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Abstract:

This study investigates ductile fracture modelling approaches with the objective of
identifying a reliable criterion for the numerical simulation of deep drawing processes. A
comparative analysis was conducted to evaluate the ability of representative fracture
formulations to capture damage evolution under conditions of large plastic deformation. The
results indicate that a stress-based damage criterion provides superior predictive capability for
fracture initiation compared to conventional strain-based approaches. This model enables a
more accurate description of damage accumulation by accounting for the combined effects of
stress state and plastic deformation. To facilitate practical application, the selected fracture
criterion was implemented in the Abaqus finite element framework through a dedicated user-
defined material subroutine (UMAT). The numerical simulations demonstrate that the proposed
implementation accurately predicts damage localization and fracture onset at different stages
of the forming process. The findings confirm the suitability of the proposed modelling strategy
for analyzing deep drawing operations and highlight its potential for improving the reliability
of numerical predictions in sheet metal forming. The developed approach provides a practical
tool for process optimization and quality improvement in forming applications where accurate
fracture prediction is critical.

Keywords: Ductile fracture; Deep drawing; Brozzo criterion; Damage accumulation; Abaqus
UMAT.

1. Introduction
Ductile fracture is a complex mecha- metallic materials subjected to plastic

nism that defines the serviceability limits of deformation. Deep drawing, one of the most
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widely applied sheet-metal forming pro-
cesses, involves severe plastic deformation
along with contact interactions between
the sheet, punch, and die. These in-
teractions generate a highly non-uniform
stress—strain state, including pronounced
through-thickness gradients, evolving stress
triaxiality, and non-proportional loading
paths. Under such conditions, damage tends
to accumulate locally, particularly in the die-
radius and wall regions, ultimately leading
to fracture.

Although numerous ductile fracture
models have been proposed, many demon-
strate limited predictive capability under
deep-drawing conditions. Phenomenologi-
cal criteria calibrated under simple loading
paths often fail to capture the combined in-
fluence of hydrostatic stress, changing stress
states, and deformation path dependency
inherent to deep drawing. Models that ne-
glect the progressive accumulation of dam-
age or assume proportional loading may
provide acceptable predictions for uniaxial
tension or simple forming operations, yet
they lose accuracy when applied to the com-
plex, contact-dominated, and highly con-
strained deformation characteristic of deep
drawing. Conversely, micromechanical mod-
els capable of describing damage evolution
frequently require extensive parameter cal-
ibration and remain difficult to implement
efficiently in large-scale numerical simula-
tions of industrial forming processes.

Consequently, the absence of a uni-
versally applicable and computationally ef-
ficient fracture model tailored to deep-
drawing conditions constitutes a significant
scientific and practical challenge. This ne-
cessitates a systematic analysis of existing
ductile fracture models, with particular em-
phasis on their ability to represent damage
accumulation under non-uniform, multiax-
ial, and non-proportional loading. Identify-
ing the model that most accurately reflects
these mechanisms and developing an appro-
priate numerical implementation are there-
fore essential steps toward reliable predic-
tion of material failure during deep drawing
and the optimization of forming processes.

For instance, Giang et al. [1] studied the
deep drawing process of cup-shaped parts
made of SUS304 stainless steel using numer-
ical modeling and experimental verification.
The authors determined that the use of the
Barlat 89 plasticity model allows for accu-
rate prediction of earing formation, which is
important for predicting defects during the
drawing process. Ha et al. [2] investigated
the elastic deformation and springback of U-
shaped structures produced by deep drawing
of copper alloys using numerical modeling
and experimental data. They applied the
finite element method with the von Mises
plasticity criterion and isotropic hardening
to analyze the loads and elastic response,
which helped to explain the differences in
the behavior of different alloys. In addition,
Thanh [3] proposed an improved phase-field
method for predicting crack formation and
development in brittle materials, which al-
lows for high accuracy in determining the
critical load. The numerical results for seven
test structures showed a maximum error of
4.5% compared to reference methods, con-
firming the effectiveness of the approach for
fracture modeling.

Laboubi et al. [4] implemented Abaqus
numerical modeling of the DC04 steel deep
drawing process using a Vectorised User Ma-
terial (VUMAT) subroutine to predict duc-
tile fracture, showing high agreement with
experimental data. Zhu et al. [5] performed
numerical simulations in Abaqus of the frac-
ture process of high-strength X80 pipe steel
using VUMAT to implement the DF2014
ductile fracture criterion, which allowed
them to accurately predict crack trajecto-
ries under various stress states. Dey and
Kiran [6] demonstrated numerical modeling
in Abaqus to generate training data and im-
plement the Gurson—Tvergaard-Needleman
ductile fracture model, after which they used
a long short-term memory (LSTM) neural
network to predict the load—compression be-
havior before fracture in metal samples. In
turn, Talebi-Ghadikolaee et al. [7] imple-
mented the normalized Cockroft-Latham
criterion in Abaqus/Explicit through a cus-
tom subroutine to predict the flexural failure
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of AA6061-T6, confirming the accuracy of
numerical modeling with an error of 2.57%
and using machine learning to improve the
prediction of damage evolution.

Talebi-Ghadikolaee et al. [8] imple-
mented three ductile fracture criteria
(Ayada, Rice-Tracey, and normalized Cock-
croft-Latham) in Abaqus/Explicit via a
custom subroutine to predict fracture in
AA6061-T6 during roll forming. Their study
focused on selecting the most accurate crite-
rion through calibration using a flat tensile
test, with the Ayada model providing the
lowest error. In contrast, the present work
does not aim at criterion comparison for
a specific alloy or forming operation, but
rather at identifying and implementing a
fracture model that explicitly captures dam-
age accumulation under the complex stress
states characteristic of deep drawing.

