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ABSTRACT

This thesis is divided into five papers, each of which deals with a different
aspect of the deformation behaviour of stainless steels (from formability to 
crash-impact testing). The subject matter of each of the five papers is briefly 
outlined below. 

The exceptional sheet metal formability of meta-stable stainless grades is often 
explained by their ability to undergo a microstructural transformation from 
austenite to martensite during plastic deformation. The most common method 
of estimating sheet metal formability is through the Nakazima test for the 
creation of forming limit curves. These forming limit curves are often used to 
compare and index formability properties, but for materials that undergo 
microstructural transformations these curves often underestimate forming 
behaviour. Paper 1 demonstrates this underestimation from an experimental and 
theoretical point of view and suggests an alternative graphical approach for 
meta-stable stainless steels; The Forming Limit Length-change Diagram 
(FLLD). This new approach is considerably more accurate when rating the 
formability of materials that undergo microstructural transformation during 
plastic deformation. 

The microstructural transformation from austenite to martensite during plastic 
deformation has been investigated in Paper 2. The fraction of transformed 
martensite has been measured by saturation magnetization after deformation. 
The results showed an increase in transformed martensite with decreasing 
thickness for any specific grade of meta-stable austenitic stainless steel. An 
empirical sigmoid relationship between true thickness strain and the amount of 
martensite has been evaluated which could easily be installed in commercial 
FEM software. This proposed equation is independent of strain path during 
plastic deformation.

Paper 3 is concerned with FEM analysis of the forming process and impact 
behaviour of a stainless steel bumper. Experimental measurements are 
compared with simulated results. A non-conventional FEM element model with 
a damage criterion was used too accurately predict the plastic hinge for the 
impact situation.

Paper 4 experimentally evaluates the dynamic response of four types of 
stainless steel sheet at different strain rates from 10-2 up to 103 s-1. The results 
from the tensile tests were used to evaluate the parameters in three different 
multiplicative strain rate equations of the type used in crashworthiness 
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calculations. It was necessary to develop a new type of sigmoid constitutive 
equation for one of the grades of high strength stainless steel.

In the future many different materials will be joined together to create a multi-
material automotive structure and this will open up opportunities for materials 
like stainless steels. Paper 5 shows the results of laser welding as a joining 
method between high strength carbon steels and stainless grades.  Process
parameters have been evaluated for Nd:YAG laser welding of carbon to 
stainless steel sheets with a thickness of 1.5 mm. The properties of the welds 
have been characterized through optical microscopy, Scanning Electron 
Microscopy (SEM) with attached Energy Dispersive X-Ray Analysis (EDX) 
and mechanical testing. The results show that it is possible to create acceptable 
welds that will not initiate fracture during plastic deformation.

Keywords: Stainless steels, forming behaviour, formability, microstructural
transformation, crash/impact properties, FEM-simulations
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INTRODUCTION

1.1 Objectives of this thesis

The subject matter of this thesis is of interest both to industry and to
materials scientists. The industrial interest is demonstrated by the fact that
Avesta Sheffield Research Foundation and Volvo Cars Body Components
sponsored the work. 

The aim of the thesis was to investigate various aspects of the deformation
behaviour of stainless steels to improve the position of stainless steel in the
market place. The most important potential user of stainless steels is the
automotive industry that requires materials that can be deep drawn to make
body panels and safety components. For this reason much of the work in this
thesis concentrates on meta-stable stainless steels, which are of great interest to
the automotive industry because of their high strength and ease of formability.
Both of these excellent characteristics come from the same source; the ability of 
these materials to undergo a microstructural transformation to a harder, stronger 
phase (martensite) when they are deformed. 

The five papers that make up this thesis use experimental results, computer
modelling and mathematical analysis to develop arguments about the
deformation behaviour of stainless steels. The results of these investigations
should be of use to practical engineers, computer simulations and material
scientists.

1.2 The organisation of this thesis 

Two sections that introduce the subjects of stainless steel and the study of
deformation to the non-specialist reader follow this brief introduction to the
thesis. Having provided some context to the work the subsequent chapters
present the five papers that constitute the body of the thesis. 

