn and 0 = 9n. The internal state variables may
then be similar evolved via (5.19.7) and (5.19.8). With the inelastic state determined, the updated
deviatoric stress may be found via,

Gn+1

471 = Gn s7j 
+ 2AtGn — Di/.2) ,

with the updated stress being,

T;71 = _pn+lou+sziti.

5.19.3 Verification

(5.19.19)

(5.19.20)

The viscoplastic model is verified through two, time-dependent tests — creep and stress relax-
ation. To simplify the problem for verification purposes, the isothermal response only considering
isotropic hardening and recovery is investigated. It is noted, however, that given the stress de-
pendence and evolving internal state variable in the inelastic strain rate, a closed-form analytical
solution may not be found. Semi-analytical approaches numerically integrating the differential
equations are easily obtainable and used for comparison purposes. The considered test tempera-
ture is 450°C (723 K) and material properties and model parameters are those of CusilABA taken
from Table 3 of [1] and are reproduced for convenience below in Table 5.28.

5.19.3.1 Creep

The creep response of the viscoplastic model is investigated both numerically and semi-
analytically. For such a loading, the stress tensor is o-ij = (t)dildii with o- (t) being a prescribed
quantity. For this study, o- (t) ramps linearly from 0 to o-max over the interval t = [0, 100 s] with

0-max = 300 MPa. That magnitude is then maintained for the next 900 s.
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To analytically determine the model response, the constitutive law (5.19.2) is inverted to yield

and it is trivial to determine that

Dii = ijkl6-1c1 + Dill

Sijkl(rkl =

(5.19.21)

(5.19.22)

For the inelastic response, for the purely isotropic case it is noted that T = (t) and therefore
2 1- c 1nii = LOilo — (5i28f2+ (5i36.0)]. Additionally, the inelastic strain rate reduces to,

y = f [smh (t))1P
a D

producing a rate of inelastic deformation of,

Dij = y [6. iid — i26 j2 + i36. i3)] •

(5.19.23)

(5.19.24)

Expressions (5.19.21), (5.19.22), (5.19.24), and (5.19.7) can be easily integrated (via forward Euler
or Runge-Kutta) to determine a semi-analytical response. Both the numerical and semi-analytical
responses of the strain and stress (including flow stress, D) are presented below in Figures 5.82a
and 5.82b, respectively.

5.19.3.2 Stress Relaxation

The model response through a stress relaxation type loading is considered here both numerically
and semi-analytically. For this purpose, a displacement controlled loading, u1 = (t), is employed.
The other displacement degrees of freedom are not prescribed to ensure that a uniaxial stress state
(o-ii = o- (t) i16 11) develops. Specifically, the displacement is set to scale linearly over 100 s (from
t = 0 to t = 100 s) obtaining a maximum of u1 = 0.01 at t = 100 s. Initially, a unit length is
assumed. This displacement is held fixed over the next 900 s to investigate the stress relaxation
characteristics of the model.

E 77.8 GPa v 0.375

g -13.88 p 2.589
A1 3x104 MPaA3+' A2 2.07.X10-5 mpla s

A3 1.746 Do 50.0 MPa
A4 0 MPaA6+1 A5 0.0 mpla s

A6 0.0 a 1.0

Table 5.28: Material properties and model parameters used for isothermal, isotropic hardening/re-
covery creep and stress relaxation tests of the viscoplastic model.

242



1.0

0.8

0.6

0.4

0.2

• 0.0

-0.2

0.4

— semi-analytical

o o Adag o

- -631 

6 2 2

3 3

200 400 600

time (s)

(a) Strain

800 1000

350

300

250

0

vi" 150

iT2
ti 100

50

— semi
0 D Adag

— an

analytical

0

- a22

— a 3 3

— D

200 400 600

time (s)

(b) Stress

800

95

9 0

8 5

8 0 2

7 5 9:

70 2

65 g

60

55

Figure 5.82: Semi-analytical and numerical results of (a) strain and (b) external and internal, (D),
stress evolution during a creep test with the viscoplastic model.

A similar procedure to the power law creep model (Section 5.18.3.2) is employed here. Specifi-
cally, by noting the elastic isotropy, uniaxial stress state, and (5.19.24) the elastic deformation rate
in the direction of loading (D 1) is found to be,

De —  (t) 11 1 + A (t)

where an expression for y is given in (5.19.23). By noting drij = ijkAl and Dii = /)./ + the
material state may easily be found via numerical integration. The result strain and stress evolutions
are given in Figures 5.83a and 5.83b, respectively.

(5.19.25)
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5.19.4 User Guide

BEGIN PARAMETERS FOR MODEL VISCOPLASTIC

#

# Elastic constants

#

YOUNGS MODULUS = <real> E
POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G
BULK MODULUS = <real> K
LAMBDA = <real> A
TWO MU = <real> 21.1

FLOW RATE = <real> go

SINH EXPONENT = <real> po

ALPHA = <real> cro

ISO HARDENING = <real> A?

ISO RECOVERY = <real> A?

ISO EXPONENT = <real> A3

KIN HARDENING = <real> 4
KIN RECOVERY = <real> 4
KIN EXPONENT = <real> A6

FLOW STRESS = <real> Do

SHEAR FUNCTION = <string> hG(0)
0BULK FUNCTION = <string> 14( 

RATE FUNCTION = <string> hg(0
EXPONENT FUNCTION = <string> hp(0)

ALPHA FUNCTION = <string> ha(9)
= <string> kW)IHARD FUNCTION

0IREC FUNCTION = <string> h2( 

KHARD FUNCTION = <string> h4(9)

KREC FUNCTION = <string> h5(0

MAX SUBINCREMENTS = <int> itmax (2000)

END [PARAMETERS FOR MODEL VISCOPLASTIC]

Output variables available for this model are listed in Table 5.29.

More information on the model can be found in the report by Neilsen, et. al. [1].



Table 5.29: State Variables for VISCOPLASTIC Model

Name Description
EQP S equivalent plastic strain
SVB kinematic hardening variable, B
SVB_XX kinematic hardening variable - xx component, B„
SVB_YY kinematic hardening variable - yy component, Byy
SVB_Z z kinematic hardening variable - zz component, B„
SVB XY kinematic hardening variable - xy component, B „y
SVB YZ kinematic hardening variable - yz component, By,
SVB_Z X kinematic hardening variable - zx component, B„
SVD isotropic hardening variable, D
EQDOT inelastic strain rate, y
COUNT number of sub-increments
SHEAR shear modulus, G(0)
BULK bulk modulus, K(0)
RATE g(0) (see(5.19.6))
EXP p(0) (see(5.19.6))
ALPHA ce(0) (see(5.19.6))
A1 isotropic hardening parameter, Ai (0)
A2 isotropic recovery parameter, A2(0)
A4 kinematic hardening parameter, A4(0)
A5 kinematic recovery parameter, A5(0)
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5.20 Munson-Dawson Viscoplastic Model

5.20.1 Theory

The Munson-Dawson (MD) model was originally defined in [1, 2, 3], but several changes have
been made since then. This section presents the current model in a small strain setting. (Sec-
tion 5.20.2 briefly mentions how the model is extended into the finite deformation realm.) Note
that compressive stresses and strains are treated as positive in this section, as is common in the
geomechanics literature.

The MD model is an isotropic, unified viscoplastic, material model. The total strain rate šij is
decomposed into an elastic strain rate 41 a thermal strain rate Et.1 and a viscoplastic strain rate

J ij •

ši j = 41j. + 41h. + š7. (5.20.1)

The elastic portion of the MD model utilizes the following simple linear relationship between šZ
and the stress rate (fru,

el th . v
(Tij — ijklcqd = ijkl (tkl 8k1 8k1

p

= (B — 2/3 8ij6k1+ P (6ik6j1+ 6i16jk) 9

(5.20.2)

(5.20.3)

where Ciikl is the elastic stiffness, which is composed of the bulk modulus B, the shear modulus it,
and the Kronecker Delta 6,i. The thermal strain portion of the model is simply

• th
Eii = Su (5.20.4)

where a is the coefficient of thermal expansion, and 0 is the temperature. Sierra/SM also offers
thermal strain functions for adding thermal strain effects to any given model. If a ~ 0, then MD
model users should not specify a thermal strain function, otherwise thermal strains will be applied
twice.

Plastic deformation is assumed to be isochoric and only occurs in the presence of shear stress. The
MD model utilizes the Hosford stress as its equivalent shear stress measure The Hosford stress
is

1/a
1

= {-
2 

[10-1 — 0-21a + 10-2 0-31a + 10-1 — 0-311 } (5.20.5)

where o-i are the principal stresses and a is a material parameter. This definition for 6- was proposed
in [4] because it encompasses the Tresca stress (a = 1), the von Mises stress (a = 2), and a range
of behaviors in-between (1 < a < 2). One can also reproduce the Tresca stress with a = oo, the
von Mises stress with a = 4, and behaviors in-between with 4 < a < oo. This second range avoids
potential singularities in the first and second derivatives of (5.20.5), so the exponent is restricted to
a > 4.

The viscoplastic strain evolves according to an associated flow rule

ao"• vp Nri)
Eij — E ao-ii, (5.20.6)
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where kvP is the equivalent viscoplastic strain rate. It can be decomposed into two components

vp tr ss
= + , (5.20.7)

where ktr is the transient equivalent viscoplastic strain rate and kss is the steady state equivalent
viscoplastic strain rate.

The MD model decomposes the steady state behavior into four mechanisms:

es =
i=0

kr

( Q, RHi
ks =Ai exp for i = 0, 1, and 2

) 

(5_) n 

p
2

E3s =HO- — 5-g) E Bi exp (— Qi 
R 0 
) sinh (q(5- 7:rg) ,

i=o
(5.20.8)

The variables Ai, Bi, Qi, ni, 5-g, and q are all model parameters. All four mechanisms have an
Arrhenius temperature dependence, where Qi is an activation energy and R = 8.314 J/(K mol)
is the universal gas constant. Mechanism 3 is only activated when 5- exceeds Crg, as reflected in
the heaviside function HO- — õrg). Typically, the parameters B, are chosen to produce a smooth
transition to mechanism 3 at Crg.

The simple functional forms of (5.20.8) suffice for the steady-state behavior, but the transient
behavior is somewhat more complex. During work hardening under constant stress, gr approaches
the transient strain limit gr* from below, and the total viscoplastic strain rate slows down over time.
During recovery under constant stress, gr approaches gr* from above, and the total viscoplastic
strain rate speeds up over time. The rate that e approaches e* is governed by

where

str = (F — 1) k", (5.20.9)

[ 

e 21

F = exp sign (e* - e) K (1 - — .
e*

(5.20.10)

and K is a quantity that depends on whether the material is work hardening or recovering. These
two behaviors are captured in the following equations

K =

{ ah + fln 1og10 ()
ii
o-

ar + fir 1og10 (—)
ii

tr < tr*

-tr -tr*
8 > 8 .

(5.20.11)

where cri and pi are model parameters. If K < 0, then (5.20.9) produces a decreasing/increasing Pr

when e is below/above e*. This non-physical possibility is avoided by enforcing > 0. The MD
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model endows e* with stress and temperature dependence with two mechanisms:

tr*
8 =

i=0

tr*
E

m;
eir* = exp(ci 19) 

P )
(5.20.12)

where Ki, ci, and mi are parameters to be calibrated against experimental results.

5.20.2 Implementation

Details of the MD model's numerical implementation will be published in the near future. For the
time being, several salient points will be discussed here.

As discussed in Section 5.20.3, one can obtain an analytical solution to the MD model's ordinary
differential equations if the exponent in (5.20.10) is changed from 2 to 1, and sign (gr* — gr) = 1.
To accommodate this possibility, (5.20.10) is numerically implemented as

,-tr x
F = exp [sign (er* — er, —y 1 K — '-

et*
(5.20.13)

wherex is a user specified integer that is equal to 2 by default, but one can setx = 1 for verification
testing.

Each steady state creep mechanism is irnplemented with a viscoplastic rate scale factor s, such that
(5.20.8) becomes

3
= E kr

J..
=s Ai exp i(17)Q  for i = 0, 1, and 2

R
2

ks; =s HO- — Crg) Bi exp
R 0
Qi sinh (q(cr crg)) . (5.20.14)

i=o

This scale factor can be used to speed up or slow down the equivalent steady-state strain rate and
the total equivalent viscoplastic strain rate, because PT = = Fsss. The variable s is
implemented as an internal state variable, rather than a material parameter, so a user can modify
it in the middle of a simulation. The default value is s = 1, but it can be useful to set s to some
small value to "freeze the material's viscoplasticity for a period of time, or increase s to larger
values to squeeze hundreds of years into a few seconds. Speeding up the viscoplasticity can allow
one to make quasi-static simulations using explicit dynamics, provided inertial effects are kept to
a minimum.

The MD model is extended into the finite-deformation realm using hypoelasticity. Consistent with
the Green-McInnis stress rate, the infinitesimal strain rates are replaced with the corresponding
unrotated rates of deformation (i.e. tij DO and the stress is replaced with the unrotated Cauchy
stress (o-ii
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Following the lead of Scherzinger [5], the model's time derivatives are discretized using the back-
wards Euler method. The resulting non-linear algebraic equations are solved with a line search
augmented Newton-Raphson method. A typical user of the model should not need to adjust the
routine's numerical parameters, but the two parameters that could affect accuracy are briefly men-
tioned to document their default values:

• The implementation has some expressions where 5- is in the denominator of a fraction. If an
initial calculation of the Hosford stress results in Cr < &min, then the initial value is replaced
with 5-min. The default is &min = µ x 10-10, which should be small enough to have negligible
impact, yet still avoid (Tr = 0.

• Each iteration of the implicit integration routine updates the merit function co =
1/2 + r2), where Ri j and r are the residuals associated with the differential equa-
tions in (5.20.6) and (5.20.9), respectively. An iteration is considered converged when
AFA.) < a-\/,.,a,„, where con. is the maximum value of the merit function. The default is

= 10-11

5.20.3 Verification

The MD model contains ordinary differential equations ((5.20.6) and (5.20.9)) that make it non-
trivial to verify. A straightforward analytical solution, however, can be constructed to these equa-
tions if x = 1 in (5.20.13) and if the stresses and temperatures remain piecewise constant in time.

Temporally constant stresses and temperatures allow (5.20.2), (5.20.3), (5.20.4), (5.20.5), (5.20.6),
(5.20.7), and (5.20.8) to be integrated to

(0 — 0(1-j)) 6kl — Ek113(tj)Ekl Ekl(tj) = klmn(Tmn Crinn(0)) — a
acr

~ki—£ki(tj)= [er — (t .) kss (t — ti)]

(5.20.15)

(5.20.16)

where t j is the time at the end of the previous time period j. The quantities from the previous
time period (81,1(0), mn(t j), ekvii)(0), and gr (ti)) are assumed to be known. Setting x = 1 in
(5.20.13) enables the following general analytical solution to (5.20.9):

-tr*
er = 
— ln {exp(K) + exp (C1 — est)]} . (5.20.17)

One can solve for the integration constant C1 using the initial condition gr = (t j) at t = t J. After
substituting the result back into (5.20.17), one obtains

e*
t. K .

=   ln exp(K) + exp 
g r()K

ff 
exp(K) exp [ _tr* es (t — t j)] . (5.20.18)

E 

Combining (5.20.15), (5.20.16), and (5.20.18) produces the following closed form expression for
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the total strain change over a time period

8k1 Bkl(t j)= Tilmn (0-inn 0-mn(t

er*

j)) — a (0 — 0(0) 45kl+

K) K
ln exp

,s,
8 (t — t j)]}{exp(K) +

[
— [exp 

(gr(tj)
exp(K)]

er* Etr

] ad-_ er(ti) + kss (t 
— 
t j) .

.90-k, (5.20.19)

The next three subsections compare numerical solutions against analytical solutions for axisym-
metric compression, pure shear, and unequal biaxial compression. In each case, the numerical
solution for the total strain is denoted as sii, while the analytical solution for the total strain in
(5.20.19)is denoted as gii. All the verification tests only involve principal deformations, so hy-
poelasticity simply reinterprets the stress and strain in Section 5.20.1 as the Cauchy stress and
logarithmic strain, respectively. As a reminder, compressive stresses and strains are treated as
positive.

All the verification tests utilize Calibration 3B of the MD model. The full parameter set can be
found in [6], but Fig. 5.84, 5.85 and 5.86 depict much of the calibration graphically. Figure 5.84
shows the shape of the Hosford equivalent stress surface for a = 16. The Hosford surface and the
angle of its normal nij depend on the Lode angle tk of the deviatoric stress oir 0-ii — 1/30-kk
Figures 5.85 and 5.86 show the individual mechanisms and kr, as well as the sums gr* =

El! 0 and Ps = Ei=3 s0 Ei , so that one can visualize where each mechanism dominates the total
behavior.

0-2 # Tresca (a = oo)

Hosford (a = 16)
von Mises (a = 4)

Figure 5.84: Hosford equivalent stress surface in the 7r-plane.

5.20.3.1 Triaxial Compression

Triaxial compression tests are frequently used to characterize the creep and strength behavior of
geomaterials, such as rock salt. Cylindrical specimens are subjected to a radial confining pressure
o-rr and an axial stress o-zz. Axisymmetric compression is perhaps a more appropriate name for
these tests, because the hoop stress a-,9.0 is equal to ifTir, but triaxial compression is the common
name.
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Figure 5.85: Stress and temperature dependence of the transient strain limit for Calibration 3B.
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Figure 5.86: Stress and temperature dependence of the steady-state strain rate for Calibration 3B.

The applied stress and temperature histories for the test are shown in the top two plots in Fig. 5.87.
The test begins with a isothermal, 20 MPa hydrostatic, hold period for 10 days, where the strain
is purely elastic. At t = 0 d, cr„ is increased to 35 MPa, while the other stresses are held fixed,
causing a 15 MPa equivalent stress. This stress state is held for the next 50 days. The strain evolves
quickly at first, but slows down to the steady-state rate as the material work hardens. At t = 50 d,
o-„ is decreased to 33 MPa, while the other stresses are held fixed. The 2 MPa drop in Cr causes the
strain rate to slow down markedly, but it gradually builds to a new steady-state rate as the material
recovers over the next 50 days.

In summary, the numerical and analytical solutions for the total strain match very well throughout
the test, which verifies:

• Linear elasticity under triaxial compression

• Zero viscoplastic strain evolution under hydrostatic loading

• Viscoplastic strain evolution for tif = —30°
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Figure 5.87: Triaxial Compression Verification Test

• Work hardening (e- < gr.) dominated by transient strain limit mechanism 1

• Recovery (gr > ge) dominated by transient strain limit mechanism 1

• Steady-state strain accumulation dominated by transient strain limit mechanism 2.

5.20.3.2 Pure shear

The Hosford equivalent stress depends on a for —30° < < 30 °, but it is independent of a for
= —30 °(triaxial compression) and IA = 30 ° (triaxial extension). Pure shear is a simple stress

state that exercises the Hosford stress at a Lode angle other than tk = ±30 °. Pure shear can be
expressed in the principal frame as cr3 = —cri and 0-2 = O. In addition to exercising the model
under pure shear, this test also varies the temperature to verify thermal expansion and creep at
elevated temperatures.

The applied stress and temperature histories for the test are shown in the top two plots in Fig. 5.88.
The test begins with a 0 MPa hydrostatic hold period for 10 days while the temperature is linearly
ramped from 27 °C to 57 °C. Some thermal strains develop during this time. At t = 0 d, the
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Figure 5.88: Pure Shear Verification Test

temperature ramp stops, o-i is increased to 5 MPa, cr2 is held at zero, and 49-3 is reduced to -5 MPa.
This state is held for the next 50 days, while the material creeps. At t = 50 d, 0 is increased to
112°C, but the stresses remain fixed. The sharp increase in 0 causes a step change in thermal strain,
and then accelerated creep is observed over the over the next 50 days.

In summary, the numerical and analytical solutions for the total strain match very well throughout
the test, which verifies:

• Linear elasticity under pure shear

• Thermal expansion

• Viscoplastic strain evolution for ¿fr = 0°

• Temperature dependence of transient strain limit mechanism 1

• Steady-state strain accumulation dominated by mechanism 1

• Steady-state strain accumulation dominated by mechanism 2.
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5.20.3.3 Unequal Biaxial Compression

Unequal biaxial compression is another stress state that exercises the Hosford stress at a Lode
angle other than IA ±30°. Unequal compressive stresses o-xx and o-yy are applied to two faces of
a cube, while o-„ = 0. This stress state is slightly more complex than triaxial compression or pure
shear because all three stress magnitudes are unequal. This test also alters the stress component
ratios after 50 days of creep to verify the model's ability to change Lode angle.
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Figure 5.89: Unequal Biaxial Compression Verification Test

The applied stress and temperature histories for the test are shown in the top two plots in Fig. 5.89.
The test begins with a 0 MPa hydrostatic hold period for 10 days. At t = 0 d, o-xx is increased to
3.5 MPa, o-yy is increased to 5 MPa, and o-„ is held at zero. In this stress state, IA = 13.0° and the
intermediate principal stress is crxx. The intermediate principal strain rate txx 0 and Šyy -kzz
because Calibration 3B has a Hosford surface similar to Tresca, especially far from the corners
of the Tresca hexagon (see Fig. 5.84). At t = 50 d, crxx is increased to 6.0 MPa, while the other
stresses remain fixed. The sharp increase in o-xx causes a step change in elastic strain that is visible
because the viscoplastic strains are small at these low values of (5-. In this stress state, tfr = 21.1°
and the intermediate principal stress is o-yy. Accordingly, kyy 0 and ..6xx —Šzz• If one looks
more closely, however, syy is slightly positive and Exx > —kz because tfr = 21.1° is beginning to
approach the corner of the Tresca hexagon (see again Fig. 5.84).
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In summary, the numerical and analytical solutions for the total strain match very well throughout
the test, which verifies:

• Linear elasticity under unequal biaxial compression

• Viscoplastic strain evolution for tit = 13.0° and a subsequent change to tfr = 21.1°

• Transient strain accumulation dominated by transient strain limit mechanism 0

• Steady-state strain accumulation dominated by mechanism O.
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5.20.4 User Guide

BEGIN PARAMETERS FOR MODEL MD_VISCOPLASTIC

# Elastic constants

YOUNGS MODULUS = <real> E

POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G

BULK MODULUS = <real> K

LAMBDA = <real> A

TWO MU = <real> Zy

# Steady-state

AO

A1

A2

creep parameters

= <real> Ao (0.0)

= <real> A1 (0.0)

= <real> A2 (0.0)

QOoR = <real> Qo/R (0.0)

QloR = <real> Q1/R (0.0)

Q2oR = <real> Q2/R (0.0)

nO = <real> no (0.0)

nl = <real> nt (0.0)

n2 = <real> n2 (0.0)

sigma_g = <real>

BO = <real> Bo (0.0)

B1 = <real> Bi (0.0)

B2 = <real> B2 (0.0)

q = <real> q (0.0)

# Transient creep parameters

KO = <real> & (0.0)

K1 = <real> K1 (0.0)

c0 = <real> co (0.0)

cl = <real> cl (0.0)

m0 = <real> mo (0.0)

ml = <real> ml (0.0)

alpha_h = <real> ah (0.0)

alpha_r = <real> a,. (0.0)

beta_h = <real> & (0.0)

beta_r = <real> fir (0.0)

# Other parameters

alpha = <real> a (0.0)

a = <real> a (1000.0)

END [PARAMETERS FOR MODEL MD_VISCOPLASTIC]

Output variables available for this model are listed in Table 5.30.