Wang et al. [9] developed a ductile frac-
ture model incorporating both stress triaxial-
ity and the Lode angle parameter, which was
implemented in Abaqus/Explicit using VU-
MAT and validated for Ti-6Al-4V under con-
trolled, predefined stress states. While their
approach emphasizes the accurate reproduc-
tion of fracture displacement and crack mor-
phology across different loading paths, it is
primarily oriented towards general fracture
characterization rather than process-specific
forming operations. By contrast, the current
study focuses on a forming-oriented imple-
mentation, targeting the prediction of fail-
ure initiation during deep drawing through a
damage accumulation framework. Similarly,
Guo et al. [10] proposed a damage-adjusted
viscoplasticity model for aluminum alloys
under hot deformation, explicitly account-
ing for temperature and strain-rate effects
and implementing the formulation through
VUMAT. Their work addresses thermome-
chanical conditions typical of hot forming,
whereas the present study concentrates on
cold deep-drawing conditions and priori-
tizes the representation of damage evolu-
tion driven by multiaxial stress states and
non-uniform plastic deformation.

This study aims to compare ductile frac-
ture models and determine the most effec-

tive one for modeling the deep drawing pro-
cess, which has not been comprehensively
addressed in the literature. The tasks in-
clude analysis of existing models, develop-
ment of a specialized subroutine, and nu-
merical modeling of the process.

2. Materials and methods

To achieve the research goals, the study
was conducted in three main phases: (1) a
systematic review and comparative analy-
sis of existing ductile fracture models, (2)
the development of a specialized Abaqus
user subroutine (UMAT') implementing the
selected fracture criterion, and (3) numeri-
cal implementation and validation through
theoretical simulation of a deep-drawing pro-
cess.

2.1. Review and selection of ductile
fracture models

During the initial phase, the prin-
cipal ductile fracture models (including
Cockeroft & Latham, Brozzo, Oh, John-
son & Cook, Bai & Wierzbicki, Mod-
ified Mohr-Coulomb, Lou-Huh, Gurson-
Tvergaard-Needleman, and Lemaitre) were
analyzed with respect to their underly-
ing assumptions, input parameter require-
ments, sensitivity to stress triaxiality, ability
to account for damage accumulation, and
applicability under the non-uniform, non-
proportional loading conditions characteris-
tic of deep drawing.

Models that neglect hydrostatic stress
effects or assume simple proportional load-
ing paths were identified as less suitable for
deep-drawing simulations. In contrast, crite-
ria explicitly incorporating stress triaxiality
and cumulative damage were found to be
more appropriate. Schematic formulations
for fracture prediction using the Cockcroft
& Latham, Brozzo, and Oh models were
examined in detail. Based on this analy-
sis, the Brozzo model was selected as the
most suitable framework due to its proven
capability to capture progressive damage
accumulation under multiaxial stress states
typical of sheet metal forming operations
like deep drawing.
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2.2. Development of the Brozzo-
based UMAT subroutine

The second phase involved creating a
specialized custom UMAT subroutine imple-
menting the Brozzo fracture criterion. This
selection was based on the model’s ability
to accurately account for damage accumu-
lation in materials undergoing large plastic
deformation, which is critical for simulating
deep drawing.

The fundamental equation of the inte-
gral fracture criterion, describing damage
accumulation through the integration of the
ratio of maximum principal stress to equiv-
alent stress over plastic strain, was defined
as:

/:f <Zl> de, = C (1)

where o; is the maximum principal
stress, o, is the von Mises equivalent stress,
de, is the incremental plastic strain, and C
is a material-dependent parameter.

The implementation of the fracture cri-
terion and the associated plastic flow algo-
rithm was carried out within the Abaqus
2024 computational environment. Key in-
terface elements utilized in the simulation
setup included:

o Parts: Geometry creation for the
sheet metal blank

e« Material: Definition of mechani-
cal properties including the plasticity
model

o Section: Assignment of material type
and distribution across the part

o Step: Configuration of analysis steps
and solution procedures

o Instance: Creation of geometry in-
stances for model assembly

o Boundary Condition: Application
of constraints and loading conditions

e Global Seeds: Specification of finite
element mesh parameters for numeri-
cal computation

The subroutine algorithm was designed
to calculate key deformation state parame-
ters, determine damage accumulation, and
update material state variables at each inte-
gration point and time increment.

2.3. UMAT programming and nu-
merical implementation

The final phase involved programming
the User Material (UMAT) subroutine in
Fortran based on the Brozzo fracture crite-
rion. The code structure was designed to
incorporate damage accumulation at each
finite element node through incremental up-
dates of a state variable. The damage cri-
terion for the Brozzo model, determining
material failure initiation, was implemented
as:

Umax
D = +é&p (2)

where o is the material’s ultimate ten-
sile strength, 0.« is the maximum principal
stress, and ¢, is the accumulated equivalent
plastic strain. Material failure is assumed
to occur when D > 1.

To characterize material plastic flow,
the anisotropic Hill48 yield function was
employed, accounting for directional depen-
dence of mechanical properties:

F(oy, — Uzz)2 + G0, — UM>2
oy = | +H(0wm — Uyy)Q + 2LTy22 (3)
+2M72, +2N72,

where 04,,0y,,0.. are normal stress
components, Ty, Ty, .z are shear stress
components, and F,G, H,L, M, N are ma-
terial coefficients characterizing anisotropic
plastic response.

2.4. Numerical modeling and valida-
tion framework

Theoretical numerical modeling of the
deep drawing process was conducted using
the implemented fracture criterion under re-
alistic sheet material deformation conditions.
Special emphasis was placed on identifying
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regions of damage concentration and pre-
dicting the onset of part failure at different
deformation stages.

