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Constitutive modelling and warm forming of magnesium alloys sheet  

Michael J. Worswick1*, Tim Skszek2, Srihari Kurikuri3, Cliff Butcher1, Armin Abedini1, 

Mariuzs Boba1, Kaab Omer1 

1University of Waterloo 
2Magna International 

3National Research Council of Canada 

michael.worswick@uwaterloo.ca 

This presentation provides an overview of material characterization and model development 

studies performed on a baseline AZ31B and a texture-modified rare earth magnesium alloy 

sheet (ZEK100). Current commercial magnesium alloys, such as AZ31B sheet usually have 

poor formability at room temperature due to limited activity of slip systems. Additionally, due 

to the twinning deformation mechanism activated in specific loading directions, magnesium 

alloys exhibit an asymmetric stress-strain response in uniaxial tension and compression tests. 

The formability of magnesium alloys can be improved by deforming at elevated temperatures; 

however, warm forming of AZ31B requires a more complex heated tooling setup which 

increases the cost of the forming operation. The formability can be further improved by the 

addition of rare-earth elements such as Ce, Nd, Y and Gd, for example, which have been shown 

to weaken the basal texture. 

Constitutive, formability and fracture characterization of both AZ31B and ZEK100 sheet is 

presented, considering both room and elevated temperature conditions. The mechanical 

behavior can be related back to the initial crystallographic texture in light of known 

deformation mechanisms operating at different orientations and strain rates. Extensive tensile 

and compressive constitutive characterization experiments were performed on both alloys, 

including characterization of anisotropy with strain and material strain rate- and temperature-

sensitivity. Forming limit characterization was also performed at elevated temperatures using 

in situ digital image correlation (DIC) strain measurement. The ZEK100 alloy exhibits 

significantly higher formability at temperatures below 250°C, whereas the two alloys have 

similar formability in the 250-300°C range. 

Yield criteria capturing the evolving anisotropy and asymmetry of magnesium sheet alloys are 

proposed to model the complex behavior of magnesium alloys at room and elevated 

temperatures. At room temperature, the material behavior of both alloys is highly anisotropic 

and asymmetric; however, the degree of asymmetry and anisotropy is diminished at elevated 

temperature. The proposed material model is validated against several laboratory-scale 

experiments: 3-point bending, limiting dome height (LDH) and limiting draw ratio (LDR) 

experiments.  

Full-scale forming trials are performed considering prototype door inner and roof outer tooling. 

AZ31B and ZEK100 blanks were formed with initial elevated temperatures, but with room 

temperature tooling. The AZ31B blanks failed during forming whereas the ZEK100 blanks 

were successfully drawn for temperatures above 250°C. Recent constitutive models suitable 

for warm forming conditions using commercial forming software (Autoform) and are shown 

to provide predictions in accord with the forming trials. 

mailto:michael.worswick@uwaterloo.ca
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Digital image correlation in materials testing: beyond the basic uniaxial test 

Mark A. Iadicola 

National Institute of Standards and Technology, Gaithersburg, Maryland, USA 

mark.iadicola@nist.gov 

At the NIST Center for Automotive Lightweighting (NCAL), we use digital image correlation 

(DIC) in a wide variety of materials characterization testing including metals, composites, and 

joining.  This includes both measuring material properties and for comparison with numerical 

model results.  These measurements are applied to uniaxial, bending, shear, biaxial, and even 

three-dimensional deformations.  The flexibility and general applicability of DIC makes it a 

very powerful measurement technique, however this also leads to potential misuse and 

misinterpretation of the results.   This contributes to why there is a limited use of DIC in 

international standards, while it has become ubiquitous in materials characterization research.  

This presentation will give an overview of the use of DIC at NCAL and the methods we use to 

ensure that the measurements are properly made and properly interpreted.  This work is done 

consistent with the International DIC Society (iDICs) good practices guide.  The work of iDICs 

on improving the practice of DIC through training, education, and certification will also be 

discussed.  
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Applying the theory of origami to sheet metal forming to create a unique 

range of products for the housing sector 

Dr Matthew Dingle 

 FormFlow Pty Ltd 

mdingle@formflow.net.au 

FormFlow has developed a unique process to bend corrugated roofing sheet sharply at precise 

angles to create a seamless corner, which eliminates gaps in wall roof joins and produces a 

connection that add strength to a structure. This improves insulation and stops dirt, dust and 

animals entering the building. It reduces the risk of ember attack during a fire and provides 

opportunities for the development of innovative new building methods. 