Table 5.30: State Variables for MD_VISCOPLASTIC Model

Name Description
EQ_TR_S TRAIN equivalent transient viscoplastic strain, gr
EQ_VP_S TRAIN equivalent viscoplastic strain, eP
EQ_STRESS equivalent stress, Cr
VP_RATE_SCALE_FACTOR viscoplastic rate scale factor, s
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5.21 Hyperfoam Model

5.21.1 Theory

The hyperfoam model is a hyperelastic model that can be used for modeling elastomeric foams. It
is based on a strain energy with a form given by Störakers [1] which is similar to a form presented
by Ogden [2]. The strain energy depends on the principal stretch ratios of the material and is given
by

W(Åk) =
2p• „
a . + Aa2i Aa3i — 3 + — )]

i=1
(5.21.1)

where it, and ai are input parameters and J is the determinant of the deformation gradient. The
value of )3, is calculated from the parameters vi via

fli = 1 — 2vi

vi
(5.21.2)

The vi can be thought of as Poisson's ratios, however in the context of the summation in (5.21.1) it
is best to consider them as fitting parameters.

The strain energy (5.21.1) is a sum of N contributions. The principal Kirchoff stresses for the
hyperfoam model, Tk, can be calculated as

,aW
Tk = itk

k

which can be used to calculate the components of the Kirchoff stress, T,i, through

3

Ti; = TOP,.
k=1

(5.21.3)

(5.21.4)

where el[ are the components of the kth eigenvector of the left stretch tensor in the global Cartesian
coordinate system. The components of the Cauchy stress are then

1
crii = .7T ij. (5.21.5)

Finally, it should be noted that the Hyperfoam model is also capable of reproducing the Blatz-Ko
model [3, 4]. If only one term is chosen, N = 1, and pi = ft, al = —2, and v1 = 0.25 we get the
Blatz-Ko strain energy density
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µ (12
-+2\/T-5)
h

where h and 13 are the second and third invariants of the right Cauchy-Green tensor.

5.21.2 Implementation

(5.21.6)

The hyperfoam model is evaluated using the left stretch tensor, vii. Given the left stretch, the
eigenvalues, ilk, and eigenvectors, el[, of the stretch are calculated

= Aoki ; vii =

k=1

Akeki

Next, the determinant of the deformation gradient is calculated

J = /11/12/13.

Then the contribution of each term in the expansion is added to the Kirchoff stress

where T1 = 0 and

awn) Aw(n)

Tn Tn-1 /11 
"1 ̂1eie • + /12(3W(n) ej2e2.   3^3e•e •— (9,1i aA.3

awn)
Ak =   (AZn — .aAk an

(5.21.7)

(5.21.8)

(5.21.9)

(5.21.10)

After summing the terms n = 1,...,N the Kirchoff stress is converted to the Cauchy stress us-
ing (5.21.5). If necessary the Cauchy stress is transformed back into an unrotated configuration to
be returned to the host code.

5.21.3 Verification

The hyperfoam model is verified for four loading paths: uniaxial strain, biaxial strain, pure shear,
and simple shear. The material parameters used for the verification tests are shown in Table 5.31.
For these problems N = 3.

• 25.8 MPa -21.9 MPa 0.0814 MPa
cti 2.536 2.090 -8.807
vi 0.5630 0.5507 0.3662

Table 5.31: The material properties for the hyperfoam model tested in uniaxial strain.
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5.21.3.1 Uniaxial Strain

Since the hyperfoam model is formulated in terms of principal stretches, a uniaxial strain problem
is a very simple verification problem that can be run.

In uniaxial strain, the stretch ratio in the direction of straining is = exp(e), where is the applied
strain. In a direction orthogonal to the direction of straining the stretch ratios are equal to one. The
determinant of the deformation gradient is J = A.

Since the deformation is aligned with the global coordinate axes, the eigenvectors of the left stretch
are also aligned with the global coordinate axes. Using the derivatives of the strain energy density
given in (5.21.10), the non-zero stress components are

1 211i
crii = 

A ai 
(A' — A-41

i=i

(5.21.11)

E 2„i ,(T22 = 0-33 = ;1„
i 

— A aifii)

i=1

The results of the analysis in tension are shown in Figures 5.90 to Figure 5.92.

For the results in Figure 5.90, a single element is strained to E = 0.6 which, in uniaxial strain in
tension, is very large for this model. At some point the stresses begin to increase rapidly. Since the
axial stress and the lateral stresses are both very large, the pressure in uniaxial strain in tension is
also very large. For this extreme loading the model in Adagio shows agreement with the analytical
solution.

The model is also loaded in uniaxial compression. These results are shown in Figure 5.91. The
model again shows agreement with the analytical solution. The behavior in compression is very
different than tension. The maximum stress is an order of magnitude less at a strain of E = —0.6,
where the axial stress is just over 9 MPa, compared to E = 0.6 in tension where the axial and lateral
stresses are nearly 450 MPa. The lateral stresses reach a plateau while the axial stress increases.
The stresses in compression also have a different nonlinear form than the stresses in tension.

Finally, both the tension and compression responses are shown in Figure 5.92. Here the continu-
ity of the behavior at E = 0 can be seen along with the very different responses in tension and
compression.
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Figure 5.90: The axial and lateral stresses for uniaxial strain in tension using the hyperfoam model.
The results show agreement with the analytical results. The material properties for the model are
given in Table 5.31.
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Figure 5.91: The axial and lateral stresses for uniaxial strain in compression using the hyperfoam
model. The results show agreement with the analytical results. The material properties for the
model are given in Table 5.31.
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Figure 5.92: The axial and lateral stresses for uniaxial strain in both tension and compression using
the hyperfoam model. The results show agreement with the analytical results and that the response
of the material is very different in tension and compression. The material properties for the model
are given in Table 5.31.
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5.21.3.2 Biaxial Strain

Another simple verification problem for the hyperfoam model is biaxial strain.

In biaxial strain, the stretch ratios are prescribed in two orthogonal directions. For this Ai = exp(Ei)
and A2 = exp(E2), where Ei are the applied strains in the x1 and x2 directions. In the third direction
orthogonal to the first two, the stretch ratio is one. The determinant of the deformation gradient is
J =

1  NE 2pi

/1,

cii = I

1 /4-2 j=1 ai
(111A2) aifli] ; 0-22 = 

 , cr.[A2' - (A-1/12) (113t]
71-1/1-2 

v--N 

i=i ai

1 Zui [
33 =   — (Al A2) aill0- 

/11.12 aii=i

(5.21.12)

The results of the analysis in tension are shown in Figures 5.93 to Figure 5.95.

For the results in Figure 5.93, a single element is strained with E1 = 0.4 and 82 = 0.2 which, in
biaxial strain in tension, is very large for this model. At some point the normal stresses begin to
increase rapidly. Since the normal stresses are very large, the hydrostatic pressure is also very
large. For this extreme loading the model in Adagio shows agreement with the analytical solution.

The model is also loaded in biaxial compression. These results are shown in Figure 5.94. The
model again shows agreement with the analytical solution. The behavior in compression is very
different than tension. The maximum stress is orders of magnitude less at a strain of El = —0.4
and 82 = —0.3, where the maximum normal stress is just over 4.5 MPa, compared to 81 = 0.4 and
E2 = 0.3 in tension where the normal stresses from the model are nearly 1.3 GPa. The lateral stress
o-„ reaches a plateau while the other two stress increase with increased straining The stresses in
compression also have a different nonlinear form than the stresses in tension.

Finally, both the tension and compression responses are shown in Figure 5.95. Here the continu-
ity of the behavior at E = 0 can be seen along with the very different responses in tension and
compression.
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Figure 5.93: The normal stresses for biaxial strain in tension using the hyperfoam model. The
results show agreement with the analytical results. The material properties for the model are given
in Table 5.31.
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Figure 5.94: The normal stresses for biaxial strain in compression using the hyperfoam model.
The results show agreement with the analytical results. The material properties for the model are
given in Table 5.31.
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Figure 5.95: The normal stresses for biaxial strain in both tension and compression using the
hyperfoam model. The results show agreement with the analytical results and that the response of
the material is very different in tension and compression. The material properties for the model are
given in Table 5.31.
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5.21.3.3 Pure Shear

The hyperfoam model is is also tested in pure shear in strain. Note that this is different from pure
shear in stress.

In pure shear, the principal stretch ratios are Ai = A, A.2 = 1, and /13 = A-1. The determinant of
the deformation gradient is J = 1, which means the Kirchhoff and Cauchy stress measures are the
same.

The principal stresses are

CTi = E_Zui (A'i —1)
aii=i

0-2 = 0 ; 
0-3 =

N
(zrai )

ai
(5.21.13)

The principal axes of deformation are aligned at 45° to the coordinate axes. In the global coordinate
system the non-zero stress components are

0-11 = 0-22 = L.,

2Pi 
(Aai -F /raj — 2)

aii=i

(5.21.14)

0-12 = 2_, - (Aa' — irai)
aii=i

The results of the analysis in pure shear are shown in Figure 5.96. A single element is strained
to a shear strain of e = 0.4. The model in Adagio shows agreement with the analytical solution
presented above. It is interesting to note that pure shear strain produces not only normal stresses
with the hyperfoam model, but a non-zero pressure. The deviatoric/volumetric split so often used
with our constitutive model does not occur with the hyperfoam model.
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Figure 5.96: The shear and normal stresses for the hyperfoam model in pure shear. The material
properties for the model are given in Table 5.31.

272



5.21.3.4 Simple Shear

The hyperfoam model is is also tested in simple shear. Note that this is a different deformation
path than pure shear. In simple shear the deformation gradient is

1 y 01
[Fij] = 0 I 0 (5.21.15)

0 0 1

The principal stretch ratios are A1 = A, A2 = 1, and /13 = -1. The determinant of the deformation
gradient is J = 1, which means the Kirchhoff and Cauchy stress measures are the same. This gives
the same principal stresses as in pure shear when written in terms of the principal stretch ratio, A.
The principal stresses are

0-2 =0 ; (5.21.16)1) 1)CTi = (Aa'i — 0-3 = (A-ai -

i=i i i=1 ai

The principal stretch ratio is

A =
1 + sin 0

; B= tan-1 ()
2

(5.21.17)
cos 0

The principal axes of deformation in the current configuration, i.e. the eigenvectors of the left
stretch, are given by

"e = cos eil + sin ; = ; = - sin e,1 + cos (5.21.18)

where = 7r/4 — 0/2.

The results of the analysis in simple shear are shown in Figure 5.97. A single element is strained to
a shear parameter of y = 0.4. The model in Adagio shows agreement with the analytical solution
presented above. It is interesting to note that simple shear with the hyperfoam model produces
different normal stresses than simple shear, i.e. the two non-zero normal stresses are not equal.
The difference arises from the fact that the principal axes of deformation in pure shear are fixed,
while in simple shear the principal axes rotate. There is still a non-zero pressure which again shows
that the deviatoric/volumetric split does not occur with the hyperfoam model.
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Figure 5.97: The shear and normal stresses for the hyperfoam model in simple shear. The material
properties for the model are given in Table 5.31.

274



5.21.4 User Guide

BEGIN PARAMETERS FOR MODEL HYPERFOAM

# Elastic constants

YOUNGS MODULUS = <real> E
POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G
BULK MODULUS = <real> K
LAMBDA = <real> A
TWO MU = <real> 2µ

# Strain energy density

N = <integer> N
SHEAR = <real_list> pi

ALPHA = <real_list> ai

POISSON = <real_list>

END [PARAMETERS FOR HYPERFOAM]

There are no output variables available for this model.
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5.22 Hyperelastic Damage Model

5.22.1 Theory

The hyperelastic damage model is an isotropic, strain rate and temperature independent continuum
damage formulation. In this case, the specific form is that discussed by Holzapfel [1] and proposed
primarily for particulate reinforced (filled) rubber-like materials exhibiting the so called Mullins
effect. Specifically, this model utilizes a Kachanov-like effective stress concept to propose an
effective Helmholtz free energy, W, of the form

W=(1— vvo (5.22.1)

in which 4" = [0, 1] is the isotropic damage variable and Wo is the Helmholtz free energy of the un-
damaged material and Cij is the right Cauchy-Green tensor (C,1 = FkiFk; with Fij the deformation
gradient). The free energy expression of the neo-Hookean model (Section 5.5) is used to describe
the undamaged strain energy and is given as,

, 1 

2 

[1

2
Wo (cif ) = —K (J2 — 1) — ln J.] + 2p ( C'kk — 3) , (5.22.2)

with K and µ the bulk and shear moduli, J the determinant of the deformation gradient and C kk the
isochoric part of the deformation — Cif = &Pk./ and Fij = J-113Fij. In the undamaged configu-
ration, the second Piola-Kirchoff stress, S°, is the energetic conjugate of the right Cauchy-Green
strain such that

leading to a damaged stress of the form,

S 
awo 

= 2
aCiJ

si, = -

(5.22.3)

(5.22.4)

To describe the softening process, two damage related variables are needed. The first is the previ-
ously mentioned smooth, continuous effective damage variable, 4', while the second is the so-called
discontinuous damage variable, a. In essence, this second variable may be considered to be the
maximum strain energy in the undamaged material throughout the entire loading history. This
statement may be expressed as,

a = max Wo (s) (5.22.5)
SE[0]

in which s is a history variable representing any time in the loading history and the dependence
on s in (5.22.5) is used to indicate the loading history and not an explicit dependence on time or
strain rate. The two damage terms are related by assuming 4" = 4' (a). To ascertain this dependence,
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it is noted that 4' (0) = 0 and 4' (00) = 1 the former explicitly stating that the material is initially
undamaged and the latter noting in the limit the material is completely damaged the strain energy
will go to oo. These observations lead to an expression of the form,

4' (a) = [1 — exp (—a/T)] , (5.22.6)

with T being a constant referred to as the damage saturation parameter and 4-o„ being the maximum
value of the damage parameter that may be achieved.

The evolution of the damage process is governed by a so-called damage function, f (C , a) (anal-
ogous to the yield function in plasticity), postulated as,

f (C,J, = 0 (Cif) — a, (5.22.7)

where 0 is the thermodynamic driving of the damage process. In this case, the thermodynamic con-
jugate of the damage variable 4' is the undamaged strain energy, Wo, such that (Ci1) = Wo (Ci1).
By enforcing the consistency condition during damage (f = 0), it can be shown that,

,k ow°, 1 co_ _ _aci; 2

5.22.2 Implementation

(5.22.8)

For the hyperelastic damage model, the first step is to calculate the undamaged second Piola-
Kirchoff stress, S ,9r1) of the current (n + 1)th time step. To this end, the deformation gradient,

n!±1), is calculated based on the input stretch, Vir 1), and rotation, ei+1), tensors via the polar
decomposition. The second Piola-Kirchoff stress may then be determined as,

,o(n+i) = [1K (( j(n+1))2 1,1 j(n+1))-2 3 ' 
L'

.11+1) — 1 

3 k
r(+1) ( C01+1) \

k (5.22.9)
2 k

To determine the damage state, the undamaged strain energy kn+1) , is first calculated as,

1
/-i '147(n+1) = —

2
K 

2 
W(n+1))2 — 1) — P+1)) 

[( T(n+1)1
kk

213 (n+1) — 3]—20

The current discrete damage variable, a(n+1), may then be determined via,

a(n+i) = max [a kn+01(n), ,

so that the current continuous damage variable, 4-(n+1) , is,

(5.22.10)

(5.22.11)
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en-F1) = -co
[1 — exp (a(n+1)/r)] .

Finally, these expressions lead to an unrotated Cauchy stress of the form,

T =  (1 _ 4.(1+1)) p(l.+1) p(11+1) Q 0(n+1) p(n+1) D(n+1)
ij j(n+1) `` ' km " mn rn 'rj •

5.22.3 Verification

(5.22.12)

(5.22.13)

Given the hyperelastic formulation of the hyperelastic damage model, it is possible to find closed
form solutions for simple loadings. Two such instances (uniaxial strain and simple shear) are
considered here to evaluate and verify the response of this implementation. In this case, the re-
sults explored here are extensions of the neo-Hookean verification tests previously discussed in
Section 5.5.3 and [2]. One set of material properties was used for all tests and they are given in
Table 5.32. The damage parameters are taken from [1].

K 0.5 MPa it 0.375 MPa

49 0.8 T 0.3 MPa

Table 5.32: The material properties for the hyperelastic damage model used for both the uniaxial
and simple shear tests.

5.22.3.1 Uniaxial Strain

First, utilizing a displacement condition corresponding to uniaxial strain results in a deformation
gradient of the form,

Fij = /14(51 j (52i62 j (53i153 j• (5.22.14)

As the undamaged material is neo-Hookean, it is noted that the under these loading conditions the
stress field is found by evaluating relation (5.5.3) and may be written as

0_0
11 

21K (A 1 ) + 2
A (A.2 - 1) A-513,

o
2 = 0- 

o
3 2 t j1) 

1 K ( _ 1 \ 1
0- (Å2 1) /1-513

0 0 0 
0.Cr12 = Cr23 = 0-31

(5.22.15)

The damaged, effective stresses are then simply crij = (1 — 4-)ot and the problem reduces to the
determination of 4'. In this case, given the deformation gradient in (5.22.14), J = A and

Wo =-
2

1
K 
[1
—
2 
(Å2 — i) — ln + 

2 
—
1 

[A-213 0.2 + 2) — 3] . (5.22.16)
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During loading, a = Wo while during unloading cr = 14I0 (Amax) and 4' can be determined from
(5.22.6).

Both the corresponding analytical and numerical solutions are presented in Figure 5.98 for a com-
plete loading and unloading cycle. Note, the damage parameter, 4', increases during loading but
remains constant during unloading verifying the irreversibility of the proposed model.
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Figure 5.98: Analytical and numerical results of the stress and damage state for the uniaxial stretch
case.

5.22.3.2 Simple Shear

For the simple shear case, a deformation gradient of the form,

Fij = dij + y6.1i6.2j, (5.22.17)

is prescribed. Again, from the neo-Hookean model definitions the undamaged stresses may be de-
termined via (5.5.3) and noting this is a volume preserving definition (J = 1) leading to expressions
of the form,

2
0-11 = 31/Y2

'
1 2

22 = Cr33 3
1/Y ,

Cr12
0 0

0-23 = 0-31 - 0.

In this case, the undamaged strain energy is simply,

(5.22.18)
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1m
vv0 =

2
py

2 
,

and 4- may be evaluated via (5.22.6). The effective stresses are then crij = (1 — Oat

(5.22.19)

Both the corresponding analytical and numerical solutions are presented in Figure. 5.99 for a com-
plete loading and unloading cycle. Note, the damage parameter, 4', increases during loading but
remains constant during unloading given the irreversible form of the damage process.
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Figure 5.99: Analytical and numerical results of the stress and damage state for the simple shear
case.
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5.22.4 User Guide

BEGIN PARAMETERS FOR MODEL HYPERELASTIC_DAMAGE

# Elastic constants

YOUNGS MODULUS = <real> E
POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G
BULK MODULUS = <real> K
LAMBDA = <real> A
TWO MU = <real> 2µ

DAMAGE MAX = <real>

DAMAGE SATURATION = <real> T

END [PARAMETERS FOR MODEL HYPERELASTIC_DAMAGE]

Output variables available for this model are listed in Table 5.33. For information about the hyper-
elastic damage model, consult [1].

Table 5.33: State Variables for HYPERELASTIC DAMAGE Model

Name Description
DAMAGE continuous isotropic damage variable, 4'
ALPHA discontinuous damage variable, a
PRESSURE reference undamaged tensile pressure, (1/3) (1 — 0S kk
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5.23 Soil and Foam Model

5.23.1 Theory

The soil and crushable foam model is a plasticity model that can be used for modeling soil, crush-
able foam, or other highly compressible materials. Given the right input, the model is a Drucker-
Prager model.

For the soil and crushable foam model, the yield surface is a surface of revolution about the hy-
drostat in principal stress space. A planar end cap is assumed for the yield surface so that the yield
surface is closed. The yield stress cryd is specified as a polynomial in pressure p. The yield stress
is given as:

0-yd = ao + alp + a2P
2 (5.23.1)

where the pressure p is positive in compression. The determination of the yield stress from Equa-
tion (5.23.1) places severe restrictions on the admissible values of ao, al, and a2. There are three
valid cases for the yield surface. In the first case, there is an elastic—perfectly plastic deviatoric
response, and the yield surface is a cylinder oriented along the hydrostat in principal stress space.
In this case, ao is positive, and al and a2 are zero. In the second case, the yield surface is conical.
A conical yield surface is obtained by setting a2 to zero and using appropriate values for ao and
al . In the third case, the yield surface has a parabolic shape. For the parabolic yield surface, all
three coefficients in Equation (5.23.1) are nonzero. The coefficients are checked to determine that
a valid negative tensile-failure pressure can be derived based on the specified coefficients.

For the case of the cylindrical yield surface (e.g., ao > 0 and al = a2 = 0), there is no tensile-failure
pressure. For the other two cases, the computed tensile-failure pressure may be too low. To handle
the situations where there is no tensile-failure pressure or the tensile-failure pressure is too low,
a pressure cutoff can be defined. If a pressure cutoff is defined, the tensile-failure pressure is the
larger of the computed tensile-failure pressure and the defined cutoff pressure.

The plasticity theories for the volumetric and deviatoric parts of the material response are com-
pletely uncoupled. The volumetric response is computed first. The mean pressure p is assumed to
be positive in compression, and a yield function Op is written for the volumetric response as:

Op = p — fp(ev) , (5.23.2)

where fp (Ev) defines the volumetric stress-strain curve for the pressure. The yield function Op
determines the motion of the end cap along the hydrostat.

5.23.2 Implementation

The soil and crushable foam model is a rate-independent, hypoelastic model that splits and sequen-
tially evaluates the volumetric and deviatoric response. To determine the inelastic flow, an elastic
predictor-inelastic corrector approach is adopted for each of the aforementioned responses.
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For the volumetric response, an updated logarithmic volume strain, 6-;',±1, is computed by,

evn+1 = Evn 
Atdkk. (5.23.3)

Note, in this case, the volume strain is defined such that it is positive in compression. This strain
value is then used to evaluate the volumetric yield function defined in (5.23.2) and determine the
appropriate pressure, p, the material is subject to.

To evaluate the deviatoric response, a trial deviatoric stress, slrj, is defined as,

stir,/ = + 2pdijAt, (5.23.4)

with dij being the deviatoric part of the unrotated rate of deformation. The deviatoric yield function,
f , is then used to evaluate if any deviatoric plastic flow is occurring and is written as,

f (SU, p) = (Si]) — 0-yd (p) (5.23.5)

where Gryd is the yield stress given in (5.23.1) and (sij) the effective stress given as,

( s =
3

2 
sijsij.

If an elastic response is evident (f < 0), then the final stress is simply,

(5.23.6)

771 = sri — j. (5.23.7)

Otherwise, if a plastic response is observed, a radial return approach like that discussed in Sec-
tion 5.7.2 is utilized to find the equivalent plastic strain increment, Ae. Unlike that case, given
the decoupling between the volumetric and deviatoric behaviors, the hardening component of the
yield surface does not change leading to an expression of the form,

Ae = —
3p

and the final stress is,

Sir

r+1 = — 3/0e — poii.

5.23.3 Verification

(5.23.8)

(5.23.9)

The soil and foam model is verified for a triaxial compression load path. First the material is
biaxially loaded in plane strain using load control, then the prescribed loads are released while the
material is compressed in displacement control.
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5.23.3.1 Triaxial Compression

The soil and foam model is tested in triaxial compression. For this problem, both lateral stresses,

crii and cr33, are prescribed along with the axial strain, £22. Furthermore, the lateral stresses are
equal, o-11 = cr33. For the elastic response, the axial stress is

0-22 = E822 + 21/0-11

where E is the elastic modulus and v is the Poisson's ratio. The lateral strains are

where A. is the Lamé constant.