To verify the robustness of the Brozzo-
based UMAT implementation, a sensitiv-
ity analysis was performed considering
mesh density, through-thickness integration
points, time increment size, and key mate-
rial parameters. Variations in these inputs
resulted in changes of less than 5% in pre-
dicted fracture initiation strain and did not
significantly affect damage localization pat-
terns, confirming the numerical stability of
the implemented model.

3. Results and discussion

3.1. Comparative analysis of ductile
fracture models

Ductile fracture constitutes a critical
aspect of metallic material deformation me-
chanics, particularly in processes involving
substantial plastic deformation such as deep
drawing. The selection of an appropriate
fracture model is essential for accurately
predicting crack initiation and propagation,
which enables defect prevention in finished
products and optimization of manufacturing
processes. Various ductile fracture models
describe damage mechanisms through differ-
ent approaches, ranging from phenomenolog-
ical to micromechanical frameworks [11-13].

The Cockcroft & Latham model rep-
resents a phenomenological approach de-
veloped to predict ductile fracture during
plastic deformation [13,14]. This model as-
sumes that material failure occurs when the
integrated value of the maximum principal
stress exceeds a critical threshold, calculated
as the integral of maximum principal stress
over the plastic deformation history. While
widely employed to assess crack resistance
in high-grade steels undergoing significant
plastic deformation, this model exhibits lim-
itations for deep-drawing applications due
to its neglect of hydrostatic stress effects.

The Brozzo model constitutes an en-
hancement of the Cockcroft & Latham
framework [15,16], incorporating the influ-
ence of hydrostatic stress—a critical factor

for processes characterized by high triaxial
stresses. By combining maximum princi-
pal stress criteria with a hydrostatic compo-
nent, the Brozzo model provides more ac-
curate failure predictions under conditions
of elevated triaxial stress, as commonly en-
countered in forming operations like deep
drawing and extrusion. For metal form-
ing processes involving substantial hydro-
static stress levels, the Brozzo model deliv-
ers superior prediction accuracy for mate-
rials such as aluminum alloys, extensively
utilized in aerospace and automotive indus-
tries [17-19)].

As illustrated in Table 1, the Brozzo
model estimation process involves calculat-
ing principal and hydrostatic stresses, com-
bining these measures, and integrating them
with plastic strain to determine when stress
levels exceed critical values. This approach
demonstrates better correlation with experi-
mental data compared to models considering
only maximum principal stress.

The Oh model represents a specialized
framework for predicting material failure
in axisymmetric extrusion processes where
stress state control is paramount [20, 21].
While based on maximum principal stress,
this model incorporates specific characteris-
tics of spatial stress distribution typical of
extrusion operations, where materials expe-
rience significant loading under constrained
deformation conditions. This model effec-
tively assesses defect formation and failure
risk during metal extrusion processes, such
as aluminum profile or copper wire produc-
tion, where stress states evolve along the
process axis.

The Johnson & Cook model provides an
important tool for predicting material fail-
ure under high-speed, elevated-temperature
deformation conditions, such as impact or
explosive loading scenarios [22,23]. This
model incorporates not only mechanical ma-
terial characteristics but also temperature
effects and strain rate influences, making it
particularly valuable for analyzing material
behavior under extreme conditions encoun-
tered in aerospace or defense applications.
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Table 1
Conceptual comparison of ductile fracture prediction schemes.
Aspect Cockeroft & Brozzo model Oh model
Latham model
Initial loading stage External load lead- External load lead- External load lead-
ing to plastic de- ing to plastic de- ing to plastic de-
formation formation formation

Primary stress evaluation

Governing stress parameter

Additional stress component

Stress combination strategy

Damage accumulation measure

Integral form
Fracture criterion

Failure condition
Predicted outcome

Suitability for deep drawing

Calculation of
principal stresses
Maximum princi-
pal stress, opmax

Not considered

Direct use of oax

Integration of
Omax OvVer plastic
strain

J f(0max)dep

Comparison with
critical value C'
Omax > C

Moment of frac-
ture initiation

Limited (no hydro-
static stress effect)

Calculation of
principal stresses
Maximum princi-
pal stress, Omax,
combined with hy-
drostatic stress
Hydrostatic stress,
Oh

Combination of
Omax and oy,

Integration of
combined stress
measure over

plastic strain

f f(o-mam O-h)dgp
Comparison with
critical value C
Combined stress
measure > C
Moment of frac-
ture initiation
High  (accounts
for triaxial stress
state)

Calculation of
principal stresses
Maximum princi-
pal stress, Opax,
modified by a cor-
rection factor
Stress-state cor-
rection factor
accounting for
confined deforma-
tion

Combination  of
Omax and correc-
tion factor
Integration of cor-
rected stress mea-
sure over plastic
strain

f(O'maX ><correction)d6p
Comparison with
critical value C
Corrected stress
measure > C
Moment of frac-
ture initiation
Moderate (special-
ized for confined
stress conditions)

Other models offer utility in specific
fracture prediction contexts. The Bai &
Wierzbicki micromechanical model includes
a Lode angle parameter describing principal
stress equilibrium and triaxial stress effects,
making it applicable for crack development
prediction in processes where these factors
dominate, such as deep drawing or extrusion.
The Modified Mohr-Coulomb model finds
widespread use in predicting ductile fracture
during metal forming operations, consider-
ing both plastic strain and hydrostatic stress

to effectively model complex loading typical
of deep drawing processes. The Lou-Huh mi-
cromechanical model, based on micropore
growth and coalescence mechanisms, pro-
vides accurate ductile fracture predictions
for low- to medium-strength metals under-
going large plastic strains.

The Gurson-Tvergaard-Needleman
model enjoys popularity for its approach
to modeling ductile fracture through evolv-
ing material porosity during deformation,
enabling detailed description of metal dam-
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age in processes like drawing [24-26]. The
Lemaitre model, also founded on damage mi-
cromechanics, considers pore development
and micropore-crack interactions, proving
useful for describing ductile fracture in
materials experiencing substantial plastic
deformation [27].

