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Abstract

In this work a strategy for numerical simulation of punching during concurrent press-

ing of stainless steel sheet metal has been investigated accounting for the stress triaxiality

and Lode angle parameter. Modelling of the damage evolution of a sheet metal is a use-

ful tool within the field of engineering and materials science, and can provide useful

information regarding material capabilities in a design process.

An inverse modelling approach was used, where both a material model and a damage

model were developed. The damage model was developed using the GISSMO damage

model (Generalized Incremental Stress State dependent damage MOdel) which incor-

porates the dependence on the stress triaxiality and the Lode angle parameter. The

fracture strain is defined in the stress triaxiality and Lode angle parameter space as a

surface and experiments were conducted to cover the space of the stress states. The

modified Mohr-Coulomb fracture criterion was used to predict fracture strain in every

stress state. The simulation software LS-DYNA was used for numerical modelling and

the software LS-OPT was used to identify damage parameters.

The results show good agreement with experimental data but due to issues with

stress state characterization of the experiments, further validation is necessary before

the damage model can be used in practice. The results from this work show a strong

potential for the inverse modelling approach to model the evolution of damage using

GISSMO. It was concluded that, in order to accurately describe the material behavior

during punching, experimental data from a wide variety of stress states is necessary and

the results from this work highlight the need of complete and accurate experiments.

These findings are important for future development of damage models.
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1 Introduction

The present paper is concerned with modelling of the fracture behaviour of a punching

process during forming of a sheet metal plate for a gasketed plate heat exchanger. In

most engineering applications, such as sheet metal forming, there is no interest in studying

the material behavior until complete fracture. Instead, forming limit diagrams (FLDs) are

commonly used to estimate sheet metal formability. However, when damage to the material

is required in order to achieve a purpose it is crucial to understand and predict the material

behavior from initial deformation until fracture. FLDs do not describe the fracture behavior

of a material, they only predict whether or not the material will fracture [1]. A damage

model on the other hand, describes the material degradation until complete fracture. The

problem at hand is approached using an inverse modelling technique where experimental

data is used to define the material behavior.

1.1 Alfa Laval

Alfa Laval is a global provider of products within heat transfer, separation and fluid handling

and acts in three areas, the energy sector, food & water industry and the marine industry.

Alfa Laval was founded in 1883 in Dalarna, Sweden, by Gustaf de Laval. Initially, the

company name was AB Separator which was changed to Alfa Laval AB in 1963. In 1938

Alfa Laval introduced its first heat exchanger and the development and production was

moved to Lund where it remains to this day [2].

1.2 Aim and objective

The aim of this thesis is to propose and investigate a strategy for numerical simulation of

punching during concurrent pressing of stainless steel sheet metal for heat exchanger applica-

tions. The objective is to accurately model and predict the fracture evolution behavior and

develop a method for designers to use in the forming process of plates for heat exchangers.

1.3 Confidential information

Some information in this report has been altered or removed due to confidentiality. This

includes experimental data and sensitive information regarding numerical values related to

both the material model and the damage model.

1.4 Limitations

The thesis is limited to studying the punching process in a forming simulation. A limited

set of material test data is used in the work where no rate dependency is taken into account

and the work is restricted by the available methods and material models in the software
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LS-DYNA. Furthermore, the previously obtained experimental test data is incomplete and

limits the material modelling.
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2 Theory

2.1 Layout and working principles of heat exchangers

The goal of this thesis work is to develop a numerical method that is applicable to heat

exchanger development. The main purpose of a heat exchanger is to heat or cool one

medium by transferring heat between it and another. A heat exchanger consists of a number

of corrugated plates that are fitted and sealed with rubber gaskets. The gaskets direct the

hot and cold fluids in an alternating manner between every other plate in order to achieve

the most efficient thermal performance [3]. In figure 1 a plate heat exchanger is illustrated.

Figure 1: Plate heat exchanger [3].

2.2 Stress and strain

Stress and strain are used to describe the load and deformation at an arbitrary point on,

or within, a body. In this section, the relationship between stress and strain is described as

well as how the stress state of a body is defined.

When studying material behaviour by uniaxial tensile or compressive testing, the relation-

ship between stress and strain can be presented as a stress-strain curve, which reveals a

number of material characteristics, such as the modulus of elasticity, yield strength and ul-

timate strength. When performing this type of testing, a force is applied to a specimen and

the displacement is measured as the load magnitude increases gradually. As the geometry

of the specimen influences the displacement response of the material, it is of interest to

convert the force- and displacement values into stress- and strain values, respectively. These
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quantities are independent of specimen size and geometry. Uniaxial normal stress can be

defined as the force per unit area according to

σeng =
F

A0
(1)

where F is the applied load and A0 is the initial cross-sectional area of the specimen. The

uniaxial normal strain can be defined as the change in length of the specimen divided by

the initial length as

εeng =
L− L0

L0
=

δ

L0
(2)

where L is the current length and L0 is the initial length. The subscript eng refers to

engineering stress and strain which is commonly used in engineering applications. However,

as a uniaxial tension or compression test specimen is subject to a load, the cross-sectional

area changes, meaning that the engineering stress-strain relationship is a simplification of

reality. Instead, the true stress can be used which is defined as

σ =
F

A
(3)

where A is the current cross-sectional area. The engineering strain can be related to the

true strain, assuming a constant volume of the specimen, as

ε = ln(1 + εeng) (4)

The ultimate strength, also referred to as the point of necking or the point of instability, oc-

curs at maximum engineering stress. At this point the strain will localize in a small region [4].

To describe the full 3D stress state of a body the stress tensor must be introduced. The

stress tensor describes the stresses in an arbitrary point on a continuum body and can be

divided into two parts, one hydrostatic part and one deviatoric part. The stress tensor is

defined in terms of traction vectors containing the stress components acting on a surface

section of a body. The traction vectors can, in directions perpendicular to the coordinate

axes, be expressed as

tT1 =
[
σ11 σ12 σ13

]
(5)

tT2 =
[
σ21 σ22 σ23

]
(6)

tT3 =
[
σ31 σ32 σ33

]
(7)

where σ11, σ22 and σ33 are normal stresses and σ12, σ13, σ21, σ23, σ31 and σ32 are shear
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stresses acting on a surface as shown in figure 2 [5].

Figure 2: Stress components of the Cauchy stress tensor [6].

The traction vectors can be combined to form the Cauchy stress tensor

[
σij

]
=

t
T
1

tT2
tT3

 =

σ11 σ12 σ13

σ21 σ22 σ23

σ31 σ32 σ33

 (8)

The part of the stress tensor that acts to change the volume of the body is called the

hydrostatic stress which is a scalar quantity and is defined as

σH =
σ11 + σ22 + σ33

3
(9)

where the numerator is the first Cauchy-stress invariant, I1 [5]. The hydrostatic stress can

be represented in the Haigh–Westergaard stress space by a position along the hydrostatic

axis where σ11 = σ22 = σ33 as illustrated in figure 3 below.
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Figure 3: Haigh-Westergaard stress space [7].

From the eigenvalue problem of the hydrostatic part of the stress tensor the hydrostatic

stress invariants I1, I2 and I3 can be defined as

I1 = σii, I2 =
1

2
σijσji, I3 =

1

3
σijσjkσki (10)

The hydrostatic stress invariants are used to describe the stress state in terms of triaxiality.

The part of the stress tensor responsible for the non-volumetric distortion of the body is the

deviatoric stress which contains the shear stresses [5]. It can be defined by subtracting the

hydrostatic stress from the stress tensor as

sij = σij −
1

3
σkkδij =

σ11 − σH σ12 σ13

σ21 σ22 − σH σ23

σ31 σ32 σ33 − σH

 (11)

The deviatoric stress can be represented in the Haigh–Westergaard stress space as the de-

viatoric plane, which is illustrated in figure 3.

The deviatoric stress invariants J1, J2 and J3 can be defined as

J1 = sii = 0, J2 =
1

2
sijsji, J3 =

1

3
sijsjkski (12)

The deviatoric stress invariants can be obtained directly from the stress tensor and are used

to define the Lode angle parameter which, together with the stress triaxiality, is used to

define the stress state of a body.