The science of this work is based on research by the late JP (Jim) Duncan of the University of 

British Columbia and his cousin, JL (John) Duncan then of McMaster University, Canada, and 

later The University of Auckland, NZ. They discovered the mathematical theorems of folding 

“inextensional”, curved sheet. “Inextensional” is a geometric term meaning that the sheet 

cannot stretch or shear and deformation is limited to a sharp bend. Such folding has been 

practiced for many years in the art of origami, but the identification of the mathematical rules 

governing it permitted the design of these shapes in a computer-aided design system. The work 

was published by the Royal Society, London, in 1982.  Because the sheet is not stretched, high 

strength, low elongation sheet such as roofing steel can be shaped in this way. 

John Duncan has had a long association with the metal forming group at Deakin and in 2013, 

Matt Dingle, a PhD graduate from Deakin University, became interested in applying the folding 

concept to corrugated roofing sheet. Matt and John developed the idea of a prototype forming 

die; the design was refined and a die built by the Geelong engineering company, Austeng. Dr 

Matthias Weiss of Deakin University became involved with trials and the assessment of the 

product. The results were so encouraging that, under the direction of Matt Dingle, the company 

FormFlow P/L was created to build a production forming press and bring the operation to an 

industrial level. John Duncan is now retired and although not formally involved with 

FormFlow, maintains a keen interest in its progress.    

Since September 2016 FormFlow has; 

 Developed a range of new products based on the same technology 

 Signed an exclusive deal with BlueScope to manufacture, market and sell the C90 bend 

under licence in Australia. 

 Created machines and processing equipment to produce bends at commercial volumes 

 Developed a modular building system based on the aesthetic and functional advantages 

of the bend to deliver affordable, sustainability housing solutions that address specific 

social needs. 
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Advances in tubular hydroforming through case studies 

Abhijit Chakravarty 

Electropneumatics & Hydraulics (I) Pvt. Ltd. 

Gat No. 254/255, Kharabe Wadi, Chakan-Talegaon Road Chakan, Pune 410501, India 

abhijitchakravarty@electropneumatics.com 

Hydroforming is an unconventional metal forming technology, which can efficiently reduce 

the weight of a component or assembly, and at the same time, increase the part strength. 

The process produces parts with a high degree of complexity and dimensional stability. 

The Indian automotive Industry have been using hydroform components for more than a decade 

now. In recent times, with the advent of new emissions norms (BSVI), the exhaust application 

is an area wherein benefits of hydroform components are being explored. 

Advancements have been made in the last one year to overcome the challenges pertaining to 

comparatively larger expansions than in the past. A carefully designed & process controlled 

“Multistage Hydroforming in combination with preforming & heat treatment” operation is 

being explored to successfully develop critical profiles for the automotive industry in India. 

This with “Right Size Equipment” built to meet the most optimized costs can be a significant 

step in metal forming for several applications.   

The presentation will cover a couple of case studies done in the recent past which has yielded 

successful results. 
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Formability – Characterization and Prediction & Die Designs 

Bibin Paul1a, Sameer Chudnaik1b 

1Godrej & Boyce Mfg. Co. Ltd., Tooling Division, Vikhroli, Mumbai – 400 079. 
abpaul@godrej.com,  bsameerpc@godrej.com  

Godrej Tooling Division has been largely serving ever demanding automotive sector since 

1993. Few of the increasing challenges are, 

 Supporting the stringent and compress timelines of new vehicle launches 

 Engg changes during tool development  

GT as a part of its strategy decided to leverage its core strength of Engg. By co-working and 

engage early with our esteemed clients to overcome these challenges.  

In this paper, we are sharing improvements suggested by GT team during project execution / 

Technical assessment of RFQ, to make product feasible for manufacturing. 

It is linked with Yield improvement, process optimization, address Formability concerns 

related to Thinning, Cracks.  

We are sharing case studies which has resulted in optimizing process & Tool parameters for 

regular steel as well High Strength steel parts.  

This has been possible by Leveraging advance Design, Simulation software’s and Engg. Skills. 
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High performance components by hot stamping and quench forming 

Marion Merklein1,a *, Franz He1,b , Nikolaos Rigas1,c and Stephan Schirdewahn1,d 

1Institute of Manufacturing Technology, Friedrich-Alexander-Universität Erlangen-Nürnberg, Egerlandstraße 

13, 91058 Erlangen, Germany 
amarion.merklein@fau.de, bfranz.he@fau.de, cnikolaos.rigas@fau.de, dstephan.schirdewahn@fau.de 

In the automotive industry, lightweight design has become a major issue, to fulfill the 

governmental CO2 emissions regulations as well as to satisfy the growing customers’ demands 

for fuel-efficient vehicles with high safety standards and a maximum comfort level. To achieve 

these requirements, the use of modern production technologies in combination with new 

materials is mandatory. 