Table 2 presents a comprehensive com-
parison of these ductile fracture models
regarding their principal advantages and
limitations. The selection of an appropri-
ate ductile fracture model for deep draw-
ing applications depends on specific pro-
cess characteristics and material properties.
While each model offers particular advan-
tages under specific loading and strain con-
ditions, their inherent limitations necessi-
tate careful selection based on production
process specifics. For deep-drawing oper-
ations where high triaxial stresses play a

Table 2
Comparison of ductile fracture models.

dominant role, the Brozzo model emerges
as particularly suitable. Its incorporation of
hydrostatic stress effects enables more accu-
rate prediction of material failure, justifying
the development of an Abaqus subroutine
based on this model.

3.2. Development and implementa-
tion of the Brozzo-based Abaqus
subroutine

The Brozzo model employs a crite-
rion incorporating maximum principal stress
state and equivalent plastic strain to esti-
mate failure initiation (Equation 1). This
formulation proves particularly suitable for
sheet metals undergoing deep drawing. For
Abaqus implementation, the simulation en-
vironment was initialized by selecting the
Standard /Explicit Model option and creat-
ing a new model designated Model-1.

Model

Advantages

Limitations

Cockeroft & Latham

Brozzo

Oh

Johnson & Cook

Bai & Wierzbicki

Modified Mohr—Coulomb
Lou-Huh

Gurson—Tvergaard-Needleman

Lemaitre

Straightforward implementa-
tion for crack resistance as-
sessment

Accurate failure prediction
under high triaxial stresses

Specialized for axisymmetric
extrusion processes
Incorporates temperature
and strain rate effects at
high speeds

Includes Lode angle parame-
ter for stress equilibrium de-
scription

Capable of modeling complex
forming loads

Excellent for crack develop-
ment in low-strength metals
Detailed damage description
through porosity considera-
tion

Accurately describes
micropore—crack inter-
actions

Neglects hydrostatic stress
and triaxial stress effects

Limited applicability for pro-
cesses with minimal plastic
deformation

Restricted to axisymmetric
operations

Reduced accuracy for low-
speed processes

Requires extensive exper-
imental calibration across
stress states

Inconsistent accuracy for low-
strength materials

Limited applicability for
high-strength materials

Not always suitable for high-
strength materials

Implementation challenges
for certain processes
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Within the Part module, a deformable
component named DeepDrawingPart was
created (Fig. 1). The selection of shell el-
ements as the fundamental modeling ap-
proach was justified by the workpiece thin-
ness, as shell elements offer greater com-
putational efficiency than volumetric ele-
ments for such geometries, reducing compu-
tational complexity—a critical consideration
for large plastic deformation simulations.

Workpiece geometry was defined
through a circular sketch centered at co-

Model Results
£ Model Database ™ o
=48 Models (1) A
=1 Model-1
(XParts

E Materials
&} Calibrations
ﬁb Sections
&8 Profiles

+ ﬁ Assembly

+ ol Steps (1)
B= Field Output Requests
gﬁ History Output Requests
lﬂ Time Points
Bm ALE Adaptive Mesh Constraints
E Interactions
E Interaction Properties
ﬂl[ Contact Controls
j?‘ Contact Initializations
:](I' Contact Stabilizations
ﬂ] Constraints
E Connector Sections

2 F Fields
m Amplitudes
[ Loads

[k BCs

ordinates (0,0), corresponding to XY-axis
intersection (Fig. 2). The circle diameter
was set to 200 mm, representing a standard
dimension for deep drawing applications.
Circular workpiece geometry ensures uni-
form stress distribution during deformation,
while the thin-sheet approach with planar
sketches provides optimal modeling effi-
ciency, with the coordinate system ensuring
proper part positioning and constraint ap-
plication.

Module: | = Part ~  Modelk |: Model-1  ~
&= | 25 Create Part X
/:'L‘" E;—- Name: DeepDrawingPart
/J @ Modeling Space
lj 1| @30 O 2D Planar O Axisymmetric
'_1J ﬂ]"_; Type Options
g (® Deformable
(O Discrete rigid
i~ i i MNone available
W, 23| O Analytical rigid
jE‘ O Eulerian
ol A Base Feature
g 3 Shape Type
| Osoid RS
.
gg. s ) O] Extrusion
( ’ Revolution
& % Owie
Sweep
(O Point

Approximate size: | 200

Cancel

Fig. 1. Creation of a Deep Drawing Part.

Fig. 2. Creation of a workpiece sketch.
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Metal plastic deformation modeling re-
quires definition of elastic and plastic ma-
terial properties. Elastic characteristics are
described by Young’s modulus and Poisson’s
ratio, while yield strength defines plastic
deformation onset. Within Abaqus, plastic-
ity is modeled through experimental stress-
strain relationships, enabling accurate repro-
duction of metal behavior during drawing
operations.

Accordingly, a material named Deep-
DrawingMaterial was created (Fig. 3) with
Mechanical Elasticity Elastic category and
Isotropic type, corresponding to isotropic
material properties. Elastic characteris-
tics were defined with Young’s modulus of
210,000 MPa and Poisson’s ratio of 0.3. To
account for significant plastic deformation
during deep drawing, material ductility was
incorporated through Plasticity Plastic prop-
erties, with yield stress defined as a function
of plastic strain: 250 MPa at 0.0 strain, 300
MPa at 0.01 strain, and 350 MPa at 0.05
strain.