The fracture strain of a material has been shown to be dependent on the stress state [8]. This

dependency is described using the dimensionless stress triaxiality parameter. It is defined as
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the ratio between the mean stress and the equivalent von Mises stress and can be expressed

as

η =
σm
σeq

=
1
3(σ1 + σ2 + σ3)√

1
2 (σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2

from which it can be identified that the mean stress is the previously described hydrostatic

stress [9].

Studies conducted by [10] and [11] concluded that not only the hydrostatic stress has an

impact on the fracture strain, but also the Lode angle parameter should be included in

the constitutive material description. The Lode angle parameter can be described in terms

of the normalized third deviatoric stress invariant ξ. The Lode angle is illustrated in the

principal stress space in figure 3 as an angle in the deviatoric plane. The normalized third

deviatoric stress invariant can be expressed as

ξ =
27

2

J3
σ3
eq

(14)

which is then related to the Lode angle as

ξ = cos(3θ) (15)

The Lode angle can then be normalized and expressed as

θ = 1− 2

π
arccos(ξ) (16)

Since the Lode angle θ varies between 0 ≤ θ ≤ π
3 , the Lode angle parameter θ varies between

−1 ≤ θ ≤ 1 [11]. Together with the triaxiality, the Lode angle parameter defines a fracture

envelope in the principal stress space [10].

2.3 Damage mechanics

Damage mechanics is a branch of mechanics concerning prediction of fracture initiation,

crack propagation and fracture of materials. Experiments have shown that ductile fracture

is generally a three-step process: (a) accumulation of damage; (b) fracture initiation; and

(c) crack propagation. The fracture initiation occurs due to the accumulation of damage

which can be considered microscopically and macroscopically. On a microscopical scale

damage is observed as nucleation, growth and coalescence of voids. On a macroscopical

scale however, damage can be observed as the loss of load-bearing capacity of a material in

terms of decreased stiffness, strength and reduced ductility [10].

7



This work is focused on the macroscopical scale of damage and uses a continuum damage

mechanics approach, meaning that the material is idealized as a continua. The accumulation

of damage is described by an internal damage variable which is a scalar quantity and will

be further presented in section 2.7 along with damage modelling approaches.

2.3.1 Ductile fracture

There are two fundamental types of fracture in metals, brittle fracture and ductile fracture,

where the latter will be discussed here due to its relevance to this work. Material failure

in ductile solids is mainly caused by nucleation, growth and coalescence of voids as a result

of an applied load. The nucleation of voids can be seen on a microscopic level and is the

result of either decohesion at the boundary between a particle and the matrix, or by particle

cracking during material deformation. After void nucleation, the voids grow as a result of

an applied load that changes their size and shape. The voids will continue to grow until a

critical distance between them is reached and the matrix between them fails which results

in microcracks. The cracks then propagate due to void coalescence [12].

Due to its industrial importance, the field of ductile fracture has been of interest for many

researchers over the last 70 years [13]. The focus of the research has been on how the

stress state of a metal controls the ductile fracture. Among others, [8] concluded that

ductile fracture, measured as equivalent strain to fracture, is strongly dependent on stress

triaxiality. However, through experimental observations it has been concluded that the

proposed fracture models that take only triaxiality into account cannot describe the fracture

behaviour over a large range of triaxialities. This has led to the introduction of the Lode

angle parameter into the fracture models [14].

In sheet metal forming, forming limit diagrams are used to evaluate necking and thinning

of sheet metal plates. A forming limit diagram describes whether or not the material will

fracture which is insufficient when the fracture development and crack propagation is of

interest [1]. Damage models on the other hand, describe the material degradation on a

more detailed level and, for the applications in this work where the fracture is implied, the

FLD loses its relevance.

2.4 Materials testing

Physical experiments have been conducted to lay the foundation for the damage model in this

work. In the experiments, the specimens have a thickness of 0.5 mm and are designed such

that they each represent a different stress state, as described by the Lode angle parameter

and the stress triaxiality. From each experiment a fracture strain can be found, which will

then lay the foundation of the three-dimensional fracture locus. The tests are conducted in a

quasi-static manner and are performed to provide a plane stress state. Each test is performed

in the rolling direction of the material, which provides insufficient data to completely define
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the material model in terms of material anisotropy. Previous material tests are used to make

up for the missing data. All geometries that were used in the experiments will be presented

and described in this section.

2.4.1 Uniaxial tensile test

In the uniaxial tensile test, a flat specimen shaped like the one in figure 4 is loaded into a

tensile test machine where both ends are clamped. A uniaxial load is applied to both ends

and the elongation of the specimen and the applied force are measured. The shape of the

specimen confines the deformation to the center where the fracture eventually occurs. From

the information obtained in the tensile test the stresses, strains, Poisson’s ratio and stiffness

of the material can be obtained [15]. The uniaxial tensile test is designed to, in theory,

describe the stress state at triaxiality η = 1
3 and Lode angle parameter θ = 1.

Figure 4: Geometry of uniaxial tensile test used for experiment [16].

2.4.2 Plane strain

The plane strain test has a notch which localizes the stress and restricts the lateral contrac-

tion and therefore the formation of a neck, as opposed to the uniaxial tensile test, will not

take shape. The plane strain test is performed the same way as the uniaxial tensile test. It

is designed to be in a stress state of triaxiality η = 1√
3
and Lode angle parameter θ = 0 and

is illustrated in figure 5.

Figure 5: Geometry of plane strain test used for experiment [16].

2.4.3 Shear test

The geometry of the shear test is designed such that the specimen experiences a shear

failure parallell to the load direction. The shear test is performed in the same manner as the

9



uniaxial tensile and plane strain tests. It should in theory be in a stress state of triaxiality

η = 0.1 and have Lode angle parameter θ = 0 and is illustrated in figure 6.

Figure 6: Geometry of general shear test used for experiment [16].

2.4.4 Biaxial bulge test

The biaxial bulge test is a Nakajima test designed to describe a stress state of triaxility

η = 0.67 and a Lode angle parameter θ = −1. It consists of a circular metal sheet clamped

between a die and a holder that is stretched using a hemispherical punch as presented in

figure 7.

Figure 7: Geometry of biaxial tension test used for experiment [16].

2.4.5 Digital Image Correlation

From the experiments described above, data is extracted using Digital Image Correlation

(DIC), which is a non-contact optical technique for measuring displacement. In a subsequent

step, strain fields can be evaluated from the measured displacements. The method makes use

of digital cameras that register the course of deformation of a test specimen. On the specimen

surface a speckle pattern is applied, for example using spray paint, which the software uses

to map the shape and deformation of the object using the commercial software ARAMIS.

From the deformation field, the strain field is determined which is then used to determine

the strain tensor at every point [17].
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2.4.6 Anisotropy

The data provided by the material tests is not enough to define the material model as

the tensile tests have been performed only in the rolling direction. However, in previous

material testing used to calibrate a material model the 316 steel has shown anisotropic

characteristics, meaning that is has directionally dependent properties. This is therefore

taken into account in this work as well. The anisotropy is described by the yield stresses in

different directions and the Lankford coefficients. The yield stress in the rolling direction is

obtained from experimental data using a condition such as the 0.2% offset yield strength.

The yield stresses in other directions than the rolling direction are obtained using a scale

factor determined by the quotient between the yield stress in the rolling direction from the

new experiments and the yield stress from the old experiments. The Lankford coefficient,

or the R-value, is defined as the ratio between width strain and thickness strain as

R =
εw
εt

(17)

where the rolling direction is perpendicular to both the width and thickness. The forming

ability for rolled sheet metals is defined by the normal anisotropy ratio, which is determined

using three directions relative to the rolling direction as

Rm =
R0 + 2R45 +R90

4
(18)

where R0, R45 and R90 are the Lankford coefficients in different directions relative to the

rolling direction [18].

2.4.7 The Least-squares criterion

This work is approached using an inverse modelling technique, meaning that experimental

data is used to obtain parameter values that define the system, i.e. the damage parameters.

To solve the inverse modelling problem, the least-squares method is used which minimizes an

objective function which is the residual sum of the squares, hence the name of the method.

