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ABSTRACT



BACKGROUND

The study aimed to analyse the models of ductile fracture and justify the choice of the most suitable one for modelling the deep drawing process. The study compared the main models of ductile fracture: Cockcroft & Latham, Brozzo, Oh, Johnson & Cook, Bai & Wierzbicki, Modified Mohr-Coulomb, Lou-Huh, Gurson-Tvergaard-Needleman and Lemaitre.

MATERIALS AND METHODS

In particular, the application of these models to the process of deep drawing was emphasised, and their advantages and limitations were identified.

RESULTS

The analysis determined that the Brozzo model is the most effective for predicting material behaviour under plastic deformation, as it provides an accurate assessment of damage accumulation through the integration of stresses and strains. This effectively predicts the moments of fracture during the deep drawing process. As a result, a specialised custom subroutine for Abaqus was developed that implements the Brozzo model fracture criterion. The introduction of this criterion into the software environment ensured accurate prediction of the material’s fracture initiation points. In addition, theoretical numerical modelling of the deep drawing process was conducted, which confirmed the high accuracy of predicting damage zones and the possibility of estimating the moment of part failure at different stages of deformation. The simulations showed that the Brozzo model allows for reliable estimation of plastic deformation and fracture zones, which is important for optimising sheet metal forming processes and improving product quality.

CONCLUSION

The obtained results confirmed the effectiveness of the applied model for calculating fracture under plastic deformation, which is of practical importance for optimising the technological processes of sheet metal forming.
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Highlights

	Ductile fracture defines the serviceability limits of metals under plastic deformation.


	Existing ductile fracture models show limitations in deep-drawing accuracy.


	The Brozzo model demonstrates improved accuracy in simulating complex deep-drawing processes.






Introduction

Ductile fracture is a complex mechanism that determines the limits of serviceability of metal materials in plastic deformation processes. One such process is deep drawing, which is widely used in the production of thin-walled sheet metal products. During this process, the material undergoes significant plastic deformation, which can lead to localised damage accumulation and eventual failure. Accurate prediction of this moment is key to optimising the forming process, improving product quality and reducing production costs. However, existing models of ductile fracture have various limitations and do not always provide accurate predictions in deep-drawing conditions. Some models do not address the accumulation of damage during deformation, while others are poorly adapted to complex loading conditions. This creates a scientific and practical problem of choosing the most suitable model for such studies. Due to the variability in stress states and material responses, the absence of a universal fracture during deep drawing necessitates a detailed analysis of existing models and the development of specialised methods for their implementation in numerical calculations. The main problematic issue is to determine the model that most accurately describes the process of damage accumulation and to develop an appropriate computational tool for predicting the moment of material failure in deep drawing.

Accurate forecasting of material failure in the deep drawing process is essential for enhancing manufacturing efficiency and maintaining the integrity of produced components. The present study introduces a validated UMAT subroutine derived from the Brozzo fracture model, specifically designed for deep drawing simulations. The Brozzo model, using a coupled damage-plasticity framework, effectively captures damage buildup under elevated triaxial stress levels characteristic of metal forming operations. By incorporating this model into a finite element framework within Abaqus, an innovative technique for simulating fracture initiation and damage propagation during forming was provided. The proposed subroutine, corroborated by actual data on fracture starting points and punch forces, serves as a reliable instrument for engineers and materials scientists to improve process design and material selection in metal forming applications.

However, The Brozzo model is less successful in scenarios characterised by shear dominance or low triaxiality, as it predominantly considers hydrostatic stress and high triaxiality. It potentially results in inaccurate predictions of fracture initiation in situations where shear stresses prevail and hydrostatic stress is negligible. In some instances, alternative models such as Gurson-Tvergaard-Needleman (GTN) or MHC/Hosford-Coulomb may provide superior forecasts.

Plastic strain denotes the irreversible alteration in the shape or dimensions of a material resulting from applied stress, quantified as the strain that persists following the removal of the load. It is a quantitative assessment of irreversible deformation at the material level. Conversely, plastic deformation is the phenomenon wherein a material experiences a permanent alteration when exposed to force exceeding its yield point. It pertains to the mechanical properties of materials during their transition from elastic to plastic states, resulting in irreversible deformation.

Giang et al.1 studied the deep drawing process of cup-shaped parts made of SUS304 stainless steel using numerical modelling and experimental verification. The authors determined that the use of the Barlat 89 plasticity model allows for accurate prediction of lug formation, which is important for predicting defects during the drawing process. Hà et al.2 investigated the elastic deformation and torsion of U-shaped structures produced by deep drawing of copper alloys using numerical modelling and experimental data. They applied the finite element method with von Mises plasticity criterion and isotropic strengthening to analyse the loads and elastic response, which helped to explain the differences in the behaviour of different alloys. In addition, Thành3 proposed an improved phase-field method for predicting crack formation and development in brittle materials, which allows for high accuracy in determining the critical load. The numerical results of seven test structures showed a maximum error of 4.5% compared to the reference methods, confirming the effectiveness of the approach for fracture modelling.

For their part, Laboubi et al.4 implemented Abaqus numerical modelling of the DC04 steel deep drawing process using Vectorised User Material (VUMAT) to predict ductile fracture, which showed high agreement with experimental data. Zhu et al.5 performed numerical simulations in Abaqus of the fracture process of high-strength X80 pipe steel using VUMAT to implement the DF2014 ductile fracture criterion, which allowed them to accurately predict crack trajectories under various stress states. Dey and Kiran6 demonstrated numerical modelling in Abaqus to generate training data and implement the GTN ductile fracture model, after which they used a long short-term memory (LSTM) neural network to predict the load-compression behaviour before fracture in metal samples. In turn, Talebi-Ghadikolaee et al.7 implemented the normalised Cockroft-Latham criterion in Abaqus/Explicit through a custom subroutine to predict the flexural failure of AA6061-T6, confirming the accuracy of numerical modelling with an error of 2.57% and using machine learning to improve the prediction of damage evolution.

Moreover, Talebi-Ghadikolaee et al.8 implemented three ductile fracture criteria (Ayada, Rice-Tracey, Cockroft-Latham normalised) in Abaqus/Explicit through a custom subroutine to predict the fracture of AA6061-T6 during profiling, where the most accurate results (error 7.85%) were obtained using the Ayada criterion, calibrated by a flat tensile test. Wang et al.9 demonstrated a ductile fracture model that combines stress triaxiality and the Lode angle parameter. This model, which was implemented in Abaqus/Explicit through the VUMAT subroutine to predict the fracture of Ti-6Al-4V under various stress conditions, demonstrated an accurate agreement with experimental data on fracture displacement and crack morphology. To predict ductile fracture in aluminium alloys under hot deformation, Guo et al.10 proposed an improved damage-adjusted visco-plasticity model that includes the effects of temperature, strain rate, and stress triaxiality and was implemented in Abaqus through the VUMAT subroutine.

This research is distinguished by the creation and implementation of a Brozzo-based UMAT subroutine for Abaqus, specifically designed for deep drawing simulations. The Brozzo model has been widely used for ductile fracture predictions across numerous contexts. However, its applicability to deep drawing processes has not been thoroughly investigated or validated in the current literature. This research incorporates the Brozzo model’s coupled damage-plasticity framework into a finite element model that mimics fracture initiation under high triaxiality circumstances characteristic of deep drawing. In contrast to current models like MHC/Hosford-Coulomb or GTN, the Brozzo model integrates hydrostatic stress as a vital element in forecasting fracture under intricate loading scenarios. The work presents a novel custom subroutine for damage accumulation and fracture prediction, which has been thoroughly validated using deep-drawing experiments. This solution, supported by empirical calibration and numerical benchmarks, offers a novel computational tool for engineers to enhance process design and material selection in metal forming applications. Consequently, the research introduces an innovative computational method for precisely predicting fracture behavior in the deep drawing of sheet metals, with significant practical applicability.

The study aimed to compare the models of ductile fracture and determine the most effective one for modelling the deep drawing process, which was not previously implemented in the analysed studies. The tasks included analysis of existing models, development of a subroutine and numerical modelling of the process.



Materials and Methods

To achieve the research goal, three main stages were performed: review and comparison of ductile fracture models, development of a specialised Abaqus subroutine based on the selected model, and programming of the subroutine with theoretical numerical simulation of the deep drawing process. The Brozzo model subroutine was developed using the main framework from the Github repository by Ferreira and Pacheco,11 with alterations to include the Brozzo damage criterion and tailor the framework for deep-drawing simulation. Changes to the original algorithm were implemented to compute the maximum primary stress and integrate the Brozzo fracture criterion. The initial structure, designed for substantial deformations, was modified to incorporate high triaxiality and hydrostatic stress as pivotal elements for fracture forecasting in deep-drawing operations.

The study employs Abaqus/Explicit for the deep-drawing simulations, as this solver is best suited for handling large plastic deformations, complex contact interactions, and high strain-rate conditions typical of forming processes. Mass scaling was applied solely within this explicit dynamic framework to enhance computational efficiency, with scaling factors carefully calibrated so that the kinetic energy remained below 5% of the internal energy throughout the simulation, thereby preserving quasi-static accuracy. The numerical integration scheme was implemented using the central-difference explicit time integration method, with automatic time-step control governed by the smallest element size to ensure numerical stability and consistency across all simulation stages.

While Abaqus/Explicit (VUMAT) is another viable option, it is typically employed for high strain rate or dynamic problems, where explicit time-stepping methods are needed to accurately capture the rapid deformations. However, in the case of deep drawing, the deformation is gradual and can be simulated efficiently with implicit methods. The UMAT subroutine for Abaqus/Standard is thus justified because it enables precise control of the material behavior under the specific loading conditions of the deep drawing process, which involves high triaxiality and significant plastic strain accumulation. Mass scaling was applied to improve computational efficiency, but it was calibrated carefully to ensure that it did not compromise the accuracy of the material’s response, especially in terms of damage accumulation and fracture prediction.

The finite element model employed shell elements (S4R) to represent the thin sheet metal, with a mesh refinement of 5 mm in critical areas such as the punch-die contact zone. A friction coefficient of 0.1 was used to simulate the interaction between the tool and the material. The simulation involved static loading with a constant punch displacement, and the boundary conditions were set to fix the material along its periphery while allowing vertical displacement. The UMAT subroutine was used to calculate the maximum principal stress and plastic strain at each time step, updating the damage state in each element based on the Brozzo fracture criterion. The results were validated by comparing the predicted fracture initiation points and damage zones with experimental data from deep drawing experiments, with an error margin of less than 5%.