Shell thickness assignment involved
defining a material section for the created
part (Fig. 4). Within the Sections module, a
DeepDrawingSection was created with Shell
category and Homogeneous material type,
assuming uniform properties throughout the

part. Shell thickness was set to 2 mm, typi-
cal for sheet metals in deep drawing appli-
cations. The Simpson integration method
was selected for thickness integration, pro-
viding enhanced accuracy for nonlinear ma-
terials undergoing plastic deformation. Five
through-thickness integration points were
specified, as 5-7 points generally suffice for
accurate plastic deformation results. For
thin shell modeling, additional integration
points improve result accuracy, particularly
for large plastic strains, with the Simpson
method reducing errors in complex plastic
deformation simulations.

Section assignment was performed
through the Assign menu (Fig. 5). For the
DeepDrawingPart, the previously created
DeepDrawingSection was selected and ap-
plied to the Set-1 region. The Middle sur-
face parameter was used for thickness def-
inition, representing standard practice for
thin-walled shells that correctly accounts for
material thickness in deformation analysis.
This assignment determines material type
and geometry for model components, with
average surface thickness assignment en-
abling accurate material thickness account-
ing and efficient modeling of sheet deforma-
tions occurring primarily in the shell plane.

o Edit Material *
Name: | DeepDrawingMaterial

Description:

Material Behaviors

General Mechanical Thermal Elecincal/Magnetic  Other i

Elastic

Type  Isotropic e * Suboptions
[] Use temperature-dependent data

Mumber of field variables: 0's

Moduli time scale (for viscoelasticity): | Long-term ~

[ No compression

[ Mo tension
Data
Young's Poisson’s
Modulus Ratio

Name: DeepDrawingMaterial

Description:

Material Behaviors

Elastic

General Mechanical Thermal Electrical/Magnetic  Other v

Plastic
l_] Use scale stress value: - Subupt-nns
Hardening: | Isotropic il

Extrapolation: Constant

[[] Use strain-rate-dependent data
[ Use temperature-dependent data

Humber of field variables: 0
Data
Yield Plastic
Stress Strain
1 250 0.0
2 300 o.M

Fig. 3. Material definition.
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Name: DeepDrawingSection ‘

O Beam Membrane
Surface
General Shell Stiffness

[ Continue... | . Cancel

O Other

Material:

[ -
s Create Section X || Name: DeepDrawingSection
Type:  Shell / Continuum Shell, Homogeneous

Section integration: () During analysis (® Before analysis

Category  Type [Basic ]| Advanced
O Solid Homogeneous Thickness
@) Shell Composite Shell thickness: @) Value: 2
() Element distribution: v

() Nodal distribution:

DeepDrawingMaterial v B

Idealization: No idealization ™

B 0

Fig. 4. Shell section properties and thickness integration definition.

Module: |2 Property M ModeI:I:Model-1 H nan:|: DeepDrawingPart H

# Edit Section Assignment
Region
Region: Set-1
Section
Section: DeepDrawingSection E &

Note: List contains only sections
applicable to the selected regions.

Type: Shell, Homogeneous
Material: DeepDrawingMaterial

Thickness
Assignment: (®) From section () From geometry

Shell Offset

Definition: | Middle surface

Fig. 5. Section assignment process.

Following geometry creation, material
assignment, and shell thickness definition,
parts were positioned in space to form the
final model geometry (Fig. 6). This was
accomplished within the Assembly module
using the "Dependent' instance type to cre-
ate a model instance, establishing the re-
quired spatial part configuration for subse-
quent analysis. Within the Step module, a

calculation step defining the modeling stage
was created. Since deep drawing constitutes
a gradual process, the "Static, General" step
type was selected for static load modeling.
Step time was set to 1.0, defining total cal-
culation duration. The "Nlgeom" parame-
ter was activated to account for geometric
nonlinearity, essential for accurate plastic
deformation modeling.
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¢ Create Instance

Name:
O Aute @ Specify: DeepDrawinginstance
Create instances from:
® Parts () Modeks
Parts

DeepDrawingPart

Instance Type
(®) Dependent (mech on part)
(@] Independent (mesh on instance)

Mote: To change s Dependent instance's
rresh, you must edit its part's mesh,

[[] Auto-offset from other instances

E Apply C‘an(d

4 Create Step

MName:

Inset new step after

Proteduretype:  General

Dyramic, Temp-disp, Bxplicit
Geestahic

Heet transfer

Mais diffusian

Soik

Static, Riks

¢ Create Boundary Condition

MName: | BC-1
Step: | Step-1 g
Procedure: Static, General
Category Types for Selected Step
(®) Mechanical Symmietry/Antisymmetry,/Encastre

O Electrical/Ma gnetic Displacement/Rotation

O Other Velocity/Angular velocity
Connector displacement
Connector velocity

4% Edit Boundary Condition X

Name: BC-1
Type:  Displacernent/Rotation
Step:  Step-1 (Static, General)
Region: Set-1

CSYS: (Global) [y A

Distribution: | Uniform v fix
Hu: o

vz .0

U3: 0

[JuR1: radians
Ourz | radians
[JUR3: . radians
Amplitude: | (Ramp) I )

Note: The displacement value will be
maintained in subsequent steps.

OK Cancel

Fig. 6. Assembly, step creation, and boundary condition definition.

Boundary conditions were defined
within the Load module (Fig. 6). A Bound-
ary Condition named BC-1 was created
within the Step-1 static step, with Mechan-
ical category and Displacement/Rotation
type selected for part motion restriction. To
fully constrain the part, values U1=0, U2=0,
and U3=0 were specified, corresponding to
fixation along X (horizontal), Y (vertical),

and Z (depth) axes, respectively. This con-
figuration properly represents interaction
with other model components or supports
during analysis.

Mesh generation for computational anal-
ysis was performed within the Mesh module
(Fig. 7). The DeepDrawingPart was selected,
with mesh density controlled through the
Seed Part command determining element
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size. An element size of 7 mm was specified,
providing optimal balance between deforma-
tion modeling accuracy and computational
efficiency for deep drawing simulation.