The residuals are defined as the difference between a given data set of n values, y1, ..., yn

and a fitted model f consisting of values f1, ..., fn as

ei = yi − fi (19)

and the mean of the data is defined as

y =
1

n

n∑
i=1

yi (20)

The correlation between the data and the fitted model can then be measured with two sums
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of squares, namely the residual sum of squares SSres and the total sum of squares SStot,

defined as

SSres =
∑
i

(yi − fi)
2 =

∑
i

e2i (21)

and

SStot =
∑
i

(yi − y)2 (22)

By combining these values the coefficient of determination R2 can be defined from which the

correlation between the given data set and the fitted line can be obtained. The coefficient

is defined as

R2 = 1− SSres

SStot
(23)

and is a measure of how well the dependent variable correlates to the independent variable

[19].

2.5 The finite element method

To study the fracture behavior of the plate, differential equations are used to describe the

physical problem mathematically. The solution to the system of differential equations can-

not be obtained analytically and is instead found numerically, by dividing the domain into

smaller parts, finite elements, which are used to approximate the solution of the boundary

value problem in each element. In order to solve arbitrary differential equations they first

have to be reformulated into an equivalent form, the so-called weak formulation and there-

after into the FE-formulation, which is presented in this section. Further details can be

found in [5].

2.5.1 Strong formulation

After introducing the connection between the traction vector and the stress tensor in sec-

tion 2.2, the equations of motion for an arbitrary point on a surface S of a body with volume

V can be formulated. The outer forces acting on the surface are summarized in the traction

vector ti and the body forces per unit volume are summarized in the vector bi. The displace-

ment is denoted ui and the acceleration becomes üi, with two superposed dots denoting the

second derivative with respect to time. Newton’s second law of motion states that

ˆ
S
tidS +

ˆ
V
bidV =

ˆ
V
ρüidV (24)

where ρ is the density. In order to reformulate this equation for an arbitrary region we use

the divergence theorem of Gauss which, for an arbitrary vector q, states that
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ˆ
V
qi,idV =

ˆ
S
qinidS (25)

This relation can be generalized to an arbitrary quantity cij as

ˆ
V
cij,jdV =

ˆ
S
cijnjdS (26)

Using equation (26), we can reformulate equation (24) to obtain

ˆ
V
(σij,j + bi − ρüi)dV = 0 (27)

which holds for arbitrary regions of a body, and can be simplified as

σij,j + bi = ρüi (28)

which expresses the equations of motion and is the strong finite element formulation.

2.5.2 Weak formulation

From the equations of motion, i.e. the strong formulation in equation (28), we can derive

the weak formulation by multiplying equation (28) by an arbitrary weight vector vi and

integrate over the volume V to obtain

ˆ
V
vi(σij,j + bi − ρüi)dV = 0 (29)

which we rewrite into

ˆ
V
[(σijvi),j − σijvi,j ] dV +

ˆ
V
(vibi − ρviüi)dV = 0 (30)

If we utilize the divergence theorem of Gauss from equation (25) and obtain

ˆ
V
(σijvi),jdV =

ˆ
S
σijvinjdS =

ˆ
S
vitidS (31)

By using equation (31) in equation (30), we obtain

ˆ
V
ρviüidV +

ˆ
V
vi,jσijdV =

ˆ
S
vitidS +

ˆ
V
vibidV (32)

Since the vector vi is arbitrary and unrelated to the displacement vector ui, we use the

quantity

εvij =
1

2
(vi,j + vj,i) (33)
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which is the strain associated with the vector vi in the same manner as the strain tensor εij

is related to the displacement vector ui. By using the symmetry properties of σij we obtain

vi,jσij =
1

2
(vi,jσij + vj,iσji) =

1

2
(vi,jσij + vj,iσij) = εvijσij (34)

which we use to rewrite equation (32) to obtain the weak formulation of the equations of

motion as

ˆ
V
ρviüidV +

ˆ
V
εvijσijdV =

ˆ
S
vitidS +

ˆ
V
vibidV (35)

2.5.3 FE-formulation

By rewriting the weak formulation presented in equation (35) on matrix form we obtain

ˆ
V
ρvT üdV +

ˆ
V
(εv)TσdV =

ˆ
S
vT tdS +

ˆ
V
vTbdV (36)

where the displacement vector u can be expressed as

u = Na (37)

where N contains the global shape functions and a includes all nodal displacements of the

body. From the time dependence of the displacements it follows that

ü = Nä (38)

From the displacements given by equation (37) the strains can be expressed using the matrix

B, which is derived from the matrix N , as

ε = Ba (39)

The arbitrary weight vector v is chosen using the Galerkin method, meaning that it is

approximated in the same manner as the displacements u. Due to this we can express the

weight function as

v = Nc (40)

where vector c is arbitrary, just like v. From this relation we can determine the strains as

εv = Bc (41)

With the use of equation (40) and equation (41) in the weak form equation (35) while noting

that c is independent of position, we obtain
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cT
[ˆ

V
(ρNTNdV )ä+

ˆ
V
BTσdV −

ˆ
S
NT tdS −

ˆ
V
NT bdV

]
= 0 (42)

Since this relation holds for arbitrary c-matrices, it can be concluded that

Mä+

ˆ
V
BTσdV = f (43)

where M can be defined as

M =

ˆ
V
ρNTNdV (44)

and f defines the external forces according to

f =

ˆ
S
NT tdS +

ˆ
V
NT bdV (45)

The expression in equation (43) holds for any constitutive relation and is the FE-approximation

that is the foundation of the numerical analyses in this work.

2.5.4 Contact modelling

The purpose of this work is to develop a method to predict material behaviour in a cutting

or punching process. Due to this, a relevant part of the numerical modelling is contact

modelling. There are several ways to model contact and here only the penalty method will

be presented as it is exclusively used in this thesis work. In a penalty contact formulation the

two bodies in contact are allowed to penetrate each other and depending on the penetration

depth there will be a corresponding contact force, which acts like a spring in tension. In

figure 8 the penalty contact method is illustrated where the slave surface penetrates the

master surface.
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Figure 8: Penalty contact illustrating the slave surface penetrating the master surface. F -
contact force, k - contact stiffness, x - penetration distance [20].

As can be seen in figure 8, the contact force is proportional to the penetration depth. A

one-way contact is used due to its appropriateness when the master side of the contact is a

rigid body, such as a a punch or die in a stamping simulation. In one-way contacts only the

slave nodes are checked for penetration through the master surface and a Coulomb friction

formulation is used to define the tangential contact behavior [21].

2.5.5 Friction modelling

When contact conditions are present in finite element modelling an important aspect is

friction modelling. There is a number of approaches to account for friction effects and the

simplest and most commonly used is the Coulomb friction formulation. Coulomb friction

is a friction model defined by a constant force opposite to the direction of motion and

independent of the velocity and can be expressed as

Ff = µFN (46)

where µ is the Coulomb friction coefficient and Fn is the normal force. The Coulomb friction

model does not take dynamic effects into account and it simplifies the phenomenon of friction

as it assumes that the frictional force is proportional to the normal force, independently of

the contact area. It is limited in that it cannot take a unique value of friction at zero velocity.

It is a simplified and efficient method of calculating the frictional force and is, despite its

flaws, commonly used in engineering problems [22]. In figure 9 the Coulomb friction force

is illustrated as a function of velocity.
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Figure 9: The friction force described by the Coulomb formulation [22].

2.5.6 Mass scaling

Finite element simulation times are dependent on the size of the model and the time step.

In general, the model size is static so in order to reduce the simulation run time the time

step has to be increased. An efficient method of doing this is to use mass scaling, which is a

way to add nonphysical mass to a model in order to reduce the run time of the simulation.

For an explicit integration scheme to be stable, there is a critical time step that must be

maintained. The critical time step can be defined as

∆tmin = Lmin/

√
E(1− ν)

ρ(1 + ν)(1− 2ν)
(47)

where Lmin is the minimum length of an element, ρ is the material density, E is the Young’s

modulus and ν is Poisson’s ratio. From the critical time step we can obtain the minimum

number of incremental steps in the solution according to

nmin =
T

∆tmin
(48)

where T is the total forming time. From equation (48) it can be seen that, in order to

reduce the number of incremental steps, it is necessary to either reduce the forming time

or increase the critical time step. Since the forming time is generally fixed, the remaining

option is to increase the critical time step. Without modifying the element size, this can

be done by adding non-physical mass to increase density. In equation (47) it can be seen

that by increasing material density, an increase in time step follows [23]. Excessive mass

scaling may introduce dynamic problems such as oscillations in the solution and may stop

the calculation from converging. In LS-DYNA the mass scaling is applied to those elements

whose time step would otherwise be less than the specified value and not every element in
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the model.