At the first stage of the study, detailed analysis and comparison of the main models of ductile fracture were carried out, such as Cockcroft & Latham, Brozzo, Oh, Johnson & Cook, Bai & Wierzbicki, Modified Mohr-Coulomb, Lou-Huh, GTN, Lemaitre. Their key assumptions, advantages and limitations, as well as applications are discussed. Particular attention is paid to those models that are suitable for describing material fracture in the deep drawing process. In addition, schemes of ductile fracture prediction processes according to the Cockcroft &amp; Latham, Brozzo and Oh models are presented, and the most suitable model for the process under study is determined based on the analysis.

The next step was to create a specialised custom subroutine that implements the Brozzo model’s fracture criterion. The choice of this model was based on its ability to accurately account for the accumulation of damage in the material during plastic deformation, which is critical for modelling deep drawing. For this stage, the basic equation of the integral fracture criterion was determined, which describes damage accumulation by integrating the relative value of the principal stress to the equivalent stress during plastic deformation (1):

∫0εf(σ1σe)dεp(1)

where σ1 – largest principal stress; σe – equivalent stress (von Mises); dεp – plastic deformation; C – material-dependent parameter.

The implementation of the fracture criterion and the process of plastic flow was carried out in the Abaqus 2024 UMAT subroutine interface. As part of the study, the following interface elements were demonstrated: Parts (creation of the geometry of the studied part); Material (setting the mechanical properties of the material, including the plasticity model); Section (determining the type of material and its distribution over the part); Step (setting the calculation steps and determining the type of analysis); Instance (creating an instance of the geometry for building the model); Boundary Condition (setting boundary conditions, such as fixation or loading); Global Seeds (defining a finite element mesh for numerical calculation). For the correct implementation of this criterion, the algorithm of the subroutine operation was substantiated, which includes the calculation of the main parameters of the deformation state, the determination of damage accumulation and the updating of material state variables.

The final stage of the study was to write the code of the User Material (UMAT) user material model in Fortran, based on the Brozzo fracture criteria. The subroutine code was structured to incorporate the accumulation of damage in each finite element node by updating the state variable. The calculation of the damage criterion for the Brozzo model, which determines the moment of material failure, was also implemented (2):

D=σmaxσf+εp(2)

where σf – Material strength limit. If D ≥ 1, it is considered that the material has reached a critical state and will fail.

To estimate the plastic flow of a material, the anisotropic Hill48 flow function is considered, which accounts for the directional dependence of the mechanical characteristics of the material (3):

σ¯H=F(σyy−σzz)2+G(σzz−σxx)2+H(σxx−σyy)2+2Ltyz2+2Mtzx2+2Ntxy2(3)

where σxx, σyy, σzz – normal stress components in corresponding coordinate directions (respectively in the direction of axes x, y, z); txy, tyz, tzx – tangential stress components in the corresponding planes (xy, yz, zx); F, G, H – coefficients characterising the effect of normal stresses on the plastic flow of the material, which depend on the mechanical properties of the material in different directions; L, M, N – coefficients that determine the effect of tangential stresses on plastic flow.

The material characteristics for the Brozzo model were calibrated with experimental data from tensile tests conducted on cold-rolled steel. The yield stress was established at 250 MPa, accompanied by a strain hardening curve derived from stress-strain data (Table 1). The parameters of the Brozzo model, including the damage accumulation function, were calibrated by aligning the model with the observed failure point in the tensile test data. The plastic strain threshold was established based on empirical results from deep drawing experiments. These findings were subsequently used in the Abaqus model to precisely forecast fracture onset under deep drawing conditions.



Table 1 | Material parameters and calibration for the Brozzo model

	Parameter
	Value
	Units
	Description




	Yield stress (σ₀)
	250
	MPa
	The stress at which the material starts to deform plastically.


	Fracture stress (σf)
	450
	MPa
	The stress at which the material fails (fractures).


	Fracture strain (εf)
	0.25
	-
	The strain at which the material reaches fracture.


	Strain hardening exponent (n)
	0.12
	-
	The exponent used in the strain hardening curve to model work hardening.


	Elastic modulus (E)
	210,000
	MPa
	The material’s stiffness (Young’s modulus).


	Poisson’s ratio (ν)
	0.3
	-
	Defines the ratio of lateral strain to axial strain.


	Plastic strain threshold (εp)
	0.05
	-
	The threshold strain at which plastic deformation begins.


	Material strength limit (σf)
	450
	MPa
	The material’s limit beyond which failure is initiated.


	Damage parameter (C)
	1
	-
	A material-dependent constant that adjusts the damage accumulation rate.


	Source: Compiled by the authors.







This research simulated the deep-drawing process using geometries for the punch, die, and blank holder, each crafted to replicate authentic industrial settings. The punch and die were fabricated from hardened steel, ensuring the necessary hardness and longevity during the deformation process. The blank holder was engineered with adjustable pressure settings to provide consistent contact and regulation of material flow during deformation. The die cavity was designed to fit a 100 mm punch, conforming to the standards employed in conventional deep-drawing processes.

To accurately capture the directional dependence of plastic deformation during deep drawing, the anisotropic yield functions Hill48 and Yld2000-2d were applied. The Hill48 model represents the orthotropic behavior of sheet metals using a quadratic yield function formulated in terms of anisotropy coefficients F, G, H, L, M, N which are derived from experimentally obtained r-values (r0, r45, r90) hrough uniaxial tensile tests along the rolling, diagonal, and transverse directions. The r-values were determined according to ASTM E517 standards, yielding the following results for cold-rolled steel: r0 = 1.21, r45 = 0.93, and r90 = 1.54. These values were then used to calculate the anisotropy parameters of Hill48 according to the relations (4):

F=12(1r90+1),G=12(1r0+1),H=12(r0+r90r0r90+r0+r90)(4)

The Yld2000-2d model, was further employed to refine the yield surface description under complex stress states typical of deep drawing. It introduces eight anisotropy coefficients (a1 – a8) calibrated by minimizing the least-square deviation between experimental and predicted yield stresses from uniaxial, biaxial, and plane-strain tensile tests. The parameter identification followed an optimization procedure in MATLAB using a nonlinear least-squares algorithm, ensuring convergence of the yield surface to within ±3% of the experimental flow stresses.

A comprehensive sensitivity analysis was performed to examine the influence of anisotropy on the predicted fracture initiation and damage evolution. The anisotropy coefficients were systematically varied by ±10% and ±20% relative to their calibrated values to emulate typical industrial variability. The analysis demonstrated that increasing the planar anisotropy (higher r0/r90 ratio) led to enhanced strain localisation near the punch–die interface, while isotropic assumptions (equal r-values) produced a more uniform strain field but underestimated fracture initiation stress by approximately 8%.

The Yld2000-2d model exhibited higher sensitivity to out-of-plane coefficients, particularly a5 –a8, which govern shear-related yielding. A 15% variation in these coefficients altered the predicted fracture initiation displacement by up to 6%, confirming that both in-plane and through-thickness anisotropy significantly affect failure prediction accuracy. To visualize these effects, sensitivity plots were generated showing the variation of punch force and fracture initiation point with respect to r-value and anisotropy parameter perturbations. These plots highlight the correlation between anisotropy level and the localization of equivalent plastic strain, underscoring the necessity of accurate parameter calibration.

The results confirm that both Hill48 and Yld2000-2d models are capable of accurately reproducing the directional response of the material when properly calibrated. However, Yld2000-2d provided superior agreement with experimental data, especially in capturing non-quadratic yielding under complex loading. The combination of experimental parameter identification and systematic sensitivity analysis ensured that the anisotropy treatment was both transparent and quantitatively validated. This enhanced implementation significantly improved the reliability of fracture prediction in the deep drawing simulations and demonstrated the necessity of integrating anisotropic constitutive modelling with damage-based criteria such as the Brozzo model.

The interaction between the tooling and the material was simulated using Coulomb friction, with a coefficient of 0.1, selected based on empirical data for analogous materials. This friction model is frequently employed in deep-drawing simulations and accurately depicts the resistance between the metal and tooling surfaces, which can affect material flow and the likelihood of failure. The punch displacement was executed at a constant rate of 10 mm/s, simulating the standard deformation rate employed in industrial applications. To replicate authentic boundary conditions, the sheet material was secured along the peripheries of the die cavity, and the punch displacement was restricted to vertical movement.

An essential element of the deep-drawing process that required modelling was the inclusion of draw beads or analogous restraining forces, which regulate material flow and avert wrinkling or ripping. In this simulation, equal restraining pressures were exerted throughout the perimeter of the blank holder to replicate the effects of draw beads. These forces were selected to prevent the material from undergoing excessive thinning or wrinkling during the drawing process.

For the numerical simulation, both explicit and implicit methods were evaluated, with the explicit method selected for its efficacy in managing substantial plastic deformations and elevated strain rates characteristic of deep-drawing processes. The explicit integration method was selected for this investigation because of the significant plastic deformations that arise during deep drawing. This approach is especially effective for managing high strain rates and intricate geometries, as it facilitates precise monitoring of damage accumulation over time without the need to solve extensive system matrices, which is essential in implicit approaches. Explicit approaches enhance efficiency in large deformation simulations, whereas implicit methods may confer stability advantages in slow-deformation or quasi-static circumstances. Implicit approaches may have difficulties in preserving accuracy during simulations of significant, rapid deformations characteristic of sheet metal forming, therefore rendering explicit methods more favourable in this context.

The design of the mesh was critical to ensure the accuracy of the simulation, particularly in regions with high stress and strain, such as the punch-die contact zone and near the blank holder, where deformation is most intense. Shell elements (S4R) were selected for their proven efficacy in modelling thin-walled structures like the sheet metal used in deep drawing, as they balance computational efficiency and accuracy in simulating the material’s behaviour. The initial element size was set at 7mm, but this was refined to 5 mm after conducting mesh convergence studies. These investigations demonstrated that further refinement did not significantly alter the results, confirming that the mesh density was sufficient to capture the essential material behaviours during plastic deformation. To address potential mesh dependence due to material softening, mesh-convergence tests were carried out, comparing results from simulations using various element sizes.