The S4R element type—a four-node
shell element with reduced integration—was
selected, enabling accurate stress and strain
modeling in thin-walled materials while min-
imizing shear locking effects.

= Global Seeds
Sizing Controls
Approximate global size: |7

] Curvature contrel

Following mesh generation, the model
was prepared for analysis and subsequent
subroutine implementation addressing plas-
tic deformation specifics during deep draw-
ing. The implemented subroutine accurately
accounts for material damage according to
the selected Brozzo model while ensuring
proper integration within the Abaqus com-
putational environment.

Maximum deviation factor (0.0 < h/L < 1.0} | 0.1
(Approximate number of elements per circle: 8)

Minimum size control
(®) By fraction of global size (0.0 < min < 1.0} 0.1

O By absolute value (0.0 < min < global size) 0.7

ok | [Caeely |  Defashts  Cancel |

# Element Type

Element Library Family

@ /Standard ) Explicit | Acoustic

Geametric Order Gasket
@ Linear ) Quadratic | Hest Transfer

Coupled Temperature-Displacement

CQued i

Reduced integration

Element Controls

Membrane strains: @ Finite () Small

Membrane Fourglass stiffness: Jee defoult () Specif |—|
Bending hourgless stiffress e default Specif l:l
riling hourglass scaling factor: @ Use default O Specify ||

Viscosity: (®) Use default OSpet‘#yD

Second-order accuracy: O Yes @ No

Hourglass control: (@ Use default () Enhanced () Relax stiffness () Stiffness

Elemnent deletion: ®) Use default ) Ves O No
Max Degradation: ®) Use default ) Specify
Sceling facters: Displacement hourglass: [{) Fotational hourglass: [0 Linear bulk viscosity: |1

S4R: A 4-nod: doubly curved thin of thick shell, reduced integration, hourglass contral, finité membrane straing.

Fig. 7. Mesh generation for the model.
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3.3. Subroutine programming and
deep drawing process modeling

The Brozzo model foundation rests on
a damage criterion combining two princi-
pal parameters: maximum normal stress
and plastic strain. Material failure occurs
when these parameter values exceed crit-
ical thresholds (Equation 2). Subroutine
programming involves damage calculation
based on stress and strain evolution, uti-
lizing these parameters to model damage
development during deep drawing (Fig. 8).

The presented UMAT framework trans-

lates Brozzo-type damage logic into an in-
cremental, element-wise update procedure
executed at each material point and time in-
crement. Argument lists stress(6), statev(*),
and props(*) provide essential interfaces be-
tween Abaqus and the constitutive routine:
stress(6) contains current Cauchy stress com-
ponents in Voigt notation, statev(*) stores
history-dependent variables (e.g., accumu-
lated plastic strain and damage measure),
and props(*) supplies user-defined mate-
rial constants (yield-stress scale and plastic-
strain threshold).

3 plast, temperature)

implicit none

integer :: nstatev, nprops

real(8) :: temperature

yield stress = props(1)
strain_threshold = props(2)

sigma max = maxval(stress)
epsilon_p = statev(1)

if (damage criteria > 1.@) then
! Apply damage to material
damage = 1.0

else
damage = damage_criteria

end if

! update stress with damage
stress = stress * (1.0 - damage)

statev(1) = damage
C

return
end subrouline umal

kubroutine umat(stress, statev, ddsdde, sse, spd, scd, rpl, dtime, temp,
1 dtemp, predef, dpred, nstatev, props, nprops,
2 coords, drot, pnewdt, celent, time, dtime,

real(s) :: stress(6), statev(®), ddsdde(6,6), sse, spd, scd, rpl
real(8) :: dtime, temp, dtemp, predef(*), dpred(*)

real(8) :: props(*), coords(3), drot(3,3)
real(8) :: pnewdt, celent, time(2), plast

! Initialization for the Brozzo model parameters
real(8) :: sigma_max, epsilon_p, damage criteria, damage
real(8) :: yield stress, strain_threshold

! pefine critical parameters (adjust values as needed)
! vield stress
I Plastic strain threshold

I Calculate damage based on strain and stress
I Maximum stress

I pPlastic strain state

| Damage criterion check (Brozzo's model)
damage criteria = sipgma_max / yield stress + epsilon p / strain_threshold

| Store damage in the state variable for future steps

Fig. 8. Example of subroutine code structure.
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Following variable initialization, the
routine extracts a scalar driving stress
measure (sigma_max) from the stress
tensor—representing maximum  princi-
pal /normal stress governing void growth and
coalescence in the Brozzo framework—and
reads accumulated plastic strain (epsilon_p)
from state variables, providing deformation
history required for cumulative damage
assessment.

The subsequent code block defines the
damage indicator damage criteria as a nor-
malized combination of the stress driving
term and plastic straining, thereby map-
ping the Brozzo concept (failure driven by
tensile stress under plastic flow) into a com-
putationally efficient scalar measure evalu-
ated incrementally. The conditional state-
ment (if (damage criteria > 1.0)) imple-
ments fracture onset by saturating damage
at unity once critical levels are reached; oth-
erwise, damage evolves proportionally with
current criterion values, reflecting progres-
sive degradation. The subsequent stress up-
date, stress = stress * (1.0 - damage), rep-
resents a stiffness/strength reduction strat-
egy: as damage accumulates, the routine
reduces effective stress-carrying capacity,
mimicking load-bearing area loss associated
with ductile degradation. Finally, the up-
dated damage variable is written back into
statev(1), ensuring history-dependent mate-
rial response across increments and enabling
post-processing of spatial damage localiza-
tion (e.g., in die-radius and wall regions)
during deep drawing.