2.6 Constitutive modelling

A constitutive model contains the mathematical description of how a material responds to

loads and uses stress-strain relations to formulate the governing equations. Constitutive

modelling is an intensely researched field within solid mechanics and a few concepts relevant

to this work are presented in this section.

2.6.1 Plasticity

Plasticity theory is a non-linear, time independent material behavior where strains remain in

the material after unloading. These residual strains are referred to as plastic strains. Strain

can be divided into two parts, namely elastic strain and plastic strain, which together make

the total strain as

ε = εe + εp (49)

where εe and εp represent the elastic strain and the plastic strain, respectively. In equa-

tion (49), the contribution from thermal strains has been neglected. The strain acts in a

linear manner, proportional to the stiffness E until the yield stress is reached, after which

plastic strain is developed. Using the linear relationship between stress and strain in the

elastic region, the plastic strain can be defined as

εp = ε− σ

E
(50)

The plastic behavior is controlled by the material model which contains three important

elements, namely the yield function, the hardening rule and the flow rule [5].

2.6.2 Yield criteria

The yield criterion for a material can be illustrated as a surface in the principal stress space.

It defines the limit of elasticity and onset of plastic deformation for a material when subject

to a load. If the stress state lies inside the surface the response is elastic and when the stress

state lies on the surface it has reached the point of yielding, from which plastic deformation

takes place [5]. There is a number of established yield criteria, such as the commonly used

von Mises and Tresca formulations. In figure 10 the yield surfaces for the Tresca and von

Mises yield criterion are illustrated. The yield criterion used in the present work is presented

in connection to the material model in section 2.6.4.
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Figure 10: Tresca and von Mises yield surface in a two-dimensional stress space [24].

2.6.3 Hardening rule

The hardening rule describes how the yield surface changes with plastic loading. It can

change isotropically, kinematically or by a mix between the two. For isotropic hardening,

the yield surface remains in the same position and with the same shape but varies in size

with plastic deformation. For kinematic hardening however, the yield surface has a fixed

shape and size but its position changes with plastic deformation. In real load cases, it is

common with a mixed hardening where the shape of the yield surface remains fixed while

its size and position change with plastic deformation.

The yield surface shown in figure 10 can be described in terms of the hardening parameters

Kα that determine how the yield surface changes with plastic deformation. The subscript

α may refer to a number of hardening parameters that are either scalars or higher-order

tensors. With this information we can express the yield surface as

f(σij ,Kα) = 0 (51)

where Kα = 0 before plasticity is initiated. The third element that controls the plastic

behaviour is the flow rule, which describes how the plastic strain evolves in a material and

can be expressed as the constitutive relation

ε̇pij = λ̇
∂f

∂σij
; λ̇ ≥ 0 (52)

where f = 0 represents the yield surface, meaning that the plastic strain rate evolves in

the normal direction to the yield surface in an incremental manner. The magnitude of the

19



plastic strain is determined by the plastic multiplier λ̇ [5].

2.6.4 Barlat YLD2000

The material model used in this work is developed by [25] and has proven to be efficient and

provide accurate results in sheet metal forming processes. It is a frequently used material

model for forming simulations at Alfa Laval due to its flexibility regarding input parameters

and applicability on different models using different element types. The yield surface for the

material model is expressed as

f(σ, α, εp) = σeff (σxx − 2αxx − αyy, σyy − 2αyy − αxx, σxy − αxy)− σt
Y (εp, ε̇p, β) ≤ 0 (53)

where the effective stress, σeff is defined as

σeff (sxx, syy, sxy) =

[
1

2
(φ′ + φ′′)

](1/a)
(54)

and the functions φ
′
and φ

′′
are defined as

φ
′
= |X ′

1 −X
′
2|a

φ
′′
= |2X ′′

1 +X
′′
2 |a + |X ′′

1 + 2X
′′
2 |a

(55)

The exponent a is associated with the crystal structure of the material and X
′
i and X

′′
i are

eigenvalues of the linearly transformed deviatoric stresses X
′
ij and X

′′
ij , given by

X
′
1 =

1

2

(
X

′
11 +X

′
22 +

√
(X

′
11 −X

′
22)

2 + 4X
′
12

2

)
X

′
2 =

1

2

(
X

′
11 +X

′
22 −

√
(X

′
11 −X

′
22)

2 + 4X
′
12

2

) (56)

and

X
′′
1 =

1

2

(
X

′′
11 +X

′′
22 +

√
(X

′′
11 −X

′′
22)

2 + 4X
′′
12

2

)
X

′′
2 =

1

2

(
X

′′
11 +X

′′
22 −

√
(X

′′
11 −X

′′
22)

2 + 4X
′′
12

2

) (57)

The linear transformation of the deviatoric stresses is given by
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X
′
11

X
′
22

X
′
33

 =

L
′
11 L

′
12 0

L
′
21 L

′
22 0

0 0 L
′
33


sxx

syy

szz


X

′′
11

X
′′
22

X
′′
33

 =

L
′′
11 L

′′
12 0

L
′′
21 L

′′
22 0

0 0 L
′′
33


sxx

syy

szz


(58)

where


L

′
11

L
′
12

L
′
21

L
′
22

L
′
33

 =
1

3


2 0 0

−1 0 0

0 −1 0

0 2 0

0 0 3


α1

α2

α7



L

′′
11

L
′′
12

L
′′
21

L
′′
22

L
′′
33

 =
1

9


−2 2 8 −2 0

1 −4 −4 4 0

4 −4 −4 1 0

−2 8 2 −2 0

0 0 0 0 9




α3

α4

α5

α6

α8



(59)

The parameters α1 to α8 determine the shape of the yield surface and are calculated using

a Newton-Raphson procedure [26]. In figure 11 the yield surface for the Barlat YLD2000

yield criteria is illustrated and compared to the von Mises yield criteria.

Figure 11: Illustration of a yield surface using the Barlat YLD2000 yield criteria compared
with the von Mises yield criteria [27].
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2.7 Damage modelling

Damage modelling is relevant when the material behavior beyond the point of instability

is of interest. From initial loading until the point of instability the material behavior is

described by the material model whereafter the damage model is coupled to the stress

which controls the material degradation until the point of fracture. Beyond the instability

point the solution is no longer unique and is mesh dependent. The concept of the damage

modelling in this work is illustrated in figure 12.

Figure 12: Connection between material model and damage model [28].

The instability parameter, FD, and the damage variable, D, shown in figure 12, begin

to evolve at the onset of plastic deformation. At the point of instability, the instability

parameter reaches a value of one and the damage parameter reaches a critical value different

from zero. At this point the damage is coupled to the stress and the material degradation

is initiated. These parameters are further discussed in section 2.7.4. Damage evolution

does not progress spontaneously after it has been initiated but requires a damage evolution

model. Damage models can be divided into two branches, the physics-based models and

the continuum mechanics models. A physics-based model is a physically sound model which

incorporates physical mechanisms such as void growth and coalescence, such as the Gurson

model, found in [29]. The continuum mechanics damage models are phenomenological and

are controlled by certain conditions that are expressed in terms of parameters such as stress,

strain or energy. It can be considered an engineering approach to damage mechanics as

opposed to a more scientific model [30]. To model the damage initiation and propagation

in this work, the damage model GISSMO (Generalized Incremental Stress State dependent

damage MOdel) is used which is a phenomenological model, meaning that it is consistent

with fundamental theory, but not directly derived from it. The damage model was proposed
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in [31] and is implemented in LS-DYNA and can be applied to any material model in the

software.

2.7.1 Modelling of fracture

As mentioned previously, ductile fracture is dependent on the triaxiality and the Lode angle

parameter. However, before the Lode angle parameter was introduced, only triaxiality was

used to predict failure strain which, under plane stress assumption, is valid and is illustrated

in figure 13.

Figure 13: Hypothetical fracture strain in plane stress [32].