(5.23.10)

en = -11 (e22 - 0-11/A) (5.23.11)
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Figure 5.100: Lateral strain, £11 and £33, over the course of the prescribed triaxial loading path.
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Figure 5.101: Axial stress, o-22, over the course of the prescribed triaxial loading path.
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5.23.4 User Guide

BEGIN PARAMETERS FOR MODEL SOIL_FOAM

# Elastic constants

YOUNGS MODULUS = <real> E

POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G
BULK MODULUS = <real> K
LAMBDA = <real> A
TWO MU = <real> 2µ

# Yield surface parameters

AO = <real> ao

A1 = <real> al

A2 = <real> a2

PRESSURE CUTOFF = <real> 13,

PRESSURE FUNCTION = <string> Msv)

END [PARAMETERS FOR MODEL SOIL_FOAM]

For information about the soil and crushable foam model, see the PRONTO3D document listed as
Reference [1]. The soil and crushable foam model is the same as the soil and crushable foam model
in PRONTO3D. The PRONTO3D model is based on a material model developed by Krieg [2]. The
Krieg version of the soil and crushable foam model was later modified by Swenson and Taylor [3].
The soil and crushable foam model developed by Swenson and Taylor is the model in PRONTO3D
and is also the shared model for Presto and Adagio.

Output variables available for this model are listed in Table 5.34.

Table 5.34: State Variables for SOIL FOAM Model

Name Description
EVOL_MAX maximum volumetric strain seen by the material point
EVOL_FRAC volumetric strain for tensile fracture
EVOL current volumetric strain
EQPS equivalent plastic strain
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5.24 Shape Memory Alloy Model

5.24.1 Theory

The shape memory alloy (SMA) model is used to describe the thermomechanical response of
intermetallics (e.g. NiTi, NiTiCu, NiTiPd, NiTiPt) that can undergo a reversible, diffusionless,
solid-to-solid martensitic transformation. Specifically, the materials have a high-symmetry (typi-
cally cubic) austenitic crystallographic structure at high temperature and/or low stress. At lower-
temperatures and/or high stress the crystallographic structure is transformed to a lower symmetry
(typically orthorhombic or monoclinic) martensitic phase. The change in structure and symmetry
may be taken advantage of to produce large inelastic strains of 1-8%. Importantly, this class of
materials differentiates itself from TRIP steels in that the transformation is reversible and a variety
of thermomechanical loading paths have been conceived of to take advantage of this behavior. A
notable application of these materials is as an actuator in smart, morphing structures.

Phenomenologically, the macroscopic behavior of SMAs is typically discussed in effective stress-
temperature space via a phase diagram like in Figure 5.102. The four lines denoted M„ Mf, As,
and Af indicate the martensitic start, martensitic finish, austenitic start, and austenitic finish trans-
formation surfaces. Forward transformation (from an austenitic to a martensitic state) is described
by the martensitic start and finish surfaces. Specifically, the former refers to the thermomechanical
conditions at which transformation will initiate while the latter corresponds to complete transfor-
mation. The difference between the two surfaces is associated with internal hardening effects due to
microstructure (i.e. texture, back stresses). Transformation from martensite to austenite is referred
to as reverse and is characterized by the austenitic start and finish surfaces. Detailed discussion of
the crystallography and phenomenology may be found in [1, 2]5.

Two responses characteristic of SMAs may also be represented via the phase diagram. These are
the actuation response and the pseudoelastic (often referred to as superelastic in the literature)
responses. The first (actuation) is indicated by path "A" in Figure 5.102. In this case, a mechanical
bias load is applied to the SMA and the material is then thermally cycled through forward and
reverse transformation. The resulting transformation first produces and then removes the large
transformation strains of SMAs and is commonly used for (surprisingly) actuation applications.
At higher temperatures (T > Af), mechanical loading may be used induce forward and, upon
unloading, reverse transformation as indicated in path "B" of Figure 5.102. Through such a cycle,
a distinctive flag shape in the stress strain response is observed through which large amounts of
energy may be dissipated while producing no permanent deformations. As such, this loading path
is often considered for vibration isolation or damping applications.

In LAMÉ, the response of SMAs is described by the phenomenological model of Lagoudas and
coworkers [3]. This model was motivated by actuator applications and it describes the inelastic
deformation associated with martensitic transformation through two internal state variables — the
scalar martensitic volume fraction, and tensorial transformation strain tensor, 4j. Before pro-
ceeding it should be noted that the structural response of SMA specimens and components exhibit

51n the martensitic configuration, the crystallographic structure can either self-accommodate in a twinned config-
uration producing no macroscopic inelastic strain or an internal or external stress field may be used to detwin the
microstructure thereby producing the desired inelastic strain. For simplicity, this distinction is bypassed in this brief
text and the interested reader should consult the referenced works.
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Martensite

temperature

Figure 5.102: Representative phase diagram of shape memory alloys highlighting characteristic
loading paths ((A) and (B)), transformation surfaces, and phases.

a rate dependency associated with the strong thermomechanical coupling of SMAs. Specifically,
the transformation process gives off/absorbs large amounts of energy via the latent heat of trans-
formation. The rate dependence observed is a result of the characteristic time scale associated
with thermal transport of this heat. In pure mechanical analyses (like Sierra/SM), this means qua-
sistatics loadings are typically considered (a strain rate of cz-:, 1x10-4 and/or heating/cooling rate of
2°C/min) Formulations accounting for the full coupling have been developed but require more

complex implementations.

To begin, the model assumes an additive decomposition of the total, elastic, thermal, and transfor-
mation deformation (strain) rates respectively denoted by Dii, Boi, gill and D. producing a total
deformation rate of the form,

Dii = D111 + D. (5.24.1)

With respect to the thermoelastic deformations, it is noted that the different crystallographic phases
have different thermoelastic constants. Previous studies have demonstrated that a rule of mixtures
on the compliance and other material properties of the form,

Sijkl = ijkl (srjkl =

aij = crAbi j+ aA8ij) = aA6ii +

(5.24.2)

(5.24.3)

in which Sijkl and ai j are the current effective compliance and coefficient of thermal expansion and
the superscripts "A" and "M" denote thermoelastic properties in the austenitic and martensitic con-
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figuration. The symbol "A" is used to indicate the difference in a property between the martensitic
and austenitic phases while 8i j is the Kronecker delta. Isotropy is assumed for all these properties
and the compliances are determined via the definition of elastic moduli and Poisson's ratio of the
two phases — EA , EA , vM, and vm. The two Poisson ratios are often the same and take typical values
for metals (-0 vM .;,-J 0.3) while the elastic moduli can differ by a factor of more than two. For
instance the austenitic modulus of NiTi is typically given as ;•-- 70 GPa while the martensitic one is
30 GPa6. Importantly, this difference means that the thermoelastic properties and corresponding

deformations vary with transformation. As such, the corresponding rates of deformation are given
as,

D.,=eAsj.ficlo-kl+ Sijkl

= eAcr6i1 (0 — 00) + ciöjjO,

(5.24.4)

(5.24.5)

where 0 and 00 are the current and reference temperature and o-jj is the symmetric Cauchy stress.
Note, in using the SMA model a temperature field must be defined. The stress rate may then be
shown to be,

+ Aa kl — 190)) — , (5.24.6)ijkl (Dkl adklt6la — e (ASklmnCrinn

with Cijkl being the current stiffness tensor defined as Cijkl =

To describe the transformation strain evolution, it is assumed that these deformations evolve with
(and only with) the martensitic volume fraction, e. The corresponding flow rule is given as,

= eAu, (5.24.7)

and Ai j is the transformation direction tensor assumed to be of the form,

Aii =

Hcur 0_01) 32 0%.

strTrev

esev

(5.24.8)

In (5.24.8), licur is the transformation strain magnitude that is dependent on the von Mises effective
stress, 5-vm, and Si./ is the deviatoric stress. With forward transformation defined in this way, it is
assumed that deformation is shear-based and follows a J2 like flow direction. For reverse trans-
formation (e < 0), the postulated form is utilized to ensure complete recovery of transformation
strains with martensitic volume fraction. In other words, all transformation strain components are
zero-valued at e = 0. Without enforcing this condition in this way, non-proportional loading paths
could be constructed producing a non-zero transformation strain when the material is austenitic.
The transformation strain at load reversal, £15—rev , and martensitic volume fraction at load reversal,
rv, are then tracked (via the implementation) and used for this purpose.

6Given the lower symmetry of the martensitic phase the determination of an isotropic elastic modulus can vary with
characterization methodology. In this case, the apparent elastic modulus measured from macroscopic thermoelastic
tests should be used.
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The transformation strain magnitude, Ifur, is a function of the von Mises effective stress (Cror)
and is introduced to incorporate detwinning effects without introducing an additional internal state
variable complicating the model. Specifically, at low stress values, this function returns a minimum
value. If the microstructure is self-accommodated this value will be zero. A decaying exponential
is used such that as the stress increases the value of the strain magnitude becomes that of the
maximum value incorporating both crystallographic and texture effects. The given functional form
is,

HCUr Hinin (TA/ C Crcrit

Hmin (Hsat Hmin) (1 — exp (—k (Grof — Crcrit))) 0-1,M > (rcrit
(5.24.9)

where Hmin, Hsat, k, and (Tait are model parameters giving the minimum transformation strain
magnitude, maximum transformation strain magnitude, exponential fitting parameter governing
the transition zone, and critical stress values (in some ways analogous to the detwinning stress).

The evolution of martensitic transformation process is governed by a transformation function serv-
ing an analogous role to the yield function in plasticity. This function is given by,

f (o-ij, 0, = (o-jj, 0,e) — (o-ii) , (5.24.10)

with 0 begin the thermodynamic driving force for transformation and 5- the critical value. The ± is
used to denote either forward (+) or reverse (—) transformation. This transformation function and
the associated forms are derived from continuum thermodynamic considerations and the details of
that process are neglected here for brevity but may be found in [3]. The functional forms of these
variables are given as,

1
(a-u, 8, e) —

2 
+ a-ijA + (xi jActhi j (0 — 00) + 040 — pAuo — f t (e) ,

o- (0 = (To + DCT ijAii, (5.24.11)

in which pAso and pAuo are the differences in reference entropy and internal energy of the two
phases, D is a calibration parameter intended to capture variations in dissipation with stress, and
(e) is the hardening function. With respect to this latter term, empirical observations were used

to arrive at a postulated form of,

1 f,n

ft (e) _ + 1 _ _ on2) a3

ci2, + en3 — on,i) a3 e<0 (5.24.12)

with al , a2, and a3 being fitting parameters and n1, n2, n3, and n4 are exponents fit to match the
smooth transformation from elastic to inelastic deformations at the start of forward, end of forward,
start of reverse, and end of reverse transformation respectively.

Before proceeding, one final note should be given in regards to calibration. Specifically, some
of the model parameters just listed (al , a2, a3, D, pAso and pAuo) are not easily identified
or conceptualized in terms of common thermomechanical experiments. Some easily identifiable
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parameters (Ms, Mf, As, and Af), however, are not evident in the theoretical formulation. Con-
ditions associated with these terms and some physical constraints may be used to determine the
model parameters in terms of these more accessible properties. These relations are,

pASO = 
—2
(CNICA) [Hcur (cr) + 0_ al-1

0-
"r + 0_ ( 

Em — EA J
)-1

a 10-=0-* 1

CM + CA
(cm _ cA) [Hair + 0_107 ± 0_ (Elm

D (cm + cA)[Hcur (0_) + o_axacrcur]

al = pAso (Mf — Ms) , a2 = pAso

A)]

(As — Af) ,

a3 =
1 
(1 +  

1 
1 

az
(1 + 

1 

4 n1 + 1 n2 + 1 
+ 
4 n3 + 1 n4 + 1)

pAuo = 
pAso 

(A + Af)
2

pAso A \
cro = 

2 
— — a3,

(5.24.13)

(5.24.14)

(5.24.15)

(5.24.16)

(5.24.17)

in which a' is the scalar stress measure in which the calibration is performed at. For additional
discussion on the characterization of SMAs and calibration of this model, the user is referred
to [4, 5].

5.24.2 hnplementation

Similar to the various plasticity models in LAMÉ, an elastic predictor-inelastic corrector approach
is used to perform the stress updating routine. Unlike the other models, however, in the shape
memory alloy routine a convex cutting plane (CCP) return mapping algorithm (RIVIA) is used in
lieu of the closest point projection. This difference essentially simplifies the integration of flow
rule and the corresponding problem at the cost of some algorithmic stability. Prior studies [6]
have shown that this implementation is sufficient for convergence in most cases while providing a
substantial savings in cost. The specific implementation used here is that of [3].

To compute an elastic trial state, a trial stress is determined assuming purely thermoelastic defor-
mations such that,

Tri = Ci jki (en) (dklAt — akl (en) AO) , AO = 9n+1 — O. (5.24.18)

In this case, it is assumed that the temperature fields are known at tn+1 and tn (denoted On+1 and On,
respectively) and the thermoelastic properties are computed using the martensitic volume fraction
at the previous time step en. At this stage, a perturbation stress (Trier = T + (Tri — T'i'j) with
/3 << 1) is computed and used to determine local variations of the thermodynamic driving force,
cp. This is necessary to determine the direction of transformation (forward or reverse). Using the
full trial stress to this end can produce spurious results in some thermally-driven cases. The trial
yield function value is then computed as,

= f (Tr" ,en+1,en)= -±p ,en-F1 ,en) _ 5- (Tri) . (5.24.19)
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,trIf < 0, no nonlinear deformation occurs and the trial solution is accepted as the material state
at t = t„1. When this condition is not satisfied, the CCP-RMA routine is used to correct the trial
state and return it to the yield surface.

To perform the inelastic correction, the Newton-Raphson method is iteratively used to update the
material state (Tij and 0 until convergence is achieved. Denoting the current and next iteration by
(k) and (k + 1), respectively, produces updating expressions of the form,

T +1) = tif) + ATij,e(k+1) = e(k) + A e, (5.24.20)

with en and Tic(?) initialized to en and Tf5, respectively. The key difference between the CCP and
closest point projection (CPP) methods is associated with how the inelastic strain flow rules are
integrated. In the former method, an explicit evaluation of the flow direction is utilized while the
latter is associated with a fully implicit expression. For the CPP algorithms, this implicit expres-
sion means the flow rule must be solved in a nonlinear system of equations with the consistency
equation. Relaxing this assumption via the CCP method, however, produces an explicitly evaluated
flow rule of,

41+1) = sti(jk) A,eAck)
if (5.24.21)

Importantly, this means that the only nonlinear equation to be solved is the scalar consistency
equation (f = 0) which can be linearized such that,

Ae =
f(k)

a f(k) a f(k) —(k
(e

(k) 
) (Aaklmnini

)
n + AcrkIAO + A(kki))'

and the stress increment is then found as,

T(k) = -Cijkl (en (ASklmnTm(kr), AaklAO + A(kki)) A.

5.24.3 Verification

(5.24.22)

(5.24.23)

The shape memory alloy model is verified through a series of thermomechanical loadings. The
material properties and model parameters for these investigations are given in Table 5.35. These
properties correspond to those given in Table 3.4 in [1] with all n's assumed to be 1 and setting

EM =EA

It should also be clear that because Hann = Hsat the model response is independent of the values of
0-crit and k. For convenience, values of k = 1.0x106 and (Tait = 0 will be used. Additionally, o-*
will be taken to be zero although inspection of Equation (5.24.13) and consideration of the relative
magnitudes of the transformation strain and the difference in elastic strain similarly indicates an
invariance in the model response to this parameter with constant Hcur. The default prestrain values
are also utilized such that the SMA is initially austenitic.
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EA 55 GPa EM 55 GPa

vA 0.33 vM 0.33

aA 22.0x10-61 am 22.0x10-6

Ms 245 K As 270 K
m f 230 K Af 280 K

Cm 74 I'''' CA 7 4 ''''a• K • K
Hinin 0.056 Hsat 0.056

Table 5.35: The material and model parameters for the shape memory alloy model used during
verification test.

5.24.3.1 Uniaxial Stress - Pseudoelasticity

First, the isothermal (0 > Af) pseudoelastic response through a uniaxial stress loading is ex-
plored. Importantly, the simplifications and model parameters described above (EA = EM = E,
Hcur 

(crvm) = H, CA = Cm = C, ni = 1) allow for a simple analytical description of the pseudoe-
lastic response (essentially trilinear). For instance, given the constant slopes of the transformation
surfaces, the stresses needed to induce or complete transformation are simply given by,

cri5 (6) = C(9 -13) , = Ms, f, A„ Af, (5.24.24)

where crms (0) is the stress needed to start forward transformation at temperature, O. Given a stress
value, the strain and material state may be completely determined by knowing the martensitic
volume fraction, e. Specifically, the axial (here taken to be the 1 direction) strain is simply,

and the lateral strains are

o-
Eli = 

E 
+ eH,

o- 1
822 = 833 = -V—

E 
- 2ell,

(5.24.25)

(5.24.26)

in which the fact that the transformation strain tensor is deviatoric is being leveraged. The marten-
sitic volume fraction may then simply be found by noting that f = 0 during transformation. There-
fore, for forward transformation,

e =
0 0- < 0-111s

(o-H + pAs09 - Otto - a3 - cro) < o- < o-̀111
a

1 > ormf
(5.24.27)

A comparable expression is easily determined for reverse transformation.

The results of this simple analytical expression and those determined by Adagio are presented in
Figure 5.103 for three different temperatures. Figure 5.103a presents the stress-strain response un-
der these conditions while Figure 5.103b presents the evolution of the martensitic volume fraction.
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Figure 5.103: (a) Axial stress-strain response and (b) martensitic volume fraction, e, evolution
determined analytically and via adagio for three different ambient temperatures 0 = 300, 320 and
340 K.

5.24.3.2 Constant Stress Actuation

To consider thermally driven transformation, the constant stress actuation response is investigated.
In such a loading, a mechanical load is applied at high temperature (9 > Af) and held constant
while the specimen is cooled through forward transformation and then heated back to its initial
state. Given the aforementioned simplifications to the model parameters, the analytical response is
determined in a very similar fashion to that of pseudoelasticity. In this instance, critical tempera-
tures needed for transformation are first determined by

16cr =fi+
= Ms, Mf, A,, Af, (5.24.28)

with MT being the temperature needed to start forward transformation at an effective stress, o-. The
zero-stress value is Ms Similarly, the axial and lateral strains may be adjusted as,

Ell

E22 = E33

o-
- + + a (0 — ,

0-_v_
E 
__m+ a (19 — .
2

(5.24.29)

(5.24.30)

The martensitic volume fraction is found through relations (5.24.27) albeit with the piecewise
intervals defined in terms of temperature (e.g orms < Cr < Alif E—> M < 9 < Mscr ). Results for the
axial strain-temperature, lateral strain-temperature, and martensitic volume fraction-temperature as
determined analytically and via adagio are presented below in Figures 5.104a, 5.104b, and 5.104c,
respectively.

297



0.07

0.06

0.05

0.04

0.03

0.02

0.01

0 0900

D CI Adagio
— ,7=100

— -200

o-=300 •

220 240 260 280 300

temperature, 0 (K)

(a) Axial strain

1 0

su 0.8

j= 0.6

E

O
> 0.4

1.71

a)
'Er!, 0.2

E

0 0
200 220 240 260 280 300

temperature, 0 (K)

0.000

—0.005

.7. —0.010

-0.015

—0.020

—0.025

4)

'1 —0.030

—0.035

0.040
320 340 200 220 240 260 280 300

temperature, 0 (K)

— analtical

ci Adagio 

— 9=100

— a =200

— ;7=300

analtical

Adagio

a=104) 

=200

=300

320

(c) Martensitic Volume Fraction

340

(b) Lateral strain

320 340

Figure 5.104: (a) Axial strain (b) lateral strain and (c) martensitic volume fraction, e, evolution
as a function of temperature as determined analytically and numerically (Sierra/SM). Results are
presented for three different applied bias stresses o- = 100, 200 and 300 MPa.
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5.24.4 User Guide

BEGIN PARAMETERS FOR MODEL SHAPE_MEMORY ALLOY

# Elastic constants

YOUNGS MODULUS = <real> E

POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G
BULK MODULUS = <real> K
LAMBDA = <real> A

TWO MU = <real> Zo

# Thermoelastic properties of two crystallographic phases

ELASTIC MODULUS AUSTENITE = <real> EA
POISSON RATIO AUSTENITE = <real> vA

CTE AUSTENITE = <real> aA

ELASTIC MODULUS MARTENSITE = <real> Em

POISSON RATIO MARTENSITE = <real> vm

CTE MARTENSITE = <real> am

# Phase diagram parameters

MARTENSITE START = <real> Ats

MARTENSITE FINISH = <real> Mf

AUSTENITE START = <real> As

AUSTENITE FINISH = <real> Af

STRESS INFLUENCE COEFF MARTENSITE <real> Cm

STRESS INFLUENCE COEFF AUSTENITE = <real> CA

# Transformation strain magnitude parameters

H_MIN = <real> Hmin

H_SAT = <real> Hsat
KT = <real> k
SIGMA_CRITICAL = <real> o-crit

# Calibration parameters

N1 = <real> n1

N2 = <real> n2

N3 = <real> n3

N4 = <real> n4

SIGMA STAR = <real> le

TO = <real> 00

# Initial phase conditions
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XIO = <real> 0=0) (0.0)

PRESTRAIN_DIRECTION = <int> es (0)

PRESTRAIN_MAGNITUDE = <real> 1141(t = 0)11 (0 . 0 )

END [PARAMETERS FOR MODEL SHAPE_MEMORY_ALLOY]

Output variables available for this model are listed in Table 5.36.

Table 5.36: State Variables for SHAPE MEMORY ALLOY Model

Name Description
MVF martensitic volume fraction,
TransStrain transformation strain tensor, stir./
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5.25 Low Density Foam Model

5.25.1 Theory

The low density foam material model is a phenomenological model for rigid, low density
polyurethane foams. Development of this model followed extensive characterization efforts at
Sandia National Laboratory with special emphasis placed on hydrostatic and triaxial compression
tests [1]. A key observation of this investigation was the impact of trapped air inside the foam on
the load bearing capabilities of the material.

In constructing a model describing the response of the low-density foams, Neilsen et al. [1] de-
composed the response into that of the polymeric skeleton and the air such that,

o_ii = (5.25.1)

where the super script "sk" is used to refer to variables relating to the skeleton and "air" to the
air. The contribution of the air component is only present, however, in constrained cases when
the internal gases are trapped and not allowed to escape. If the foam material in not encased or
encapsulated in someway, the air may escape and ell. = O. A model parameter, Nair, is included to
distinguish between these cases. If Nair is set to 0, the air pressure term is set to zero. For any other
value, it is included.

Using the ideal gas law, it can be found that for an isothermal case,

o_air =  POEV 

Ev + 1 — 0'

where Po, EV, and 0 are the initial air pressure, volumetric strain, and the volume fraction of the
solid (skeleton) material. Knowing the total stress of the material volume and air contribution, the
skeleton stress may be found via (5.25.1). Furthermore, it should be noted that the foam (total) and
skeleton strains are the same.