The UMAT subroutine code was saved
in a file named brozzo umat.f. For Abaqus
execution, a material (BrozzoMaterial) was
created within the Property module, with
basic parameters (Yield Stress and Strain
Threshold) specified in the Mechanical User
Material tab. Within the Job module, a new
calculation process (DeepDrawingJob) was
created, with the subroutine file specified
in the User Subroutine File field within Job
Manager. Calculation execution was initi-
ated through the Submit command, with
results visualized within the Visualization
module.

Numerical modeling of the UMAT sub-
routine for the Brozzo criterion was per-
formed in Abaqus using a finite element
model of the deep drawing process. This
model enables prediction of damage accumu-
lation and assessment of fracture zones in
sheet material. The geometric model com-
prises an axisymmetric plate corresponding
to typical drawn workpiece dimensions. The
material is represented as an isotropic elasto-
plastic continuum with damage, with plas-
tic flow described through a linear harden-
ing model. Tool-workpiece contact interac-
tions incorporate friction characterized by a
Coulomb friction coefficient. Computational
stability was ensured through a rigid-surface
approach, with the workpiece modeled using
shell finite elements. For dynamic process
modeling, an explicit integration algorithm
was employed to efficiently simulate large
plastic deformations.

During each analysis increment, Abaqus
passes the stress tensor to UMAT for maxi-
mum principal stress calculation and plas-
tic strain updating, enabling accurate dam-
age accumulation assessment. The damage
criterion is defined as the sum of normal-
ized maximum principal stress and accumu-
lated plastic strain, with material damage
occurring when this sum exceeds a critical
threshold. Following computation comple-
tion, damage distribution in contact zones
is analyzed, revealing damage localization
patterns that predict crack formation and
identify regions most susceptible to dam-
age. Table 3 summarizes principal model-
ing parameters, confirming the UMAT sub-
routine’s effectiveness for implementing the
Brozzo criterion in deep drawing simulations
while adequately representing physical ma-
terial fracture processes under deep drawing
conditions.

3.4. Discussion and comparative
analysis

The present study demonstrates that
Brozzo criterion implementation in Abaqus
enables accurate prediction of fracture initi-
ation during deep drawing operations. Sim-
ilar to Jia et al. [28], whose phenomeno-
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logical model for aluminum alloys showed
good accuracy in damage zone identification,
the current approach applies the criterion
to more complex geometric configurations,
extending its applicability range. Overall,
the Brozzo criterion facilitates assessment
of plastic deformation effects on fracture de-
velopment. Unlike Zhang et al. [29], who
employed a probabilistic model for ultimate
strain prediction, the current methodology
adopts a deterministic approach focused
on damage prediction during deep draw-
ing while considering initial porosity effects.
Despite methodological differences, both ap-
proaches demonstrate consistent accuracy
in fracture zone prediction.

Consistent with Tandogan and Yal-
cinkaya [30], who utilized Abaqus for numer-
ical fracture modeling, the present investiga-
tion employs standard software capabilities
combined with a custom subroutine for dam-
age accumulation assessment, rather than
custom element development. This imple-
mentation incorporates stress-strain state
influences on fracture development without

introducing additional model components.
Unlike Akitarak [31], who employed VU-
MAT, VUHARD, and VUSDFLD subrou-
tines, the current implementation is based
on UMAT, enabling analysis within the
Abaqus environment with controlled stress
state and damage evolution tracking. Both
approaches confirm standard Abaqus func-
tionality extension effectiveness for fracture
prediction while employing different numer-
ical strategies.

Current results indicate that ductile
fracture models provide accurate failure pre-
diction during deep drawing, correlating
with Choi et al. [32], who proposed a special-
ized model for shell elements. While their
model focuses on thin-walled structures val-
idated under diverse conditions, both ap-
proaches for ductile fracture in various ge-
ometries provide high accuracy in damage
zone prediction. The current deep drawing
model can be enhanced through extended
geometric feature analysis, broadening its
application potential for diverse engineering
challenges.

Table 3
Principal modeling parameters.
Parameter Value Description
Model type Axisymmetric Incorporates deep drawing

Material type
Contact boundary condition Friction (u)
Time integrator
Stress state

Damage criterion Equation 2

Damage localization

Modeling result

I[sotropic elastoplastic

Implicit (Static, General)

Stress tensor (o;;)

Contact areas

Failure prediction

process symmetry
Incorporates plastic hardening
and damage

Describes workpiece—tool in-
teraction

Represents quasi-static deep
drawing conditions
Determines mechanical condi-
tion at each point
Determines failure initiation
Corresponds to regions of max-
imum stress and plastic defor-
mation

Identifies critical regions and
material behavior
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Khaboushani et al. [33] proposed a
strain energy-based fracture criterion for
deep drawing fracture assessment, demon-
strating high accuracy in predicting frac-
tures resulting from high radial stresses in
bowl walls. This method incorporates var-
ious fracture mechanisms based on strain
energy considerations. Compared to the
current Brozzo criterion implementation
through UMAT, their approach employs dif-
ferent fracture prediction methodology. De-
spite methodological distinctions, both ap-
proaches demonstrate high accuracy in pre-
dicting failure initiation during deep draw-
ing.

Current results demonstrate high ac-
curacy in predicting deep drawing failure
using ductile fracture models in Abaqus,
consistent with Ben Said et al. [34], who
developed a mathematical model for crack
formation prediction during deep drawing
using anisotropic plasticity equations and
custom Abaqus subroutines. Both studies
employ UMAT, confirming modeling effec-
tiveness. Alternatively, Clayton [35] pro-
posed a method for shear strain and phase
transition estimation during fracture. While
focusing on different fracture mechanisms,
this approach also demonstrates high accu-
racy in failure prediction. Thus, both study
results are consistent, confirming numeri-
cal model effectiveness for failure prediction
despite different mechanism emphases.