The application of high-strength materials, such as boron-manganese steels, makes it possible 

to reduce the sheet thicknesses without affecting the crashworthiness of safety-relevant car 

body components. The direct hot stamping process enables an efficient production of hot 

stamped components. This allows a reduction in the weight of vehicles and as a result, 

conventional steel components can be substituted. Another possibility to reduce vehicle weight 

while keeping safety and comfort requirements at the same level is the use of high-strength 

aluminum alloys. Due to their beneficial density-to-strength ratio, these materials offer an 

alternative to steel components and have a high potential for lightweight construction. At 

present, these materials are only barely used in vehicle construction due to their limited 

formability. The transfer of the direct hot stamping process steps to high-strength aluminum 

alloys enables the failure-free forming of difficult geometries. To understand the interactions 

of these thermally supported forming operations and to optimize them for future applications, 

a complete process overview is necessary. In this context, the thermo-mechanical material 

properties of boron-manganese steels and high-strength aluminum alloys have to be sufficiently 

investigated and understood. This provides the required database for the subsequent process 

design.  

Due to the increased temperatures during hot stamping with peak temperatures of 1000°C and 

during quench forming of high-strength aluminum alloys with up to 550°C, these processes 

require very high demands on the tribological system. Because conventional lubricating and 

deep-drawing oils can’t be used at these temperatures, other methods are necessary to influence 

the tribological behavior. Since friction and wear have a fundamental influence on component 

quality and process stability, innovative surface engineering technologies have to be 

investigated in order to achieve economic, long-term effective, and environmental-friendly 

benefits. The characterization and quantification of friction and wear using different measuring 

methods are useful. 

Keywords: Hot stamping, Laser implantation, Aluminum alloy, AlSi-Coating, Zinc-Coating 
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Developments in forming and modelling of advanced coated steels 

Nico Langerak 

Tata Steel Europe R&D 

nico.langerak@tatasteeleurope.com 

For both the automotive, packaging as the engineering sector, new steel grades are being 

developed to cope with the ever-increasing demands of these markets. Most of these steel 

grades are metallic coated and especially in the packaging market polymer coated steels 

become more and more popular. All these new materials have their own challenges and 

opportunities with regards to their forming properties. Therefore, new forming technologies 

are being developed as well as more advanced computer models. These models cover both the 

tribological as the plasticity behaviour of these materials. 

In this presentation tribological developments will be addressed regarding galling behaviour of 

new Zinc Magnesium coatings, the friction during the pressing of Polymer coated packaging 

cans, the introduction of new advanced lubricants, as well as the modelling of friction during 

hot forming. 

On top of that, plasticity developments will be covered with regards to easy to use advanced 

Yield and Forming Limit models, multi-scale microstructural modelling of multi-phase steels 

as well as developments with regards to edge ductility. 
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Digitalization of BIW and Stamping Processes for Efficiency Improvement 

and Cost Savings 

Dr. Bart Carleer1, Nitin Gupta1 

1AutoForm Engineering India Pvt. Ltd. 

nitin.gupta@autoform.in 

An efficient automotive product development cycle requires data inputs from various 

stakeholders in the value chain to effectively manage the end-to-end process. In this talk we 

will explore how, ‘Seamless digitalization of BIW and stamping processes’ can lead to 

Improved efficiency in car body development and manufacturing, thereby reducing 

development time and costs. We will look at implementation of a physics driven ‘digital 

process twin’ concept to seamlessly connect the entire value chain from part design to part 

production and BIW Assembly. We will also discuss, with examples, how this approach leads 

to reduced development time and costs.  
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Latest developments in Advanced High Strength Steels and Press 

Hardenable Steels for Laser Welded Blanks automotive applications 

Patrick DUROUX1, Jean-Noel GACEL1 

1Arcelormittal Global Research & Development, BP 30109 - route de Saint Leu, 60761 Montataire Cedex, 
France 

patrick.duroux@arcelormittal.com 

For many years, ArcelorMittal has developed steel products and technologies that allow car 

makers to improve their car design. Laser Welded Blanks is one of them, by introducing the 

strategy of “the right material at the right place “, leading in almost cases to save weight and 

cost for the car structure. For more than 13 years, this technology is available in India, through 

ANTB (ArcelorMittal Neel Tailored Blanks) and their 3 plants. The principle of LWB is to 

“pre-assemble” by laser welding different steel grades and thicknesses together, giving a semi-

finished product, ready to be cold or hot stamped. By eliminating the number of parts (i.e. 

reinforcements) for a given module, it allows to simplify the forming and joining processes, 

and so reducing the final cost. Many applications are today available on production, as front 

and rear rails, front floor, door inners, center pillars, etc. The most recent application is the 