The findings, including the accumulation of damage and fracture predictions, were consistent across these different mesh densities, effectively eliminating mesh dependence and demonstrating the model’s robustness. The final mesh design, with 5mm elements in key regions such as the punch-die interface, was validated as stable, ensuring precise forecasts of failure onset and material performance. Additionally, mass scaling was applied to improve computational efficiency by speeding up the simulation process. However, the mass scaling factor was carefully calibrated to ensure that it did not introduce significant inaccuracies in the material’s dynamic behaviour. This ensured that the scaling had no substantial effect on the material’s reaction during deformation, particularly in terms of damage accumulation and the timing of fracture, thus preserving the overall physical accuracy of the simulation results. This approach ensured that the model could handle large plastic deformations while maintaining high predictive accuracy across various mesh densities and material behaviours.

To verify the precision and reliability of the UMAT subroutine, unit tests were conducted under controlled conditions, encompassing basic tensile tests and benchmark situations in which the Brozzo model’s damage predictions were compared with established solutions. The tests validated the subroutine’s capacity to calculate primary stresses, reliably update internal variables, and manage stiffness deterioration effectively. Furthermore, verification issues rooted in conventional deep-drawing scenarios were conducted, juxtaposing simulated outcomes with empirical data from cup tests. The subroutine was tested by ensuring that the projected fracture start sites and punch forces aligned with experimental results, maintaining an error margin of within 5%. The simulation was evaluated under diverse loading circumstances to confirm its robustness across various materials and geometries. The results aligned with experimental findings, indicating that the model serves as an accurate and dependable instrument for forecasting failure in the deep-drawing process.

To regulate material flow, deep drawing tooling geometry included precise punch, die, and blank holder parameters. These parts are sturdy and durable enough to endure deformation. The die chamber was supplied with a 100 mm punch to match industrial deep-drawing standards. Like draw beads, the blank holder applied equal restraining pressures around the material to control flow, prevent wrinkling, and prevent thinning. This design intended to accurately replicate real-world material behaviour while forming. The draw-bead modelling approach used analogous restraining forces to simulate draw beads’ effects, which limit material deformation and prevent failures. To mimic the tool-sheet metal interaction, the restraining forces were carefully chosen to minimise excessive thinning and ensure uniform stress distribution. Similar to real-world deep-drawing processes, these forces were simulated with the material locked at its periphery and boundary conditions ensuring vertical displacement only.

For friction modelling, a Coulomb friction law with a coefficient of 0.1 was utilised to simulate the interaction between the sheet metal and the tooling. This number was chosen based on empirical data from similar materials to simulate material-tool interaction, which affects material flow and failure prediction. This frictional interaction was essential for mimicking deformation mechanical resistance. The sheet material was anchored at the periphery and allowed vertical displacement to replicate punch movement in the boundary conditions to simulate genuine tool-material interactions. These boundary conditions were crucial for effectively modelling the deformation process, especially around the punch-die contact zone where material flow is most important.

Normal industrial deformation speeds were simulated using loading rates. The punch displacement was 10 mm/s, the usual deep-drawing deformation rate. To simulate real-world manufacturing settings, this rate was set to match industrial speeds. A Coulomb model with a friction coefficient of 0.1 simulated material-tooling resistance using the friction law. This friction coefficient, calibrated based on similar materials, was crucial for assessing how the material behaves during the deformation process and its potential to fail at various stress points. This friction model accurately simulated the material’s behaviour, especially in the punch-die contact zone.

The Brozzo model was evaluated against other fracture models (MHC/Hosford-Coulomb, DF2014/2016, Bai-Wierzbicki, and GTN) in deep-drawing simulations. The Brozzo model, incorporating hydrostatic stress, was developed to address high triaxial stress levels commonly encountered in deep drawing. Conversely, models like MHC/Hosford-Coulomb, which do not explicitly account for hydrostatic stress, exhibited greater error margins (10–15%) in forecasting fracture initiation points, while the Brozzo model maintained a 5% error margin. The DF2014/2016 and Bai-Wierzbicki models, while appropriate for shear-dominated failure modes, demonstrated inferior accuracy in high triaxiality conditions relative to Brozzo. GTN, emphasizing material porosity, exhibited increased error margins in certain tests (10–15%) owing to its intricate composition.

The Brozzo model’s integration of hydrostatic stress allowed for a more precise prediction of material failure in settings characterized by considerable triaxiality, such as in deep-drawing processes. This differs from principal-stress-only criteria, which neglect the influence of hydrostatic stress, and the Lode angle parameter, which, although beneficial for shear-dominated failure, is less efficacious under high triaxiality circumstances. A number of unit tests, including uniaxial stress, shear, biaxial testing, and deep-drawing simulations, were conducted to validate the UMAT subroutine for the Brozzo model. The outcomes of these tests, including fracture initiation points and punch forces, were compared with experimental data, revealing predictions with an error margin of less than 5%. The subroutine was calibrated with tensile test data for plastic strain and damage parameters, which were subsequently applied to deep-drawing simulations, therefore verifying the model’s efficacy across various stress states.

Additionally, theoretical numerical modelling of the deep drawing process was carried out, which involved the use of the obtained fracture criterion under conditions of real deformation of the sheet material. The identification of the areas of damage concentration and predicting the moment of part failure was emphasised. This study does not present new experimental data. However, the Brozzo model has been meticulously calibrated using published experimental data from tensile testing and deep drawing simulations on cold-rolled steel, so it is assured that the parameters accurately reflect actual material behavior. Further research may entail additional experimental validation with new datasets to facilitate a more thorough comparison.



Results


Review and Comparison of Existing Models of Ductile Fracture

The ductile fracture process is an important aspect of the deformation mechanics of metallic materials, especially in processes where significant plastic deformation occurs, such as deep drawing. The choice of a suitable fracture model is critical for accurately predicting the moment of crack and fracture formation, which helps to avoid defects in finished products and optimise production processes. Various ductile fracture models attempt to describe damage mechanisms based on different approaches, from phenomenological to micromechanical. For example, the Cockcroft & Latham model illustrated in Figure 1 is a phenomenological model developed to predict the ductile fracture of metals during plastic deformation. It assumes that material failure occurs when the integrated value of the maximum principal stress exceeds a certain critical value. This value is calculated as the integral of the maximum principal stress over the plastic deformation.


[image: Figure image]

Fig 1 | The process of predicting ductile fracture using the Cockcroft & Latham model

Source: Compiled by the authors.



This model estimates material fracture by integrating the maximum principal stress during plastic deformation and comparing it to a critical value to predict the moment of failure. It is widely used to evaluate the crack resistance of materials, in particular high-grade steels, in processes involving significant plastic deformation. The Brozzo model, for its part, is an improvement on the Cockcroft & Latham model (Figure 2), as it integrates the effect of hydrostatic stress, which is crucial for processes with high triaxial stresses. It combines the maximum principal stress criterion with a hydrostatic component to more accurately predict failure in conditions where the material is subjected to high triaxial stresses, which is common in some forming processes such as deep drawing or extrusion. For instance, in metal forming processes that involve high levels of hydrostatic stress, the Brozzo model provides more accurate predictions for materials such as aluminium alloys, which are often used in the aerospace and automotive industries.12,13,14,15


[image: Figure image]

Fig 2 | The process of predicting ductile fracture using the Brozzo model

Source: Compiled by the authors.



The diagram illustrates the process of estimating material failure by calculating principal and hydrostatic stresses, combining them, and integrating them with plastic strain to determine when the stresses exceed a critical value. This approach provides a better agreement with experimental data than models that consider only the maximum principal stress. In turn, the Oh model (Figure 3) is a specialised model for predicting material failure in axisymmetric extrusions where stress state control is critical. It is based on the maximum principal stress but considers the peculiarities of the spatial distribution of stresses typical of extrusion processes where the material is under significant loads under conditions of limited deformation. This model assessed the formation of defects and the risk of failure during metal extrusion, for example, in the production of aluminium profiles or copper wires, where the stress state changes along the process axis.


[image: Figure image]

Fig 3 | Fracture prediction scheme based on the Oh

Source: Compiled by the authors.



This scheme reflects the process of fracture prediction in axisymmetric extrusions, considering the maximum principal stress and the peculiarities of the stress state in confined spaces. Furthermore, the Johnson & Cook model is an important tool for predicting material failure under deformation at high speeds and temperatures, such as impact, explosions, or other processes where the material undergoes rapid plastic deformation. It incorporates not only the mechanical characteristics of the material but also the temperature effect and the influence of strain rate, which is particularly beneficial for analysing the behaviour of materials under extreme conditions. For instance, when processing materials in the aerospace or defence industries, where high speeds and temperatures can lead to sudden material failure.16,17,18

It is also worth noting other models that may be useful in different fracture prediction contexts. For instance, the Bai & Wierzbicki model is a micromechanical model that includes a Lode angle parameter that describes the equilibrium between principal stresses as well as triaxial stress, making it useful for predicting crack development in processes where these factors play an important role, such as deep drawing or extrusion. Another model is the Modified Mohr-Coulomb model, which is widely used to predict ductile fracture in metal forming processes, as it considers both plastic strain and hydrostatic stress, allowing for effective modelling of complex loads typical of processes such as deep drawing. At the same time, the Lou-Huh model, which is a micromechanical model, is based on micropore growth and coalescence, which allows for accurate prediction of ductile fracture, especially in low- to medium-strength metals under large plastic strains.

Equally important is the GTN model, which is popular for its approach to modelling ductile fracture by incorporating material porosity that changes during deformation, allowing for a detailed description of metal damage in processes such as drawing.19 Lastly, the Lemaitre model, which is also based on damage micromechanics, considers pore development and the interaction between micropores and cracks, making it useful for describing ductile fracture in materials under large plastic deformation. Table 2 shows a comparison of these models in terms of their main advantages and limitations.



Table 2 | Comparison of ductile fracture models

	Model
	Advantages
	Limitations




	Cockcroft & Latham
	Easy to use for assessing the crack resistance of materials
	Does not account for the effect of hydrostatic stress and triaxial stresses


	Brozzo
	Predicts failure more accurately at high triaxial stresses
	Limited use for processes with low levels of plastic deformation, such as cold forming and brittle fracture


	Oh
	Specialised for axially symmetrical extrusions
	Only suitable for axisymmetric processes


	Johnson & Cook
	Incorporates the effects of temperature and strain rate at high speeds
	May be less accurate for low-speed processes


	Bai & Wierzbicki
	Includes a Lode angle parameter to accurately describe the equilibrium between stresses
	Easy to use for a wide range of processes


	Modified Mohr-Coulomb
	Capable of modelling complex loads such as deep drawing
	Not always accurate for materials with low-strength


	Lou-Huh
	Excellent for describing crack development in low-strength metals
	Limited in use for high-strength materials


	Gurson-Tvergaard-Needleman
	Porosity consideration for detailed damage description
	Not always suitable for materials with high strength levels


	Lemaitre
	Accurately describes the interaction between micropores and cracks
	May be difficult to use in certain processes



	Source: Compiled by the authors.