It was mentioned earlier that much of the work in this thesis was stimulated
by the interest of the automobile industry in using stainless steels. Before the
automotive industry implements a new material there are several tests to be
done to confirm different properties. A slightly modified chart from one of the
German car manufacturers is shown in Figure 1, which shows the testing
procedures for metallic sheets before implementing them in their production
process. Included in this figure is an indication of the areas of interest covered
by each of the five papers of this thesis together with their titles. 
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Figure 1 A chart of the testing history for a new material for use in the automobile
industry and the area of relevance of the papers in this thesis. 

1.3 Background to this thesis

This thesis consists of five papers that deal with different aspects of the
deformation behaviour of stainless steels. The deformation behaviour
investigated ranges from what happens during a forming process to what
happens during a crash impact situation. It may seem surprising to some readers 
to find out this research field is rather new. Research into the deformation
behavior of mild carbon steels is, of course, a well-established field, which has
largely been driven by the automobile industry. As this industry is becoming
increasingly interested in the use of stainless steels it is now stimulating interest 
in the deformation characteristics of these materials. During the course of this
research work it has been established that the deformation models, which have
been in use for many years for carbon steels, cannot be directly transferred to
stainless steels. This has led to the development of; a new forming limit
diagram (Paper 1); a new equation to describe deformation behaviour (Papers 2 
and 4) and a new method of employing Finite Element Simulation models
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(Paper 3). The automobile industry (and others) is also interested in the
consequences of welding carbon steel sheets to stainless steel sheets in order to 
use these materials together. This subject is covered in Paper 5. 

The five papers that follow this introduction are the final distillation of
several years of work some of which has been previously presented in the form
of technical reports, conference papers and a licentiate thesis. The papers and
the earlier publications that form a background to this thesis are listed below:

PhD-thesis: Five papers

• PAPER 1: Andersson, R., Syk, M., and Magnusson, C. (2005) A new type 
of forming limit diagram for use with meta-stable stainless steels
Submitted for publication in journal “Journal of Materials Processing
Technology”

• PAPER 2: Andersson, R., Oden, M., and Magnusson, C. (2005) A new
equation to describe the microstructural transformation of meta-stable
austenitic stainless steels during plastic deformation Submitted for
publication in journal” International Journal of Plasticity”

• PAPER 3: Andersson, R., and Magnusson, C. (2005) FEM-simulation of
the forming and impact behaviour of stainless steel automobile
components Accepted for publication at” The 8th ESAFORM Conference
on material forming”, Cluj-Napoca, Romania, April 27-29, 2005

• PAPER 4: Andersson, R., Syk, M., and Magnusson, C. (2005) The
development of high strain rate equations for stainless steels Submitted
for publication in journal “Journal of Materials Engineering and
Performance”

• PAPER 5: Andersson, R., Laurent, L., Buffeteau, N., and Nilsson K.
(2005) The metallurgy and mechanical properties of laser welds between
stainless and carbon steels Submitted for publication in journal “Science
and Technology of Welding and Joining”

Conference papers

• Andersson, R., Magnusson, C. and Schedin, E. (2001) Using Stainless
Steel for Energy Absorbing Components in Automobiles. Proc. of the
second Global Symposium in Materials Processing and Manufacturing:
Sheet Materials, 2001 TMS Annual Meeting, Feb. 11-15 2001, New
Orleans, Louisiana, USA.
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• Andersson, R., Schedin, E., Magnusson, C. (2002) The Application of
Stainless Steels for Crash Absorbing Components Proc: Volvo Cars 2nd

Global Conference, May 2002, Göteborg, Sweden.

• Andersson, R. Schedin, E. Magnusson, C. Ocklund, J and Persson. A.
(2002) Stainless Steel Components in Automotive Vehicles Proc. of the
4th Stainless Steel Science & Market Congress, June 10 -13 2002, Cité des 
Sciences et de l ‘industrie, La Villette, Paris, France.

• Andersson, R. Schedin, E. Magnusson, C. Ocklund, J and Persson. A.
(2002) The Applicability of Stainless Steel for Crash Absorbing
Components Proc. of the 2002 International Body Engineering
Conference and Exhibition (IBEC), July 9-11 2002, Palais des Congrés,
Paris, France.