The response in figure 13 shows a typical behaviour of a plane stress case. For plane stress,

where σ3 = 0, it was shown in [33] that the stress triaxiality can be uniquely related to the

Lode angle parameter by

ξ = cos
[π
2
(1− θ)

]
= −27

2
η(η2 − 1

3
) (60)

which means that only one of the parameters needs to be determined to describe the stress

state, such as in figure 13. When the damage model is to be used in three dimensions, such

as in a punching process, it is no longer a plane stress case and the triaxiality and Lode

angle parameter become independent of each other. The result of adding the Lode angle

parameter is that instead of a failure curve as presented in figure 13, a surface is required

to define the failure, as illustrated in figure 14.
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Figure 14: Three-dimensional fracture surface dependent on triaxiality and the Lode angle
parameter [11].

As can be seen in figure 14, the plane stress and plane strain stress states are included which

shows the limitation of using shell elements and a plane stress assumption.

2.7.2 Damage evolution

Material damage can be described as the loss of load bearing capacity of a material and

from a continuum point of view this shows as a decrease in material stiffness, strength and

ductility. An intuitive way to describe this is from a microscopical point of view, in terms

of effective resisting area in relation to the initial cross-sectional area. As the effective area

is reduced and the damage increases, the stress will reduce and the material softens. When

the effective area is reduced to zero, the material fails. The evolution of damage can then

be expressed in terms of a damage variable D which is expressed by Lemaitre [34] as

D = 1−
Aeffective

Ainitial
(61)

where D is the damage variable, Aeffective is the effective resisting area and Ainitial is the

initial cross-sectional area. The damage can be coupled to the stress according to

σ∗ = σ(1−D) (62)

where σ∗ is the stress coupled to the damage and σ is the current stress.
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2.7.3 Johnson-Cook damage model

The Johnson-Cook damage model is another phenomenological damage model that considers

stress triaxiality, strain rate and temperature dependence in the fracture formulation. It is

presented here due to its relevance to the damage evolution in GISSMO. The Johnson-Cook

damage model uses a linear damage accumulation expressed as

D =
εp
εf

(63)

where the fracture strain εf is expressed by [35] as

εf = (d1 + d2 exp(−d3η))

[
1 + d4ln

(
ε̇pe
ε̇

)]
(64)

where d1, d2, d3 and d4 are material constants. As can be seen in equation (64), the fracture

strain is defined as a function of stress triaxiality. As shown by [10], [11] and others, material

damage is not only dependent on the triaxiality but also the Lode angle parameter which

is why the Johnson-Cook damage model loses its relevance in damage modelling. The

fracture strain dependence on triaxiality and independence of the Lode angle parameter in

the Johnson-Cook model is illustrated in figure 15.

Figure 15: Fracture locus independent of normalized third stress invariant ξ, proposed by
Johnson-Cook [11].

2.7.4 GISSMO

The damage accumulation in GISSMO is of Johnson-Cook type, which can be seen in the

formulation of the damage evolution described below

D =

(
εp
εf

)n

(65)
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where εp is the plastic strain, εf is the fracture strain at a given triaxiality and Lode angle

parameter value and n is the non-linear damage exponent. This can be compared to the

Johnson-Cook model where the damage accumulation is linear and n = 1. If a load path

is of varying triaxiality it is necessary with an incremental damage equation (65) can be

expressed incrementally as

dD =
n

εf (η, ξ)
D

n−1
n dεp = f(D, εf )dε

p (66)

meaning that the damage starts to evolve at the point of initial plastic deformation. The

fracture strain in GISSMO, as opposed to the Johnson-Cook model, is dependent on both

triaxiality and Lode angle parameter and is constant for every stress state.

The stress is coupled to the damage at the point of material instability which is dependent

on effective plastic strain as a function of triaxiality. The variable F determines the point

of material instability which evolves with plastic strain as

dF =
n

εi(η)
F (1− 1

n
)dεp 0 ≤ F ≤ 1 (67)

At the point of initial plastic deformation, both the damage and the material instability

begin to evolve. The instability parameter F is zero at initial plastic strain and one at the

point of necking. The damage parameter is equal to zero at initial plastic strain and reaches

a critical value DCRIT ̸= 0 at the point of necking, which is when the damage is coupled to

the stress and material degradation is initiated. At D = 1 the material fractures. Beyond

the point of instability the stress is coupled to the damage as

σ∗ = σ

[
1−

(
D −DCRIT

1−DCRIT

)FADEXP
]

(68)

where the fading exponent, FADEXP , is a parameter that impacts the softening behavior

once the damage has been coupled to the stress. GISSMO is activated in LS-DYNA using

*MAT ADD DAMAGE GISSMO [36].

GISSMO can be compared to other damage models, such as the previously mentioned

Johnson-Cook and Gurson damage models. The difference in damage accumulation be-

tween the Johnson-Cook, Gurson and GISSMO damage models is illustrated in figure 16.

It can be observed that, compared to the GISSMO model, the Johnson-Cook model tends

to overestimate damage accumulation and the Gurson model underestimates damage due

to its inability to consider shear deformation.
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Figure 16: Comparison of damage accumulation between the Johnson-Cook, GISSMO, and
the Gurson damage models [37].

2.7.5 Modified Mohr-Coulomb fracture criterion

The Mohr-Coulomb fracture criterion (MMC) is a fracture criterion that has proven to

accurately take the effects of Lode angle parameter and triaxiality into account. It was first

developed for rock and soil materials and due to the stress state being dependent on the same

parameters, the criterion can also be used in ductile metals. The authors of [38] suggested

an extension to the Mohr-Coulomb fracture criterion. Their suggestion, the modified Mohr-

Coulomb fracture criterion, is used in this work and will be briefly described in this section

and a more detailed derivation can be found in their original paper.

The fracture in the Mohr-Coulomb criterion occurs when the normal stress, σn and the shear

stress, τ reach a critical value defined as

(τ + c1σn)f = c2 (69)

where the parameters c1 and c2 are material constants, referred to as a friction coefficient

and a shear resistance, respectively.

To find the point of fracture in equation (69) one must solve the maximum value problem

expressed in terms of principal stresses as

(√
1− c21 + c1

)
σ1 −

(√
1 + c21 − 1

)
σ3 = 2c2 (70)

In order to express the fracture criterion in the stress space of (εf , η, θ), the principal stresses

must be expressed in terms of the spherical coordinate system (σm, η, θ). From a geometrical

representation of the principal stresses and the deviatoric stresses on the deviatoric plane,

the principal stresses can be expressed in terms of σm, η and θ as
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σ1 =

[
1 +

2cosθ

3η

]
σm

σ2 =

[
1 +

2cos(23π + θ)

3η

]
σm

σ3 =

[
1 +

2cos(43π + θ)

3η

]
σm

(71)

By inserting equation (71) into equation (70) the Mohr-Coulomb criterion can be expressed

in terms of σ, η and θ as

σ = c2

[√
1 + c21

3
cos(

π

6
− θ) + c1

(
η +

1

3
sin(

π

6
− θ)

)]−1

(72)

The same authors proposed a hardening rule dependent on both hydrostatic pressure and

Lode angle parameter as

σ = Kεn[csθ + (caxθ − csθ)

√
3

2−
√
3

[
sec

(
θπ

6

)
− 1

]
(73)

caxθ =

1 for θ ≥ 0

ccθ for θ < 0
(74)

where K and n are obtained from the power hardening of the material and csθ and ccθ describe

the pressure and Lode angle dependence. Now the fracture locus of a general 3D-case can

be expressed in terms of εf , η and θ by substituting equation (73) into equation (72) to

obtain

εf =

[
K
c2

[
csθ +

√
3

2−
√
3
(caxθ − csθ)

(
sec

(
θπ
6

)
− 1

)]
[√

1+c21
3 cos

(
θπ
6

)
+ c1

(
η + 1

3sin
(
θπ
6

))]]− 1
n

(75)

In equation (75) there are six parameters (K,n, csθ, c
c
θ, c1, c2) that need to be determined.

K and n are determined using experimental data, ccθ is set to one while the other three

parameters are determined by fitting a surface to experimental fracture points. In figure 17,

a hypothetical fracture locus using the modified Mohr-Coulomb fracture criterion is used.