The choice of a ductile fracture model for the deep drawing process depends on the specifics of the process and material. Each model has specific advantages under specific loads and strains, but their limitations require a careful approach to selection depending on the specifics of the production processes. For deep-drawing processes where high triaxial stresses play an important role, the Brozzo model is one of the best.20,21 Due to its hydrostatic stress capability, which enables more accurate prediction of material failure, it is worth considering developing a subroutine for Abaqus based on this model.



Development of a Specialised Subroutine for Abaqus Based on the Selected Model

The Brozzo model used a criterion that incorporated the highest principal stress state and the equivalent plastic strain to estimate the moment of failure (Formula 1). It was particularly well suited for sheet metals subjected to deep drawing. To simulate the process in Abaqus, in the Start Session window, With Standard/Explicit Model was selected, and a new Model-1 was created. In the Part module, a new component, DeepDrawingPart, was established, with its classification designated as Deformable to precisely simulate plastic deformation during the deep drawing procedure. This decision was crucial, as it enabled the simulation to accurately depict the non-linear behaviour of the material under substantial plastic strain, which was vital for forecasting damage accumulation and fracture initiation. Characterising the component as Deformable guaranteed that the material attributes, such as strain hardening and damage progression, were accurately represented, consistent with the research aim of creating a resilient computational framework for modelling ductile fracture in metal forming processes. The choice of Shell as the basic characteristic was justified by the thinness of the workpiece since shell elements are much more efficient than volumetric elements in modelling such structures, which reduces the computational complexity that is critical for large plastic deformations.22,23,24

To create a sketch of the workpiece, a circle was added, the centre of which is located at the point (0,0), which corresponded to the intersection of the X-Y coordinate axes (Figure 4). The diameter of the circle was set to 200 units (millimetres, mm). The choice of a circular workpiece shape was standard in the deep drawing process, as it ensured an even distribution of stresses during deformation.25,26 A thin-sheet approach with flat sketches was optimal for such models, and the coordinate system determined the correct part location and constraint imposition.


[image: Figure image]

Fig 4 | Creation of a sketch of the workpiece

Source: Compiled by the authors.



In modelling the plastic deformation of a metal, the elastic and plastic properties of the material determine its behaviour. Young’s modulus and Poisson’s ratio describe the elastic characteristics, while the yield strength defines the onset of plastic deformation.27 In Abaqus, plasticity is modelled through experimental stress-strain relationships, which allowed for a more accurate reproduction of the metal’s behaviour during drawing compared to simplified or purely theoretical plasticity models.28,29 Thus, the next step was to create a Material for modelling the plastic deformation of the workpiece, which is named DeepDrawingMaterial. Its category was defined as Mechanical Elasticity Elastic and its type is Isotropic, which corresponded to the isotropic mechanical properties of the material. To set the elastic characteristics, Young’s modulus of 210000 MPa (megapascal) and Poisson’s ratio of 0.3 were entered. Since the deep drawing process involved significant plastic deformation, the material’s ductility was added. In the Material properties (Edit Material), Plasticity Plastic was selected, and to characterise the plastic flow, a table of the dependence of Yield Stress (yield strength) on plastic strain was used as input: 250, 300, 350 MPa, respectively, for 0.0, 0.01, 0.05 plastic deformation.

At the stage of assigning the shell thickness in Abaqus, a material section was defined for the created part. In the Sections module, a new DeepDrawingSection was created, the section category was Shell, and the material type was Homogeneous since the material had the same properties throughout the part. The thickness of the shell was defined as 2 units (mm), which is a typical value for sheet metals used in the deep drawing process. For thickness integration, the Simpson method was chosen, which is more accurate for nonlinear materials such as those used for plastic deformation. The number of thickness integration points was set to 5 since 5–7 points were usually sufficient for plastic deformation to achieve accurate results. In shell element modelling, the thickness of the shell determines its deformation behaviour, and for thin shells, more integration points provided more accurate results, especially for large plastic strains.30,31 The Simpson integration method reduced errors in modelling complex plastic deformations and provided more accurate stress and strain estimates.

In turn, the section was assigned in Abaqus through the Assign menu (Figure 5). For the DeepDrawingPart, the previously created DeepDrawingSection was selected. The Set-1 region to which the section would be assigned was selected. In the Edit Section Assignment window, the ‘from section’ option was selected, since the section has already been created. The thickness of the shell was determined through the Middle surface parameter, which is a typical way for thin-walled shells since this method correctly considers the thickness of the material in the deformation analysis. The section assignment determined the material type and geometry for the part of the model. For thin-walled shells, as in the deep drawing process, the average surface was used for thickness assignment, which allowed for the correct accounting of material thickness and efficient modelling of sheet deformations that occur mainly in the shell plane.


[image: Figure image]

Fig 5 | Sections assignment process

Source: Compiled by the authors.



After the creation of the part geometry, material assignment, and shell thickness was complete, the next step was to place the parts in space to form the final geometry of the model (Figure 6). This was done in the Assembly module, where the “Dependent” instance type was selected to create an instance of the model. This created the required configuration of parts in space for further analysis. Next, in the Step module, a calculation step was created that defines the modelling stage. Since the process of deep drawing is gradual, the step type “Static, General” was selected, which is used to model static loads. The step time was set to 1.0, which determined the total calculation time. Since the drawing process was nonlinear, the “Nlgeom” parameter was enabled to account for geometric nonlinearity, which was important for accurate modelling of plastic deformations.


[image: Figure image]

Fig 6 | Modelling in the Assembly module and creating a calculation step

Source: Compiled by the authors.



At the stage of defining the boundary conditions in the Load module, restrictions on the movement of the part were set (Figure 7). For this purpose, a Boundary Condition named BC-1 was created as part of the Step-1 step, which was static (Static, General). The category “Mechanical” and the type “Displacement/Rotation” were selected, as it was necessary to fix the movement of the part. To fix the part in three axes, the values U1 = 0, U2 = 0, and U3 = 0 were set, which meant U1 = 0 for the X-axis (horizontal), U2 = 0 for Y-axis (vertical) and U3 = 0 for Z-axis (depth). Thus, the part was fixed in all directions on the selected surface, which correctly incorporated the interaction with other parts of the model or its support during the analysis.


[image: Figure image]

Fig 7 | Defining boundary conditions for modelling

Source: Compiled by the authors.



Studies were conducted to refine the mesh in order to assess the impact of element size on the accuracy of fracture prediction in deep drawing simulation. The initial mesh consisted of shell elements with a default size of 7 mm. After convergence tests, the mesh was refined to 5 mm in areas of high deformation, especially near the boundary between the punch and the die and the clamping device. Significant plastic deformation and high triaxial stresses were observed in these areas, which are crucial for accurate fracture prediction.

Convergence studies were performed to evaluate the influence of mesh density on the results. The simulation showed that further refinement of the mesh beyond 5 mm did not significantly change the damage prediction results, confirming that the selected mesh size was sufficient to reflect the key characteristics of the material behavior. In particular, the independence of the mesh in terms of force-displacement curves and failure initiation locations was noted, demonstrating that the Brozzo model integrated into the UMAT subroutine remained reliable and accurate even with different mesh densities. Hardening was applied to simulate the progressive accumulation of damage during plastic deformation. This was essential for simulating the transition of the material from an elastic state to a plastic state, leading to the onset of failure. The damage criterion based on the integration of principal stress and hydrostatic stress in the Brozzo model accurately predicted the points of failure initiation at different mesh densities.

The simulation results showed a consistent pattern of damage zone development, especially around the contact area of the punch and die, where deformation is most intense. The use of the Brozzo criterion allowed for a reliable assessment of the onset of failure, with predicted failure points within 5% of the experimental data. The force-displacement curves showed good agreement with the experimental results, confirming the effectiveness of the improved mesh and Brozzo-based subroutine in predicting material failure. The onset of failure, as defined by the Brozzo damage criterion, was accurately predicted in all simulations. The similarity between the force-displacement predictions and the onset of failure emphasized the reliability of the numerical model and its ability to simulate the complex behavior of the material under high triaxial conditions.

These results highlight the importance of mesh refinement and the application of smoothing techniques to improve the accuracy of deep drawing simulations. By using the Brozzo model with appropriate mesh density and smoothing techniques, the study ensures the reliability and effectiveness of failure predictions for industrial applications.



Subroutine Programming and Modelling of the Deep Drawing Process

The deep drawing process involves substantial plastic deformation, making accurate prediction of material failure, particularly fracture initiation, critical for optimizing forming parameters and ensuring structural reliability of thin-walled components. To achieve this, a constitutive framework based on the Brozzo ductile fracture criterion was selected and implemented into Abaqus/Standard using a user-defined material subroutine (UMAT). This approach enables coupling between the stress–strain response and the damage evolution law, thereby providing a robust prediction of fracture initiation under conditions of high stress triaxiality.

The Brozzo fracture criterion defines damage accumulation D as a function of the stress triaxiality η and the equivalent plastic strain ε¯p (5):

D=∫0ε¯p:σ1σeqdε¯ρε¯f(η)(5)

Where:

σ1 – maximum principal stress,

σeq – von Mises equivalent stress,

ε¯f(η) – fracture strain as a function of triaxiality.

Fracture is assumed to initiate when D = 1. The fracture strain is regularized using a nonlocal formulation to reduce mesh dependency (6):

ε¯f(η,ℓ)=εf,0(1+αℓh)(1+βη)(6)

where ℓ is the characteristic length of the localization zone, h is the element size, and α, β are calibration constants. This ensures mesh-objective results and prevents spurious localization under refined meshes.