(5.25.2)

Based on their experimental observations, Neilsen et al. [1] noted a decoupling between the skele-
ton principal stresses. Therefore, the Poisson's ratio of the skeleton is zero and that the yielding
behavior in each principal direction is independent. A yield function of the form,

= jr, (5.25.3)

where f and 0-s,k are the eh yield function and skeleton principal stress, respectively, and

5- = A (/;,) + B (1.0 + CEV) (5.25.4)

with A, B, and C are material parameters, and (•) denoting the Heaviside step function where

{0 if x < 0

1 if x > 0
(5.25.5)
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was proposed. Additionally, I2 is the second invariant of the deviatoric strain. If a skeleton principal
stress indicates yielding, it is set to the effective yield stress value, Cr.

5.25.2 Implementation

The low density foam material model is implemented in a hypoelastic fashion. Therefore, a trial
material state of,

= Tis)' + EAtdij,

sii71 = +

(5.25.6)

(5.25.7)

with dii, and sii are the unrotated rate of deformation, unrotated skeleton stress, and foam
strain, respectively, is calculated. The superscript "tr" denotes a trial stress while E is the Young's
Modulus and (5.25.6) leverages the fact that the Poisson's ratio of the skeleton is zero. The
principal stresses of the trial skeleton stress state, 77k-tr, are then computed via the algorithm
of Scherzinger and Dohrmann [2].

To check the yielding behavior, the (logarithmic) volumetric strain, 47+1, and second invariant of
the deviatoric strain, I2, are needed. These values are simply calculated as,

Eivi+1
= exp (eV) - 1, (5.25.8)

121n+1 = An+1 An+1 o•sn+1 6,n+1
-11 "22 

+ 
"11 "33 

+ 
"22 "33

[( An+W ( An+1Y + (An+1)2
k"12 ) + k'23 )  k'31 ) (5.25.9)

with 'en-El being the deviatoric strain tensor. The effective yield stress, e+1, may be written as,if

6-11+1 = A Kirl + B (1 + C4+1) . (5.25.10)

It should also be noted that a steep sinusoidal approximation of the Heaviside step function to
alleviate numerical issues associated with the sharp discontinuity inherit to the use of the Heaviside
function. The updated principal stresses may then be determined as,

sk-tr <
rk-n+i = 

, 0_1

sgn 7k-tr) Cr, 117k—trl > 9
(5.25.11)

where sgn (x) denotes the sign of x. An updated air pressure is then computed from (5.25.2) and
the current stress is found to be,

3

Tij = E Trn+1,ki,jk+ crair—n+1 (4+1)
k=1

where ek is the eigenvector associated with the kth principal skeleton stress.

(5.25.12)
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5.25.3 Verification

The low density foam model is implemented through two compression tests — uniaxial and hydro-
static. Cases both including (Nair = 1.0) and excluding (Nair = 0.0) the contribution of the air are
investigated. The rest of the properties and parameters used for these tests are given in Table 5.37
and are originally from [3].

5.25.3.1 Uniaxial Compression

First, a uniaxial compression test under displacement control is considered with and without the
contribution of air. In this case, a displacement of the form u1 = A is applied while the other two
directions are left traction free. When air pressure does not play a role, the model response reduces
to that of the skeleton and the problem becomes one-dimensional. The deformation rate can be
easily integrated to find that ell = ln (1 + A) and ev = Å. Additionally, the uniaxial compression
loading considered here is obviously deviatoric in nature leading to Ki,) evaluating to 1. Therefore,

0- = A+B(1+C/1),

EEll. 101
= 

sgn(Eii) 0- > 101 •

(5.25.13)

(5.25.14)

The corresponding stress and strain results are presented in Figures 5.105a and 5.105b.

The case of internal air pressure is also considered by setting Nair = 1. This, however, compli-
cates the response and turns it into a three-dimensional case given the pressure components in
the off-loading directions. Specifically, it can be found trivially that, 622 = 633 = —CTair /E. The
complication arises as the volumetric strain is now,

Ev = 1 + A) exp (-2o-alr/E) — 1, (5.25.15)

leading to an implicit expression for o-air. By evaluating o-air in a forward Euler fashion, noting
Cr = A + B (1 + C'Ev), and treating (5.25.14) as an expression for crIll the stress and strain responses
may be found as given in Figures 5.106a and 5.106b. The impact of the air on the model response
is clear by comparing the two sets of figures.

E 3010 psi v 0.0
A 49.2 psi B 60.8 psi

C -0.517 Po 14.7 psi
0 0.09

Table 5.37: Material properties and model parameters for the low density foam model used during
verification testing.
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Figure 5.105: Skeleton (a) stress and (b) strain determined analytically and numerically (with
Nair = 0) with the low density foam model during a displacement controlled uniaxial compression
test.
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Figure 5.106: Foam (a) stress and (b) strain determined analytically and numerically (with Nair = 1)
with the load density foam model during a displacement controlled uniaxial compression test.

5.25.3.2 Hydrostatic Compression

The volumetric deformation capabilities of the model are also investigated through displacement
controlled hydrostatic compression. Specifically, an imposed displacement of the form ui = A is
considered. The resultant strain field is Ell = 822 = 833 = ln (1 + A) leading to a volumetric strain
of the form sv = 1 + 3- 1. As there is no deviatoric deformation it is apparent that (/,) = 0.
Therefore, the effective yield stress is Cr = B(1 + Csv). Also noting that o- = 0-11 = 0-22 = 0-33,
the foam response through such a loading may easily be determined. The foam stress for both the
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with and without air case is presented in Figure 5.107 along with o-air for the appropriate case.
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Figure 5.107: Foam stress determined analytically and numerically for both Nair = 0.0 and Nair =

1.0 cases for the low density foam model during displacement controlled hydrostatic compression
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5.25.4 User Guide

BEGIN PARAMETERS FOR MODEL LOW_DENSITY_FOAM

#

# Elastic constants

#

YOUNGS MODULUS = <real> E
POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G
BULK MODULUS = <real> K
LAMBDA = <real> A
TWO MU = <real> 2µ
#
A = <real> A

B = <real> B
C = <real> C
NAIR = <real> Nair
PO = <real> po

PHI = <real> 0

END [PARAMETERS FOR MODEL LOW_DENSITY_FOAM]

State variables for this model are listed in Table 5.38.

For more information on the low density foam material model, see [1].

Table 5.38: State Variables for LOW DENSITY FOAM Model

Name Description
PAIR Air pressure

307



References

[1] M.K. Neilsen, H.S. Morgan, and R.D. Krieg. A phenomenological constitutive model for low
density polyurethane foams. Technical Report SAND86-2927, Sandia National Laboratories,
Albuquerque, NM, April 1987. pdf.

[2] W.M. Scherzinger and C.R. Dohrmann. A robust algorithm for finding the eigenvalues and
eigenvectors of 3x3 symmetric matrices. Computer Methods in Applied Mechanics and Engi-
neering, 197(45-48):4007-4015, 2008.

[3] W.M. Scherzinger and D.C. Hammerand. Testing of constitutive models in LAME. Technical
Report SAND2007-5872, Sandia National Laboratories, Albuquerque, NM, September 2007.
pdf.

308



5.26 Foam Plasticity Model

5.26.1 Theory

The foam plasticity model was developed to describe the response of porous materials (like closed-
cell polyurethane foams) exhibiting irreversible, elastic-plastic like responses through large defor-
mations. Such foams can exhibit significant plastic deviatoric and volumetric strains leading to
permanent shape and volume changes, respectively. The former behavior is quite typical of metals
and corresponding theories are well established. The latter response, however, is not typical of
metals and a theory combining these two behaviors is needed. Given these responses of interest,
the foam plasticity model is well suited to use with metal foams and many closed-cell polymeric
foams (e.g. polyurethane, polystyrene bead, etc.) subjected to large deformations. As permanent
strains are of interest, this model is not appropriate for use with flexible foams that return to their
undeformed shape after loads are removed.

Specifically, the model developed by Neilsen et al. [1] seeks to capture the response associated
with three distinct deformation regimes. First, when foams are initially compressed, they typically
exhibit an elastic response. After sufficient load is applied, a plateau of nearly constant stress over
a large deformation region is noted as pores start to compress and cell walls undergo substantial
deformation. Eventually, the various collapsed cells and walls begin to interact and a densification
response with substantial hardening is observed. Details of these deformation processes may be
found in the text of Gibson and Ashby [2].

Like other plasticity-based models, the incremental constitutive law for the foam plasticity model
is written as,

0
a-jj= Dekl, (5.26.1)

where an additive decomposition of the strain rates such that Dij = f)./ + DI; is assumed. To
describe the inelastic response of the foams of interest, Neilsen and coworkers [1] proposed a yield
function of the form

2 -
CT p2

f = —
a2 
+ —

b2 
— 1, (5.26.2)

where 6- is the von Mises effective stress (5- = 03/2) sou with sii being the deviatoric stress)
and p being the hydrostatic pressure that is positive in compression (p = — (1/3) o-kk). In such a
form, the initial yield surface forms an ellipsoid about the hydrostat. The two denominators, a and
b, are state variables capturing hardening effects and have the functional form of,

a = Ao + A 10'42 , (5.26.3)

{ /32
b = 

Bo + B10 p 0
Bo p < 0 ' 

(5.26.4)

with Ao, A1, A2, Bo, B1, and B2 being model parameters and 0 being the maximum volume fraction
of solid material obtained through the loading history and is defined as,
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vo
0 = 00-,V

(5.26.5)

in which oo is the initial volume fraction of solid material and Vo and V are the initial volume and
current volume, respectively, of the foam. Put in terms of the deformation,

1
= 00 

Ey'
(5.26.6)

where Ey is the engineering volume strain.

To describe the inelastic plastic deformation, a non-associated flow rule is used. Specifically,

Dp = ygij, (5.26.7)

where '5, is the consistency multiplier found by enforcing the corresponding condition and

gij = (1 — 13) + f3grij, (5.26.8)

with the superscripts "e and "1- being used to denote associated and radial flow directions, re-
spectively. The model parameter /3 is introduced in (5.26.8) to enable associated (/3 = 0), radial
(1(3 = 1), or a linear combination of the two flow rules (0 <,6 < 1) to be used. The two direction
vectors may written as,

a f 

a ao_ij

ovaf
-Crkl

Crii =

0-1(11

5.26.2 Implementation

(5.26.9)

(5.26.10)

Like other more classical rate-independent plasticity models (e.g. 5.7.2), the foam plasticity model
is implemented in a hypoelastic fashion using an elastic predictor-inelastic corrector scheme. As
such, a trial material state is calculated by assuming purely elastic deformations. The trial stress is
given by,

71; = T;) + At (ilöijc/kk + 2pdij) , (5.26.11)

and an updated logarithmic volume strain is given by,

— 41k + Atc/kk• (5.26.12)
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The engineering volume strain may then be readily computed via e'V = exp (EV,-1) — 1. A trial
solid volume fraction is then calculated, 0fr = 00 i±el +„ and compared to the previous maximum to

obtain the maximum solid volume fraction over thevloading history,

on-F1 = max (0.,01  (5.26.13)

Equations (5.26.3) and (5.26.4) are evaluated using the volume fraction found in (5.26.13). Using
invariants of the trial stress state, the yield function (5.26.2) is calculated. If f < 0, the loading
is elastic and the trial solution is correct. On the other hand, if f > 0 a correction scheme is
necessary to iterate and determine the inelastic solution. To that end, by noting AT,1 = —CijklAdL =
—AyC,fidgrk1 (with "A" being a correction increment), the consistency condition may be used to find,

Ay = of f  9 (5.26.14)

where the fact that the strain (and therefore a and b do not change over an increment. The correction
is repeated until f < tol.

5.26.3 Verification

The foam plasticity model is verified through a hydrostatic compression tests. Material properties
used for this test are presented in Table 5.39 and correspond to room temperature properties of the
PMDI20 rigid polyurethane foam characterized in [1].

E 22,600 psi v 0.343

Ao 513.3 psi A1 4,629 psi

A2 2.90 Oo 0.238

Bo 971 psi B1 7,377.5 psi

B2 4.89 13 0.95

Table 5.39: Material properties and model parameters for the foam plasticity model used during
verification testing.

5.26.3.1 Hydrostatic Compression

The response of the foam plasticity model to hydrostatic compression is investigated here. Specif-
ically, a displacement of the form ui = A is imposed resulting in a total strain field of 611 = 822 =
633 = ln (1 + A) and the engineering volume strain is simply Ev = (1 + 3- 1. Furthermore, the
maximum solid volume fraction monotonically increases and may be found to be 0 = 00 1 3.(1±A)
The stress state undergoes a similar reduction and is given to CTij = - pôij and Si./ = O. This
simplification leads to a reduced yield function of the form,

p2

f = -b2 - 1,
(5.26.15)

311



{ —3K ln (1 + /1) f <0
b 

where b is evaluated via (5.26.4) and is a function of the strain. The model may then be simply
solved as,

P = f > 0
(5.26.16)

The elastic strains then reduce to = —i(Sij and the plastic strains computed as si:j =

(ln (1 + + 31i) (5 The resulting engineering strain vs. pressure results determined numerically
and analytically are presented in Figure 5.108.
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Figure 5.108: Pressure vs. engineering volume strain (80 response of the foam plasticity model
through a hydrostatic compression cycle
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5.26.4 User Guide

BEGIN PARAMETERS FOR MODEL FOAM_PLASTICITY

#

# Elastic constants

#

YOUNGS MODULUS = <real> E
POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G
BULK MODULUS = <real> K
LAMBDA = <real> A
TWO MU = <real> 2µ
#
#
#
PHI = <real> 00

SHEAR STRENGTH = <real> Ao
SHEAR HARDENING = <real> A1

SHEAR EXPONENT = <real> A2

HYDRO STRENGTH = <real> Bo
HYDRO HARDENING = <real> B1
HYDRO EXPONENT = <real> B2

BETA = <real> )13
END [PARAMETERS FOR MODEL FOAM_PLASTICITY]

Output variables available for this model are listed in Table 5.40.

Table 5.40: State Variables for FOAM PLASTICITY Model

Name Description
I TER iterations
EVOL volumetric strain
PHI phi, 0
EQPS equivalent plastic strain, V'
PA A
PB B
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5.27 Viscoplastic Foam Model

5.27.1 Theory

The viscoplastic foam model is used to model the rate (and temperature) dependent crushing of
foams [1]. It is based on an additive split of the rate of deformation into an elastic and plastic
portion

Dij=D~+Dp. (5.27.1)

The stress in the material is due strictly to the elastic portion of the rate of deformation so that

~ij= ijkl
e (5.27.2)

where Cifid are the components of the fourth-order, isotropic elasticity tensor. The stress rate is
arbitrary, as long as it is objective. Two objective stress rates are commonly used: the Jaumann
rate and the Green-McInnis rate. For problems with fixed principal axes of deformation, these two
rates give the same answers. For problems where the principal axes of deformation rotate during
deformation, the two rates can give different answers. Generally speaking, there is no reason to
pick one objective rate over another.

To describe the rate-dependent response, an over-stress-type yield function is used. Specifically,
the rate-independent foam plasticity yield function (5.26.2) is rearranged such that,

where a-* is the effective stress given by

f = o- — a, (5.27.3)

a2cr. , \/c3-2 n2

b2
r • (5.27.4)

In (5.27.4), 5- is the von Mises effective stress (5- = Osijsii) and p is the pressure resulting from

a stress decomposition of the form,

a-ij = sij — pdij. (5.27.5)

Furthermore, a and b are state variables that are functions of the absolute temperature, 0, and
maximum solid volume fraction, 0, and are defined as7

7In addition to the given analytical expressions, a and b may be optionally specified as user defined functions of
the maximum solid volume fraction. In these cases, however, the temperature dependence is neglected.
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a 9, 0) = Ao (0) + A (0) 0A2 (5.27.6)

(5.27.7)

b (0, 0) = Bo (0) + Bi (0) 0B2 • (5.27.8)

The temperature dependent material properties in the preceding relations are all defined as, Ao (0) =
AAA, (0) where Ao is the reference material parameter and hAo (0) is the relative value as a function
of temperature. In addition to the a and b state variables, the Young's modulus and Poisson's ratio
are also functions of the absolute temperature. The latter may be written as v (0) = vhv (0) while
the former is also dependent on the maximum volume fraction of solid material and is given as
E (0, 0) = EhE (0) fE (0).

The maximum volume fraction of solid material, 0, is given by

= max 0 (t)
t>o

where -0 (t) is the current volume fraction of solid material and is defined as,

-0 (t) =  exp (e)
with 00 being the initial solid volume fraction and Et,' is

fo DiPck dt.

(5.27.9)

(5.27.10)

(5.27.11)

During inelastic deformation (f > 0), the corresponding rate of plastic deformation is given in a
Perzyna-type form as,

Dp =

)n(0)

exp (h (0)) — 1 gi j if f > 0

0 if f < 0

(5.27.12)

where h (0) and n (0) are the flow rate and power exponent respectively. The inelastic flow direction,
gij, is given as a linear combination of the associated (with respect to (5.26.2)), 4, and radial, 8,1 j,

g ij = (1 — fl) +flei. (5.27.13)

The directions g7ii and ei are given in Equations (5.26.9) and (5.26.10), respectively. In this model,
the flow rule weight, )3, may be specified as either a constant value or as a function of the maximum
solid volume fraction (fl = 0)) .
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5.27.2 Implementation

As the viscoplastic foam model is a time-dependent, hypoelastic model it is integrated using an
explicit, forward Euler scheme. Given this approach, a critical time step for stability is computed
based on the shear strength, current modulus, and deviatoric deformation rate. If the input time
step is acceptable, the new material state at time t = t„i is computed. On the other hand, if the time
step is too large a series of sub-increments are used. In this case, the total time step At is subdivided
into N sub-increments. Each such sub-interval (denoted by k) has a time increment (Se such that
At = EN 1 dtk and the forward Euler time stepping scheme is performed over each sub-intervalk= 

until the desired material state at time t„1 is determined. For the case of temperature dependent
variables (e.g. the Poisson's ratio v), the value at the start of the sub-increment is determined by
linearly interpolating over the total time step,

k 
Atk

V = n A

t 
(/t/-F1 vn)

(A 
(5.27.14)

where Atk is the current sub-increment time, Atk = EY— (VT For simplicity, in the remainder
of this section it is assumed that the input time step is acceptable and only a single increment is
needed. If additional sub-increments are needed, the below steps would be repeated N times with
time intervals of (Stk.

Noting the forward Euler approach adopted in this formulation, the first step is to determine the
temperature (and solid volume fraction) dependent model parameters (E , v, Ao, A1, Bo, Bi, h and
n). With the parameters established, state variables a and b are easily determined through (5.27.6)
and (5.27.8), respectively, enabling the calculation of the effective stress via (5.27.4). The effective
inelastic (plastic) strain rate, kP, is then given as,

kP = exp (h 9/7))
(I n

with 0 being the Macaulay brackets such that,

)n(00

— 1

(x) = 
x x > 0
0 x < 0 •

(5.27.15)

(5.27.16)

Knowing the magnitude of the rate of inelastic deformation, the change in deviatoric and hydro-
static stresses is simply,

= 2µ (On, 00 (du — 6713.)

p = K (On, On) (dkk dick)

(5.27.17)

(5.27.18)

where c41 is the total unrotated rate of deformation, denotes the deviatoric portion of tensor xu,
and cIF is the plastic rate of deformation given by,
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= (5.27.19)

In (5.27.19), g,j is the inelastic flow direction and can be calculated via (5.27.13).

An additional comment is needed with respect to accounting for temperature and solid volume
fraction dependence in the shear and bulk moduli. This careful consideration is necessary due
to the fact that the temperature dependence is only given with respect to the elastic moduli and
Poisson's ratio. As such, the shear and bulk moduli inherit the associated dependencies and are
calculated for isotropic elastic relations. For the bulk moduli, this leads to an expression of the
form,

K (0, =
3 (1 — 2vhv (9)) •

EhE (0) fE 
(5.27.20)

The updated stress state is then easily computed by explicitly integrating the established expres-
sions. Specifically,

et

j 

= 14+1 
jAt,

pn+1 = Kn+1  
pn + p At,

Kn

5,7 j + pt 1 n+1 jii,

(5.27.21)

(5.27.22)

(5.27.23)

with /in and Kn representing p(t9„,y5„) and K (0„, „), respectively, and T, being the unrotated
stress.

5.27.3 Verification

The viscoplastic foam model was verified in both uniaxial and hydrostatic compression. The ma-
terial properties and model parameters for both of these investigations are given in Table 5.41. As
both loadings are isothermal, temperature dependence is neglected in the relevant model param-
eters. Furthermore, analytical solutions could not be found directly, so semi-analytical solutions
were found.

E 4,807 psi Ao 63.03 psi
v 0.33 A1 7000 psi

h -8.12 A2 3.7878
n 2 Bo 93 psi

13 0.9 B1 1483.4 psi

(Po 0.1148 B2 3.7878

Table 5.41: The material properties for the viscoplastic foam model tested in uniaxial stress.
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5.27.3.1 Uniaxial Compression

To obtain a semi-analytical solution for the uniaxial compression test, the model was reduced to a
one-dimensional form and then numerically integrated. The results obtained from the implemented
model and the semi-analytical solution are shown below in Figure 5.109.
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Figure 5.109: Verification of the viscoplastic foam model in uniaxial compression showing the
axial stress as a function of the logarithmic strain.

5.27.3.2 Hydrostatic Compression

The response of the model through hydrostatic compression. To this end, a displacement of the
form ui = A (t) is considered. The applied displacement scales linearly from A = 0 at t = 0.0 to
= —0.7 at t = tmax. Rate-dependent effects are considered through the use of two cases each with

a different tmax. Creatively denoted "Fast" and "Slow", the two cases correspond to tmax = 1 s and
tmax = 100 s, respectively. With such a displacement field, the engineering volume strain, sv, is
simply sv = (1 + A)3 — 1. Additionally, the stress state reduces trivially to cri = —p6ij.

Given the rate-dependent overstress form of the constitutive model, an analytical solution is not
readily available. Therefore, a semi-analytical analysis using a model reduction specialized for
hydrostatic loadings is considered. Specifically, noting sij = 0, the overstress reduces to,

a
cr* = —

b
lpl. (5.27.24)

Furthermore, the associated and radial flow direction vectors simplify to the same form and are
given as,
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= J =  sgn (p)(5i (5.27.25)

where sgn (p) is the sign of p. The semi-analytical (integrated in a forward Euler fashion) and
numerical results are presented in Figure 5.110.
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Figure 5.110: Pressure-engineering volume strain results of viscoplastic foam model subjected to
a hydrostatic loading at both fast and slow rates determined semi-analytically and numerically.
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5.27.4 User Guide

BEGIN PARAMETERS FOR MODEL VISCOPLASTIC_FOAM

# Elastic constants

YOUNGS MODULUS = <real> E

POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G

BULK MODULUS = <real> K

LAMBDA = <real> A

TWO MU = <real> 21.1

FLOW RATE = <real> h

POWER EXPONENT = <real> n

BETA = <real> )3

PHI = <real> 00

SHEAR STRENGTH = <real> Ao
SHEAR HARDENING = <real> A1
SHEAR EXPONENT = <real> A2

HYDRO STRENGTH = <real> Bo

HYDRO HARDENING = <real> B1
HYDRO EXPONENT = <real> B2

YOUNGS FUNCTION = <string> hE(9)

POISSONS FUNCTION = <string> h,(9)
SS FUNCTION = <string> hA0(B)

SH FUNCTION = <string> hA1(B)

HS FUNCTION = <string> 17130(B)
HH FUNCTION = <string> hB1(B)

RATE FUNCTION = <string> hh(9)

EXPONENT FUNCTION = <string> 14,(9)
STIFFNESS FUNCTION = <string> ji(0)

#Optional user-specified functions

SHEAR HARDENING FUNCTION = <string> a(0 #Do not specify Ao, Al, A2

HYDRO HARDENING FUNCTION = <string> NO #Do not specify Bo, B1, B2

BETA FUNCTION = <string> MO #Do not specify

END [PARAMETERS FOR MODEL VISCOPLASTIC_FOAM]

Output variables available for this model are listed in Table 5.42.
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Table 5.42: State Variables for VISCOPLASTIC FOAM Model

Name Description
ITER number of sub-increments
EPVOL inelastic volumetric strain, Et,'
EDOT effective inelastic strain rate, kP
PHI volume fraction of solid material, 0
FA shear strength, a
FB hydrostatic strength, b
STIF elastic stiffness as a function of 0
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5.28 Foam Darnage

5.28.1 Theory

The foam damage model was developed at Sandia National Laboratories to model the behavior of
rigid polyurethane foams under a variety of loading conditions [1]. For instance, temperature, rate,
and tension-compression dependencies are all built into this model. This model, leverages previous
efforts and experience with other foam models(e.g. low density foam 5.25, foam plasticity 5.26,
and viscoplastic foam 5.27). Like those past efforts, this model utilizes an additive decomposition
of the strain rates into elastic and inelastic parts,

Dij = D + (5.28.1)

It is also assumed that the elastic response is linear and isotropic such that the stress rate for
isothermal conditions is given by the following equation

0
CT•J.= ijklpjd • l (D — Dikn• l) , (5.28.2)

with Cijkl being the fourth-order, isotropic elasticity tensor. The specific stress rate considered is
arbitrary as long as it is object. Two common rates satisfying that constraint are the Jaumann and
Green-McInnis rates.