28



Figure 17: An illustration of a hypothetical fracture locus, indicated by the red dots, using
the modified Mohr-Coulomb fracture criterion.
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3 Method

To develop a damage model several steps need to be performed. Firstly, relevant experi-

mental data is gathered as presented in section 2.4, followed by numerical modelling of the

test specimens. Thereafter, the material model is calibrated and the damage parameters

are determined. Once the damage parameters are determined the fracture locus is obtained

which is followed by a mesh regularization.

3.1 Numerical setup

In this section the numerical modelling of the material model and the damage model cal-

ibration is presented. The numerical setup for a punching model is also presented as it is

used to test the damage model in a practical case even though it cannot be validated with

measured test data.

3.1.1 Meshing and boundary conditions

The specimens are modelled using solid elements with reduced integration. In the case of

a plane stress problem shell elements can be used but due to the three-dimensionality of

the punching process, solid elements are necessesary to describe the different stress states.

As opposed to the pre-necking state, the damage model is element size dependent. Due to

this, the element size used in the future application of the damage model should also be the

element size used in the damage model calibration. As the damage model is to be applied

to forming simulations with an element length as short as 0.1 mm, the same element length

should be used in the damage model calibration as well. However, due to computational

limitations and lack of time, an element length of 0.125 mm is used. Only the part of the

specimen that is affected by the damage model, i.e. the part that experiences large enough

plastic strains, has a refined mesh where the damage model is active. It is possible to do

a mesh regularization, meaning that the resulting damage can be scaled based on element

size which is a method of making finite element models mesh independent.

If possible, symmetry conditions are used for the models such as for the uniaxial tensile test

which is modelled as an eighth of the original model as can be seen in figure 18. Symmetry

conditions are used along the bottom boundary in the Y-direction, along the left boundary

in the X-direction and along the thickness in the Z-direction. This greatly reduces the size

of the model and therefore also the computational time. As can be seen when comparing

the two models for the uniaxial tensile test, the upper portion has been removed as that

section is clamped in the experimental setup. The force is measured using a cross section

plane and the displacement is measured using a history node located in the clamped section.
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Figure 18: Original and symmetric model of the uniaxial tensile test.

3.1.2 Sensitivity study

A sensitivity study is conducted for the uniaxial tensile test to reduce simulation time while

assuring mesh independence in the material model calibration. Both the mesh and the

element type are considered in the sensitivity study. For the mesh study, three different

element sizes are compared, as presented in table 1. The resulting three hardening curves

are presented in figure 19.

Table 1: Meshing parameters for the uniaxial tensile test.

Model a b c

Maximum length 0.1 mm 0.3 mm 0.5 mm

Minimum length 0.1 mm 0.3 mm 0.5 mm

Number of elements 24000 3500 1500

CPU time 2h 03 min 23 min 12 min
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Figure 19: Resulting hardening curves for different element lengths.

Another way to reduce computational time is to reduce the number of integration points

in each element. The force-displacement response for fully integrated elements with eight

integration points is compared with the response for under-integrated elements with one

integration point. In figure 20 the force-displacement response for the uniaxial tensile test

is illustrated.

Figure 20: Force-displacement response for fully integrated and under-integrated solid ele-
ments.

32



3.1.3 Forming simulation with a punch

To test the damage model in a practical case, a forming simulation including a punch is set

up. The forming model has a stamp and a die with a 0.5 mm blank in between as illustrated

in figure 21 below. The stamp and die are modelled as rigid shell bodies while the blank

is of 316 stainless steel modelled with solid elements. The forming simulation is run both

using the original calibration element size and the smaller element size with regularization.

Figure 21: Forming model with a punch.

3.2 Calibration of material model

The material model is used to describe the material behaviour until the point of necking

and is calibrated using experimental data which is done by determining a hardening curve

based on a tensile test. The tensile test used to calibrate the hardening curve is the uniaxial

tensile test presented in section 2.4.1. In this section the method of calibrating the material

model will be described.

3.2.1 Material hardening

Once the material is stretched beyond the elastic limit, i.e. the yield strength, it starts to

experience plastic deformation. The yield stress is assumed to be at 0.2% plastic strain,

which is a common way to determine the yield stress of a material. The hardening curve

is determined by fitting a curve to the experimental stress-strain data. The curve fitting is

done in Excel using the least-squares method which is described in section 2.4.7. The data

used for the curve fitting is every measured experimental point from the yield stress until

the point of necking. The hardening behavior of the material is represented by a power law

model, defined as σ = Kεn, which is determined using experimental data from the uniaxial

tensile test. In the power law, K is a material constant and n is the strain hardening

exponent. In figure 22 the experimental true stress as a function of plastic strain for the
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uniaxial tensile test is presented together with the fitted hardening curve. The hardening

curve is validated using the four experimental tests cases, namely the uniaxial tensile test,

the shear test, the plane strain test and the biaxial bulge test, which were presented in

section 2.4. The hardening curve is directly used in the material model in LS-DYNA as a

load curve consisting of the true stress values at given plastic strains. The points on the

hardening curve beyond the necking point are extrapolated stress values that are coupled

to the damage as previously described.

Figure 22: Hardening curve fitted using a power law.

3.2.2 Anisotropic behavior

As mentioned in section 2.4.6, the rolled 316 stainless steel has shown anisotropic behaviour

in previous tests, which is described in the material model by parameters defining the yield

stress in different directions together with the R-values. The material properties for the 316

stainless steel used in the tests will not be presented here due to confidentiality.

3.3 Damage modelling

To model damage and failure using GISSMO, a number of input parameters are required as

presented in section 2.7.4. These parameters affect the onset of necking and the post necking

behaviour. The damage and fracture are dependent on the stress state of the material which

is described in the Lode angle parameter and triaxiality stress space. Depending on the stress

state, the material will have different points of instability onset and fracture strain and to

obtain these values, the simulation data is recorded as force and displacement and is matched

against experimental data.

34



3.3.1 Parameter identification

The software LS-OPT is used for parameter identification of the parametrized finite element

models. The parameters that are determined are the damage exponent, the fading exponent,

the instability strain and the fracture strain using the least square method with experimental

fitting data. In figure 23 the user interface in LS-OPT is illustrated where an example

parameter setup is also shown. The variables e1, e2 and e3 represent instability strains and

f1, f2 and f3 represent the fracture strains at different values of triaxiality. The parameters

fadexp and dmgexp represent the fading exponent and the damage exponent, respectively,

which were introduced in section 2.7.4.

Figure 23: LS-OPT user interface for parameter identification.

Each of the models is run independently in LS-OPT to determine start values for their

respective triaxiality values and thereafter the obtained parameter values are combined into

one general GISSMO-card in LS-DYNA and tested for each model. The stress state for each

model is measured from DIC data as an average value obtained from the center region of

each specimen, which is presented in table 2.

Table 2: Stress state for each model.

Case Triaxiality, η Lode angle parameter, θ

Shear 0.100 0

Uniaxial tension 0.333 1

Plane strain 0.577 0

Biaxial tension 0.677 -1

Depending on the result, i.e. if further parameter fitting is necessary, a complete optimiza-

tion with all models running simultaneously can be carried out. In the individual runs the

strain values are independent of triaxiality which is necessary to make them independent of

the order of fitting. Furthermore, the Lode angle parameter is not taken into account in the

parameter optimization which could potentially pose a problem if different tests show similar
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triaxialities but different Lode angle parameters, i.e. the plane stress assumption may not

be enough to describe the stress state. In figure 24 an example of an initial instability- and

fracture strain setup for the uniaxial tensile test is illustrated. The instability strain for the

uniaxial tensile test is taken directly from the experimental data as the equivalent plastic

strain at maximum stress. For the other tests this value is determined using LS-OPT.

Figure 24: Example setup for an LS-OPT parameter optimization.

The points used for curve fitting in the algorithm are presented in figure 25 together with

the experimental data. Only points from the softening of the experimental data are used

as this is where the damage model acts and the stress is coupled to the material model. In

order to save time in LS-OPT, the number of points should be as low as possible while still

describing the softening behavior.
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Figure 25: Experimental data with chosen damage calibration points.