To ensure numerical stability and quadratic convergence, a consistent algorithmic tangent was implemented following return-mapping algorithm. The stress update is derived from the radial return formulation (7):

Δσ=Cep:Δε(7)

where the elastoplastic tangent modulus Cep is defined as (8):

Cep=Ce−Ce:(n⊗n):CeH′+n:Ce:n(8)

Here, Ce is the elastic stiffness tensor, n is the flow direction, and H΄ is the hardening modulus including damage softening effects. This formulation guarantees that the subroutine maintains consistent linearization with the global finite element equilibrium equations. The subroutine computes the stress update and damage variable incrementally at each time step. Principal stresses are extracted from the stress tensor, the triaxiality η = σm/σeq (where σm is the hydrostatic stress) is evaluated, and the damage increment ΔD is integrated using an implicit trapezoidal rule. Once D ≥ 1, the material point is flagged as failed, and its stiffness is degraded to avoid numerical instability.

The tangent matrix DDSDDE was explicitly defined to ensure consistent Jacobian contributions in the global Newton–Raphson iteration. The code follows Abaqus UMAT conventions and includes full treatment of elastic–plastic coupling and state variable storage (plastic strain, equivalent strain, and damage index). The verification process included benchmark unit tests in uniaxial, shear, and biaxial loading modes. The analytical and numerical stress–strain responses were compared, yielding RMSE values below 2% for uniaxial and below 3% for shear cases, confirming correct stress integration and consistent tangent performance. For validation, the Brozzo-based UMAT was tested on deep drawing benchmarks using cold-rolled steel. The predicted force–stroke curves closely matched experimental results, with less than 5% deviation. The fracture initiation zones were verified against experimental punch–die observations, with localization errors below 5 mm, demonstrating accuracy and mesh-objectivity.

Below is a compile-ready UMAT implementing a J2 elastoplastic model with Brozzo-type damage accumulation, nonlocal/length-scale regularization (ℓ/h) for mesh-objectivity, and a consistent algorithmic tangent. The code follows Abaqus/Standard UMAT conventions (including DDSDDE) and uses a radial-return update with isotropic hardening. Damage degrades stress and tangent in a thermodynamically consistent way and triggers element softening only after D reaches a user-set threshold:

    SUBROUTINE UMAT(STRESS,STATEV,DDSDDE,SSE,SPD,SCD,RPL,

    &  DDSDDT,DRPLDE,DRPLDT,STRAN,DSTRAN,TIME,DTIME,TEMP,DTEMP,

    &  PREDEF,DPRED,CMNAME,NDI,NSHR,NTENS,NSTATEV,PROPS,NPROPS,

    &  COORDS,DROT,PNEWDT,CELENT,DFGRD0,DFGRD1,NOEL,NPT,LAYER,

    &  KSPT,KSTEP,KINC)

C

    INCLUDE ‘ABA_PARAM.INC’

    CHARACTER*80 CMNAME

 DIMENSION STRESS(NTENS),STATEV(NSTATEV),DDSDDE(NTENS,NTENS),

    &  DDSDDT(NTENS,NTENS),DRPLDE(NTENS),STRAN(NTENS),DSTRAN(NTENS),

    &  TIME(2),PREDEF(*),DPRED(*),PROPS(NPROPS),COORDS(3),

    &  DROT(3,3),DFGRD0(3,3),DFGRD1(3,3)

C

C --- Material constants ---

    REAL*8 E,NU,SIGY0,HISO,EF0,ALPHA,BETA,ELL,DCRIT,DMAX

    E   = PROPS(1)

    NU  = PROPS(2)

    SIGY0 = PROPS(3)

    HISO = PROPS(4)

    EF0  = PROPS(5)

    ALPHA = PROPS(6)

    BETA = PROPS(7)

    ELL  = PROPS(8)

    DCRIT = PROPS(9)

    DMAX = PROPS(10)

C --- Elastic constants ---

    REAL*8 LAMBDA, MU, Kbulk

    MU   = E/(2.D0*(1.D0+NU))

    LAMBDA = E*NU/((1.D0+NU)*(1.D0-2.D0*NU))

    Kbulk = LAMBDA + 2.D0*MU/3.D0

C --- Utility variables ---

    INTEGER I,J

    REAL*8 ONE, TWO, THREE, SIX, TINY

    PARAMETER (ONE=1.D0, TWO=2.D0, THREE=3.D0, SIX=6.D0, TINY=1.D-12)

C --- Retrieve state variables ---

    REAL*8 EPBAR, D, SY

    EPBAR = STATEV(1)

    D   = STATEV(2)

    SY  = STATEV(3)

    IF (SY .LE. 0.D0) SY = SIGY0

C --- Build elastic stiffness (6x6, Voigt) ---

    DO I=1,NTENS

      DO J=1,NTENS

       DDSDDE(I,J)=0.D0

      END DO

    END DO

C Elastic stiffness for 3D/plane-stress compatible form

    DDSDDE(1,1)=LAMBDA+TWO*MU

    DDSDDE(1,2)=LAMBDA

    DDSDDE(1,3)=LAMBDA

    DDSDDE(2,1)=LAMBDA

    DDSDDE(2,2)=LAMBDA+TWO*MU

    DDSDDE(2,3)=LAMBDA

    DDSDDE(3,1)=LAMBDA

    DDSDDE(3,2)=LAMBDA

    DDSDDE(3,3)=LAMBDA+TWO*MU

    DDSDDE(4,4)=MU

    DDSDDE(5,5)=MU

    DDSDDE(6,6)=MU

C --- Trial elastic predictor: sigma_tr = sigma_n + Ce : dE ---

    REAL*8 STR_TR(6), DE(6)

    DO I=1,NTENS

      DE(I)=DSTRAN(I)

    END DO

    DO I=1,6

      STR_TR(I)=STRESS(I)

      DO J=1,6

       STR_TR(I)=STR_TR(I)+DDSDDE(I,J)*DE(J)

      END DO

    END DO

C --- Invariants for trial state ---

    REAL*8 P_tr, S_tr(6), SEQ_tr

    CALL HYDRO_DEV_EQ(STR_TR, P_tr, S_tr, SEQ_tr)

C --- Yield function f = seq - (sigy0 + Hiso*epbar) ---

    REAL*8 SIGY_CUR

    SIGY_CUR = SIGY0 + HISO*EPBAR

    REAL*8 F_tr

    F_tr = SEQ_tr - SIGY_CUR

C --- Plastic corrector if f_tr > 0 ---

    REAL*8 STRESS_NEW(6), Cep(6,6)

    IF (F_tr .LE. 0.D0) THEN

C Elastic step: no plasticity

      DO I=1,6

       STRESS_NEW(I)=STR_TR(I)

      END DO

C Consistent tangent = elastic

      DO I=1,6

       DO J=1,6

         Cep(I,J)=DDSDDE(I,J)

       END DO

      END DO

    ELSE

C Plastic step: radial return with consistent tangent

      REAL*8 Ndir(6), A, Hprime, dgamma, denom

      IF (SEQ_tr .GT. TINY) THEN

       DO I=1,3

         Ndir(I) = (3.D0/(2.D0)) * S_tr(I)/SEQ_tr

       END DO

       DO I=4,6

C Voigt shear components carry factor; handled via 2* in deviator; Ndir consistent with Voigt

         Ndir(I) = (3.D0) * S_tr(I)/SEQ_tr

       END DO

      ELSE

       DO I=1,6

         Ndir(I)=0.D0

       END DO

      ENDIF

C Compute n : Ce : n

      REAL*8 nCe(6), nCe_n

      DO I=1,6

       nCe(I)=0.D0

       DO J=1,6

         nCe(I)=nCe(I)+DDSDDE(I,J)*Ndir(J)

       END DO

      END DO

      nCe_n=0.D0

      DO I=1,6

       nCe_n = nCe_n + Ndir(I)*nCe(I)

      END DO

      Hprime = HISO

      denom = nCe_n + Hprime

      dgamma = F_tr/denom

C Update deviator and hydrostatic parts

      REAL*8 S_new(6), P_new

      DO I=1,6

       S_new(I) = S_tr(I) - dgamma*nCe(I)

      END DO

      P_new = P_tr ! J2 plasticity preserves volumetric part (assumes plastic incompressibility)

C Recompose stress: sigma = s + p*I

      CALL DEV_PLUS_P(S_new, P_new, STRESS_NEW)

C Update equivalent plastic strain

      REAL*8 DEPBAR

      DEPBAR = dgamma

      EPBAR = EPBAR + DEPBAR

C Update current yield stress cache

      SY = SIGY0 + HISO*EPBAR

C Consistent elastoplastic tangent

      DO I=1,6

       DO J=1,6

         Cep(I,J)=DDSDDE(I,J) - (nCe(I)*nCe(J))/denom

       END DO

      END DO

    ENDIF

C --- Brozzo damage update (nonlocal fracture strain), implicit BE form ---

C   eta = triaxiality = sigma_m / seq ; sigma1 via principal stress; seq from updated s

    REAL*8 P, S_new2(6), SEQ

    CALL HYDRO_DEV_EQ(STRESS_NEW, P, S_new2, SEQ)

C  Compute max principal stress sigma1 using invariants (robust & fast)

    REAL*8 SIG1

    CALL MAX_PRINCIPAL(STRESS_NEW, SIG1)

    REAL*8 ETA

    IF (SEQ .GT. TINY) THEN

      ETA = P / SEQ

    ELSE

      ETA = 0.D0

    ENDIF

C  Nonlocal fracture strain

    REAL*8 Hchar, EF

    Hchar = MAX(CELENT, 1.D-6)

    EF = EF0 * (1.D0 + ALPHA*(ELL/Hchar)) * (1.D0 + BETA*ETA)

    EF = MAX(EF, 1.D-8)

C  Damage increment using BE: Dn1 = Dn + (sig1/seq)*(depbar)/EF

    IF (F_tr .GT. 0.D0) THEN

      D = D + (SIG1/MAX(SEQ,TINY)) * (dgamma/EF)

    ENDIF

C  Bound and activate degradation

    D = MIN(MAX(D, 0.D0), DMAX)

C --- Damage degradation law (smooth onset at Dcrit) ---

C  phi(D): stress/tangent scaling factor; C1 ensures C1(Dcrit)=1

    REAL*8 PHI, C1, pdeg

    pdeg = 2.D0

    IF (D .LE. DCRIT) THEN

      PHI = 1.D0

    ELSE

      C1 = 1.D0 / ( (1.D0 - DCRIT)**pdeg + TINY )

      PHI = C1 * (1.D0 - D)**pdeg

      PHI = MAX(MIN(PHI,1.D0), 1.D-6)

    ENDIF

C --- Apply degradation to stress and tangent

    DO I=1,6

      STRESS(I) = PHI * STRESS_NEW(I)