“door ring”, integrating the parts of the front bodyside structure. This design allows to have a 

better crash management of the bodyside (front, lateral, pole, roof crush, etc.), and an 

interesting mass and cost saving, thanks to the most recent High Strength Steels and Press 

Hardenable Steels that are being presented. In addition, ArcelorMittal/ANTB propose a full 

support to help their customers to design such parts using the recent for their car models in 

advanced projects and co-engineering. are presented. Specific tools for numerical analysis 

developed by ArcelorMittal allow the customer to achieve an accurate analysis for forming 

(specific forming limit curves for welding areas for cold stamping, specific methodologies to 

analyze forming operations, especially for hot stamping, material cards to take into account of 

the most accurate mechanical and thermal properties).  

 

 

 

 

 

 

 

 

 

mailto:patrick.duroux@arcelormittal.com
mailto:patrick.duroux@arcelormittal.com


 

10 

  

Current Trends in Sheet Metal Forming, December 18-19, 2020 

Challenges in stamping of laminated pouch for LI-Ion battery 

Kartik Jamadar 

Volkswagen AG 

 

One of the biggest challenges for present Li-Ion Battery is to have high energy density and 

better cooling. Pouch cells are best suitable because of low weight and better heat transfer. 

Pouch is thin laminate of aluminum and plastic. It is very challenging to deep draw pouch cell 

because of following problems: 

1. High springback 

2. Punch radius need to be very small less than 1 mm hence high chances of cracks 

3. High production rate for mass production of battery 

In present presentation, focus will be on new tooling ideas to compensate springback and avoid 

wrinkles and cracks. 

Deep drawing process has to integrate many operations in single tooling. This makes tooling 

complicated compared to normal stamping tooling. It will be shown how deep drawing, 

trimming taping, stacking and sealing operations are integrated in one single tooling. 

Pouch cell has high heat transfer but not used effectively. Pouches are packed closely with 

compression pad between them. This reduces heat transfer capability. Here new ideas will be 

presented, how cooling channels can be been formed in pouch cells during deep drawing 

operation. 

Bending stiffness of pouch cell is the major concern for the safety of cell. It will be shown how 

depressions can be embossed in the pouch cell to increase the bending stiffness. 

Battery manufacturing (especially pouch and prismatic housing) need good stamping expertise 

and here Indian manufacturer can contribute very well. 
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Optimization in sheet metal product development to improve 

manufacturability and performance 

Hariharasudhan Palaniswamy 

Altair, 1820 East Big Beaver road, Troy, MI, 48083 USA 

hpalaniswamy@altair.com 

 

Sheet metal product development life cycle involves several instances where product designers 

and process engineers are faced with several choices/options to decide upon that significantly 

impacts role on the overall product manufacturability, robustness, costs and quality.  

Traditionally the decision on the choices/options are made based on past experiences or 

iterative trial and error approach with physics-based simulation tools to validate the choice 

before arriving at the decisions. This could be a time-consuming process and limited to creative 

thinking of user and not necessarily an optimal. To address these everyday challenges in 

product development, Altair’s Inspire platform offers unique and industry leading “Simulation 

driven design” solution in the simulation marketplace.  In this approach the simulation provides 

insight into the physics and drives the design and decision-making process resulting in optimal 

design with radically unique shapes.  Here we present the simulation drive approach for sheet 

metal parts development.  

Splits, wrinkles and springback are common problems encountered in sheet metal parts 

manufacturing.  Traditionally these issues are overlooked by the product designers in 

conceptualizing shape and size of the parts and passed downstream to be addressed by the 

manufacturing engineers. This results in significant time, cost and effort from manufacturing 

process engineers to develop process and manufacture the part meeting form fit and tolerance. 

In this presentation we illustrate with examples how “simulation driven design approach” can 

help designers and process engineers (re)design optimal sheet metal part to improve its strength 

and avoids splits and wrinkles and reduces springback thereby improving its manufacturability. 

This collaboration of design ideas and manufacturing techniques/practice at the product 

concept stage results in optimal and matured design that significantly shortens manufacturing 

process development resulting in faster lead time to market. 
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Numerical methods for the prediction on sheet metal failures under non-

linear strain-path condition 

Hora Pavel 

INSPIRE AG  / Institute of virtual Manufacturing, Technoparkstrasse 1, 8005 Zürich, Switzerland 

phora@ivp.mavt.ethz.ch 

FEM simulations in sheet metal forming are nowadays used as standard help to check process limits. 

The risk or occurrence of failures induced by necking are than controlled by a simple comparison with 

the Forming Limit Curves (FLC). 

In the first part of the talk, the main weaknesses of the classical Keeler FLC will be briefly pointed out. 