3.3.2 Fracture locus

The fracture locus is formed by the fracture criterion based on the fracture strains found in

the different stress states. Due to the vast number of stress states it is not possible to find

the fracture strain for every load case. However, it is possible to find the fracture strain

for stress states that describe the general shape of the fracture locus, hence the different

experiments that were conducted. Certain assumptions must still be made, such as the

fracture criterion, which in this case is chosen as the modified Mohr-Coloumb criterion

described in section 2.7.5. To create the fracture locus, a number of points corresponding

to measured fracture strains, obtained using LS-OPT, are used in a python script in which

a curvefit function generates a surface according to the fracture criterion. The points that

make up the surface are written to an input file as load curves in a table that can be used

in LS-DYNA using the *INCLUDE keyword. An example of a fracture locus is illustrated

in figure 17.

3.3.3 Mesh regularization

Due to the mesh dependency of the damage model it should be calibrated using the same

element size as for the case to which it is applied. Due to long computational times the

element size used in the damage model calibration is larger than the size for the intended

purpose. In order to make the solution mesh independent a mesh regularization is conducted,

meaning that a scale factor for the fracture strain is used. To find the scale factor, the

uniaxial tensile test is used with an element length of 0.1 mm and the resulting force-

displacement curve is compared to the original model with an element length of 0.125 mm.
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From this a scale factor for the fracture strain is guessed and tested for the 0.1 mm case.

Once the scale factor has been obtained it is tested with the other models.
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4 Results

In this section the results for the material model and the damage model are presented

separately. Furthermore, comparisons with experimental data are presented as well as the

results from the forming simulation with a punch with and without mesh regularization.

4.1 Material model calibration

The resulting hardening behaviour for the Barlat-YLD2000 material model is presented for

each model in this section. No damage is activated when validating the material model.

((a)) ((b))

((c)) ((d))

Figure 26: Experimental data and simulated response from the ((a)) uniaxial tensile test,
((b)) plane strain test, ((c)) shear stress test and ((d)) biaxial bulge test without an active
damage model.
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4.2 Damage parameter identification

The results from the GISSMO parameter identification using LS-OPT are presented in this

section.

Table 3: Resulting parameters from LS-OPT.

Case Damage exponent Fading exponent Instability strain, εi Fracture strain, εf
Shear 2.28 2.3 0.51 0.66

Uniaxial tension 2.28 2.3 0.296 0.67

Plane strain 2.28 2.3 0.26 0.78

Biaxial tension 2.28 2.3 0.31 0.73

In figure 27 the result for each model is presented. The damage parameters obtained in

LS-OPT are used for each individual case independent of each other.

((a)) ((b))

((c)) ((d))

Figure 27: Experimental data and simulated response from the ((a)) uniaxial tensile test
((b)) plane strain test, ((c)) shear stress test and ((d)) biaxial bulge test with damage
parameters obtained from LS-OPT for each case.
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4.2.1 Combined GISSMO material card

In figure 28 the result from each individual case is presented when the damage parameters

obtained in LS-OPT are combined into one material card in LS-DYNA.

((a)) ((b))

((c)) ((d))

Figure 28: Experimental data and simulated response from the ((a)) uniaxial tensile test
((b)) plane strain test, ((c)) shear stress test and ((d)) biaxial bulge test with damage
parameters combined into one card in LS-DYNA.

4.2.2 Uniaxial tensile test

The stress state for the uniaxial tensile test prior to fracture is illustrated in figure 29 which

shows a uniform distribution of its theoretical stress state value.
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Figure 29: Visualization of stress state in uniaxial tension model prior to fracture initiation.

4.2.3 Plane strain test

The stress state for the plane strain test prior to fracture is illustrated in figure 30 shows a

non-uniform stress state and the fracture is not initiated in its theoretical plain strain stress

state.

Figure 30: Visualization of stress state in the plane strain model prior to fracture initiation.
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In figure 31 the strain field distribution from the plane strain experiment obtained using

DIC is illustrated. A part of it has been cropped off and compared to the simulated strain

field distribution in figure 32. It can be seen that the strain distribution is similar between

the two.

Figure 31: Experimental strain field distribution in the plane strain model prior to fracture
initiation.

((a)) ((b))

Figure 32: Strain field distribution in the plane strain model from ((a)) experimental DIC
data and ((b)) simulated response.

4.2.4 Shear stress test

The stress state for the shear stress after fracture is presented in figure 33 and it can be seen

that the fracture occurs in a stress state close to uniaxial tension and not in its theoretical

shear stress state.
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Figure 33: Visualization of stress state in the shear stress model after fracture initiation and
propagation.

4.2.5 Biaxial bulge test

The strain distribution of the biaxial bulge test is strongly influenced by the friction between

the sheet metal and the hemispherical punch, and the simulation results are in good agree-

ment with the experimental data obtained from DIC. In figure 34 the strain distribution for

the biaxial bulge test is illustrated.
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Figure 34: Visualization of the simulated strain field distribution of the biaxial bulge model
prior to fracture viewed from above.

In figure 35 the fracture for the biaxial bulge test is illustrated, which emphasizes the issues

with the material model.

Figure 35: Visualization of fracture in the biaxial bulge model in a perspective view on the
left and viewed from above on the right.

4.3 Fracture locus

Due to the observations made in figure 30 and figure 33, some of the parameters in table 3

must be modified before the final fracture strain can take form. The fracture strain for the

plane strain model has been modified as well as the instability strain for the shear stress

model, both in their theoretical stress states. The results show that the fracture is not
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initiated in their respective theoretical stress states which implies that the obtained fracture

strain is not applicable in that stress state. Due to this observation, the fracture strain for

the plane strain model is approximated to better agree with the MMC fracture criterion.

The same is done with the instability strain for the shear stress model. The final fracture

strains used to fit the surface are presented in table 4 and the final fracture locus is illustrated

in figure 36 where the obtained stress states are compared with the theoretical stress states

for the plane strain and shear stress models.

Table 4: Modified parameters from LS-OPT based on simulation observations.

Case Damage exponent Fading exponent Instability strain, εi Fracture strain, εf
Shear 2.28 2.3 0.29 0.66

Uniaxial tension 2.28 2.3 0.296 0.67

Plane strain 2.28 2.3 0.26 0.62

Biaxial tension 2.28 2.3 0.31 0.73

Figure 36: Comparison between theoretical and obtained stress states for the plane strain
and shear stress models. The green arrows refer to the desired stress states and the red
arrows refer to the stress states obtained in the present experiments.

The final fracture locus used in the damage model is illustrated in figure 37 where no

comparison is made between stress states. The stress states used for the surface fitting are

represented by the black markers. Due to the lack of experimental data, a point has been

added to increase the fracture strain in the compressive stress state. This is based on the fact

that the fracture strain has, in previous research, proven to be a monotonically decreasing

function of triaxiality and that the model should not be limited in the compressive stress
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state. The fracture locus shows good agreement between the final fracture strains and the

modified Mohr-Coulomb fracture criterion with an R-squared value of 0.98.

Figure 37: Fracture locus created using the MMC fracture criterion and the fracture strains
in table 4.

The fracture strain as a function of triaxiality for the plane stress case is presented in

figure 38. The black markers represent the theoretical stress states of the experiments.

Figure 38: Triaxiality-strain evolution in plane stress.

4.3.1 Experimental models

In this section the results from each model using the fracture locus will be presented.
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((a)) ((b))

((c)) ((d))

Figure 39: Experimental data and simulated response from the ((a)) uniaxial tensile test
((b)) plane strain test, ((c)) shear stress test and ((d)) biaxial bulge test using the fracture
locus presented in figure 37.

4.3.2 Punch model

The results from the forming model with a punch cannot be quantified and compared to

experimental data such as the other models. It is possible however, to analyze the results

and discuss the feasibility of the simulation. The resulting blank geometry from the forming

simulation with a punch using the obtained fracture locus is illustrated in figure 40.
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Figure 40: Resulting geometry of forming simulation with a punch.

The stress state in a forming simulation is not uniform and generally varies between a

uniaxial tension and a biaxial stress state. When a punch is included however, the stress

state in the immediate area around the punch is highly variable, as depicted in figure 41.