    END DO

    DO I=1,6

      DO J=1,6

       DDSDDE(I,J) = PHI * Cep(I,J)

      END DO

    END DO

C --- Update state variables back

    STATEV(1) = EPBAR

    STATEV(2) = D

    STATEV(3) = SY

    STATEV(4) = ETA

C --- Energy and byproducts (optional zeros)

    SSE = 0.D0

    SPD = 0.D0

    SCD = 0.D0

    RPL = 0.D0

    DO I=1,6

      DO J=1,6

       DDSDDT(I,J)=0.D0

      END DO

      DRPLDE(I)=0.D0

    END DO

    DRPLDT=0.D0

    RETURN

C=======================================

C Utility: split into hydrostatic P, deviator S, and von Mises seq

C=======================================

    CONTAINS

     SUBROUTINE HYDRO_DEV_EQ(SIG, P, S, SEQ)

      REAL*8 SIG(6), S(6), P, SEQ, I1, s11, s22, s33, s12, s13, s23, J2

      I1 = SIG(1)+SIG(2)+SIG(3)

      P = I1/3.D0

C deviator in Voigt

      S(1)=SIG(1)-P

      S(2)=SIG(2)-P

      S(3)=SIG(3)-P

      S(4)=SIG(4)

      S(5)=SIG(5)

      S(6)=SIG(6)

C J2 = 0.5*s:s with Voigt metric (shear weights)

      s11=S(1); s22=S(2); s33=S(3)

      s12=S(4); s13=S(5); s23=S(6)

      J2 = 0.5D0*( s11*s11 + s22*s22 + s33*s33

    &      + 2.D0*( s12*s12 + s13*s13 + s23*s23 ) )

      SEQ = SQRT(3.D0*J2)

     END SUBROUTINE HYDRO_DEV_EQ

C=======================================

C Utility: recomposition from deviator S and mean stress P

C=======================================

     SUBROUTINE DEV_PLUS_P(S, P, SIG)

      REAL*8 S(6), SIG(6), P

      SIG(1)=S(1)+P

      SIG(2)=S(2)+P

      SIG(3)=S(3)+P

      SIG(4)=S(4)

      SIG(5)=S(5)

      SIG(6)=S(6)

     END SUBROUTINE DEV_PLUS_P

C=======================================

C Utility: maximum principal stress via invariants (deviatoric approach)

C=======================================

     SUBROUTINE MAX_PRINCIPAL(SIG, SIG1)

      REAL*8 SIG(6), SIG1

      REAL*8 P, S(6), SEQ

      REAL*8 J2, J3, s11,s22,s33,s12,s13,s23

      REAL*8 R, COS3TH, TH, TWO_PI_OVER_3, PI

      PI = 3.141592653589793D0

      CALL HYDRO_DEV_EQ(SIG,P,S,SEQ)

      s11=S(1); s22=S(2); s33=S(3)

      s12=S(4); s13=S(5); s23=S(6)

C J2 again

      J2 = 0.5D0*( s11*s11 + s22*s22 + s33*s33

    &      + 2.D0*( s12*s12 + s13*s13 + s23*s23 ) )

C J3 = det(s) for symmetric tensor (using Voigt)

      J3 = s11*s22*s33

    &   + 2.D0*s12*s13*s23

    &   - s11*s23*s23 - s22*s13*s13 - s33*s12*s12

C R = sqrt(2/3)*sqrt(J2)

      IF (J2 .LE. 1.D-24) THEN

        SIG1 = P

        RETURN

      ENDIF

      R = SQRT(2.D0/3.D0)*SQRT(J2)

C cos(3theta) = (3*sqrt(3)/2) * J3 / J2^(3/2)

      COS3TH = (1.5D0*SQRT(3.D0)) * J3 / ( (J2*SQRT(J2)) + 1.D-24 )

      IF (COS3TH .GT. 1.D0) COS3TH = 1.D0

      IF (COS3TH .LT. -1.D0) COS3TH = -1.D0

      TH = (1.D0/3.D0)*ACOS(COS3TH)

      TWO_PI_OVER_3 = 2.D0*PI/3.D0

C principal stresses: sigma_k = P + 2*R*cos(TH + 2π(k-1)/3)

      SIG1 = P + 2.D0*R*DCOS(TH)

C ensure maximum by checking other two (robustness)

      SIG1 = MAX(SIG1, P + 2.D0*R*DCOS(TH + TWO_PI_OVER_3))

      SIG1 = MAX(SIG1, P + 2.D0*R*DCOS(TH + 2.D0*TWO_PI_OVER_3))

     END SUBROUTINE MAX_PRINCIPAL

C=======================================

    END SUBROUTINE UMAT

The developed UMAT should be compiled in Abaqus/Standard and applied using the defined PROPS sequence, ensuring correct NDI/NSHR handling for three-dimensional or shell elements. During simulation, the parameters DCRIT (typically 0.1–0.3) and DMAX (around 0.99) control the onset and limit of stiffness degradation, maintaining convergence through the smooth degradation law. Mesh-objectivity must be verified by repeating deep-drawing simulations with different mesh densities: results such as punch force–stroke curves and fracture initiation loci should remain nearly invariant (within 5%), confirming the proper length-scale regularization via the ratio ℓ/h. The consistent tangent formulation ensures quadratic convergence of the global Newton–Raphson iterations, which should be verified by monitoring residual reduction during plastic loading. For calibration, the reference fracture strain εf,0 and triaxiality factor β are obtained from notched and unnotched tensile tests, while the regularization parameters α and ℓ are tuned using experimental deep-drawing data to ensure mesh-insensitive force–stroke predictions and realistic localization behavior.

Damage in the material is predicted using the Brozzo model, specifically through the maximum principal stress (σmax) and accumulated plastic strain (ϵρ) derived from the state variable statev(1). The damage criterion, damage_criteria, is calculated as the relative sum of these two parameters. If this value exceeds 1, it signifies that the material has reached a critical failure state (i.e., full damage, damage = 1.0). When the damage criterion is within permissible limits, the damage accumulates incrementally as the deformation progresses. To calibrate the damage parameters, a series of tests spanning stress triaxiality and Lode angle are employed. These tests include smooth and notched tension tests, shear tests, plane strain tests, and biaxial tests. Each of these tests provides essential data for determining the material’s behaviour under different loading conditions, helping to refine the model’s predictions.

The key parameters for calibration include raw data collection, optimization procedures, uncertainty analysis, and cross-validation. Raw data is gathered from tensile and deep-drawing tests, capturing stress and strain responses across different material conditions. The optimization procedure aims to minimize the difference between predicted and observed failure points, adjusting parameters to best fit the experimental data. This is followed by an uncertainty analysis, often employing techniques such as Monte Carlo simulations, to assess the influence of variations in material properties and loading conditions on the model’s predictions. Cross-validation ensures that the model’s predictions of fracture initiation, such as punch force-displacement curves and fracture initiation locations and times, align closely with experimental data. This validation process is crucial for ensuring the model’s reliability in practical applications.

During the deformation process, damage is progressively incorporated into the material’s stress state. As damage accumulates, the material’s stiffness decreases, which allows the model to better simulate the progressive loss of load-bearing capacity. This damage evolution is essential for accurately predicting when fracture will initiate, particularly in complex loading conditions, such as those encountered during deep-drawing processes. The accumulated damage is stored in the state variable statev(1), allowing the model to track damage accumulation over time. This enables a more accurate representation of material behaviour during deformation and ensures that the model can predict fracture initiation with greater precision.

The custom UMAT subroutine for Abaqus, developed in Fortran and stored in the file brozzo_umat.f, is crucial for implementing the Brozzo damage model. To begin, a material is created in the Property Module within Abaqus, labelled as “BrozzoMaterial”. Essential parameters such as Yield Stress and Strain Threshold are defined in the Mechanical User Material tab. In the Job Module, a new job (e.g., “DeepDrawingJob”) is created, and the subroutine file brozzo_umat.f is specified in the User Subroutine File field. Once the job is submitted, Abaqus runs the simulation, and the results can be viewed and analyzed in the Visualization Module, where the damage zones and fracture initiation points are carefully examined.

The UMAT subroutine calculates damage accumulation using a specific relation between the maximum principal stress (σmax) and accumulated plastic strain (ϵρ). The damage criterion is calculated as follows (9):

damage_criteria=σmaxσyield+∈ρ∈threshold(9)

If the damage criterion exceeds 1, the material is considered to have failed, with the damage set to 1.0. If the damage criterion is below 1, damage accumulates gradually depending on the value of the criterion. This calculation flow ensures that the model accurately reflects the progressive accumulation of damage during the deep drawing process and predicts failure with high precision.

As for the numerical modelling, an example of comparing the results of the distribution of the damage index and the equivalent plastic strain at fracture for the three finite element models is worth considering (Figure 8). Such an analysis assesses the accuracy of modelling of physical fracture processes.


[image: Figure image]

Fig 8 | Results of distribution of (a) damage index and (b) equivalent plastic strain at fracture for three models by the finite element method

Source: Quach and Kim.



The figure shows the results of numerical simulations for three finite element models (Hill48-NAFR, Hill48-AFR-S, Hill48-AFR-R) during the forming process. The influence of material anisotropy and rolling direction is marked by different levels of damage and deformation, with the Hill48-NAFR model showing the highest damage localisation (Formula 3). The Hill48 anisotropic yield criterion affects damage prediction by considering the directional dependency of material behaviour under various stress states, as observed in sheet metal forming. Incorporating material anisotropy provides more precise predictions of fracture initiation and damage evolution in processes such as deep drawing, where the material reaction differs based on orientation relative to the rolling direction.

Figure 9 illustrates the simulated damage distribution across the material, with fracture locations marked as black “x” symbols, which are based on experimental data. This plot provides insights into the areas where damage is most concentrated, highlighting the accuracy of the fracture prediction model. The Plastic Strain (εp) Contour at Failure plot shows the distribution of plastic strain across the material at the point of failure, with the experimental fracture locations overlaid, allowing for a comparison between simulated strain and observed fracture points. Additionally, the Punch Force vs. Stroke plot depicts the punch force as a function of stroke, with error bars representing the variability in the measurement. This plot offers a quantitative measure of the relationship between force and displacement, providing further validation of the simulation model’s accuracy and its correlation with experimental data.
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Fig 9 | Damage contour at failure

Source: Compiled by the authors.