These include the impact of the both evaluation methods - “cross section” or “time dependent”, but also 

the impact of influencing parameters such as the sheet curvature, the sheet thickness, but above all the 

restriction to linear strain paths, which are not always constant in the Nakajima tests. With forming 

processes like incremental forming or hemming, it can be also easily demonstrated that even exceeding 

the FLC need not immediately trigger a crack failure, as is often postulated. These behavior show, that 

the strain space above the FLC has to be considered as “conditionally unstable” and not directly as a 

“crack” space, how it is often done. 

The second part of the presentation is dedicated to the numerical prediction of the FLC based on the 

enhanced Modified Maximum Force Criterion (eMMFC) [1, 2]. Since it is hardly possible to determine 

the non-linear FLC shifts experimentally for all possible strain paths occurring on real parts the use of 

a numerical method is indispensable. The implementation in the code MATFORM [4] allows a material 

specific prediction of the FLC numerically and this also for arbitrary strain paths. For the validation of 

the numerical results, experimental measurements of Norz and Volk [3] are used. For the detection of 

strain limits on real parts the implementation [4] uses the strain history evaluated by FEM codes like 

Autoform or LS-Dyna as input. The applicability will be demonstrated on the cross-die parts. Fig. 1.  

As main results of the investigation two findings are particularly noteworthy: 

With the help of the nonlinear FLCs, it becomes obvious that the often observed shifts of the FLC 

minimum from the plain strain state to the right is due to a slightly nonlinear path of the Nakajima test 

and thus these FLCs should not be directly adopted in FEM simulations. 

The use of “strain history adapted” non-linear FLC  shows that the widely used standard method, based 

on linear FLC, hides significant strain regions above the linear FLC which are obviously not critical 

and which would allow higher strains. 

Fig. 1: Einfluss der nicht-linearen Dehnungspfade auf die Lage der FLC. 
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Virtual and inverse identification of mechanical properties and formability 

of sheet metals 

Myoung-Gyu Lee1, Kyungmun Min1, Chanyang Kim1, Hyuk-Jong Bong2 

1Dept. of Materials Science and Engineering, Seoul National University, Seoul, Korea 
2Korea Institute of Materials Science, Changwon, Korea 

myounglee@snu.ac.kr(M.G. Lee) 

The mechanical properties of sheet metals are significantly influenced by their microstructural 

characteristics. The critical factors for the final microstructures of sheet metals include the 

thermo-mechanical processing that involves large plastic deformation and heat treatment 

conditions. In this talk a microstructure based modeling and simulation approach is presented 

for predicting the mechanical properties of thermo-mechanically processed sheet metal. The 

computational model consists of mechanically induced microstructure evolution and the virtual 

testing using the RVE-based finite element simulation. Anisotropy and localized sheet 

formability are validated between virtual microstructured crystal plasticity FLD and 

corresponding experimental results.  

As a second topic, an inverse hybrid numerical-experimental approach based on virtual fields 

method is introduced as a tool for identifying mechanical properties of sheet metals. The 

inverse identification approach is applied to the friction stir welded sheet metal with 

inhomogeneous mechanical properties in the sample as a result of thermo-mechanical 

processing. 

Keywords: Inverse identification, virtual microstructure, formability, sheet metals, virtual 

fields method 
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Press Forming and Formability of Thermoplastic Matrix Composites 

P. K. Mallick1, Chandra Kishore Reddy Emani1 

1Department of Mechanical Engineering, University of Michigan-Dearborn, Dearborn, MI 48128, USA 

pkm@umich.edu 

Thermoplastic matrix composites with continuous fibers have a significant weight saving 

potential in automotive, aerospace and other industries.   Yet they have remained relatively 

unexplored because of lack of a suitable competitive manufacturing process that produce 

complex shapes in a relatively short production time.  Press forming or stamping is one such 

process that is very common in the sheet metal industry, but has not been industrially used 

much in the composite materials industry.  This presentation will first introduce the press 

forming operation for thermoplastic matrix composites, and discuss its distinction from sheet 

metal forming.  It will then present the current status of press forming of thermoplastic matrix 

composites and our research on the formability of these materials.   
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Numerical Modeling in Sheet Metal Forming 

Chetan P Nikhare 

Penn State Erie - The Behrend College, Erie, PA, USA 

cpn10@psu.edu 

Sheet metal forming is one of the main categories in metal manufacturing. Under the umbrella 

of sheet metal forming, various forming processes were developed, such as stamping, deep 

drawing, bending shearing, and many more. This technology is widely used in aerospace, 

automotive, appliances, and precision application. The sheet metal industry is enormous and 

covers a wide variety of products. These sheet metal products provide many capabilities as well 

as flexibility. This process's common materials are low to high strength steels, advanced steels, 