• Andersson, R (2002) Rostfria stål för strukturella komponenter i
motorfordon, Proc. of ”Att tillverka i rostfri plåt – från verktyg till färdig 
produkt”, Industriellt Utvecklingscentrum (IUC), October 8 – 9 2002,
Olofström, Sweden. (Swedish)

• Magnusson, C. and Andersson, R. (2003) Stainless Steels as a
Lightweight Automotive Material Stainless Solutions for a Sustainable
Future, British Stainless Steel Association (BSSA) Conference, April 3-4
2003, Rotherham, England.

• Andersson, R., Laurent, L., Buffeteau, N. and Nilsson, K. (2003) Laser
welding as joining method between carbon and stainless steel sheets
Proc: Stainless Steel World 2003 Conference, November 11-13 2003,
Maastricht, The Netherlands.

• Andersson, R (2004) Formability of austenitic stainless steels compared
with carbon steels, Proc. of the Stainless steel studio seminar “Forming
of Stainless Steels 2004”, June 15 –16, Torneå, Finland

Licentiate thesis

• Andersson, R (1999) Effects of composition and the production process
on formability of austenitic stainless steels, Luleå University of
Technology, Licentiate thesis, ISSN 1402-1757
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Technical reports

• Andersson, R (2000) Stainless steel complement to “Material Evaluation
of DP600 and DP800 Grades Produced at SSAB, Sweden” Confidential
report nr: WL/SMP/R/A02/99/R, Corus, Welsh Technological Centre,
Port Talbot, West Glamorgan, Wales, U.K.

• Andersson, R. (2001) Virtual Verification of Sheet Metal Forming. Luleå
University of Technology, Technical Report 2001:08T (Swedish).

• Andersson, R (2003) Analys av ultra-höghållfasta stötfångare,
Confidential SVT Rapport nr 200314, Maj 2003 (Swedish).

• Andersson, R (2004) SANDVIK Nanoflex™ plastiska egenskaper,
Confidential technical report nr 200416, Svensk Verktygsteknik, Luleå,
Sweden

• Andersson, R., and Syk, M. (2004) High strain rate data for SANDVIK
Nanoflex™ Confidential technical report nr 200417, Svensk
Verktygsteknik, Luleå, Sweden

• Andersson, R., and Syk, M. (2004) A comparison study of different
constitutive equations applied for SANDVIK Nanoflex™ Confidential
technical report nr 200418, Svensk Verktygsteknik, Luleå, Sweden
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1.4 Methods used in this thesis

It was mentioned above that this thesis is both experimental and theoretical.
Each of the papers included here has a slightly different emphasis and this is
reflected in the range of methods employed. 

• Mechanical testing methods included; 
o Standard and high speed tensile testing (including specimen design)
o Dome (Nakajima) testing 
o Crash/Impact testing.

• Materials analysis techniques included; 
o Magnetic measurement of martensite content
o Optical metallography
o X ray examination
o Diffractive X-ray chemical analysis.

• Theoretical and modelling tools employed included; 
o Forming limit diagrams, 
o Stress/Strain equations, 
o Curve fitting algorithms
o Martensite-Strain equations
o FEM analysis

1.5 A brief review of the findings of this thesis

Each of the five papers that make up this thesis covers different aspects of the 
deformation behaviour of stainless steel. Each paper has it own contribution to
make to the subject and the conclusions can be paraphrased as follows:

PAPER 1: A new type of forming limit diagram for use with meta-stable
stainless steels

Submitted for publication in: Journal of Materials Processing Technology

Formability studies for carbon steels have used Forming Limit Diagrams for
many years to compare the formability of different steels. Engineers dealing
with formability have developed a great deal of confidence in the use of these
diagrams and, with the growth of stainless steel forming, have started to apply
these diagrams to stainless steel.  Paper 1 demonstrates that standard forming
limit diagrams do not work for meta-stable stainless steels. Diagrams of this
type greatly underestimate the formability of this type of material and give
misleading results. 
The exceptional formability of meta-stable stainless grades is often explained
by their ability to undergo a microstructural transformation from austenite to
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martensite during plastic deformation. This transformation improves the
forming behaviour because it spreads the plastic strain more uniformly within
highly deformed regions. 
The most common method of estimating sheet metals formability is through the 
Nakazima test for the creation of forming limit curves. These forming limit
curves are often used to compare and index formability properties, but for
materials that undergo microstructural transformations these curves often
underestimate forming behaviour. This paper demonstrates this underestimation 
from an experimental and theoretical point of view and suggests an alternative
graphical approach for meta-stable stainless steels; The Forming Limit Length-
change Diagram (FLLD). This new approach is considerably more accurate
when rating the formability of materials that undergo microstructural
transformation during plastic deformation. 