Due to this, the accuracy of the damage model is clearly dependent on the stress states of

the tests that have been performed. The varying stress state in the punching process shows

that a plane stress assumption is not accurate and the Lode angle dependence must be

accounted for as well as the need for a wide variety of experimental stress states for accurate

damage model calibration.
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Figure 41: Stress states of a sheet in forming with a punch and the theoretical stress states
of the experiments.

4.4 Mesh regularization

The mesh regularization is done for the uniaxial tensile test and then applied on the other

models. In this section the regularization results for the uniaxial tensile test and its applica-

tion on the forming model with a punch are presented. In figure 42 the force displacement

response for the uniaxial tensile test with the original element length of 0.125 mm is pre-

sented together with the response using an element size of 0.1 mm with and without a

regularization factor.
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Figure 42: Force displacement response for the uniaxial tensile test with different element
lengths and with regularization.

In figure 43 the forming simulation with a punch is illustrated with the original element

length of 0.125 mm without a regularization factor and an element length of 0.1 mm with a

regularization factor. This illustrates the mesh dependency of the damage model.

((a)) ((b))

Figure 43: Comparison of the forming simulation with a punch with ((a)) element length
of 0.125 mm without a regularization factor and ((b)) element length of 0.1 mm with a
regularization factor.
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Figure 44: A cross section of the punch where roll-over and burr can be seen.
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5 Discussion

In this section, the results will be adressed and possible sources of error will be discussed.

Additionally, suggestions for future work will be provided.

5.1 Material model

The material model response, as presented in section 4.1, agrees well the experimental

results for the uniaxial tensile test, but for the other tests the response is stiffer than the

experimental data. Some inaccuracy is not unexpected, partly because the material model is

calibrated based only on the uniaxial tensile test and partly due to the lack of experimental

data to accurately assess anisotropy. The inaccuracy of the material model can be seen in

figure 35 where the biaxial bulge test fractures unnaturally. Furthermore, the modelling of

the biaxial bulge test has inherent problems such as contact and friction conditions. The

force displacement response turned out to be especially dependent on the friction between the

clamps and the sheet metal. The strain distribution on the metal sheet showed dependency

on the friction between the hemispherical bulge and the sheet metal. These issues require

information regarding how the experiments were conducted and an accurate estimate of the

friction conditions. They should perhaps be avoided altogether by designing the experiment

differently.

5.2 Damage model

The stress state in a punching process varies greatly between different stress states which

requires a wide variety of stress states in the experimental data to calibrate the damage

model. The current experimental data does not include a pure shear or compressive stress

state, which exist during the punching process. This suggests that additional experiments

that cover the missing stress states should be conducted in order to predict the fracture

behaviour during punching.

Instead of obtaining the damage parameters using LS-OPT, a possible approach is to use

digital image correlation (DIC) to map the strain field onto a mesh by assigning the dis-

placement and strain values at each node of the mesh. From this, the instability and fracture

strains can be obtained and be used to determine the damage parameters. Another poten-

tially accurate but computationally demanding method of obtaining the damage parameters

is to parametrize a fracture locus and vary the parameters in LS-OPT in a full-field param-

eter identification with all four models simultaneously. This would add the Lode angle

dependency in the parameter optimization algorithm which could provide a more exact

fracture surface.

The use of the MMC fracture criterion assumes that the damage in every stress state can

be described by experiments in a plane stress state and therefore also that the fracture

53



criterion accurately estimates the fracture strains in other stress states. The choice to use the

MMC fracture criterion is based on successful results in previous research regarding ductile

fracture. The results from this work do not show perfect agreement with the criterion but

this is believed to be due to the design of the experiments and the difficulty characterizing the

stress states. However, further testing in a wider variety of stress states would be necessary

to confirm that the MMC criterion is accurate.

Regarding the regularization, it can be seen in figure 43 that, despite the regularization, the

resulting geometries of the punch differ which raises the question of whether the regulariza-

tion is accurate. The difference between them is due to material draw-in towards the punch

when a finer mesh is used. The draw-in found in the punch models with a shorter element

length is consistent with previous results at Alfa Laval, while the punch model with a longer

element length does not show enough draw-in which may be a modelling issue. Even though

the results from the forming simulation with a punch cannot be validated, the model shows

a promising result as it has both a burr and a roll-over, which are natural characteristics of

a punch. This is illustrated in figure 44.

5.3 Sources of error

The characterization of the stress state of a geometry did not turn out to be a straight

forward process. In the uniaxial tensile test the stress state is uniform and the fracture

occurs in the theoretical stress state as presented in figure 29. In the plane strain test

however, the localized strain in the notch creates a tensile stress state in the critical edge

element and not a plane strain stress state as can be seen in figure 30. This results in that the

fracture is initiated in a region close to uniaxial tension which raises the question of which

stress state the specimen can be considered to be in. The effect of this can be seen when

comparing the results from the plane strain test using the individual damage parameters

obtained in LS-OPT in figure 27 with the damage parameters combined in one material card

in figure 28. It can be observed that the force displacement response differs, which suggests

that the fracture of the plane strain test does not occur in its theoretical stress state. This

leads to difficulties finding a fracture strain for the model that agrees well with the fracture

criterion. Furthermore, when comparing the experimental strain field distribution with the

simulated strain field distribution they are very similar, as can be seen in figure 32, which

means that the model captures the experimental behavior. This confirms the inhomogeneous

nature of the experiment. A similar issue arises with the shear test as the fracture initiation

and propagation does not occur in a shear stress state as can be seen in figure 33 and is

further illustrated in figure 36. This brings into question whether the shear stress test can

actually be considered to be in a shear stress state or if the experiment should be conducted

differently. Due to this, approximations of the fracture strain in the plane strain stress

state and the instability strain in the shear stress state were made. However, despite the

modifications to the fracture surface the results show good agreement with the experimental
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data which further emphasizes the inaccuracy of the experimental stress states.

Despite the anisotropy of the material, the GISSMO damage model is isotropic. This will

affect the result and reduce the accuracy of the damage model. To remedy this, an extended

version of GISSMO can be used where the damage accumulation is orientation dependent.

5.4 Future work

The material model should be further developed by additional testing in directions other

than the rolling direction. This would improve accuracy of the anisotropy assessment which

could have a remarkable impact on the damage model.

The damage model developed in this work can be further improved by experimental testing

and validation. In the pure shear and compressive stress states, the accuracy of the model

cannot be determined due to the lack of experimental data available for comparison. Con-

ducting a punching and a compressive experiment would therefore be valuable in order to

improve and validate the damage model in shear and compression.

To further improve the model, a full field, three dimensional parameter identification should

be conducted in order to include the Lode angle dependency in the optimization algorithm

in LS-OPT. This could reduce the issues with the models being in a similar stress state.

Since the damage model is limited to 316 stainless steel, a similar work must be conducted for

other materials of interest, such as titanium. In future work, the design of the experiments

should be reconsidered and carefully chosen based on the intended use of the damage model.

The issues with the plane strain test could be avoided with a differently designed experiment.

For example, by changing the radius of the notched section the stress state could approach

plane strain. Furthermore, issues with friction modelling in the biaxial bulge test suggest

that it may be relevant to further investigate its impact. The biaxial bulge test can also be

replaced with a biaxial tensile test and the current shear test can be redesigned.

The mesh regularization requires continued work for element lengths different from the

ones investigated in this work. For example, an element length larger than the one used

for calibration of the damage model has not been investigated, which would diversify the

damage model.
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6 Conclusions

The present approach for investigating a strategy for numerical simulations of punching

during concurrent pressing of stainless steel sheet metal appears promising for use with other

materials. Despite the lack of incorporation of physical mechanisms, the phenomenological

GISSMO damage model shows good experimental agreement. The material model can be

more carefully calibrated by additional testing in different directions in the sheet metal in

order to more accurately assess the material anisotropy. Inherent modelling issues, such as

contact and friction conditions as well as difficulties characterizing stress states suggest that

experiments should be designed differently.

Before the damage model resulting from this work can be used in the design process it should

be validated with physical testing. Despite the results showing a fairly good agreement with

the experiments that have been conducted, there is uncertainty about whether the fracture

strains have been obtained in the correct stress states. It should be taken into account that

there is a lack of comparative data in the shear, compressive and plane strain stress states.

Despite the mentioned issues, this thesis work and the resulting damage model may provide

valuable insight into the sheet metal punching process.
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