The initial yield surface is assumed to be an ellipsoid about the hydrostat and is described by the
function

— 2 p 2a- 
f = —

a2 
—
b2 

— 1 = 0, (5.28.3)

where a and b are state variables that define the current deviatoric and volumetric strengths, re-
spectively, of the foam. The von Mises effective stress, 5- is a scalar measure of the deviatoric
stress given by

3
5- = —

2 
s,•sii,

while p is the pressure, or mean stress, and is defined as

1
P —

(5.28.4)

(5.28.5)

with o-i j and 5' j being the components of the Cauchy and deviatoric stress. This latter tensor may
be written as,
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sij = crij — pdij,

where 6ii are the components of the identity tensor - 6ii = 1 if i = j, = 0 if i j.

For this model, the yield function (5.28.3) is re-written as

(5.28.6)

f = — a = 0 (5.28.7)

with the effective stress, a', being a function of the von Mises effective stress, Cr, and the pressure,
p, as follows

a2= 5-2  n2
b2' *

(5.28.8)

Next, using a Perzyna-type formulation, the following expression for the inelastic strain rate, DI),
is developed

{'EP

=

0

0-*
= eh (71 — 1) gij if 

a 
—
cr* 

— 1 > 0

if —
cr* 

— 1 < 0
a

(5.28.9)

where gij are the components of a symmetric, second-order tensor that defines the orientation of
the inelastic flow. This type of model is sometimes referred to as an over-stress model because the
inelastic rate is a function of the over-stress - the distance outside the yield surface. For associated
flow, gij is simply normal to the yield surface and is given by

3 2

a2 
S i • + 

3b2 
p di;

3 2
a2 Skl 3b2 p 6k1

(5.28.10)

When lower density foams are subjected to a simple load path like uniaxial compression, the in-
elastic flow direction at moderate strains appears nearly uniaxial. In other words, the flow direction
is given by the normalized stress tensor as follows

a-ij
gri —  

j IC kll
(5.28.11)

This type of flow is called radial flow. The foam damage model has another parameter, /3, which
allows for the flow direction to be prescribed as a linear combination of associated and radial flow
such that,
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(1 — )6) 8,7; + ,8 grii
gij = (1 — )3) gkl +

(5.28.12)

Rigid polyurethane foams have little ductility when they are subjected to tensile stress. For this
loading case, the materials behave more like brittle materials and even for uniaxial compression
the foams often show cracking at large strains.

The damage surfaces for the foam damage model are simply three orthogonal planes with the
normals given by the positive principal stress axes. The damage surfaces are given by the following
equation

Aam = (ri — c(1— w) , ; i = 1, 2, 3 (5.28.13)

where eri is a principal stress, c is the initial tensile strength which is a material parameter, and w
is a scalar measure of the damage. As damage occurs, the damage surface will collapse toward
the origin and the foam will lose tensile strength. The foam will, however, still have compressive
strength.

Damage is taken to be a positive, monotonically increasing function of the damage strain, Edam,
and the damage strain is a function of the maximum principal strain, 8/flax, and the plastic volume
strain, 4, such that

W = W (Edam) ; 8dam = adamEmax bdamEvi% (5.28.14)

with the material parameters adam and bdam controlling the rate at which damage is generated in
tension and compression, respectively. The model does not allow healing, so the damage never
decreases even if the damage strain decreases.

To fully capture temperature, strain rate, and lock-up effects, several material parameters are de-
fined as functions of temperature, 0, and/or some measure of the amount of compaction, e.g. the
maximum volume fraction of the solid material obtained during any prior loading, 0. For instance,

E (0, 0) = E hE (0) fE (0) ,

(5.28.15)

v 9, = v hv (9) f, (0) ,

and the natural logarithm of the reference flow rate, h, and the power law exponent, n are also
functions of temperature
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h (0) = h hh (0)

(5.28.16)

n (0) = n hn (9) .

The current deviatoric and volumetric strengths are hardening functions of the maximum volume
fraction of the solid material obtained during any prior loading, 0, as is the parameter that defines
the fraction of associated and radial flow, /3. Therefore,

a = a (0) ; b = b (0)

= (0) •

Through the loading cycle, the maximum volume fraction of solid material is written as,

(5.28.17)

= rnax (t) (5.28.18)
t>o

where "0 (t) is the current volume faction of solid material defined as

-0 (t) =  
exp (EP,)

(5.28.19)

with Oo and sf, being the initial solid volume fraction and plastic volumetric strain, respectively.

The foam damage model, as presented, provides a phenomenological model with enough flexibility
to model the observed deformation and failure of rigid polyurethane foams.

5.28.2 Implementation

Like the other foam models, the foam damage model is integrated using an explicit forward Euler
scheme. Essentially, this specific form is a combination of a rate-dependent viscoplastic mech-
anism and a distinct damage element. At the highest level, these two responses are considered
independently and sequentially with the viscoplastic behavior being evaluated first. Initially, the
damage parameter is set to 0 and is limited to a maximum value of 0.99 to prevent the tensile
strength from going to zero or negative due to numerical round-off. Foam material elements that
are completely damaged can be removed using element death based approaches in the case of the
damage variable reaching a value close to 1, say 0.99. This topic, however, will not be discussed
here as the focus is on the constitutive behavior of the foam model.

To ensure integration stability, an allowable strain increment is first calculated so that a critical time
step may be found. Essentially, such a maximum is given by the ratio of shear strength to elastic
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modulus. If the input time step is sufficiently small to meet this requirement, the material state at
time t = t„i is calculated directly. For unsuitably large time steps, a series of sub-increments are
used such that the integration may proceed in a stable fashion. Specifically, a total time step of At
is subdivided into N sub-increments with the kth such sub-increment having a time interval of Stk
so that At = EN 1 151k In this case, the same forward Euler scheme is used to integrate successivelyk= 

over the sub-increments. For temperature dependent properties (e.g. the power law exponent n),
the value at the start of the sub-increment is determined by linearly interpolating over the total time
step,

Atk
n
k 
= nn + 

At 
(1,n+i — nn) (5.28.20)

with Atk begin the current sub-increment time step, Atk = Er=lötr For simplicity, in the remainder
of this section it is assumed that the input time step is acceptable and only a single increment is
needed. If additional sub-increments are needed, the below steps would be repeated N times with
time intervals of ôtk .

The rate-dependent plastic response is then calculated in a fashion very similar to that of the vis-
coplastic foam model (Section 5.27.2). The key differences are primarily the additional, and more
complex, dependencies of v, a, and b on the solid volume fraction. As such, first the various
material properties and model parameters that are dependent on temperature, 0, or solid volume
fraction, 0, are determined based on the respective values at t= tn. The effective plastic strain rate,
P, is readily found as,

where a-n* is given by,

 * n(61')kP = eit(°n) (In i) 
a (On)

(5-2 +
a2 (On) 2

Pn b2 
(0n)n 9

and (x) are the Macaulay brackets evaluated as,

x > 0

(x) = x < 0

(5.28.21)

(5.28.22)

(5.28.23)

Knowing the effective plastic strain increment, corresponding stress increments may be deter-
mined. Specifically, the rates of change of the deviatoric stress, 1, and pressure, p, are given
for isothermal conditions by

= 2pn (ĉlij — aFi) ,

P = (dkk — 4k)

(5.28.24)

(5.28.25)
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with dij and clFi being the the total and plastic, respectively, rates of deformation, and the symbol
"kJ" denoting the deviatoric part of the tensor xii. The plastic strain rate is given by,

= kPgip (5.28.26)

where 8,7i is evaluated via relation (5.28.10)-(5.28.12) using state variable at time t = tn and it is
noted that /3 = /3(0n). Elastic constants Kn and lin are found through isotropic relations using the
values En and vn so the temperature and solid volume fraction dependencies may be incorporated.

Therefore, after accounting for plastic deformation and any associated temperature changes,

Pn+1 n • A
sii suLlt,

Kn+1 n

K„=  p + pAt,

rij = +

(5.28.27)

(5.28.28)

(5.28.29)

where the tilde, "I' , is used to distinguish the fact that the damage response has not yet been
evaluated and these are temporary variables. Updated expressions for the state variables are also
given as,

,p-n+1
'y sP' + dP At

kk 9

00 max
exp (6-1-n+1)

(5.28.30)

(5.28.31)

With the plastic deformations determined, the damage state of the material is evaluated. As a first
step, the eigenvalues, Cri, and vectors, el[ (where k denotes the corresponding eigenvalue) of the
stress state, Tij, and eigenvalues, Ei of the total strain state are determined. Of particular interest is
the maximum eigenvalue of the strain tensor, Emax• The damage strain, ELEmi , is

Edamn+1 = (ad Emax bd 
4-n+1) (5.28.32)

with 0 being Macaulay brackets. This value of the damage strain is then used to evaluate the
current value of the damage, wn+1, and a check is also imposed to insure that the damage does not
decrease. An effective tensile strength, o-darn, may then be calculated as

o_dam = c (1 wn+1)

leading to a damage surface of the form,

Aam 
 = o_i oAam.

(5.28.33)

(5.28.34)
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The eigenvalues of the updated stress tensor may be written as,

_ Cri, Aam
n+1 crdam, Aain > 0

producing a final updated stress state of the form,

T;71 = zkzk

k=1

5.28.3 Verification

(5.28.35)

(5.28.36)

Given the complexity and variety of response and features of the foam damage model, a series
of verification analyses are performed. Common material properties and model parameters used
for these investigations are given in Table 5.43. For these initial studies, isothermal loadings are
considered and the solid volume fraction dependence of the elastic properties is neglected ( fE (0) =
1, f, (0) = 1). Properties used correspond to those of a FR3712 foam from [1]. In the case of the
elastic modulus, flow rate, and exponent, the values correspond those at a temperature of 18.30°C.

E 9,240 psi c 280 psi

v 0.25 adam 1.0
h 2.60 bdam 0.55
n 14.0 0o 0.160

Table 5.43: Common material properties and model parameters for the foarn damage model used
during verification testing.

The shear strength, hydrostatic strength, and damage function all require user defined functional
forms. For purposes of these tests, simple linear forms are considered for use in the analytical
evaluations. Using the data same FR3712 data as before, simplified expressions of the form,

a (0) = 160 + 24000, (5.28.37)

b (0) = 160 + 3266.670, (5.28.38)
10

14/ (Edam) = —
3
Edam 9 (5.28.39)

are considered.

5.28.3.1 Uniaxial Compression

First, the behavior of the model subject to a uniaxial compression load is considered. As the loading
is purely compressive, no tensile stress is generated and the damage surface is not violated. There-
fore, only the rate-dependent plasticity is considered in this section. Given the rate-dependent
nature, no analytical solution is readily available and and a semi-analytical approach is developed
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by specializing the equations to uniaxial compression. Additionally, it is noted that the flow pa-
rameter, is not specified above and is enabled in this model to be an user-defined function of the
solid volume fraction 0. Here, to isolate the impact of this parameter, the two extreme cases are
considered — fully associated or radial flow with /3 = 0, 1, respectively.

To induce the uniaxial stress state of interest, a displacement of the form u1 = Ai is applied while
the remaining degrees of freedom (2 and 3) are left traction free. The applied displacement scales
linearly from Ai = 0 at t = 0.0 to Ai = —0.7 at t = 1.0. In this case, the stress state is simply

crij = dii ji leading to an overstress of the form o-* = Icri11 1 + ±,2 
2
. For both associated and

radial flow, the inelastic flow rate simplifies to,

T 
41) = e  Va2 + 9b2 — 1) gij,

3ab

with (•) being Macaulay brackets. The total strains may then be written as,

sll = ln (1 + A1) ,

622 = 633 = —v (ln (1 + A1) — 8111) + e229

(5.28.40)

(5.28.41)

(5.28.42)

where e!'l = fo DVT. The associated and radial flow cases are distinguished by the form of gip In
the latter case, gij reduces simply to = dad j1. The former case, on the other hand, produces a
flow direction of the form,

1
=  

3 (2a4 + 81b4)

gill = g2 (a2 + 9b2) ,

gr22 g33 = g (2a2 — 9b2) .

(5.28.43)

(5.28.44)

(5.28.45)

The stress evolution for both of these flow cases determined numerically (adagio) and semi-
analytically is presented in Figure 5.111a.

From these results, the impact of the flow direction choice can be observed to have a large impact
on the model response. Specifically, in the radial case more substantial hardening is seen through-
out the entire plastic domain. As the hardening results from the solid volume fraction (which
is a function of volumetric plastic deformation), such a difference may be anticipated. Specifi-
cally, given the uniaxial plastic flow in the radial case more pronounced volumetric strains are to
be expected. The associated case, on the other hand, has a more deviatoric character leading to
lower plastic volume strains. This difference may also be more readily observed in the total strain
evolutions of the associated and radial cases in Figures 5.112a and 5.112b, respectively.

Specifically, in the radial case, only small off-axis strains are observed while in the associated
results much more substantial strains are noted. This difference produces a large impact on the
plastic volumetric strain and therefore on the maximum solid volume fraction, 0, whose evolution
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Figure 5.111: (a) Axial stress and (b) maximum solid volume fraction, 0, evolution obtained as a
function of applied compressive displacement and determined via the foam damage model consid-
ering both associated 03 = 0) and radial (fl = 1) flow assumptions semi-analytically and numeri-
cally.

co
mp
re
ss
iv
e 
st

ra
in

 (
-)

 

1.5

1.0

0.5

0.0

- semi-an lytical
* * Adagio

-

- 22

- 33

-0.8 0
0 1 0.2 0.3 0.4 0.5 0.6

foam compressive displacement, -A,

(a) Associated Flow, )3 = 0

0 7

1.4

1.2

1.0

c
0.8

17;

0.6

0.4

O
0.2

0 0

- Semi-an lytical
* * Adagio 

-

- 22

.- 33

0.2 
0 0 1 0.2 0.3 0.4 0.5 0.6

foam compressive displacement, -A,

(b) Radial Flow, /3 = 1

0 7

Figure 5.112: Diagon strain evolution through a uniaxial displacement loading of the foam damage
model considering (a) associated 06 = 0) and (b) radial (6 = 1) flow determined semi-analytically
and numerically.

through loading in both cases is presented in Figure 5.111b. To emphasize this point, the radial
solid volume fraction is more than double the associated case at the end of loading.

5.28.3.2 Uniaxial Tension

As the compressive and tensile behaviors of the model are different (due to the activation of the
damage mechanism), the uniaxial tensile response is also investigated. To this end, a uniaxial
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displacement is applied, u1 = A1, while the other off-axis components are kept traction free. For
this test, the maximum displacement (Ai = 0.2) is applied linearly from t = 0.0 to t = 1.0. Use
of a displacement condition is essential due to the expected stress degradation. In this case, given
the relative values of the strength (a (4) versus c) it is clear that no plastic deformations will take
place and a purely damage driven response is expected. With this simplification, it is also noted
that the rate-dependency of the problem is eliminated. As the stress state is uniaxial, it is clear that
the only non-zero eigenvalue of the stress tensor is cril and that Edam = adamsi = ln (1 + /1-1)
where the fact that the plastic strain is zero is utilized. Bearing these simplifications in mind, an
analytical expression for the stress and strain may be developed. The stress in the axial direction
may be written as,

where

{ (Cliii — 2v(Ci122) ln (1 + Ai), /11 < A„it
crii = c (1 — Vadam ln (1 + Ai)) , Acrit

(Acrit = exp
C1111 2vC1122 

Lo ad c) 1.

(5.28.46)

(5.28.47)

The analytical results along with numerical simulations from adagio are given below in Fig-
ure 5.113.
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Figure 5.113: Response of the foam damage model through a uniaxial stress, displacement con-
trolled tension simulation. Stress in the loading direction,19-11, and damage measure, w, against the
applied displacement, A1, are shown.
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5.28.3.3 Hydrostatic Compression

To consider the pressure dependence, the response of this model subject to a hydrostatic compres-
sion loading is determined. Specifically, a displacement of the form u, = A (t) is considered. The
applied displacement scales linearly from A = 0 at t = 0.0 to A = —0.7 at t = tmax. Two cases are
considered to incorporate rate-dependent effects into the analysis. The two tests are denoted "fast"
and "slow" and are distinguished via tmax values of 1.0 and 100.0, respectively. With this displace-
ment field the engineering volume strain, ey, is simply ey = (1 + 3 — 1. The stress state reduces
trivially to o-,.; = —p(5, j and the corresponding (repeated) eigenvalue is compressive. Therefore,
damage does not play a role in this analysis.

No direct analytical solution to this problem is readily obtainable. Therefore, a semi-analytical
analysis is used. Reducing the foam damage model for the loading described in this section leads
to an expression for the overstess of,

a
cr* = —

b
lpl, (5.28.48)

where the fact that sij = 0 is leveraged. Additionally, given this stress state, ,8 becomes an unnec-
essary parameter as,

1
gi; = = J ,‘5 = — sgn (p)6ii, (5.28.49)

with sgn (p) being the sign of p. Both the numerical (adagio) and semi-analytical (evaluated in a
forward Euler fashion) results are presented in Figure 5.114.
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Figure 5.114: Pressure-engineering volume strain results of the foam damage model subjected to
a hydrostatic loading at both fast and slow rates determined semi-analytically and numerically.
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5.28.3.4 Hydrostatic Tension

A tensile hydrostatic loading provides an interesting possibility for investigating the damage re-
sponse. Specifically, with the model parameters defined above the damage tensile strength is
always less than the hydrostatic strength - c < b (4). Additionally, given the tensile loading
(t) = oo and no plastic deformation occurs. This also removes the rate-dependency form the

model enabling an analytical solution to be obtained.

Through a hydrostatic loading, the only stress eigenvalue is — p (noting the convention of p pos-
itive in compression) and the corresponding strain eigenvalue is Emax = ln (1 + A). As no plastic
deformation is occurring, the damage is simply a function of the deformation and is given by,

10
W (Edam) = W (A) = iaðam ln (1 + A) .

The pressure is then simply given as,

where,

I 3K ln (1 + /1) < Acrit
13 c (1 — ° a ln (1 + /1)) Acrit

(  3c  )
Acrit = exp 1.

9K + 10c

(5.28.50)

(5.28.51)

(5.28.52)

In the preceding relations, the fact that Edam = aEmax is used. The analytical and numerical results
are given below for a loading of A = 0 to A = 0.2 through the time period t = [0, 1] in Figure 5.115.
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Figure 5.115: Pressure and damage evolutions as function of engineering volume strain results
of the foam damage model subject to a tensile hydrostatic loading determined analytically and
numerically. Note, conventionally with this model pressure is defined positive in compression.
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5.28.4 User Guide

BEGIN PARAMETERS FOR MODEL FOAM_DAMAGE

# Elastic constants

YOUNGS MODULUS = <real> E
POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G
BULK MODULUS = <real> K
LAMBDA = <real> A
TWO MU = <real> 2µ

# Yield behavior

PHI = <real> 00

FLOW RATE = <real> h
POWER EXPONENT = <real> n

TENSILE STRENGTH = <real> c

ADAM = <real> adam

BDAM = <real> bdam

# Functions

= <string> hEW)YOUNGS FUNCTION

POISSONS FUNCTION = <string> 11,0)
= <string> WO)RATE FUNCTION

EXPONENT FUNCTION = <string> WO)

SHEAR HARDENING FUNCTION = <string> a(0)

HYDRO HARDENING FUNCTION = <string> b(0)

BETA FUNCTION = <string> AO)

YOUNGS PHI FUNCTION = <string> fE(0)
POISSONS PHI FUNCTION = <string> f(0)

= <string> iv(Edam)DAMAGE FUNCTION

END [PARAMETERS FOR FOAM_DAMAGE]

Output variables available for this model are listed in Table 5.44. For information about the foam
damage model, consult [1].
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Table 5.44: State Variables for FOAM DAMAGE Model

Name Variable Description
ITER number of sub-increments taken in subroutine
EPVOL plastic volume strain
P H I maximum volume fraction of solid material
EQPS equivalent plastic strain
FA shear strength - a
FB hydrostatic strength - b
DAMAGE damage
EMAX maximum tensile strain
PWORK plastic work rate
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5.29 Orthotropic Crush Model

5.29.1 Theory

The orthotropic crush model in LAMÉ is designed to model the energy absorbing capability of
crushable orthotropic materials, e.g. aluminum honeycomb, and is empirically based. The for-
mulation follows that used for metallic honeycomb materials in LS-DYNA [1]. Three response
regimes are assumed for this material: (i) orthotropic elastic, (ii) crush, and (iii) complete com-
paction (fully crushed). During the elastic regime, the model exhibits the response of an elastic,
orthotropic material with all Poisson's ratio equal to zero. After full compaction, the response
is taken to be that of an isotropic, perfectly plastic material and the response between these two
stages is tailored to smoothly transition between the two extremes. Crushing, incorporating both
nonlinear elastic and plastic-like behaviors, is taken to begin as soon as volumetric contraction is
noted (J = det (Fij) < 1). As such, the purely elastic response is primarily seen during cyclic
loadings in which the material is unloaded. An internal state variable, .1,, is introduced to track the
crushed state of the material and is defined as the minimum J over the entire deformation history
such that,

= min (0]. (5.29.1)
t>1)

The crushing process manifests through two distinct behaviors: (i) the elastic properties scale
linearly with the crush state from the initial orthotropic state to the of the final isotropic completely
compacted material; and (ii) a plastic-like response is observed associated with corresponding
crush curves (analogous to hardening curves).

Before complete compaction, the incremental constitutive relation may be written in terrns of the
rate of deformation tensor, Dij, as,

o

Cr 11
o

E11 o o o o o n _ ii'
Cr22 0 E22 0 0 0 0 D22
o

(733 0 0 E33 O O O D33
> (5.29.2)

19-12
0 0 0 2612 O O D12

Cr23
0 0 0 0 2623 0 D23
O O O O O 2631 D31

(731

where t11 E22, and E33 are the normal stiffness and G12, G23, and G31 are the shear stiffness.
A clear decoupling between the different directional components is evident in (5.29.2). All six
stiffness components are assumed to be functions of the current compaction level which may be
defined as 1 — and the evolution of these terms is responsible for crushing behavior (i) alluded
to previously.