PAPER 2: A new equation to describe the microstructural transformation of
meta-stable austenitic stainless steels during plastic deformation

Submitted for publication in: International Journal of Plasticity

When meta-stable grades of stainless steel are deformed the areas that
experience the most strain undergo a microstructural transformation from
austenite to the harder, stronger phase of martensite. Paper 2 begins by
reviewing earlier theoretical work that attempted to link the amount of
transformed martensite to the strain experienced by the material. After
demonstrating that the earlier models were considering the wrong aspect of
strain, paper 2 goes on to successfully curve fit the thickness strain of the
material with the amount of martensite created. 
The fraction of transformed martensite was measured through saturation
magnetization. The results showed an increase in transformed martensite with
decreasing thickness for any specific grade of meta-stable austenitic stainless
steel. An empirical sigmoid relationship between true thickness strain and the
amount of martensite has been evaluated which could easily be installed in
commercial FEM software. This proposed equation is independent of strain
path during plastic deformation. 
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PAPER 3: FEM-simulation of the forming and impact behaviour of stainless
steel automobile components

Accepted for publication at: The 8th ESAFORM Conference on material
forming, Cluj-Napoca, Romania, April 27-29, 2005

To increase the crash performance of automotives it is necessary to use new
techniques and materials. Components for crash safety should transmit or
absorb energy. For components that transmit and absorb energy the chosen
material should have high yield strength and relative high elongation to
fracture.  This has led to an increasing interest in the use of high strength
stainless steels 

Paper 3 reports on a study of FEM analysis of the deformation of meta-stable
stainless steel. An automobile bumper was produced, tested and modelled in
order to compare actual and theoretical results of forming and crash/impact.
The most significant result of this paper was the improvement made to the fit
between practice and theory when a plastic hinge was introduced into the FEM
model. This modelling technique allowed the FEM model to copy the sudden
collapse of stiffness that is experienced by real beams of the box section type.
Such beams rapidly loose stiffness once their geometrical cross section is
flattened. This plastic hinge technique can be incorporated into crash simulation 
software to reduce the need for expensive crash tests. 

PAPER 4: The development of high strain rate equations for stainless steels

Submitted for publication in: Journal of Materials Engineering and
Performance

This paper presents the results of an experimental and theoretical
examination of the high strain rate behaviour of a range of stainless steels. Two 
basic curve fitting stress-strain equations were used in conjunction with three
high strain rate correction factors. For three of the four materials tested here it
was possible to get a good fit between the experimental results and a particular
equation/correction factor mathematical expression. In the case of the fourth
material it was necessary for the authors to develop a new type of sigmoid
equation and this was found to give excellent results.
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PAPER 5: The metallurgy and mechanical properties of laser welds between
stainless and carbon steels

Submitted for publication in journal: Science and Technology of Welding and
Joining

The car of tomorrow will be a multi-material automotive involving different
types of materials joined together. This will open up opportunities for sheet
materials like stainless steels. Stainless steels can absorb lots of energy during
an accident and they have good corrosion properties. The major disadvantage of 
stainless steels is their high cost and this has led to an increasing interest in
tailor-welded blanks that involve the welding of carbon to stainless steels. It is
of major importance to the automotive industry to analyse the effect of the weld 
between these two materials on the formability of the resulting tailored blank.
This study shows the results of laser welding as a joining method between high 
strength carbon steels and stainless grades.  Process parameters have been
evaluated for Nd:YAG laser welding of carbon to stainless steel sheets with a
thickness of 1.5 mm. The properties of the welds have been characterized
through optical microscopy, Scanning Electron Microscopy (SEM) with
attached Energy Dispersive X-Ray Analysis (EDX) and uniaxial tensile load to
evaluate the plastic properties.  The results show that it is possible to create
acceptable welds that will not initiate fracture during plastic deformation.

1.6 General notes

It is clear from the above précis that this thesis involves a wide range of
research into a new branch of technological application. Since this work has
been completed it is gratifying for the author to note that the interest of the
automobile industry in the use of stainless steels has continued to grow. Some
examples are the gasoline tank for the VW Beetle [1], structural components in
the new Audi A6 [2], a prototype bumper system at SAAB Automobile [3] and
crash absorbing components in the latest Porsche Carrera GT [4]. 