1XXX to 7XXX series aluminum alloys, magnesium alloys, copper, and titanium. Due to high 

demand, the innovations in sheet metal manufacturing are huge. However, the resources are 

limited, and thus, computer simulation is one of the essential tools that can reduce the cost in 

the innovation phase. In this presentation, the numerical modeling on various sheet metal 

forming techniques will be discussed, starting with setting the model, convergence study, 

computational time, pre and post-processing of results. 
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Future applications of sheet forming: forming thin sheet for hydrogen fuel 

cells 

B Rolfe2, P Zhang1, M Weiss1, M Pereira2 

1Deakin University, Geelong, Australia, Institute of Frontier Materials, 75, Pigdons Rd, Waurn Ponds VIC 3216 
2Deakin University, Geelong, Australia, School of Engineering, 75, Pigdons Rd, Waurn Ponds VIC 3216 

bernard.rolfe@deakin.edu.au 

Hycel is one of Australia’s first facilities for safely testing, manufacturing, optimising and 

training in hydrogen fuel cell technologies, focussing on technologies that use hydrogen rather 

than processes that produce it. Hycel will be a ‘living laboratory’ that translates lab results into 

real-world solutions which in the initial phase, focus on mobility and pipelines. At a global 

level, the hydrogen market is predicted to reduce carbon emissions by 6 billion tonnes annually, 

employ up to 30 million people and be worth around $US2.5 trillion by 2050.  

Fuel cell technology is predicted to be a major power source for electric vehicles in the next 

generation of vehicles. One of the main types of fuel cells is the Proton Exchange Membrane 

Fuel Cells (PEMFCs), which consists of a multi-stack of bi-polar plates to provide the reaction 

sites for hydrogen and oxygen to generate electric current. The bi-polar plates can be made 

from thin (0.1mm) 316L stainless steel.  Deep micro channels are stamped into the bi-polar 

plates to enable the hydrogen and oxygen to react.  These deep channels cause large stretching 

in the sheet, and therefore understanding the formability and fracture limits are vital for the 

assessment of fuel cells bi-polar plate production. 

This talk will discuss characterising thin 316L stainless steel sheet.  The formability of the thin 

sheet was found by conducting tensile tests and Marciniak-Kuczynski formability tests.  The 

level of strains at fracture of the thin sheet was observed for a range of stress-states to develop 

a simple fracture model. This material information is necessary if large scale production is to 

be achieved for fuel cell manufacturing. 

Keywords: thin stainless-steel sheet, formability, fracture, hydrogen fuel cells  
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Multiaxial tube expansion test: identification of proper material models for 

large strain range in support of forming simulations 

Toshihiko Kuwabara 

Division of Advanced Mechanical Systems Engineering, Institute of Engineering 

Tokyo University of Agriculture and Technology 

2-24-16, Nakacho, Koganei-shi, Tokyo 184-8588, JAPAN 

kuwabara@cc.tuat.ac.jp 

A biaxial tensile testing method using a cruciform specimen has been standardized as ISO 

16842 in 2014. The author’s research group has verified that the testing method is effective for 

identifying proper material models for sheet metals and for enhancing the accuracy of sheet 

metal forming simulations. The drawback of the experimental method is that the upper limit of 

measurable strain is at most a few percent. To overcome this shortcoming, we have developed 

Multiaxial Tube Expansion Testing Method (MTET) for tubular specimens. MTET can be 

applied to sheet samples by fabricating tubular specimens from an as-received flat sheet 

sample. Many linear stress paths in the first quadrant of stress space are applied to the 

specimens to measure the contours of plastic work and the directions of the plastic strain rates 

until immediately before fracture. These data are to be used for making a proper material model 

that can reproduce the deformation behavior of the test sample for large plastic strain range up 

to fracture.  

This lecture reviews the basic principle of MTET and examples of material modeling for 

ultralow carbon and high strength steel sheets, aluminum alloy sheets, and a pure titanium 

sheet. We have found that these materials exhibit differential hardening (DH); the shapes of 

work contours in stress space change with an increase in plastic work. Material models for 

reproducing the DH behavior of these materials have been developed to discuss the effect of 

material models on the predictive accuracy of forming simulations, such as hydraulic bulge, 

hole expansion, and Marciniak–Kuczyński-type forming limit analysis. We conclude that the 

material models developed using MTET are effective in enhancing the accuracy of the forming 

simulations. 
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Scope of Industry 4.0 Implementation in Sheet Metal Forming 

Technologies 

Avinash Khare 

Indian Machine Tools Manufacturers’ Association, Chinchwad, Pune-411019, Maharastra, India 

Apart from Automation of Data Acquisition, Networking, Analytics and Real time reporting 

or escalating anytime anywhere; there are many new and interesting possibilities opening up 

for Research and Development in Sheet Metal Forming. Even as these may appear to be slightly 

futuristic “wish” features; with Industry 4.0 they are the next logical steps. 