The functional forms of the stiffness are given by,
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tfi = Eig + a (E — E,y) f3= 11, 22, 33

Gy = GY + a (G — Gy) y = 12, 23, 31, (5.29.3)

where E and G are the Young's and shear moduli, respectively, of the fully compacted material
while Eio and G y are the input orthotropic elastic stiffness components of the virgin, uncompacted
material. It is assumed that these stiffness vary linearly between the pre- and post-compacted
material such that,

(1 — 4.) 
a = 

Vmin

(5.29.4)

with Vm, being the minimum relative volume (or maximum compaction).

With respect to the second behavior observed during crushing, a plastic-like response governed by
crush curves is observed. Given the decoupling between the different stresses and deformations,
a crush curve needs to be defined for each of the six normal and shear stresses. An example of
such a curve is presented in Figure 5.116, and three distinct regions are evident. Initially, at low
compaction levels, a plateau is observed. This plateau is essentially an initial crush strength and
prior to this stress level all nonlinear deformations associated with material compaction manifest
through changes in the respective moduli. When the stress reaches the specified levels, however,
the curves play a role analogous to the hardening curve and the material stress follows the curve.
Physically, the plateau is associated with crushing the internal honeycomb or foam structure of the
material. As the material approaches full compaction and microstructural contact effects become
important, a sharp rise in the stress is noted (see 0.6 < 1 — < 0.7 = limb, in Figure 5.116).
After complete compaction another plateau corresponding to perfect plasticity is evident.

Above some value of compaction (1 — = Vinin), the material will be fully compacted and behave
as an elastic, perfectly plastic material. The fully compacted response is given by the Young's
modulus, E, Poisson's ratio, v, and the yield stress, Cry. Details of this response may be found in
previous sections on the various elastic-plastic models (e.g. Section 5.7.1).

5.29.2 Implementation

Implementation of the orthotropic crush model involves addressing two cases: before and af-
ter complete compaction. When the material is fully crushed, the model reduces to that of an
isotropic perfectly plastic response. As corresponding isotropic elastic-plastic models with var-
ious hardenings have been extensively explored in prior sections, this response will not be dis-
cussed here and the reader is referred to those sections (e.g. Section 5.7.2). The two cases are
distinguished by the previous compaction state variable, J1,1, where .1,11+1 = min [4, ,In+1] with
Jn+l = det (F;71) = det (r)±1). If 4 > 1 — vmin, the material has not yet fully crushed and the
response is evaluated as discussed in the following.

To determine the material state prior to complete compaction, the current values of orthogonal
stiffness must be determined via (5.29.3) noting
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Figure 5.116: An example of an input crush curve for an aluminum honeycomb.

nan+1 =  — 
Vmin •

By assuming completely elastic deformation, trial stresses may then be computed as,

°Jr
11

tr
Cr22

tr
Cr33

„_tr
12

tr
4723

„tr
31

Cr22

• °J213

• °J.311

+ Attu (an+1)

▪ Att22 ((b'n+1) 4:1 ,
▪ Att33 (an+1) d311,

▪ 2At612 (an+1) driV,

▪ 2At623 (e+1) 
d231,

+ 2At631 (an+1) d311,

(5.29.5)

(5.29.6)

with c/771 being the unrotated rate of deformation tensor. Given the decoupling between the differ-
ent stress components, the various trial stresses are considered individually. Specifically, each
trial stress must be compared to the crush stress for the current compaction level. Denoting

"
arnsh 

" 
( 

— 
4+1) (with /3 = 11, 22, 33, 12, 23, or 31) to be the current crush stress specified

by the crush curve, the current stress of interest is,

_n 
tr 

+1 = C Fig , 
l tfiri < oxflrush

u fl sgn o-cflrush > oirush (5.29.7)
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where sgn (x) returns the sign of the argument and is used as o-cflrush is entered as a positive number.

5.29.3 Verification

The orthotropic crush model was verified through a series of uniaxial compression tests. Given
the lack of coupling between the different directions, such a variety of tests were performed to test
each loading component. One set of material properties was used for all tests and they are given in
Table 5.45.

Ell 50.0 ksi E 1000.0 ksi

E22 220.0 ksi v 0.25
E33 10.0 ksi o-Y 2.0 ksi

G12 110.0 ksi

G23 5.0 ksi Vmin 0.7

G31 25.0 ksi

Table 5.45: The material properties for the orthotropic crush model used for the uniaxial crush
tests.

The crush curves used as input for these tests are given in Figure 5.117.
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Figure 5.117: Input crush curves used for uniaxial crush analysis.

To test this model, both the anisotropic nature and different deformation regimes need to be tested.
Therefore, given the decoupled directional nature prior to complete compaction, each component
will be tested. For the diagonal stress components, a simple uniaxial displacement of the form,

ui = —A60, (5.29.8)
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Figure 5.118: Analytical and numerical results for uniaxial crush cases.

where )3 = 1, 2, or 3 corresponding to the directional component being tested is applied. In such
cases (with a monotonically increasing A), = 1— A. The model described in the prior to sections
can be easily evaluated analytically under such conditions, and the corresponding analytical and
numerical results are presented in Figure 5.118.
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5.29.4 User Guide

BEGIN PARAMETERS FOR MODEL ORTHOTROPIC_CRUSH

# Elastic constants - Post lock-up

YOUNGS MODULUS = <real> E

POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G

BULK MODULUS = <real> K

LAMBDA = <real> A

TWO MU = <real> 41

# Orthotropic Elastic properties - Pre-Crush

EX = <real> EH

EY = <real> E22
EZ = <real> E33

GXY = <real> G12
GYZ = <real> G23

GZX = <real> G31

# Crush properties

CRUSH XX = <string> e3-11(.4,)
CRUSH YY = <string> 6-22(Jc)

CRUSH ZZ = <string> (733(./c)

CRUSH XY = <string> eru(A7)

CRUSH YZ = <string> (3-23(A7)

CRUSH ZX = <string> 6-31(Jc)

VMIN = <real> 1/min

# Post lock-up yield properties

YIELD STRESS = <real> ory

END [PARAMETERS FOR MODEL ORTHOTROPIC_CRUSH]

Output variables available for this model are listed in Table 5.46. For information about the or-
thotropic crush model, consult [1].

Table 5.46: State Variables for ORTHOTROPIC CRUSH Model

Name Description
CRUSH current (unrecoverable) compaction/relative volume
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5.30 Orthotropic Rate Model

5.30.1 Theory

The orthotropic rate model is an improved version of the orthotropic crush model [1] that incorpo-
rates anisotropic elasticity, strain-rate dependence, and the ability to define the material coordinate
system. The specific form of this model is motivated by metallic honeycombs and the material co-
ordinate system is usually given in terms of T, L, and W directions. These directions correspond to
the strong (T) and ribbon (L) axes depicted in Figure 5.119. The third component of the coordinate
system, W, is the weak direction and is simply the cross-product of the other two directions.

L

T

WIMIA
_ASWASWALSWAIS
WATWASWMW,
AMWMIMMAWAZIL
_ASWASWRAW
AtiMrdaSWASMEN,

'111WASYWAL
anUFASVIASW,_

Figure 5.119: Orientation of the T, L and W vectors for 38 pc aluminum honeycomb.

In terms of expected response, and similar to the orthotropic crush model, the deformation is split
into two regimes — uncompacted and compacted. Unlike the crush model, the state of compaction
is not determined by the determinant of the deformation gradient but is instead a function of the
engineering (not logarithmic) volume strain, ev. The degree of compaction, a , is therefore defined
as,

v - V (,)) mint>o V (t)
a = min min Ev (t),r>o Vo Vo t>o

(5.30.1)

with V (t) and Vo being the current and original volume of the material. Complete compaction

occurs at a user specified value, acomp.

Prior to complete compaction, the elastic stiffness, Cifid, is taken to exhibit orthotropic symmetry
and depends on the compaction state of the material, Cijkl = Cijkl (a). In the material frame and in
Voigt notation, this stiffness is represented as,
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[C (a)] =

_
ETTTT (a) ETTLL (a) ETTWW (a) 0 0 0

ETTLL (a) ELLLL (a) ELLWW (a) 0 0 0

ETTWW (a) ELLWW (a) Ewwww (a) 0 0 0

0 0 0 GTLTL (a) 0 0

0 0 0 0 GLwnv (a) 0

0 0 0 0 0 GWTWT (a)_
(5.30.2)

Once the material is completely compacted, the elastic stiffness is taken to be isotropic and the
evolution of the initially orthotropic components (ETTTT (a = 0) = gm) to final isotropic, com-
pacted coefficients (ETTTT (a = a comp) = A+ 2/2 with A and 2p being Lamé's constant and the shear
modulus) is given via a common user-defined scaling function, fE (a). The mechanical stiffness
coefficients then scale as,

ETTTT (a) = ETTTT (A + 2p — ETTTT) fE (a) 9

for the volumetric diagonal terms (ETTTT, ELLLL, Ewwww),

ETTLL (a) = ETTLL + (A — ET° TLL) fE (a),

for the off-diagonal terms (ETTLL, ETTWW, ELLWW) and

GTLTL (a) = G(T)ETE (21-1 G°TETE) fE (a)

(5.30.3)

(5.30.4)

(5.30.5)

for the shear terms. From these relations, it is obvious that fE (a) should be bounded such that
0 fE (a) 1 with fE (0) = 0 and fE (acomp) = 1.

As was mentioned earlier, the deformation and model response may be readily split between two
regimes — the uncompacted and compacted. The behavior during the latter regime is simpler and
is assumed to be that of an isotropic elastic-perfectly plastic material characterized by the elastic
coefficients (A, 2µ) and yield stress (o-y). During the uncompacted regime the deformation is more
complex and typical responses may include elastic bending of cell structures, buckling of cell
walls, or densification (see the text of Gibson and Ashby [2] for a complete discussion of these and
other mechanisms). In this formulation, however, none of these deformation modes are explicitly
modeled. Instead, the response is defined via six independent yield functions (one for each stress
component in the material coordinate system), Ofiy, that are a function of the corresponding stress,
the compaction state, and the current strain rate, k = Vdtidii. Here, d,i is the unrotated rate of
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deformation in the global (X, Y, Z) coordinate system and )6 and y are being used as subscripts to
denote variables in the material coordinate system.

The six yield functions are,

OLL = Cr LL fLL (a) h

OTT = CrTT fTT (Oh (0

Oww = crww — fww (a) h

OLT = cr LT — fLT (Oh

OTW = 0-TW fTw (a) h

OWL = crWL — fWL (a) h

(5.30.6)

with crfly being the current symmetric Cauchy stresses in the material coordinate system, fey are
user specified hardening functions defining the maximum stress in that direction for a given com-
paction state and h(s) is the strain rate sensitivity function that is common to all the yield func-
tions. With these forms, it is evident that the definition of the different hardening functions dictates
the model response through the uncompacted regime. All (or none) of the aforementioned defor-
mation mechanisms may be captured by the appropriate definition of those functions. As such,
the response is dictated by the desire of the analyst and appropriate selection of the elastic scaling,
hardening, and strain rate sensitivity function — fE (a) , ffiy (a) , and h .

5.30.2 Implementation

Unlike the orthotropic crush model, the rate variant considered here has couplings between the
different directional strains and cannot be evaluate numerically as easily. Therefore, the orthotropic
rate model is integrated using a hypoelastic formulation. As was discussed in the preceding section,
the model is formulated in the T , L, W coordinate system and not the unrotated frame. Therefore,
the first step before proceeding is to map strain and stress values from the unrotated to the material
frame. To this end, an orthogonal rotation tensor Qij is constructed from user input vectors 1, and li
defining the strong and ribbon directions, respectively. In this case, the " " is used to differentiate
this tensor from that mapping between the rotated and unrotated configurations defined in (5.1.1).
The stress and deformation rates in the material coordinate system, ei-jj and dii, are determined via,

5-11j = Okinlaj,

= Okic17-1101j,

(5.30.7)

(5.30.8)

where Tr./ and d'i71 are the unrotated stress and deformation rates, respectively. For convenience,
the remainder of this discuss will neglect the " " notation and all operations will be assumed to be
in the material coordinate system unless specifically noted. Additionally, after a converged stress
is achieved, the inverse mapping of (5.30.7) is used to determine Ti71.

As the strain increment is fixed for a load step, kinematically defined variables such as an+1 and
the strain rate, e+i, may first be determined. The latter term is defined as,
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kn+1 = 4.714.71, (5.30.9)

with cr+1 being the strain rate in the global coordinate system. For the former, it must first be notedj
that the engineering, ev, and logarithmic, Ekk, volumetric strains are related via Ev = exp (Ekk) — 1.
The current state of compaction is then given as,

an+1 = 1 — An+1
'V (5.30.10)

where gr 1 = min re,, exp (eicV )] •
The material response has two distinct regimes. As discussed in the corresponding theory section,
the compacted material behaves as an elastic-plastic material. Such a response and the correspond-
ing numerical analysis has been described in Section 5.7.2. As such, it will not be further presented
here and instead the focus is on the behavior during the uncompacted stages.

Earlier, it was mentioned that the response during the compaction process is dictated by three
functions — the elastic scaling, hardening, and strain rate sensitivity. These three expressions are
dependent on the state of compaction and strain rate. As those kinematic properties have already
been calculated, the values of fir = fE (an+1), = fij (an+1

)
, and hn+1 = h cg,n+1\) may easily

be calculated. In the remainder of this section, the functional dependencies of these terms will not
be explicitly presented for ease and brevity. Similarly, the superscript n + 1 will be dropped and it
should be assumed that unless specifically denoted the variable is evaluated at the n + 1 step. With
fE (and fp) defined, the elastic stiffness, Ci ficl and and compliance, Six and 5'4/, tensors may
also be calculated.

To determine the updated material state, the change in elastic stiffness (associated with the change
in compaction) must be determined. To this end,

where

=

4,1n =

e-n (5.30.11)

(5.30.12)

In the previous two relations, it is noted that the respective mechanical tensors are determined
at different load steps thus leading to the altered stress state. The tensor refers to the stress
determined and stored from the previous load step while er7j incorporates the change in mechanical
stiffness. A trial stress state may be calculated as,

+Oirj tr,= (31./ CijkldEekl (5.30.13)

with the trial elastic strain increment, d<ifr being that of the total strain increment, dijAt. The flow
(yield) functions, are then calculated. If all < 0, the solution is elastic and the trial state

350



is accepted. On the other hand, if any > 0 a correction scheme is needed. This poses a more
complex problem than in the orthotropic crush model given the multiple (six) yield surfaces.

To perform the plastic correction, an approach similar in principle to the return-mapping schemes
heavily used in metal plasticity (e.g. Section 5.7.2). Here, however, there is no internal state
variable and associated evolution equations to evolve the state. Instead, in this case the elastic
strain is iterated over until all the yield conditions are satisfied. Specifically, for the k-th iteration,
the stress is calculated as

= CificidEjci k . (5.30.14)

Updated yield functions, fikj, are then calculated and the active flow directions (those with fii >
0) determined. A tangent modulus is then constructed (essentially by turning off components
corresponding to inactive directions) and a plastic flow tensor is determined using the tangent
compliance and the value of the yield functions. The updated elastic strain increment, d<ik+1, is
then found by removing the calculated strain. This process is repeated until satisfaction of all the
yield functions.

5.30.3 Verification

To verify the orthotropic crush model, a series of uniaxial compression tests are performed. Given
the multiple salient features in this model (e.g. strain rate dependence, user-defined coordinate
system), the test sequence is constructed to investigate and probe each of the different features
to gain confidence in all of the anticipated capabilities. Additionally, the analyzed loading paths
correspond to those in which the kinematics are fully prescribed. This is done so that analytical
expressions may be found due to the strong coupling between the kinematics and constitutive
response through the compaction state, a. The common model parameters used for these tests
are given in Table 5.47 and the functional forms of the input strength/hardening curves, ffly, are
presented in Figure 5.120. It is noted, however, that these properties will take various values during
the verification tests to activate and deactivate different responses. Additionally, in Figure 5.120,
two sets of curves are given — the full, complex set of six distinct functions (5.120a) and a simpler
set (5.120b). In the latter, only one curve common to the three diagonal strengths are shown. The
other three strength functions are all set artificially high to enable the study of a simpler case.

5.30.3.1 Uniaxial Strain - Isotropic

First, the response of the model with through a uniaxial strain loading is explored. In this case, the
prescribed displacement is ui = A6ii. For this initial study, isotropic elastic constants are assumed
leading to E2 = ELUL = ETTTT = EiLvvvyv = 5, 384.6 ksi and E?„ = ETTLL = ETTWW = ELWW =
2, 307.7 ksi. These properties are chosen to match the compacted state and fE (a) is set to zero.
In this way, the elastic properties are constant throughout loading. The shear moduli are scaled
accordingly and the remaining properties are left unchanged from Table 5.47. In this case, the
model response simplifies to

a = -A, (5.30.15)
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ETTTT 2,322.0 ksi E 4000.0 ksi

E7,TLL 485.8 ksi v 0.3
E7-TivIv 68.8 ksi o-Y 15.0 ksi

ELL 1,348.0 ksi ix 1.0
Eil Lww 121.8 ksi iY 0.0
gywiviy 85.0 ksi iz 0.0

GTLTL 1,345.0 ksi i.,, 0.0

G°Lvvnii 67.0 ksi 4 1.0

q7-1,117, 260.0 ksi iz 0.0
h (0 1.0 fE (a) a

Table 5.47: Material and model parameters for the orthotropic rate model used during verification
testing.
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Figure 5.120: Input strength/hardening curves, fm„ for use in verification tests of the orthotropic
rate model.

and

0-1 1 =
el" fTT (a)
fTT (3" > fTT (a)

{ ln (1 + 
= 0-33 = A

A+2µ u 11 6- > fTT (a)

where

(5.30.16)

(5.30.17)

= (A + 2,u) In (1 + . (5.30.18)

The single linear hardening crush curve given in Figure 5.120b is used for this analysis. The
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resulting stresses as a function of applied displacement, As., are given in Figure 5.121 and good
agreement is noted.
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Figure 5.121: Axial and off-axis stresses determined analytically and numerically via the or-
thotropic rate model with constant, isotropic elastic properties

5.30.3.2 Uniaxial Strain - Orthotropic

The uniaxial problem described in the previous section is again studied — although this time using
the orthotropic elastic properties listed in Table 5.47. To test the material coordinate system capa-
bilities two cases are considered — essentially with the x1 axis aligned with the T and L axes. The
first case corresponds to the definition of the and /i vectors in Table 5.47. Alternatively, the sec-
ond case is defined by setting the L direction aligned with the x1 axis (/x = 1.0, iy = 0.0, lZ = 0.0
and ix = 0.0, iy = 0.0, iZ = 1.0). The stress state evolutions determined via adagio and analytically
for the two considered orientations are shown in Figures 5.122a and 5.122b, respectively. The
analytical solutions are found in the same fashion as (5.30.16) with the moduli changed for the
orthotropic case. Good agreement is observed.
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Figure 5.122: Axial and off-axis stresses determined analytically and numerically via the or-
thotropic rate model with constant, orthotropic elastic constants. The material coordinate systems
is rotated in two different directions with the loading direction always aligned with x1
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5.30.4 User Guide

BEGIN PARAMETERS FOR MODEL ORTHOTROPIC_RATE

# Elastic constants

YOUNGS MODULUS = <real> E

POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G

BULK MODULUS = <real> K

LAMBDA = <real> A

TWO MU = <real> 21.1

YIELD STRESS = <real> cry

MODULUS TTTT = <real> E°TTTT
MODULUS TTLL = <real> E°TT LL
MODULUS TTWW = <real> E°TTWW
MODULUS LLLL = <real E°LILL
MODULUS LLWW = <real> E°uww
MODULUS WWWW = <real> E°wwww
MODULUS TLTL = <real> G°TLTL
MODULUS LWLW = <real> G°LWLW
MODULUS WTWT = <real> G°WTWT

TX = <real> 4,

TY = <real> fy

TZ = <real> tZ

LX = <real> ix

LY = <real> 4
LZ = <real> lZ

MODULUS FUNCTION = <string> fEW

RATE FUNCTION = <string> 140

T FUNCTION <string>

L FUNCTION = <string>

W FUNCTION = <string> fww
( 
a

ffLTLT(aa)))

TL FUNCTION = <string>

LW FUNCTION = <string> fLr_ivZ

WT FUNCTION = <string> flifT*0

END [PARAMETERS FOR MODEL ORTHOTROPIC_RATE]

Output variables for this model are listed in Table 5.48.



Table 5.48: State variables for ORTHOTROPIC RATE Model

Index Name Variable Description
1 CRUSH minimum volume ratio, crush is unrecoverable Cev)
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5.31 Universal Polymer Model (UPM)

5.31.1 Theory

The Universal Polymer Model (UPM) is a phenomenological, non-linear viscoelastic (NLVE)
model that is, in the literature, named the Simplified Potential Energy Clock (SPEC) [1]. The
UPM model is considerably simpler than the parent model, the Potential Energy Clock (PEC)
model, labeled the NLVE polymer model in SIERRA, which itself is not phenomenological but
requires extensive data and experience to calibrate [2].

The UPM model is suitable for modeling the finite deformation, thermal-mechanical behavior of
glassy materials, both organic and inorganic. Successful usage of the model is widespread. Some
examples include the modeling of amorphous, thermosetting polymers across and through the glass
transition such as epoxies [3]. It is also suitable for modeling thermoplastics from within the melt
state and down into the glass transition from polystyrene to polycarbonate. Finally, it has been
used to represent inorganic glasses for glass-to-metal seals. The UPM model was developed for
production analyses of encapsulated components. It predicts a full range of behavior including
yielding, stress relaxation, volume relaxation, and physical aging.

The key physical principal behind the UPM model is that there exists a material time scale (material
clock) separate from the laboratory time scale. If the material time scale is fast, such as in the
rubbery state of a polymer, then the UPM model responds instantly to changes in temperature and
strain such that the user would observe rate-independent behavior. However, if the material clock
is slow relative to the laboratory time scale, viscoelastic memory builds with any process, which
causes acute history and thermodynamic path dependent behavior.

The model response is derived from a Helmholtz Free Energy density and takes as an input the
unrotated rate of deformation, dij, the temperature at the start and end of the time step (On and0„1,
and the time step, A t. From these inputs, the hereditary integrals within the model are updated,
and the unrotated Cauchy stress tensor is returned.

For the UPM model, the strain measure is approximated from the integrated unrotated rate of
deformation tensor, which we label Eij,

co

j o
= f (RmiDmnRnj) ds, Di; = 

2
— + Fij = RimUmj• (5.31.1)

Here, F,j, Rij, U,j, Lij, and Dii are the deformation gradient, rotation, material stretch, velocity
gradient, and rate of deformation tensors standard in Lagrangian continuum mechanics.