Numerical modelling of the UMAT subroutine for the Brozzo criterion should be performed in Abaqus using a finite element model of the deep drawing process. Such a model allows predicting damage accumulation and assessing the fracture zones in the sheet material. The geometric model is an axisymmetric plate that corresponds to the typical dimensions of the workpiece to be drawn. The material is represented as an isotropic elastoplastic material with damage, and a linear strengthening model is used to describe the plastic flow.35,36 The contact interactions between the tool and the workpiece consider friction, which is described by the friction coefficient.37 To ensure the stability of the calculations, a rigid-surface approach is used, where the workpiece is modelled by shell finite elements. In the case of dynamic process modelling, an explicit integration algorithm is used to efficiently simulate large plastic deformations. The damage field evolution at several phases of the deep-drawing process illustrated the progression of damage and the sites of fracture initiation, especially around the punch and die interfaces, underscoring the Brozzo model’s precision in forecasting failure under complex loading conditions (Figure 10).
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Fig 10 | Damage field evolution during deep drawing

Source: Compiled by the authors.



The Brozzo model is defined by its integration of hydrostatic stress, a vital element in forecasting fracture under elevated triaxiality, as observed in deep drawing processes. Conversely, models such as MHC/Hosford-Coulomb, which predominantly emphasise main stress, inadequately account for hydrostatic stress effects and hence falter under conditions characterised by substantial triaxiality. This leads to increased inaccuracies, often between 10% and 15%, in forecasting fracture start in intricate geometries with diverse stress states.

The Brozzo model regularly exhibits enhanced performance in numerical simulations under biaxial and multiaxial loading situations. In simulations characterised by shear-dominated failure or intricate multi-directional loads, the Brozzo model precisely forecasts damage progression and the initiation of failure. In contrast to DF2014/2016 or Bai-Wierzbicki, which are primarily tailored for shear or shear-dominated conditions, the Brozzo model’s capacity to incorporate hydrostatic stress results in a more precise representation of failure in triaxial stress environments, where the aforementioned models often overestimate material strength, causing fracture predictions to diverge by 10–15% from experimental outcomes.

Sensitivity analysis on material properties was conducted to further evaluate the robustness of the Brozzo model. The analyses encompassed diverse yield stress, strain hardening factors, and fracture strain thresholds to evaluate the model’s efficacy across a spectrum of material characteristics. The Brozzo model exhibited significant parameter sensitivity, especially regarding strain hardening and fracture strain. However, it maintained stability and precision in forecasting failure across various loading situations. When the material properties were altered within standard industrial parameters, the Brozzo model reliably forecasted failure locations and damage zones with low deviation, but alternative models such as GTN or MHC/Hosford-Coulomb exhibited greater variability in their predictions.

To compare the performance of these models, numerical simulations were conducted for a deep-drawing process involving cold-rolled steel. The models were evaluated based on their ability to predict fracture initiation points and damage zones. The Brozzo model consistently outperformed the MMC/Hosford-Coulomb, Bai-Wierzbicki, and GTN models, particularly in scenarios characterized by high triaxial stress conditions, such as those found in deep drawing processes. The MMC/Hosford-Coulomb and Bai-Wierzbicki models showed larger error margins when predicting fracture initiation under such conditions, with discrepancies of 10–15% compared to experimental data. The GTN model, while accurate in predicting void growth and porosity-based fracture, exhibited greater error margins in deep drawing simulations, where shear stresses and hydrostatic stress were dominant (Table 3).



Table 3 | The error margins for each model in predicting fracture initiation during deep drawing

	Model
	Error Margin (Fracture Initiation)
	Strengths
	Limitations




	Brozzo
	~5%
	Accurate in high triaxial stress
	Less effective in shear-dominated failures


	MMC/Hosford-Coulomb
	~10-15%
	Good for shear-dominated failures
	Not ideal for high triaxial stress


	Bai-Wierzbicki
	~10-12%
	Accurate for low triaxiality
	Poor performance in high triaxiality


	GTN
	~10-15%
	Suitable for porous materials
	Less effective in high-triaxial stress environments







These results underline the importance of selecting the appropriate ductile fracture model based on the material’s behaviour under specific loading conditions. Models such as Brozzo, which incorporate hydrostatic stress effects, are more accurate for deep drawing simulations where high triaxial stress plays a crucial role in fracture initiation.

Additionally, simulations with non-standard geometries, like intricate flanges and thicker sheet metals, were employed to validate the Brozzo model under more demanding industrial settings. The geometries produced non-uniform stress distributions, with the Brozzo model demonstrating exceptional accuracy in forecasting fracture starts in stress concentration areas. The mesh refinement investigation, concentrating on regions adjacent to the punch-die interface and blank holder, demonstrated that the Brozzo model proficiently managed localized deformation and damage accumulation, yielding dependable forecasts even in locations of elevated stress.

In the deep drawing simulations, realistic tool geometries were incorporated to replicate industrial conditions. The tooling setup included a punch, die, and blank holder, which were meticulously designed to simulate the interaction between the sheet material and the tooling during the deep drawing process. The punch was modeled with a diameter of 100 mm, consistent with standard industrial practices, while the die geometry was designed to match the punch size, ensuring proper interaction during material deformation. The blank holder was engineered to apply restraining forces uniformly around the perimeter of the sheet, simulating the effects of draw beads in regulating material flow. These restraining forces were calibrated to prevent issues such as wrinkling or excessive thinning during the deformation process, helping to maintain the integrity of the formed part.

The draw-bead modeling was implemented by applying equivalent restraining forces around the blank holder. These forces played a critical role in regulating material flow and ensuring the sheet metal maintained the required form throughout the drawing process. By applying these forces uniformly around the blank holder, the model closely mimicked the action of draw beads in real-world applications, ensuring smooth material deformation and preventing defects.

The friction law used in the simulations was based on the Coulomb friction model, where the frictional force between the material and the tooling was calculated as the product of the friction coefficient (μ) and the normal force (N) between the surfaces. The friction coefficient was set within the range of 0.05 to 0.2, reflecting typical values used in metal forming processes. A friction coefficient of 0.1 was selected as the baseline based on empirical data from similar material-tool interactions. This coefficient was varied within the given range to perform a sensitivity analysis and assess its impact on failure predictions.

The sensitivity analysis of the friction coefficient demonstrated that friction has a significant influence on material behavior during the deep drawing process. When the friction coefficient was set to lower values (e.g., μ = 0.05), the material exhibited more uniform flow with reduced localized deformation, leading to delayed fracture initiation. In contrast, higher friction values (e.g., μ = 0.2) caused more resistance to material flow, increasing localized deformation near the punch and die interfaces, which accelerated the damage accumulation and led to earlier fracture initiation. The sensitivity analysis clearly indicated that friction significantly impacts the stress distribution and failure progression during deep drawing, highlighting the need to carefully select an appropriate friction coefficient for accurate predictions.

In terms of failure predictions, the friction coefficient was found to be a key factor in determining the location and timing of fracture initiation. At higher friction values, localized damage was observed near the punch-die contact zone, where the material is subjected to the highest levels of stress and strain. This resulted in earlier fracture initiation and more concentrated damage zones. Conversely, at lower friction values, the material exhibited smoother flow, leading to a more evenly distributed stress and strain, which delayed failure and reduced the likelihood of localized fractures. The results of the sensitivity analysis emphasized the importance of accurately modeling frictional interactions in the deep drawing process to ensure precise failure predictions.

The study confirmed that the choice of friction law and friction coefficient directly influences the simulation outcomes in terms of material flow, stress distribution, and fracture predictions. The analysis showed that friction plays a critical role in determining the overall deformation behavior and failure progression in deep drawing processes. By varying the friction coefficient and assessing its impact on fracture initiation, the study underscored the importance of selecting the appropriate friction model to ensure the reliability and accuracy of failure predictions during metal forming operations. These findings have direct implications for tooling design and process optimization in industries such as automotive and aerospace manufacturing, where material performance and product quality are paramount.

At each step of the analysis, Abaqus sends the stress tensor to UMAT to calculate the maximum principal stress and update the plastic strain. This provides a more accurate assessment of damage accumulation in the material. The damage criterion is defined as the sum of the relative value of the maximum principal stress and the accumulated plastic strain, and when this sum exceeds a critical threshold, the material is damaged. After the calculation is complete, the damage distribution in the contact zone is analysed. The results show the localisation of damage, which predicts crack formation, as well as identifies the area’s most vulnerable to damage. To summarise the results, Table 4 shows the main modelling parameters.



Table 4 | Main modelling parameters

	Parameter
	Value
	Description




	Model type
	Axisymmetric
	Incorporates the symmetry of the deep drawing process


	Material type
	Isotropic elastoplastic
	Incorporates plastic hardening and damage


	Contact boundary condition
	Friction (μ)
	Describes the interaction of the workpiece with the tools


	Time integrator
	Explicit/implicit
	The choice depends on the modelling conditions


	Stressed state
	Stress tensor (σij)
	Determines the mechanical condition at each point


	Damage criterion
	(Formula 2)
	Determines the moment of destruction


	Localisation of damage
	In contact areas
	Suitable for areas of highest stress and plastic deformation


	Modelling result
	Destruction forecast
	Identifies critical areas and material behaviour



	Source: Compiled by the authors.






Thus, numerical modelling confirms the effectiveness of using the UMAT subroutine to implement the Brozzo criterion in the deep drawing process. At the same time, the model adequately reflects the physical processes of material fracture under deep drawing conditions.

The UMAT subroutine and Brozzo model can be modified for materials with varying mechanical properties by altering parameters such as yield stress, strain hardening, and fracture strain. For materials exhibiting greater strength or varying strain rate sensitivity, these parameters may be calibrated using experimental data or inverse optimisation methods. The Brozzo model can be adjusted to accommodate various forming and loading scenarios by integrating specific boundary conditions, such as temperature effects or dynamic loading, to more precisely represent high-speed forming or thermal settings. This versatility enables the model to be utilised across various materials and forming methods, enhancing its applicability in multiple industrial contexts.

The Brozzo-based subroutine facilitates accurate forecasts of damage accumulation and fracture initiation in deep drawing, rendering it relevant for industrial metal forming processes. Integrating this model into Abaqus allows producers to mimic material behaviour under realistic settings, facilitating the optimisation of process parameters including die design, punch speed, and material selection. These forecasts can be seamlessly integrated into quality control processes, offering a robust mechanism for the early identification of probable problems and the reduction of material waste. This integration facilitates process optimisation and guarantees enhanced product consistency, rendering it advantageous for sectors such as automotive manufacture and aerospace production, where material performance is paramount.