1.7 Suggestions for future work

The suggestions for future work put forward below are obvious extension of the 
research work of this thesis. It is to be hoped that the relevant industries will
support university-based research into all these topics in the near future.
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• The development of algorithms and mathematical models for FEM
software to improve the experimental results/model fit for meta-stable
stainless steels.

• Forming and crash/impact experiments on welded stainless-carbon steel
tailored blanks.

• Corrosion and fatigue testing of welds between carbon and stainless steel.
• Development of a true, in depth, economic comparison between carbon

and stainless steel for the automotive industry (including weight savings,
increased life, safety considerations, ecological issues etc, etc.) 

There now follows a short introduction to stainless steels followed by a short
introduction to the study of deformation. 

1.8 An introduction to stainless steels

At the beginning of the 20th century, H Brearly, working in Sheffield, England,
was trying to develop a tougher material for rifles. He found by chance that a
steel containing about 0.3 % carbon and 13 % chromium did not corrode in the
laboratory environment and thus stainless steel was born. Further work showed
that the chromium reacted with oxygen and formed a passive layer of Cr2O3 on 
the surface of the metal, which protected the steel against corrosive
environments. The sizes of chromium atoms and their oxides are similar, so
they pack neatly together on the surface of the metal, forming a stable layer
only a few atoms thick. If the metal is cut or scratched and the passive film is
disrupted, more oxide will quickly form and re-cover the exposed surface,
protecting it from corrosion. This led to Brearly persuading local cutlers to
work with it and this led to the phenomenon that during the first part of the 20th

century most of the best and highest quality stainless cutlery came from
Sheffield. Figure 2 shows an advertisement from 1919 for Batt´s cutlery. 
Producers in and around Sheffield became world leaders in making and
producing stainless steels in the beginning of 20th century. Firth’s Staybrite
Works in Weedon Street became the world’s first large-scale stainless
manufacturer – the forerunner of the giant stainless works on Shepcoat Lane.
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Figure 2 An advertisement from 1919 from Batt’s cutlery, which were located in
Sheffield. This ad shows that the term ‘stainless’ was not fully in use at this time. The
cutleries promote this new type of material saying it ‘neither rusts nor stains’ [5].

As well as chromium and iron, several alloying elements are used to get a
diversity of properties of the final stainless steel. The amount and combination
of the alloying elements gives the final microstructure at room temperature. The 
main considerations in alloy design are how different elements stabilise the
ferritic or austenitic structure, their effects on solid solution strengthening, as
well their roll in modifying carbide and nitride precipitation and changing the
inherent stability of the austenite against transformation to martensite. 

Stainless steel types

Since the microstructure has a decisive effect on properties, stainless steels are
divided in into categories depending on their microstructure at room
temperature. These are

• Austenitic stainless steels 
o Austenitic stainless steels are the most widely used type of stainless

steel and have a fully austenitic microstructure at room temperature. 
This gives excellent ductility, a large range of service temperature,
non-magnetic properties and good weldability. The range of
applications of austenitic stainless steel includes houseware,
containers, industrial piping and vessels, architectural facades and
construction structures.
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• Ferritic stainless steels 
o Ferritic stainless steels properties are similar to mild steel but with

better corrosion resistance. The range of applications of ferritic
stainless steel includes structural applications, houseware, boilers,
washing machines and indoor architecture.

• Martensitic stainless steels 
o The range of applications of martensitic stainless steel includes

turbine blades and knives because it is strong and hard with
moderate corrosion resistance

• Duplex (Two-phase material, ferritic and austenitic)
o Duplex steels are mostly used in petrochemical, paper, pulp and

shipbuilding industries due to their high strength and ductility
The materials that are of most concern to this thesis are the austenitic and
duplex grades of stainless steels.

Austenitic stainless steels

Austenitic grades include 70-80% of all stainless steels that are produced.
The chemical composition decides what type of sub-grade of austenitic steel it
will turn out to be. Table 1 shows some of the sub-grades. This type of stainless 
steel has generally a low yield stress and strong work hardening behaviour.
Because of the wide range of chemical composition in the different types they
exhibit a broad range of mechanical properties in the cold worked condition.
However, in comparison with other stainless and carbon grades of steel the
formability of the austenitic stainless steels is superior. 