The UPM model allows the user to initiate an analysis from a stress-free temperature, 19sf, , that is
different from the reference temperature, Ord, at which all material properties are defined. Here we
briefly summarize the constitutive equations. The model is derived from a Helmholtz Free Energy,
but we begin directly with the (unrotated) Cauchy Stress and refer the reader to reference [1] for
more detail:
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The first three lines of terms in Equation 5.31.2 represent the time-dependent and dissipative (non-
equilibrium) response of the model to volumetric, thermal, and shear deformation histories. The
last collection of terms in 5.31.2 furnish the time-independent rubbery (equilibrium) response.
Each term is preceded by material constants with either G or c.„ that represent the glassy and rubbery
responses of the model. The variables in equation 5.31.2 are:
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The first three terms in Equation 5.31.2 represent the material's viscoelastic response to changes
in volume strain, temperature, and shear deformation. Two relaxation functions are used to char-
acterize the thermal/volumetric (L) and shear (f„) relaxation responses. The model assumes the
thermal and volumetric relaxation responses are identical. Otherwise, f, and L are typically quite
different and are expressed as a Prony series 8:

N M

fv [x] = 141(k) exp Tuo  , fs [x] = E w(0 exp (— .
k=1 1=1

(5.31.7)

These relaxation functions describe the material's response to a suddenly applied volumetric/ther-
mal or shear perturbation at the reference temperature where, under certain conditions, the material
and laboratory time scales are equivalent. In Equation 5.31.2, the viscous terms (non-rubbery) in-
volve hereditary integrals over the difference in material time from s = 0 to s = t, which is the
current laboratory time. An increment in material time, de, and the laboratory time, dt, are related
through the (highly) history dependent shift factor, a, such that the difference in material time,
e — s', is related to the corresponding difference in laboratory time, t — s through:

't du
adt' = dt, t' — s' = (5.31.8)fu=s a [Id.

8Note: to distinguish between indices used with conventional summation convention and those related to Prony
series terms, all Prony series summations shall be explicitly written with the relevant index given parenthetically in a
superscript.
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If the material time scale is very slow compared to the laboratory time, then a >> 1, which is often
the case inside and below the glass transition for typically glassy materials.

The shift factor is instantaneously defined through:

+ C4
u=t f S=t

fu=0 s=0

logioa =
C2 + N'

N[t] = 0 — 0„f — f f, [t' — —
ds

ds . . .
dO

t. . + C3 — [t' — .71,s ds) . . .
dI1

o 

(fs [t' — s' , t' — 
d (devcii) d (del/0 

dscht) .
ds du

—C1N
(5.31.9)

(5.31.10)

The key physics in the model comes form Equation 5.31.9. Temperature rise (generally) causes
N to increase, and hence the material shift factor shrinks (the material time scale speeds up).
Shrinking the volume generally causes the shift factor to increase as if the temperature had been
decreased. Mechanistically, this feature is the manifestation of the tradeoff between between mo-
bility and free volume available to polymer chains. Finally, shear deformation can greatly speed
up the material clock through the last term. This phenomenon is a direct manifestation of "defor-
mation induced mobility", a key mechanism for glassy materials.

Since the shift factor involves hereditary integrals, even at a constant temperature and state of de-
formation, the material clock will change over time. Under stress-free conditions, the material will
creep and densify if the model is out of equilibrium (when any viscous term is non-zero). These
phenomena are the model's manifestations of physical aging, time-dependent material change
without a change in composition or microstructure. C1, C2, C3, and C4 are all material constants.
We note that the double relaxation function appearing in the last term takes on a slightly different
form from L:

N

fs [X, y] = E w(oexp (— exp (—T(k) T(k)
k=1

(5.31.11)

It is desirable to relate a special case of the model to the Williams-Landel-Ferry (WLF) form
because of how time-temperature superposition fitting is typically performed. Specifically, one
can show that the parameters Ci and C2 relate to the WLF coefficients Ci = C1 and C2 =
C2 (1 + C3arceof).

For more information about the universal polymer model, consult [1].

5.31.2 Implementation

The hereditary integrals in Equation 5.31.2 and 5.31.9 are difficult to evaluate directly. Instead
a rate form is pursued than can be integrated straightforwardly over each time step. Consider
a typical hereditary integral after the Prony series for its specific relaxation function has been
substituted into it. Differentiate the integral with respect to the current time, t, and use the Leibnitz
rule to arrive at:
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—  dO 1 de dO
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1 j(k) dO

• • * ar(k) dt •

(5.31.13)

Notice this rate form involves a memory term which decays as well as input from new history, in
this case a change in temperature. To integrate this easily, we approximate this rate as constant
over the time step in a constitutive equation update and use the mid-step evaluation to determine
the rate. Consider a process in which the temperature changes from On at time tn to 9n+1 at tn+1 so
that At = tn+1 tn • Then,

dfo fik)(tn+1) — j(k)(tn) 1 j(k)In+1 + fk)in 011+1 — On

dt itn+"2 
,r(k) 2tn+1 tn •-. 

n 
1,1/2 • tn+1 tn

2a 1-(k) — At)
—> filn+1 = n+1 /2 — On) •• • •

2an+112T" + At 
j(k)in 

2an+ii2T(k) 
(2an+112T(k) + At

(5.31.14)

Stability of Equation 5.31.14 requires that the first term to remain positive. Hence, the change in
time for the purposes of updating these hereditary integrals is:

At = MIN (tn+1 tn, 2an+112T(k)) (5.31.15)

The collection of j(k) from k = 1, N are internal state variables associated with this particular
hereditary integral. Each Prony term for each distinct hereditary integral must be stored as an
internal state variable.

Fortunately, changing from a scalar field to a tensor field (0 to eii) does not alter the above time
integration except that for each Prony term, each component of the tensor must be stored and
updated as a state variable. For example, the hereditary integrals associated with deviatoric strain
history update as follows,

N
let Hi.; = f dsfs [t' — 

ds 

(deve-i
l
)
 ds = E w(k)I-IC9, (5.31.16)1J 

k=1

dlIC9 117() (t n + 1) — (t n) 1  10 In+i + In H'i71 — H71

dtj
 lt

'112 
j f 1-(k) 2 

+  #
tn+1 tn arn+ii2 • tn+1 tn

2a 1-(k) — At 2an+1/27-(k) (Hn+1

2an+1/274) + At) n (2an+1 /214) + At
n+1I2  

H(k)IIn+1 — .
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Here, 14Jk.) is a collection of six state variables that compose the kth Prony term deviatoric strain
history hereditary integral as in Equation 5.31.2. The superscripts refer to the Prony term number,
and each component of these tensors much be updated and stored.

Because of the double hereditary integral in Equation 5.31.9 associated with shear deformation
and shift factor acceleration, a rate form for this kind of term is also needed. Again, differentiate
the integral with respect to the current time, t, and use the Leibnitz rule to arrive at:

fu=t f s=t

Ju I s=0

N u=t f s=t

pE w(k) ex 
k=1 fu=0 Js=0

( ' ' '
d (dew-if) d (devEij)

fs [t — s, t— 
ds du
 ds du = . . .(5 .31.17)

[ e —  
exp 
[ e — u'id (devEif) d (devEif)

 ds du)
y(k) ds du

dQ(k) _2 Q(k)
  + 2

d (devE,1)

dt ar(k) dt

f S=t

Js=0

NE w(k) Q(k)
k=0

(
e —  d (devci 1)

exp [ T(k) du
 du = . ..(5.31.18)

dQ(k) —2 Vic) 
+ 2 

d (devEij) (k)

dt ar(k) dt

The variables fk), Q(k), and all six components of 1-4jk.) are state variables that are stored and updated
through the midstep algorithm presented above.

The actual update of the constitutive equations involves finding the shift factor at tn+112, which re-
quires Newton's method on Equation 5.31.9. Using the techniques from Equations 5.31.12 through
5.31.17, it is straightforward to chain rule differentiate the term N in Equation 5.31.9, and that anal-
ysis is not reproduced here for brevity.

5.31.3 Verification

Verification for the full non-linear viscoelastic features of the universal polymer model is difficult
because analytic solutions are not available. Here we verify that two key parts of the model are
working correctly, but at this time not all non-linearities in the material clock are verified. First, we
verify that the material clock (shift factor) follows the Williams-Landel-Ferry behavior near and
above the glass transition (reference temperature). Then, as the material is cooled below the glass
transition, we verify that the thermal hereditary integral in the material clock is working properly.
Finally, the specimen is reheated through the glass transition, and the shift factor is again compared
between the UPM model and a semi-analytic solution.

Second, with the non-linear portions of the clock turned off and the temperature held fixed, an
analytic solution to the uniaxial strain boundary value problem is pursued at three different strain
rates. This latter verification exercise demonstrates that the hereditary integrals are updated cor-
rectly and that the stress response may be calculated using both the shear and bulk relaxation
responses simultaneously even when they have different relaxation functions.
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5.31.3.1 Shift Factor During Traction-Free Cooling and Heating

The WLF equation (considering temperature only) provides a simple means of performing time-
temperature superposition. It relates the shift factor, a, to the current temperature through,

C1 (0 — 0„f)
log10 a =  

C2 + (0 — Oref)•
(5.31.19)

Near and above Oref, the UPM model limits to the WLF model, and below the glass transition, the
hereditary integral in the clock "freezes out" further evolution of the shift factor with temperature.

A single element boundary value problem is analyzed in Sierra/SM with the UPM model. A simple
temperature sweep is executed under traction free conditions through the glass transition starting
from above it at a constant rate of 1°C per minute. The material is then immediately reheated at
1°C per minute to well above the glass transition. The material properties used for this analysis
as well as the uniaxial strain problem below are provided in Table 5.49 and reflect a simplified
version of the material properties used to represent 828DGEBA / DEA (often called 828DEA) [1].

Oref 75°C Osf 125°C

el 16.5 C2 54.5°C

KG 4.9 GPa IC„„ 3.2 GPa

GG 0.75 GPa Goo 4.5 MPa
{il} x 10-3, 6.42966 x 10-2, 6.49783 x 10-1, 2.82929 x 10-1

{f21

12.99149
1.00305 x 10-2, 2.11421 x 10-1, 7.01534 x 10-1, 7.70145 x 10-2

{T} {1.0 x 10', 1.0 x 10-6, 1.0 x 10-1, 1.0 x 104} (s)

Table 5.49: The material and model parameters for the Universal Polymer Model used for verifi-
cation testing. Parameters are approximately based on a fit for 828DEA in [1], but they represent a
linear thermal-viscoelastic representation of the model. Both the shear and volumetric Prony series
weights come from fitting these 4 relaxation times to stretched exponential series as discussed in
that paper. The thermal relaxation and volumetric relaxation functions are the same in the UPM
model . All other material and model parameters are unused and set to zero.

For the verification of the time-temperature shift behavior, the model is expected to exactly match
the WLF behavior above °ref, but as the material is cooled below this point, the temperature hered-
itary integral in the material shift factor definition (Equation 5.31.9) slows further evolution of the
shift factor. WLF behavior is observed in the model, which confirms this elementary behavior of
the model in Figure 5.123. Then, as the model is further cooled below the glass transition, the
UPM model is compared against a custom Newton-Raphson scheme for this boundary value prob-
lem (outside Sierra), and agreement is perfect. During reheat, one sees that the shift factor does
not retrace the path through temperature space, and a large hysteresis is observed.

Changing the cooling rate changes the temperature at which the UPM model will depart from WLF
behavior with the behavior remaining WLF like at colder temperatures for slower cooling rates and
departing at warming temperatures for faster cooling rates.
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Figure 5.123: Time-temperature dependence of the shift factor, a, during cooling through the glass
transition and then reheating back through it. The cooling/heating rate is 1°C per minute. FEA
(circles) show the expected WLF (blue dashed line) behavior for 0 — Oref > O. The UPM model
departs from WLF behavior below the reference temperature as expected, and continues to agree
with an external to Sierra numerical scheme (solid line) to simulate this boundary value problem.
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5.31.3.2 Uniaxial Strain

The second verification problem considered is uniaxial strain under isothermal conditions wherein
the non-linear clock terms are set to zero (C3 = 0 and C4 = 0). Here, the temperature is set
to the reference temperature, 0 = Oref, and a two stage boundary value problem is simulated. A
material point (single 8-node hexahedral element with selective deviatoric spatial integration) is
loaded at a constant logarithmic strain rate in uniaxial strain up to a prescribed logarithmic strain
(characterized by a loading time, tL). Then, the logarithmic strain rate is fixed to zero. The stress
responses in the axial and transverse directions are output over time during this load and hold
process. Three logarithmic strain rates are considered: 0.001, 1, and 1000 per second which
activate the rubbery, mixed, and glassy responses respectively. For all three cases, the specimen
is loaded to 10% axial logarithmic strain, and then the specimen is held for 10 seconds. Uniaxial
strain involves finite volume and shape change, and so this boundary value problem tests both
relaxation processes simultaneously.

Next we develop the analytic solution for linear thermal-viscoelasticity based on the UPM model.
Note that the temperature is fixed to the reference temperature such that the shift factor is 1.0 al-
ways. We prescribe the following logarithmic strain rate history on a material point (in a Cartesian
frame). Since both the spherical and deviatoric parts of the logarithmic strain history are needed
for the model, we derive them too:

for 0 < t < tL, Hi e-
1 0 0
0 0 0
0 0 0

2 0 0
T:Tdev _ 0 —1 0

- 3
0 0 —1

0 () Ol
otherwise = 11;47= o o o

0 0 0

and the associated strain invariants needed for the model are:

Ili I2 :

•

for 0<_t<tL,

= 6iiHij = Et

Il =

2 
= itrH?fy = it2t2

=

for tL < t,

= EtL

= 0

/2 = E2 t?

= 0

(5.31.20)

(5.31.21)

Now, the motion involves a finite volume change, and the Jacobian of the deformation gradient
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will be needed. It is:

for 0 < t <

exp (tt)
J =

for tL < t,

exp

(5.31.22)

The derivation of the linear viscoelastic response proceeds directly with the stress integral from

Equation 5.31.2 with equivalent laboratory and material time scales since 0 = 19„f. Using the pre-

scribed strain history from Equation 5.31.21 and the Jacobian of the deformation gradient (Equa-

tion 5.31.22), the Cauchy stress response is given below. Again, there are only two non-zero stress

components: the axial stress (o-ii) and the transverse stresses (0-22 = cr33), which we will label

with under score "o-A" and "0"T" respectively. These are:

= exp (—Èt). . .
4(Gg—Goo)E wyor(k) exp (-1+0)

Sl 3

+ (Kg — Koo) E Ei=m (/)1 q T ° (1 — exp (— r+)) ...

+ (Koo + 1Gao) tt,

for 0 < t < :

for tL < t :

CrT = exp (—Èt)
2(Gg— 

3 
LaGoo)È 
v•k=1 "
N w(k)r(k) 

(1 — exp (—M)

(Kg — Keo) tEim_, q(07-0 — exp (-7.+0 ) ...
+ (Kco — iGoO) tt,

0-A = exp

{ 
4(Gg Goo)i EkN i w(kyk) (exp tA)

• 3 exp (—*))

. + (Kg — Koa) E E;/.1_1 (exp (4A- exp (—M) ...

. + (Koo + 1Goo) tk,

J(TT = exp [—Etd • • •

• 2.(G8
G.)È v•

k=1 " 
ISI w(kyk) (exp — exp

3 Li 
 )\

(Kg _ Koo) tEim_1 eyo (exp (-4-T — exp (—M)}

+ (Koo —

(5.31.23)

(5.3 1 .24)

Using the two Prony series in Table 5.49, and the three strain rates (0.1, 1, and 10 per second), the

analytic model and UPM are directly compared in Figure 5.124.
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Figure 5.124: Linear viscoelastic response to a two stage uniaxial strain boundary value problem
with material and loading properties specified in Table 5.49. Symbols represent FEA simulations
with the UPM model while solid lines are the analytic results. The three logarithmic strain rates of
0.1, 1.0, and 10.0 per second are shown, and all cease at 10% strain, and all cases are isothermal at
the reference temperature so that the shift factor is unity.
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5.31.4 User Guide

The UPM model is commonly used in one of two ways. The most general use case is portrayed
in full in the following syntax in which the user specifies both Prony series explicitly. That is, the
user specifies all Prony relaxation times (r) and weights for both the thermal/volumetric (L) and
shear (f5) relaxation functions. Note that in the UPM model, only a single set of Prony relaxation
times can be specified and acts as the basis for both relaxation spectra. In other words, a single set
of relaxation times is specified, and both functions use their own (distinct) weights.

Default parameters are not set. Any system of units can be used with the model. There are no
internal units assumptions.

BEGIN PARAMETERS FOR MODEL UNIVERSAL_POLYMER

# Elastic constants: These Should be Set to the Glassy Moduli

for robustness considerations

SHEAR MODULUS = <real> G

BULK MODULUS = <real> K

## Reference Temperature and Material CLOCK Parameters

REFERENCE TEMPERATURE = <real> OREF # Temperature

STRESS FREE TEMPERATURE = <real> OsT # Temperature

WLF C1 = <real>

WLF C2 = <real> C2 # Temperature

CLOCK C3 = <real> C3 # Temperature

CLOCK C4 = <real> C4 # Temperature

## Glassy and Rubbery Moduli

# and CTE Definitions at the Reference Temperature

BULK GLASSY 0 = <real> KG # Units of Pressure

BULK RUBBERY 0 = <real> Ko„, # Units of Pressure

SHEAR GLASSY 0 = <real> GG # Units of Pressure

SHEAR RUBBERY 0 = <real> Goo # Units of Pressure

VOLCTE glassy 0 = <real> aG # Units of Inverse Temperature

VOLCTE rubbery 0 = <real> aco # Units of Inverse Temperature

FILLER VOL FRACTION = <real>

## Relaxation Time Spectra Definitions

WWBETA 1 = <real> A

WWTAU 1 = <real> T1 # Units of time

WWBETA 2 = <real> )32

WWTAU 2 = <real> T2 # Units of time
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SPECTRUM START TIME = <real> # Units of time

SPECTRUM END TIME = <real> # Units of time

LOG TIME INCREMENT = <real> # Units of time

## Direct Prony Spectra Inputs

RELAX TIME 1 = <real> # Unit of time

RELAX TIME 2 = <real>

RELAX TIME 30 = <real>

## Thermal/Volumetric Relaxation Spectrum Prony Weights

F1 1 = <real>

Fl 2 = <real>

F1 30 = <real>

## Shear Relaxation Spectrum Prony Weights

F2 1 = <real>

F2 2 = <real>

F2 30 = <real>

END [PARAMETERS FOR MODEL UNIVERSAL_POLYMER]

Not all Prony spectra/weight parameter pairs (1-30) need to be specified. Only those specified will
be used, and the ones not specified will be set to zero. Prony weights for each relaxation function
should sum to 1.0, or the model will rescale the weights so that they do sum to one. This rescaling
will change the underlying relaxation response.

When the model is used with both relaxation functions being specified directly, then the param-
eters: SPECTRUM START TIME, SPECTRUM END TIME, LOG TIME INCREMENT, WW
TAU (1,2), and WW BETA (1,2) must be specified as 0 to avoid errors during the model property
check. Note (1) is associated with the thermal/volumetric function, and (2) is associated with the
shear relaxation function.

Another common usage of the UPM model is to specify the Williams-Watts (KWW) stretched
exponential T, parameters for either or both relaxation functions (1 and/or 2) corresponding to
the function f = exp(—(t/Tr). That is, a set of Prony weights, wi corresponding to a specific set
of Prony times, Ti, will be found during the model property check routine. If the other relaxation
function is directly specified as above, then the Prony times from the directly specified relaxation
spectrum are used. In this case, the Prony weights for the relaxation function being fit to the KWW
function are found through a Least-Squared Error minimization routine built into the UPM model
over a discretely sampled set of times between the minimum and maximum Prony times.

When neither Prony spectrum is directly specified (both will be fit to KWW functions), then the
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Prony times (for both relaxation functions) are determined from an evenly logarithmically spaced
set of Prony times beginning with the SPECTRUM START TIME and ending with the SPEC-
TRUM END TIME and spaced with the (base 10) LOG TIME INCREMENT. For each relaxation
function that is fit with the UPM model to a KWW function, the WW TAU (1,2) and WW BETA
(1,2) parameters must be specified. However, if the user specifies both a KWW form and the same
Prony series directly, the model will error out during the property check.

There are many useful optional parameters for the UPM model that generally allow for: tempera-
ture dependence of moduli, coefficients of thermal expansion, deformation dependence of moduli,
and/or alternative material clock parameter specifications. These parameters may optionally be
added to the material input block, but are defaulted to 0.0:

### OPTIONAL parameters for the universal_polymer model

CLOCK C1

CLOCK C2

BULK GLASSY 1

BULK RUBBERY 1

SHEAR GLASSY 1

SHEAR RUBBERY 1

VOLCTE GLASSY 1

VOLCTE RUBBERY 1

= <real>

= <real>

= <real>

= <real>

= <real>

= <real>

= <real>

= <real>

C1 # CLOCK Coef. 1 instead of "WLF C1"

C2 # CLOCK Coef. 1 instead of "WLF C2"
dKG/dT # Pressure per Temperature
d&oldT # Pressure per Temperature
dGG/dT # Pressure per Temperature

# Pressure per Temperature
daGldT # Inverse Temperature Squared
dcrooldT # Inverse Temp. Squared

Finally, we note that the UPM model may be reduced to a finite deformation, linear thermovis-
coelastic model by choosing C3 = 0 and C4 = 0. Under these conditions the material clock is only
temperature (history) dependent but involves no deformation dependence. Moreover, if one wants
to fix the laboratory and material time scales to be the same, then one should set WLF C1 = 0.

Output variables available for this model are listed in Table 5.50. The user should always output
the shift factor aend or logioa as this variable is critical for interpreting the material behavior.
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Table 5.50: State Variables for Universal Polymer Model

Name Description

aend The shift factor relating increments of material to laboratory time, a dt* =

dtlab
loga 1og10 of the shift factor, logioa
epsxx xx component of the integrated unrotated rate of deformation, E„
epsyy yy component of the integrated unrotated rate of deformation, Eyy
ep s z z zz component of the integrated unrotated rate of deformation, Ezz
epsxy xy component of the integrated unrotated rate of deformation, Exy
ep s y z yz component of the integrated unrotated rate of deformation, Ey,
ep s z x zx component of the integrated unrotated rate of deformation, E„
e f f i 2 second (non-Cayley Hamilton) invariant of e providing shear deformation,

/2

iflp1-30 volumetric hereditary integrals 1-30
ikat1-30 thermal hereditary integrals 1-30
i gxx1-30 xx component shear hereditary integrals 1-30
i gyy1-30 yy component shear hereditary integrals 1-30
igzz1-30 zz component shear hereditary integrals 1-30
igxy1-30 xy component shear hereditary integrals 1-30
igyz1-30 yz component shear hereditary integrals 1-30
igzx1-30 zx component shear hereditary integrals 1-30
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5.32 Wire Mesh Model

5.32.1 Theory

The wire mesh model was developed at Sandia National Laboratories for use with layered se-
quences of metallic wire meshes and cloth fabric. Model development was based on an extensive
series of experiments performed on these materials (see [1]) and used an existing model for rigid
polyurethane foams as a starting point [2].

To be able to analyze the response of this material, the Cauchy stress tensor is first decomposed into
its principal components, Each principal stress is evaluated independently and two behaviors
are considered depending on whether or not the material is in tension or compression. Under a
tensile load, the material is taken to be perfectly plastic above a yield stress, T. For compressive
loads, it is assumed that the materials hardens functionally with the volumetric engineering strain,
ev. In this formulation, an arbitrary form of this hardening function, 5- (ey) is assumed although in
the original work [1],

CT (Ey) = ae-bcv , (5.32.1)

with a and b as material constants, was used.

With these assumptions, the yield function of the ith principal stress, fi, may be written as,

(Ti — T, Clj > 0

— 5- (Ev) 0-i < 0 •

where T is the isotropic tensile strength of the material.