Broadly two kinds of approaches emerge: 

1. Enriching the predictive processes of Simulation and Proving in the Virtual World with 

BIG DATA from real trials to make the prediction more accurate. 

2. Incorporating adaptive corrections in equipment, tools and systems in real time to 

permit a broader window of tolerances in dimensions, properties and parameters. 

The talk would present some examples of what is being done already and what could be done 

further towards: 

 Adding senses and active elements to Stamping Dies and making them intelligent as 

well as adaptive 

 Self-adjusting Stamping Presses based on Die identification 

 In-line Quality surveillance against signatures of vibration, sound and force while sheet 

forming 

 Adaptive air bending of sheet at Press Brake 
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Automotive Sheet Metals – Opportunities &amp; Challenges 

Saravanan Subramanian 

Ford Motor Pvt Ltd, Chennai, India 

ssarav67@ford.com 

Sheet metals have been a primary source used in automotive for many years to construct the 

vehicle structure. There are several processes (such as stamping, extrusion, roll form, hydro 

form) used to form the required shape, yet tradition stamping plays a dominant role. In order 

to meet the vehicle’s functional requirement, new material such as high strength steel, 

aluminum alloys and related technologies have evolved over time. Simultaneously, vehicle’s 

architecture and styling requirement is also getting sophisticated year after year. This 

presentation gives an overview of sheet metal process’ evolution, opportunities and challenges 

ahead moving forward. 
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Analysis of temperature distribution induced by different strain rates 

applied to dual-phase steels 

R.L. Amaral1, A.D. Santos1,2, S.S. Miranda1 and J. César de Sá1,2 

1INEGI – Inst. Science Innovation in Mechanical and Industrial Engineering,  
2FEUP – Fac. Engineering, University of Porto, Rua Dr. Roberto Frias, Porto, Portugal 

When performing sheet metal characterization by tensile test, the plastic deformation energy is 

converted into heat, which can be related with an increase of temperature in the specimen 

uniform region. However, such increase in temperature depends on the experimental 

conditions, material properties, such as thermal conductivity, as well as the strain rate that 

material is subjected. This work presents a study on the influence of strain rate on material 

properties and the consequent temperature field distribution. Uniaxial tests were performed for 

three different selected dual-phase steel grades (DP500, DP600 and DP780) to observe and 

evaluate such effect. During the mechanical tests, the temperature field was obtained using 

digital infrared thermal imaging (IRT) techniques. The recorded thermal images show an 

increase of temperature and gradients effects, which are related with mechanical phenomena 

and strain distribution, thus having influence on the localized deformed area (necking) where 

fracture takes place, being also evident this influence for higher levels of strain rate. 
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Light Weighting of Automotive: Beyond Material Selection 

Rahul K. Verma 

Research and Development 

Tata Steel Limited 

Light weighting of automotive body structure has been one of the most important objectives 

for over two decades. Light weighting is important from the points of view of lower emission 

for gasoline vehicle whereas higher range for electric vehicle. Often the light weighting has 

been material driven. For example, selection of lighter and/or stronger material, such as high 

tensile steel, aluminium or magnesium, etc. However, as reported in Stephan et. al.[2020] and 

Ashby [2004] there are other weight reduction levers such as topology optimisation or 

reduction of parts by functional integration which must be explored. In the present work the 

focus is on the importance of other two levers for weight reduction. 
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On the interest of simple shear tests in sheet metal forming 

PY Manach 

Univ. Bretagne Sud, UMR CNRS 6027, IRDL, Lorient France 

pierre-yves.manach@univ-ubs.fr 

The simple shear test has been studied extensively in recent decades. The main reason is that 

it can easily be achieved on a conventional tensile machine using a suitable device. This work 

presents the evolution of shear characterization over the years and its use for the 

characterization of anisotropic elastoplastic constitutive laws for metallic sheets. From the first 

tests and numerical simulations carried out in 1989, to the development of several generations 

of shearing machines, to the use of DIC for the strain measurement via the characterization of 

the Portevin Le Châtelier effect and that of ultrafine sheets for the identification of crystal 

plasticity models, this work analyzes tests carried out on several materials (steels, aluminum 

alloys, alloys of copper) and show that this test is particularly adapted to the characterization 

of various elastoplastic constitutive laws. 
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Robotized ISF for proto stamping parts 