Similar to Van den Abeele [36], who
analyzed GTN model application for de-
tailed ductile fracture modeling through
evolving material porosity during deforma-
tion, the current study addresses simpler
approaches reducing implementation com-
plexity in industrial settings. Hosseini Man-
soub et al. [37] employed three-axis stress
state and damage functions for failure loca-
tion prediction, analogous to the current ap-
proach. However, their study utilizes UMAT
for model linkage to Stress Forming Limit
Diagrams (SFLD), while the current imple-
mentation applies UMAT for direct Brozzo
model failure criterion implementation, en-
abling direct consideration of damage ac-
cumulation during material deformation in

deep drawing.

Compared to Ma et al. [38], who em-
ployed a phase-field model with energy
approach for shell structure ductile frac-
ture prediction, the current study analyzes
Brozzo model capabilities for material fail-
ure prediction during deep drawing, address-
ing damage accumulation from plastic defor-
mation. Study results are consistent regard-
ing plastic deformation consideration but
differ in methodological approaches. Re-
garding Basak and Panda [39], who uti-
lized the Bai & Wierzbicki model for alu-
minum alloy fracture limit prediction, the
current study also considers this model im-
portant for crack prediction, particularly in
processes like deep drawing, but emphasizes
the Brozzo model. Results are consistent
in recognizing the Bai & Wierzbicki model
as a micromechanical framework incorpo-
rating Lode angle parameters and triaxial
stress, proving useful in high-cracking-rate
processes.

Current results demonstrate the impor-
tance of model application for deep drawing
failure prediction, similar to Ganjiani [40],
who presented a triaxial stress-incorporating
model. However, their study employed VU-
MAT in Abaqus/Explicit, while the current
work utilizes UMAT for deterministic pre-
diction. Consistent with Wu and Lou [41],
whose DF2016 model demonstrated high ac-
curacy considering strain trajectories, the
current model also shows high accuracy lev-
els, particularly in deep drawing contexts.
Both approaches demonstrate model effec-
tiveness for fracture prediction, though the
current study focuses on specific deforma-
tion processes.

Current Brozzo-based results exhibit
certain distinctions compared to Fagerhgi
and Bergsbakken [42], who analyzed Con-
crete Damaged Plasticity model parameters
for concrete in Abaqus. While both studies
address material failure modeling, the cur-
rent approach aims to predict failure during
deep drawing, while their study analyzes
parameter change effects on modeling ac-
curacy. Despite material and application
differences, both studies confirm that frac-
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ture prediction accuracy depends on proper
model parameter configuration and its abil-
ity to adequately represent material behav-
ior under diverse loading conditions.

Current conclusions estimate failure
timing and location through stress and
strain integration. Similarly, Aksen et al.
[43] employed ductile damage functions for
dual-phase steels and combined plasticity
models for fracture initiation assessment.
Common features include emphasis on frac-
ture location prediction accuracy, though
current results focus on specific deep draw-
ing processes while their work considers dif-
ferent deformation conditions and material
types. Additionally, the current study ana-
lyzes damage accumulation, while Park et
al. [44] utilize the Hosford-Coulomb model
for EH36 steel, focusing on fracture initia-
tion modeling through different specimen
types and hardening parameter determina-
tion using Swift-Voce functions. Both stud-
ies employ Abaqus and custom subroutines
for numerical modeling, but the current ap-
proach emphasizes deep drawing fracture
prediction using the Brozzo model, while
their study focuses on steels and fracture
initiation modeling through the Hosford-
Coulomb model.

Notably, Watanabe et al. [45] employed
stress-strain integration equations for ac-
curate fracture initiation location determi-
nation in cold-forming processes. Similar
to the current investigation, their study
analyzes the Cockcroft & Latham model
for fracture prediction, but with Brozzo
model enhancement incorporating hydro-
static stresses—critical for high triaxial
stress processes like deep drawing. Com-
pared to classical criteria, this enables more
accurate fracture prediction. Additionally,
Zhang et al. [46] utilize the Continuum Dam-
age Mechanics (CDM) model for ductile frac-
ture prediction in single-point forming pro-
cesses, considering stress state-dependent
damage evolution. The current study ap-
plies the Brozzo model, emphasizing hy-
drostatic stress integration for improved
deep drawing fracture prediction. Both ap-
proaches employ Abaqus/Explicit but differ

in process types and damage models.

Thus, study results demonstrate that
Brozzo criterion implementation in Abaqus
accurately predicts failure initiation dur-
ing deep drawing, confirming damage zone
detection accuracy. Concurrently, UMAT
modeling provides precise damage control
during material deformation, establishing
the Brozzo method as effective for failure
prediction in complex processes like deep
drawing.

4. Conclusion

This study provided a comparative eval-
uation of several ductile fracture criteria
with the aim of identifying an appropriate
modelling approach for deep drawing simu-
lations. Among the models considered, the
Brozzo criterion demonstrated a favourable
compromise between predictive capability
and numerical efficiency when applied to
conditions involving large plastic deforma-
tion and complex stress states. The imple-
mentation of the Brozzo damage formulation
within the Abaqus finite element framework
through a user-defined material subroutine
enabled reliable prediction of damage evolu-
tion and fracture initiation during the form-
ing process. The numerical results highlight
the ability of this approach to identify criti-
cal regions susceptible to failure, thereby en-
hancing the robustness of deep drawing sim-
ulations. From a practical standpoint, the
proposed modelling strategy is well suited
for integration into industrial forming analy-
ses, where accurate fracture prediction is es-
sential for process optimisation and quality
improvement. While the approach entails a
higher computational cost than simpler frac-
ture criteria, its improved physical relevance
justifies its use for applications requiring re-
liable failure assessment. Future work will
focus on extending the experimental vali-
dation to a wider range of materials and
forming conditions, as well as on incorporat-
ing additional effects such as temperature
and strain rate, in order to further improve
the predictive capability and applicability
of the model.
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