Similar to the rigid polyurethane foam model [1], the flow rule is defined as:

di); = ylP + -131jkl°-kl ejklo-kl

(5.32.2)

(5.32.3)

with yi being the magnitude of the ith plastic strain increment and Pijkl is the fourth-order principal
projection operator defined as,

= dnr.nrk nrIjkl jl (5.32.4)

in which 1,6 is the corresponding direction vector of principal stress, a-r. . With this definition,

= CrijPirjklUkl. (5.32.5)
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5.32.2 Implementation

The wire mesh model is implemented in a hypoelastic fashion similar to the previous elastic-
plastic models. First, a trial (unrotated) stress is calculated assuming a purely elastic deformation
increment,

= T;) + At (AZijdkk + 441) • (5.32.6)

Corresponding principal stresses and their complementary directions are then found using the ro-
bust, analytical algorithm put forth in [3]. The principal stresses are denoted a' and their eigen-
vectors are symbolically represented by e;'. Here, r = 1, 2, or 3 refer to the respective eigenval-
ue/vector pair and are not summed unless explicitly indicated. Before evaluating the respective
yield functions, the current volumetric engineering strain, 41+1, must be determined. To this end,
the current strain tensor, Eii, is determined via,

4.71 = E7i AtC41, (5.32.7)

and the volumetric engineering strain is,

env+1 = exp (Eknk+1) — 1. (5.32.8)

The yield function for each principal stress, r, may then be computed as,

=
CTY — T, > 0

-0-' - 5- (4+1) , < 0 •

Principal stresses at the current load increment, or,Y2+1, are then determined via,

for o-Y > 0 and,

(TY fY <0
T fy 0

Y
cr7 fY < 0

crn+1 _o_ (4+1) fy >

(5.32.9)

(5.32.10)

(5.32.11)

for compressive principal stresses. The final Cartesian stress tensor may be determined via,

=
3

crY
•

y=1

(5.32.12)
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5.32.3 Verification

To investigate the performance of the wire mesh model and verify its capabilities, a series analyses
are performed considering both the tensile and compressive behavior. The material properties and
model parameters come from [1] and are listed in Table 5.51 with one difference. Specifically,
v 0 to better test the various code interactions. For the numerical simulations the functional
hardening form given in (5.32.1) (with a and b given in Table 5.51) is discretized and entered as a
piecewise linear function.

E 100,000 psi v 0.3
a 120 psi b 8.68
T 12,000 psi

Table 5.51: The material properties and model parameters of the wire mesh model used for verifi-
cation testing

5.32.3.1 Uniaxial Compression

First, the case of uniaxial compression is treated to investigate the hardening behavior. As a uni-
axial compressive stress state is being explored, the principal stresses are simply cr1 = o-2 = 0 and
o-3 =o-11 enabling the development of analytical solutions. To this end, u1 = Ai and the remaining
surfaces are left traction free. The corresponding strain state is then,

sii = ln (1 + /11) , (5.32.13)

622 = 833 = —1/ ln (1 + /11)

producing a engineering volume strain of,

Ev = (1 + 
A1)(1-2v) 

— 
1.

Noting the elastic uniaxial stress, ern, is simply,

&ii = [A. (1 — 2v) + 2µ] ln (1 + Ai) ,

the final stress state is simply 22 = 0-33 = 0 and,

6-11 6-11 < —ae-bev
0-11= —ae b cri > —ae 

b EN,

(5.32.14)

(5.32.15)

(5.32.16)

The analytical and numerical solution (from adagio) of this problem are presented in Figure 5.125
with the stress and strains given in Figures 5.125a and 5.125b, respectively. Excellent agreement
is observed verifying the compressive hardening performance.
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Figure 5.125: Analytical and numerical results of the normal stress and strain components through
a compressive uniaxial stress loading path as a function of the applied displacement, Ai .

5.32.3.2 Uniaxial Tension

To consider the tensile behavior, the response of the model under a uniaxial tensile strain loading is
interrogated. In this case the applied displacement is ui = /116i1 with the remaining displacements
fixed such that E22 = E33 = 0 and the axial strain is again sii = ln (1 + /11). Given that the model
behavior is perfectly plastic after yield, the axial and off-axis responses both reduce to bilinear
forms. As such, the applied deformation necessary to induce the perfectly plastic response in the
axial direction, Acilit, is simply

Acirit = er I (A+2µ) _ 1,

leading to an expression for the axial stress as,

C 1 1 =
A 1 > Acilit •

For the off-axis behavior, the critical displacement, Ar-crit, is

= eTtA _ 1,

producing stresses of the form,

{( + 2p) ln (1 + /11) <

0-22 = 0-33 =
{ A ln (1 + Al) /11 < iliff-crit

T 
Al > Ar-crit •

(5.32.17)

(5.32.18)

(5.32.19)

(5.32.20)
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The stress and strain responses (both numerical and analytical) are presented below in Fig-
ures 5.126a and 5.126b, respectively, and excellent agreement is observed verifying this behavior
in this deformation mode.

12000

10000

r• 8000

0_

42) 6000

4000

2000

— analytical

ci Adagio

— an

22

- 0-33

0.1 0.2 0.3

displacement, A,

(a) o-ij

0.4 0 5 0.1 0.2 0.3

displacement, A,

(b)

0.4 0 5

Figure 5.126: Analytical and numerical results of the normal stress and strain components through
a tension uniaxial strain loading path as a function of the applied displacement, .

5.32.3.3 Hydrostatic Compression

To further explore the compressive response, the models behavior under a hydrostatic (compres-
sive) loading is investigated. In this instance, the corresponding stress state produces a single,
repeated, principal stress associated with the pressure, p = — (1/3) (Tkk (here defined positively in
compression). Details of this loading may be found in Section A.4, although in this instance it is
important to point out that,

and the stress state reduces to,

in the elastic limit and

Ev = (1 + Ai)3 — 1, (5.32.21)

p = —3K1n(1 + /11) (5.32.22)

p = ae-bsv , (5.32.23)

during plastic loading. The numerical and analytical results are presented in Figure 5.127 and
excellent agreement in noted.
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5.32.4 User Guide

BEGIN PARAMETERS FOR MODEL WIRE_MESH

# Elastic constants

YOUNGS MODULUS = <real> E
POISSONS RATIO = <real> v

SHEAR MODULUS = <real> G
BULK MODULUS = <real> K
LAMBDA = <real> A
TWO MU = <real> 21.1

# Yield surface parameters

YIELD FUNCTION = <string> ei
TENSION = <real> T

END [PARAMETERS FOR MODEL WIRE_MESH]

Output variables available for this model are listed in Table 5.52.

More information on the model can be found in the report by Neilsen, et. al. [1].

Table 5.52: State Variables for WIRE MESH Model

Name Description
EVOL engineering volumetric strain
YIELD current yield strength in compression
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Chapter 6

Implementing a Model

Implementing a model in LAMÉ is simple if one follows a step by step procedure. These steps are
applicable independent of the type of constitutive model.

There are two directories in LAMÉ that contain material models that refer to the status of the
model. One directory holds what we classify as "developmenr models while the other directory
holds what we classify as "productioC models. These directories are

include/models/development

src/models/development

and

include/models/production

src/models/production

Models are always implemented in the development directories. Only after a model has been tested
and documented can it be considered for production status.
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6.1 Header File

The first step is to create a header file that declares what the material class will have in it. The
header file will be in the directory

include/models/development

The header file will give the name of the material model class, which is derived from the
Material class.

The header file will be named <MaterialName> . h. For example, the header file for the elastic-
plastic model is ElasticPlastic . h.

The header file includes the declaration for the class along with the public methods that define the
interface to the material model.

The constructor takes as its argument a pointer to a MatP r op s object. This object has the material
properties as read from the input deck. The material properties are copied to a vector of double
precision numbers that is stored by the material model. The constructor for the material model is
where input is checked. This is done through a call to a property check routine. The constructor
also sets up the number of state variables for the model, which can depend on the input, and it sets
up names for the state variables.

The only other method that must be defined is the get St re s s method. This method takes its
input through a pointer to the matParams struct. This struct contains the old state information,
e.g. the stress and state variables, and the rate of deformation. These are used by the constitutive
model to update the state information, most importantly the stress, and return that information to
the host code.

The i n i t i a l i z e method is most commonly used to assign preliminary values to state variables
prior to any load steps. For instance, initial back stresses can be prescribed in such a fashion.
Material properties that are not themselves input, but instead derived quantities are also calculated
in this routine. A common example of such properties are thermoelastic or yield constants that are
defined in a material coordinate system. Checks are also performed on input properties to ensure
validity that will result in errors. This method takes as input a pointer to the matParams data
structure.

The loadStepInit is similar to the initialize method but is more infrequently used.
Whereas the initialize is performed once prior to any calculation, the loadStepInit
method is performed prior to every load step. Its intended use is to calculate material or model
parameters that depend on specified field data — most notably temperature — that is not determined
as a part of the constitutive routine. In this way, such variables are calculated only once per load
step rather than during every iteration thereby saving on cost. To perform this function, a pointer
to the matParams data structure is input and the properties being determined are stored as state
variables.
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#ifndef MATERIAL MODEL_NAME_H
#define MAMERIAL MODEL NAME H

#include <interface/Material .h>
#include <utilities /LameFortran .h>

namespace lame {

class MaterialModelName : public Material{

public :

explicit MaterialModelName( const MatProps & props );
virtual —MaterialModelName

static Material * createMaterial ( const MatProps & props );

int initialize ( matParams * p );
int loadStepInit ( matParams * p );
int getStress ( matParams * p );

private :

//
// private and unimplemented to prevent use

//

MaterialModelName( const MaterialModelName & ),
MaterialModelName & operator= ( const MaterialModelName & );

};

#endif

Code 4: A code listing for the header file for a fictitious material model called MATE-
RIAL MODEL_NAME.
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6.2 Implementation File

The implementation file contains the implementation of the interface to the constitutive model.
The implementation file will be in the directory

src/models/development

The implementation file generally has the following form and contains definitions for all the meth-
ods declared in the header file. As such, only the constructor and get St re s s methods have to
be declared.

The required methods utilized and specific forms will vary depending on the needs and complexity
of the model. Nonetheless, some common objectives exist for the various models.

With respect to the material constructor, the objective is to initialize and organize input properties
into the props array. For models with internal state variables, the second object is to declare this
variables and establish the various aliases needed for output.

For the other methods, notably get St r ess, the purpose is to invoke the associated routine of
the model file and pass the relevant data. These specific argument lists will vary depending on
the model formulation. For instance, a hyperelastic model will not need the rate of deformation
tensor that is essential to a hypoelastic implementation. Typically, these passed parameters are
elements of the matParams structure and props array. Given the variety of models currently
implemented in LAME , the specific combinations of data members utilized is quite varied and a
number of options are available.
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#include <models / development /MaterialModelName .h>

namespace lame

Material * MaterialModelName createMaterial ( const MatProps & props )
return new MaterialModelName( props );

MaterialModelName MaterialModelName ( const MatProps & props ) :
Material (props) {

int MaterialModelName :: initialize ( matParams * p )
return 0;

int MaterialModelName loadStepInit ( matParams * p )
return 0;

int MaterialModelName getStress ( matParams

MaterialModelNameGetStress ( props );

return 0;

*

Code 5: A code listing for the implementation file for a fictitious material model called MATE-
RIAL_MODEL_NAME.

385



6.3 Model File

The model file itself is created by the constitutive model developer. In general there are not many
restrictions that are placed on this code. The quality and robustness of this code is the responsibility
of the constitutive model developer.

For models that are incorporated into the core LAMÉ library, however, some code standards are
required - including testing and documentation.
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6.4 Material Creator File

The file src/models/MaterialCreator.0 provides the means for creating an instance
of a material model and returning a pointer to that object to the host code. The pattern is
based on the factory method. When a material model is ready to be used, it is added to the
src/models/MaterialCreator.0 file. Only after it has been added to this file is the model
available to any application using LAMÉ .
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6.5 Sierra/SM Files

In the previous four sections, the necessary source code additions to execute the constitutive routine
in the LAME library were all detailed. For a developer or user to actually use the model, two other
changes need to be made. These changes pertain to parsing data from an input deck and transfer-
ring that information to the relevant data structures used by the host code. The first modification
includes adding parser definition to translate information from an input deck. Specifically, the file
. . /apublic/parser/parser/Smod_Material_Model_Name . xml needs to be added
with syntax delineating input commands and variables which need to be prescribed. This input
would also include information on allowable data types and bounds. With the input nomen-
clature defined through such a file, the parser definition of the material must be registered in
../apublic/src/MaterialInputstructural.C.
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Appendix A

Common Boundary Value Problems

Throughout this effort, a wide variety of boundary value problems have been used to verify the
various model responses investigated. Although some of these are specially tailored to a model,
many of the loading paths and problems are common. As such, these repeated tests are presented
and discussed here in this appendix. Emphasis is placed on the boundary conditions and kinematic
descriptions that do not depend on the constitutive behavior and are therefore similar for all models.
Details on how to produce these paths in a finite element problem are also discussed. For details
on the various problems considered, the reader is referred to various texts ( [1, 2]) on the subject.
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A.1 Uniaxial Stress - Displacernent Controlled

In all likelihood, the most common test (experimentally or numerically) is that of uniaxial stress.
Such a state may be produced via either stress or displacement control. Here, the latter case is
discussed as displacement control can be essential when considering model responses that soften
through damage or other mechanisms. To produce the uniaxial stress of interest, a displacement of
the form u1 = (t) is applied along the x1 edge. In three dimensional finite element cases, it is also
essential to leave the x2 and x3 surfaces with a traction free condition. With elastically isotropic
materials, this produces a strain field of the form,

8ij = [bti bji — v (6. 0(5 j2 i36 i3)]ln (1 + /1) (A.1.1)

which produces o-11 as the only non-zero stress.
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A.2 Simple Shear

An alternative, and often simpler to implement, shear problem is that of simple shear. With such
a deformation field, only one shear stress component is non-zero (like the pure shear case). The
difference arises in that given a simple shear loading the diagonal stresses are not necessarily zero.
This state may be produced by a motion, x (X„ t) of the form x t) = X, + y (t) X26i1 . The
resultant deformation gradient, Fij, takes the form,

Fif = (Si; + y (t) 6i1.512 (A.2.1)

and it is noted that this deformation is volume preserving (J = det Fij = 1). Numerically, such a
deformation field results from applying a displacement in the x direction along the y surface.
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A.3 Pure Shear

To consider shear-based responses and behaviors of a model, uniaxial loadings are often insuf-
ficient. One problem, however, that does investigate shear deformations is that of a pure shear
problem. In such problems, only a single shear strain and stress component are non-zero. Such a
material state results from a deformation gradient of the form,

1 -F •
j 
= 
2 
— (A + A-1) (6 + i26 j2) + —

2
(A — A 

1 
) (dild + i2d jl) + 6 i36 j3, (A.3.1)

where the shear loading is relative to the x1 — x2 axis. The logarithmic strain tensor is then simply
si; = ln A(6i16. J2+ diy5i1). With such a strain tensor, it is trivial to note that a-12 is the only non-zero
stress.
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A.4 Hydrostatic Compression

In many cases, it is preferable to interrogate the pressure-dependent response of various models
independently of any deviatoric deformations. To consider such purely volumetric loadings, hy-
drostatic (almost always compression) problems are invoked. Such loadings are often also referred
to as uniform dilation as the volumetric change is the same in all three directions. Specifically,
in these cases a purely volumetric response is investigated by applying a deformation of the form
ui = (t). In a finite element problem, such a deformation field is reproduced by applying the
displacement components onto the corresponding edges. With such applied displacement fields,
the resulting logarithmic strain tensor is simply,

sii = ln (1 + A (t)) aii,

and the corresponding (elastic) stress field is simply o-ij = —pöjj where,

p = —3K1n (1 + A).

Note, in the preceding relation p is defined as positive in compression.

(A.4.1)

(A.4.2)
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A.5 Constant Equivalent Plastic Strain Rate

Typically, for a given boundary value problem it is desirable to know either the stress or defor-
mation (strain) state and solve for the complementary response functions. In the case of rate-
dependent hardening, or often rate-independent, it is preferable to prescribe a constant equivalent
plastic strain rate, P. Knowing, and controlling, this variable is often essential to finding and
solving analytical solutions to verify hardening models.

As the equivalent plastic strain, e, is the internal (hidden) state variable corresponding to isotropic
hardening, it is counterintuitive to think of prescribing it's value. Nonetheless, for many plasticity
models such a case is not only possible but relatively simple. Details of this approach may be
found in [3], but are repeated here for convenience and completeness. In the following, two cases
are treated — uniaxial stress and pure shear. For either problem, it is assumed that the stress state
is initially at yield (0 (o-ij (t = 0, e = 0)) = o-y°) and a constant equivalent plastic strain rate is
prescribed such that,

e (t) = et. (A.5.1)

Furthermore, it is recalled that the yield surface, f, is written as,

f P) = (o-ii) - 5- (e, Pi) , (A.5.2)

where,

(e,e) = er.y (e) (Ty (e) . (A.5.3)

Note, throughout this section function forms for fry and fry are not given. For the purposes of the
developed problem, the specific forms are unnecessarily as long as ety depends only on V' and fry
on the corresponding rate.

A.5.1 Uniaxial Stress

During uniaxial stress, the state of stress reduces to,

o-,j = o-(5,v5j,7 (no sum on 77) (A.5.4)

where ri is the direction of loading (taken to align with one of the material principal axes) and

cr =F05- (t), (A.5.5)

with F" being a constant associated with and dependent on the model parameters of the plasticity
model. Specific forms for the various yield surfaces are given later in this section. Given this stress
state, the axial elastic strain is simply,
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el F (t)
E
MI 
=  • (A.5.6)

To determine the plastic state of the material, the equivalency of plastic work (o-igi = HP) is
invoked enabling the axial plastic strain to be given as,

Integrating,

Cr . 
EP = —e 

1 
= -PE .nn 0- F,777

EP (0= —
1

1111 F"

The total strain is found simply as the sum of elastic and plastic components,

F„„1'
Cr (t)

IP/ (t) = + 
P ' 
= E F ,777

(A.5.7)

(A.5.8)

(A.5.9)

For this boundary value problem, only the axial displacement need be prescribed as zero traction
conditions are required on the remaining surfaces to achieve the uniaxial stress state. As the equiv-
alent plastic strain rate is constant, the flow stress, 5- (t), is known and the total strain of (A.5.9) is
only a function of time. Therefore, the desired displacement boundary condition may be prescribed
as a function of time alone and is simply,

/4,7 (t) = exp (e,p7(t)) — 1. (A.5.10)

J2 Plasticity

In the case of an isotropic .1 2 effective stress definition, for a uniaxial state of stress,

F7/11 = 1 (no sum on q) . (A.5.11)

Hosford Plasticity

As the Hosford effective stress definition is isotropic, for a uniaxial state of stress the coefficients
F" are simply,

Fim = 1 (no sum on ri) . (A.5.12)

Hill Plasticity

For a Hill effective stress definition, by inspection of (A.5.5) it is clear that,

= R" (no sum on II) .
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Barlat Plasticity

With a Barlat effective stress definition, the anisotropy coefficients are,

Fim = 1 (no sum on q) ,

where

1 1
=-
3

{
—
4

,
ici2 + C13 — C1/2 — C1,31a C2"3.a + .C12 + C13 -F1C12 + C13 -F 26'1 — 1 1 31 — c I a

1C2'3 — 26'1 — C'1,2 — Ci'31a + 163 — 261 -1- 26'1 — C2',31a -1- 16'3 — 261 +

-I- 16 2 — 261 — C/112 — -I- 162 — 261 + 26'1 — 6131a -1- 162 — 261 + 26'1

(A.5.14)

— c'3,21a (A.5.15)
}II a

— 6'21a1

(02=
1 { 1

—
3 4

[i ,
1C13 — 2E12 — C'' 13 2C/1' a21 -1- 1C1.3 — 2C/12 — c, 2'1 — C', a 231 1C/13 — 2C/12 — -1- 26' a31 21

+ IC21 1 + C123 — C1/3 + 26121a 1c21 1 CI23 C/21 C21131a 1C/21 C213 — C13/1 + 26121a (A.5.16)

+ 161 — 2c312 — Clit3 -1- 26121a 1C/31 — 262 — C1211 — C'2131a -1- 161 — 262 — c3ffi 2c3"211

}lla

1 { 1 [. ,
(03 = Ici23 4 

— 2c'n — c'1'2 + 26'31a + 162 2c'i3 — + 2c/2'31a + 162 — 2cto — c'3'1 — c3"2Ia

+ 161 — 263 — 6'2 + 2C/1131a -F 16'1 — 2 c '23 — c + 221 6'31a 1C121 — 2C/23 — C3111 — C13121a (A.5.17)
} 1/a

+ 161 + 62 — C'112 -1- 2C/1131a + 161 -1- 62 — + 221 6'31a -1- 161 + C3'2 — C'311 — C'3121a1 •

A.5.2 Pure Shear

To produce a pure shear stress state, the pure shear conditions discussed in Section A.3 are utilized.
In this case, for pure shear in the — e— zeta plane, a deformation gradient of the form,

1 1
Fij = —

2 
(A + (6 it/6 jq + g

\ 
—

2 

0.— A 1) (Shia. + 4-41) + 8i06 JO, (no sum on II, 4", 0),

(A.5.18)

with e0 being the cross-product of e q and e4-. With such a deformation,

sii = ln A (6.i,76 )4- + O. , (A.5.19)
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meaning the appropriate displacement boundary conditions may be applied if the total shear strain
is known.

For the pure shear strain case, the stress tensor is simply o-,j = T (6. iV5 K -Fogo JO and may be
equated to the shear stress as,

T = (t) 4") . (A.5.20)

The elastic strain may then simply be written as

T F 7.74-
E = — =

7/4. 2 µ 2 µ

To find the plastic strain rate, the plastic work equivalency is recalled such that,

= 2o-S:74, = (ri # 4.)

which produces an expression for the plastic strain rate as,

Integrating (A.5.23) yields,

leading to a total strain of the form,

and

1 .
=   ~ ••

21-774-

1
474. (t) = 

2F,g- #

1"77
sig (t) =  CT (t) + 

21-774-
Pt, (q 4-)

2 µ

(A.5.21)

(A.5.22)

(A.5.23)

(A.5.24)

(A.5.25)

(t) = exp (E,74- (t)) , (q 4') . (A.5.26)

J2 Plasticity

In the case of a isotropic J2 effective stress, the pure shear coefficients are,

1
F,74- = (ti # 4-) . (A.5.27)
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Hosford Plasticity

Although isotropic, the Hosford effective stress definition is non-quadratic leading to a stress mul-
tiplier of,

1 

[1 + 2a-1] 
1/a ~ 4-) '

Hill Plasticity

(A.5.28)

Like the uniaxial case, for the pure shear response a direct connection may be made between the R
stress ratios and Fq4- such that,

Rig
Fr14- ~ 4-) •

Barlat Plasticity

The Barlat effective stress definition produces stress relationships of the form,

where,

1

Flg" = —e (77 # ,

{ 
} 1 la

1

e12 = — [lc' — c" la + l c '44 + c '4'41a + lc/44la + 1c441a]2 44 44

{ 

} 1 la
1

63 = — [lc' — C" la + l C '55 + C '5,51a + I C '55 I a + 1C '5,51a ]2 55 55

1

.:11 2 — [IC'6 — C6" la + lc'66 + C,6/61a + lC166la + 1C,6,61a] 

}1/a

{ 6 6 •

(A.5.29)

(A.5.30)

(A.5.31)

(A.5.32)

(A.5.33)
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