Achyut Deshmukh 

Body Systems, Mahindra and Mahindra Ltd., Chengalpattu, India 

DESHMUKH.ACHYUT@mahindra.com 

Automotive Stamping parts development cannot be dispensed with design change requests 

during concept/prototype development. Conventional way of Press tool approach to address 

this need is time consuming, costlier and makes it difficult to accommodate frequent design 

changes. In this session an idea of novel technology of using Robots for forming sheet metal 

parts using Incremental Sheet Forming (ISF) would be explained. In this Robotized ISF using 

various sensors realtime inputs could be collected and information can be utilized for 

improving geometric accuracy of parts being formed. This Robotized ISF would have many 

applications in Automotive, Aerospace, Medical instruments etc.  
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Design and Additive Manufacturing of Tools for Forming and Trimming of 

up to 2-mm Thick DP600 

Nader Asnafi 

Örebro University, SE-701 82 Örebro, Sweden 

 nader.asnafi@oru.se 

Design and manufacturing of stamping tools and dies are two important steps in the 

development of new components/products. These steps determine both the lead time (Time-

To-Production/-Market) and the size of the investments required to start the production.  

This paper deals with the design and production of stamping tools & dies for sheet metal 

components in up to 2-mm thick hot-dip galvanized DP600. Laser-based Powder Bed Fusion 

(LPBF) is the additive manufacturing (henceforth even called 3D printing) method used to 

make these tools and dies. 

The stamping tools & dies should withstand the requirements set in stamping of hot-dip 

galvanized DP600. Solid and topology optimized forming and cutting/blanking/trimming tools 

made in maraging steel (DIN 1.2709) by LPBF were subject to certification 

(approval/disapproval) for stamping of 2-mm thick hot-dip galvanized DP600. A working 

station in an industrial progressive die used for stamping of 1-mm thick DP600 was 3D-printed 

in DIN 1.2709, both with a honeycomb inner structure and after topology optimization, with 

successful results. 3D printing results in approved sheet metal parts, a significant lead time 

reduction and improved tool material efficiency. The 3D-printed tools and dies display 

acceptable wear behaviour. The cost for 3D-printed stamping tools and dies is, however, higher 

than the cost of those made conventionally. This cost increase can be accepted for the so-called 

late changes. This presentation is an account of the above-mentioned investigations. 
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Recent Advances – Managing Surface Defects and Perceived Quality of 

Class-A outer Body Panels using Virtual Light Room 

Adwait Pande1, Sridhar Rajagopalan1 

1
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avn@esi-group.com  

Today surface defects in body panels are analysed with help of detailed simulations using 

various contours like stoning, strain and stress field, etc. Such detailed analysis is done in late 

stage of tool development process. Simulation results normally gives good defects tendencies, 

but it becomes almost impossible to be sure if a surface defect will be important enough to be 

visible in the part after painting. Also doing such advanced detailed simulations at late stages 

of tool development allows less options/possibilities to overcome defects by changing process 

design or product design itself which is costly. In this paper, recent advances for effective 

management of surface defects in automotive outer panels are presented. 

Keyword – Perceived Quality, Surface Defects, Stoning 
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Latest Developments in Sheet Metal Testing 

Ludger Wahlers 

 Erichsen, Germany 

Sheet metal testing is still an important and indispensable part of material development for 

feritic and non-feritic materials. For over 100% years, Erichsen has been supplying solutions 

to steel and aluminum manufacturers and research institutes worldwide. 

In India, together with our partner ABS Instruments, we offer comprehensive consulting, 

service and calibrations according to NABL. 

Our latest developments are focusing on the capabilities of sheet metal testing machine to be 

able to provide reliable FLC-data at elevated temperatures up to 850°C. These data are 

important for any material development when it comes to Hot Forming and quenching which 

are essential for the efficient application of high-strength steels and aluminum in car bodies. 

( E.g. B-Pillars are designed to protect passengers in case of a side impact. Pillars must not be 

deformed during a crash and material strength will be up to 1500 MPa after press hardening/hot 

stamping (combined hot forming and quenching). 

Until now, it was very difficult to be able to generate these FLC data at high temperatures. The 

latest Erichsen Hot forming tool, which can be added to Universal Erichsen Sheet Metal 

Testing machines larger than 400 kN capacity, enable the user to generate these data without 

external heating or transfer of specimen from a heating furnace.  

Secondly the tools (drawing die, sheet holder plat and drawing punch) are heated too so the 

specimen does not cool down during the test itself. Consequently, the specimen temperature 

can be much easier controlled and data generated are more reliable. 

Standard tools according ISO 12004 are available for these tests for Nakajima and Marciniak. 

Tests can be executed using specimens of steel, titanium or aluminum. The heating is generated 

by induction so a very quick heating up is ensured. 
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