Table 1. It shows typical chemical composition for different grades of austenitic
stainless steels. 

Steel Grade
EN Chemical composition Wt.%

Cr Ni Mo Mn Si C N Other
1.4310 16-18 6.5-7.5 >0.5 0.5-0.8 0.2-0.6 0.1-0.12 >0.06
1.4319 17-19 8-10 >0.6 1.5-1.9 0.3-0.6 0.07-0.09 0.02-0.05
1.4301 18-20 8-12 >0.6 1.2-1.7 0.2-0.8 0.02-0.08 0.01-0.08 Ti,B,Cu
1.4303 17-19 8-10.5 >0.3 >2.0 >1.0 >0.06 >0.11
1.4401 16-20 10-15 2-3 >2.5 >1.0 >0.08 >0.22 Ti,B
1.4438 16.5-20 10.5-17.5 3-5 >2.0 >1.0 >0.01 0.05-0.22

Some of the less highly alloyed austenitic stainless steels, i.e. 1.4310-type and
1.4301-type, are referred as meta-stable because of their ability of transform
from the austenitic microstructure to a body-centred cubic martensite (referred
as α′-martensite) when they experience bending or forming operations. This
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transformation improves the formability of these materials and is central to the
discussion of many of the results in this thesis. 

Duplex stainless steels

This grade is composed of two microstructures, ferritic and austenitic and this is 
the reason for the name, duplex stainless steel. In this grade of stainless steel the 
typical amount of ferrite is approximately 60% with 40% austenite. The
relatively high content of chromium is one of the reasons for the ferritic-
austenitic structure at room temperature. The main object during the
development of this grade at the beginning of 1930s was to improve
intergranular corrosion. The aim of the developments of the duplex grades from 
the 1930s to the end of the 1990s was mainly to improve the welding properties 
but today it is also their excellent mechanical properties that are stimulating
interest from a wide range of industries.

Product areas of stainless steels 

With a worldwide production of 18.7 million tonnes of stainless steel flat
products in 2000 and a growth rate of 6% per year since 1950, stainless steels
are increasingly making positive contributions to improving the world's
environment and the quality of our everyday lives [6].

The reasons for this increase are the benefits of stainless steels. These are for
example:

• Corrosion resistance
With the right mixture of alloy elements it is possible to get a
stainless steel that can resist corrosion in most acids, alkaline
solutions, and chlorine bearing environments

• Fire and heat resistance
Through a combination of certain alloy elements it is possible to get
stainless steel that resists scaling and retains strength at high
temperatures.

• Sanitation
The easy cleaning ability of stainless makes it an ideal material for 
hospitals, kitchens, abattoirs and other food processing plants.

• Ease of manufacturing
Stainless steel can be welded, formed, machined, and fabricated as 
easily as carbon steels.
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• Strength-to-weight advantage
The strong work hardening behaviour that produces high strength
levels on formed components allows reduced material thicknesses
over conventional grades and therefore cost savings.

• Long term value
The resistance against corrosion gives low total life cycle costs so
stainless steels are often a cheaper alternative to conventional carbon 
steel

In the future automobiles will not be made entirely from one type of material,
instead we will see an increase in multi-material vehicles where different
materials will be joined together to obtain optimum structures and properties.
For this reason stainless steel can be a challenging material for energy
absorbing components due to its excellent combination of strength and
ductility.

1.9 Introduction to formability and plastic deformation

It is important for a production engineer who is dealing with material forming
processes to select the right material for a certain forming operation. An
important concern in forming is whether the desired deformation can be
accomplished without failure of the material. The ability of the material to be
plastically formed under specified conditions into a required final shape is
usually called formability. For a given process and deformation geometry, the
forming limits vary from material to material. Three aspects should be taken
into account for a forming operation:

The properties of the object. 
Different objects like sheet metal, bar, rod, wire, billet etc.; usually show
complex internal structures determined by a non-uniform distribution of
some material properties i.e. chemical composition, grain shape and size,
texture. Thus, different sheets with identical chemical composition can show
different behaviour during forming processes.

Forming parameters.
These are determined by the kind of operation, geometry of the punch and
die, forming temperature, lubrication, press type, press ram velocity etc.