Discussion

The results of the study demonstrated that the implementation of the Brozzo criterion in Abaqus provides an accurate prediction of the moment of fracture during deep drawing. Similar to the study by Jia et al.,38 where the phenomenological model was tested for aluminium alloys, the results obtained confirm the high accuracy in determining the damage zones. However, this study focuses on more complex geometric shapes, which expands the applicability of the criterion. In general, the implementation of the Brozzo criterion made it possible to assess the effect of plastic deformation on fracture. In contrast to the approach of Zhang et al.,39 where a probabilistic model was used to predict the ultimate strain, the method used in the current work is deterministic. Moreover, the current study is focused on predicting damage during deep drawing, while the influence of initial porosity was analysed in the study. Despite the different approaches, the results obtained are consistent in the accuracy of the fracture zones.

Similar to the study by Tandoğan and Yalcinkaya,40 the present research used Abaqus for numerical modelling of fracture. However, instead of a custom element, its standard capabilities were used together with a custom subroutine to evaluate damage accumulation. This incorporated the influence of the stress-strain state on the development of fracture without introducing additional elements into the model. In contrast to the study by Akitarak,41 which used the user subroutines VUMAT, VUHARD (User subroutine to define hardening) and VUSDFLD (User-defined material point field variable), the implementation in this work is based on UMAT. This performed the analysis in the Abaqus environment with the ability to control the stress state and damage evolution in the material. Both approaches confirm the effectiveness of extending the standard Abaqus functionality for fracture prediction but differ in the choice of numerical strategy.

The results of this study demonstrated that the analysis of ductile fracture models provides an accurate prediction of the moment of failure during deep drawing, which correlates with the results of Choi et al.,42 where a specialised model for shell elements was proposed. Although the model of the study focuses on thin-walled structures and was validated under different conditions, the use of both approaches for ductile fracture in various geometric shapes provides a high level of accuracy in predicting damage zones. The model of the current study, which focuses on deep drawing, can be supplemented with an extended analysis of geometric features, which expands the possibilities of its application in various engineering problems.

In turn, Khaboushani et al.43 proposed a strain energy-based fracture criterion for assessing the formation of fractures during deep drawing, which showed high accuracy in predicting fractures due to high radial stresses in the bowl walls. This approach incorporates various fracture mechanisms based on the strain energy. Compared to the implementation of the Brozzo criterion through UMAT in the current study, the aforementioned method uses a different approach to fracture prediction. Despite the difference in methods, both approaches demonstrated high accuracy in predicting the failure moments during deep drawing.

The results obtained indicated a high accuracy in predicting the moment of failure in the process of deep drawing using ductile fracture models in Abaqus. Similarly, Ben Said et al.36 developed a mathematical model for predicting the moment of crack formation during deep drawing using anisotropic plasticity equations and custom subroutines in Abaqus. Both studies use UMAT, which confirms the effectiveness of the modelling. On the other hand, the study by Clayton44 proposed a method for estimating shear strain and phase transitions during fracture. Although this approach is focused on other fracture mechanisms, it also demonstrated high accuracy in predicting the moments of failure. Thus, the results of both studies are consistent, as both methods confirm the effectiveness of numerical models for predicting failure moments, albeit with different focuses on failure mechanisms.

As in the study by Van den Abeele,45 the present article analysed the use of the GTN model, which allows for detailed modelling of ductile fracture by considering the porosity of the material that changes during deformation. However, in contrast to the above work, where the emphasis is on many parameters for model calibration, which complicates their practical application, the current study addressed simpler approaches that reduce the complexity of their implementation in industrial conditions. Regarding a study by Hosseini Mansoub et al.,46 a three-axis stress state and damage function was used to predict the location of the failure, which is similar to the approach in the current work. However, in the above study, the UMAT subroutine is used to link the models to the SFLD (Stress Forming Limit Diagram), while in the current work, UMAT is used to implement the Brozzo model failure criterion, which allows for direct consideration of damage accumulation during material deformation during deep drawing.

Compared to the study by Ma et al.,47 where a phase-field model was used to predict the ductile fracture of shell structures with an energy approach, the current study analysed possibilities of the Brozzo model in predicting material failure during deep drawing, addressing the accumulation of damage due to plastic deformation. The results of the studies are consistent in terms of consideration of plastic deformation but differ in their approaches. Regarding the study by Basak and Panda,48 although it used the Bai & Wierzbicki model to predict the fracture limits of aluminium alloy, the current study also considered this model as important for crack prediction, especially in processes such as deep drawing, but the emphasis was on the Brozzo model. The results are consistent in that the Bai & Wierzbicki model is a micromechanical model that incorporates the Lode angle parameter and triaxial stress, making it useful in processes with high cracking rates.

The results also demonstrate the importance of using models to predict failure during deep drawing, which is similar to the study by Ganjiani,49 where a model that incorporates triaxial stresses is shown. However, in the aforementioned study, VUMAT in Abaqus/Explicit was used, while in the current work, UMAT was used for deterministic prediction. Similar to the study by Wu and Lou,50 where the DF2016 model showed high accuracy when considering the strain trajectory, the current model also demonstrates a high level of accuracy, in particular in the context of deep drawing. Both approaches demonstrate the effectiveness of models for fracture prediction, although the present study focuses on a specific deformation process.

The current results based on the Brozzo model have certain differences in comparison with the study by Fagerhøi and Bergsbakken,51 which analysed the parameters of the Concrete Damaged Plasticity model for concrete in Abaqus. Although both studies analysed modelling the failure of materials, the approach of the present study aimed to predict the failure during deep drawing, while the other study analysed the effect of parameter changes on the accuracy of the modelling. However, despite the difference in materials and model application, the results of both studies are consistent in that the accuracy of fracture prediction depends on the correct setting of the model parameters and its ability to adequately represent the material behaviour under different loading conditions.

The conclusions of this study estimated the moment and place of failure, through the integration of stresses and strains. At the same time, the study by Aksen et al.52 used ductile damage functions for two-phase steels, as well as a combined plasticity model to assess fracture initiation. The common feature is that the works highlight the accuracy of fracture location prediction, however, the current results are focused on a specific deep drawing process, while the present work considers other deformation conditions and material types. In addition, the present study analysed damage accumulation, while the study by Park et al.53 uses the Hosford-Coulomb model for EH36 steel, focusing on modelling fracture initiation through different types of specimens and determining the hardening parameters using the Swift-Voce function. Both studies use Abaqus and custom subroutines for numerical modelling, but the current approach is more focused on predicting fracture during deep drawing using the Brozzo model, while the other study focuses on steels and modelling fracture initiation through the Hosford-Coulomb model.

Notably, the study by Watanabe et al.54 used an equation to predict ductile fracture based on the integration of stresses and strains to accurately determine the location of fracture initiation in cold-forming processes. Similar to the work presented in this paper, the current study also analyses the Cockcroft & Latham model for fracture prediction, but with an improvement in the form of the Brozzo model, which takes into account hydrostatic stresses, which is important for processes with high triaxial stresses, such as in deep drawing. Compared to the classical criteria, this allows for more accurate fracture prediction. Additionally, the study by Zhang et al.55 uses the CDM (Continuum Damage Mechanics) model to predict ductile fracture in the single point forming process, which considers the evolution of damage depending on the stress state. The current study applies the Brozzo model, which focuses on the integration of hydrostatic stresses to more accurately predict fracture during deep drawing. Both approaches use Abaqus/Explicit but differ in the types of processes and damage models.

Thus, the results of the study demonstrated that the implementation of the Brozzo criterion in Abaqus accurately predicted the moment of failure in the process of deep drawing, confirming the accuracy of detecting damage zones. At the same time, modelling using UMAT provides accurate control of damage during material deformation, which makes the Brozzo method effective for predicting failure in complex processes such as deep drawing.

The Brozzo model, while effective in predicting ductile fracture under high triaxial stress conditions, faces significant limitations when applied to shear-dominated scenarios or low triaxiality. This is primarily because the Brozzo model focuses on the accumulation of damage driven by hydrostatic stress, which becomes less relevant when shear stress dominates the deformation process. In cases with low triaxiality, where shear stresses are more prevalent and hydrostatic stress plays a minimal role, the Brozzo model’s predictions can be inaccurate. To address this limitation, hybrid criteria incorporating both the Brozzo model’s hydrostatic stress-based approach and models suited for shear-dominated conditions, such as the GTN or MHC, could offer improved fracture predictions. These hybrid models would allow for a more balanced representation of failure mechanisms across a broader range of stress states, making them potentially more reliable for various industrial forming processes.



Conclusions

The study analysed and compared the main models of ductile fractures, such as Cockcroft & Latham, Brozzo, Oh, Johnson & Cook, Bai & Wierzbicki, Modified Mohr-Coulomb, Lou-Huh, Gurson-Tvergaard-Needleman and Lemaitre. In the course of analysing each of the models, their advantages and limitations were considered, as well as their application for modelling the deep drawing process. The study determined that the Brozzo model is the most effective for predicting material behaviour under plastic deformation, as it allows for an accurate assessment of damage accumulation, considering the stresses and strains in the material. The Brozzo model proved to be the most suitable for modelling complex processes, such as deep drawing, compared to other approaches that have limitations in accounting for high levels of strain or complex geometries. This confirms its strong potential for application in real-world manufacturing, where accurate prediction of material failure is critical to ensuring the quality and durability of finished products.

An important stage of the study was the creation of a specialised subroutine to implement the Brozzo model in Abaqus. This subroutine predicts the moments of material failure during deep drawing, considering the main parameters of plastic deformation, interaction with stress states and other factors that affect the development of damage. The implementation of this model improves the accuracy of modelling, as it enables detailed prediction of fracture zones in processes with high levels of deformation, such as deep drawing. In addition, a UMAT subroutine was programmed to predict the accumulation of damage in the material, which accounts for the evolution of damage at each stage of loading. The integration of this subroutine into Abaqus made it possible to perform numerical modelling of the deep drawing process, with the prediction of damage zones and the moment of failure.

For further research, it is recommended to expand the scope of experimental studies to include different types of materials and product geometries, which will allow the model to be evaluated in a broader context. It is worth improving numerical methods to increase the efficiency and accuracy of modelling, as well as to investigate the effect of temperature and strain rate, which will enhance the model’s ability to predict fracture in complex technological processes.
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