Formability criteria. 
There are different criteria applied depending on the forming conditions, for
example ductile fracture, wrinkling, galling. The maximum deformation that 
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the material can suffer in any metal forming operation is usually limited by
various unfavourable phenomena. 

• Damage of the forming tools. When the maximum load necessary for
forming exceeds the ultimate and/or fatigue strength of the tool or
causes a rapid wear. 

• Failure of the forming material. If the forming load exceeds its
strength outside the forming region of the workpiece, see Figure 3.

• Ductile failure. This can occur in the forming region of the material. It 
is usually preceded by strain localization in the form of shear bands.
Different examples are shown in Figure 4.

• Localized neck formation. This is usually the failure cause and limit
for stretch forming operations in sheets. See Figure 5.

• Wrinkling or puckering. This could happen when the sheet is under
compression stress. For example if the blankholder force is too low
during a deep drawing operation then wrinkling occurs in the flange
and down in the walls.

Other types of limits are the dimensional accuracy after the forming operation.
This could be related to phenomena like:

• Springback, after unloading the punch.
• Non-uniform thickness of the wall in the workpiece. This is a result of 

a non-uniform distribution of the thickness strain. The maximum
thinning strain could be regarded as a formability criterion

• Earing during deep drawing. 

Figure 3 The deformation in these cases is limited by a load that exceeds the strength
of the material outside the forming region [7].
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Figure 4 The deformation is limited by ductile fracture inside the forming region [7]. 

Figure 5 Different forming methods where the deformation limit may be associated
with localized necking [7].

When formability is considered three aspects should be defined; material, kind
of forming operation and the formability criterion that is regarded as critical. In 
order to determine the formability quantitatively there is two basic types of
tests: Intrinsic and simulative. Intrinsic tests measure the characteristic material 
properties that can be related to their formability. Simulative tests subject the
material to deformation that closely resembles the deformation occurring in a
particular forming operation.

Intrinsic tests

Intrinsic tests provide comprehensive information that is insensitive to the
thickness and surface condition of the material. The most important and
extensively used intrinsic test is the uniaxial tensile test, which provides the
values of many material properties for a wide range of forming operations.
Other intrinsic tests are the plane-strain tensile test, the Marciniak stretching
test, the hydraulic bulge test and the Miyauchi shear test [8].
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Uniaxial test 

Different types of specimens are used for the determination of tensile material
properties. The most common types are shown in Figure 6.

Figure 6 A couple of tension test specimens for uniaxial testing [8].

The most commonly used specimen is the flat bar with reduced-section, where
the gauge length is usually 50.8 mm long and 12.7 mm wide, and with vise-grip
ends. It is loaded at a constant strain or stress rate in a tensile machine until
fracture occurs. The test procedure is described in ASTM E 8 [9]. The applied
load and extension is measured by means of a load cell and strain gauge
extensometer. The load extension data can be plotted directly from the
measured values but usually the data is converted to engineering stress and
strain or true stress and strain. 
These are calculated as:

0A
F = Engineering stress (σe)

0l
lΔ = Engineering strain (e)

A
F = True stress (σt)

0

ln
l
l = True strain (ε)

where: F = force (N).
A0= original cross-sectional area.
A = instantaneous cross-sectional area.
l0= original length.
l = instantaneous length.
Δl = l-l0
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The true stress-strain curve is extensively used in the literature especially for
large deformations. For uniaxial tension the true stress-strain curve has an
advantage because it has been shown to be equivalent to the stress-strain curve
for effective stress,σ, and effective strain, ε.
To evaluate plastic anisotropy behaviour the Lankford coefficient, frequently
called the plastic anisotropy parameter [8] (r-value), is evaluated through
uniaxial tensile tests with two extensometers, one in the longitudinal direction
and one in the transverse direction. The ratio between the major strains is
calculated through the conservation of volume and the measured data from the
extensometers

( )lw

w

t

wr
εε

ε
ε
ε

+−
== (1)

where εw is the strain in width, εl is the longitudinal strain and εt is the thickness 
strain at a uniaxial tension test.
This is normally carried out with samples produced at 0, 22.5, 45 and 90
degrees from the rolling direction. Since the r-values vary for the different
directions an average value can be used, which is called normal anisotropy, and 
is defined as:

r = (r0 + 2r45 + r90)/4 (2)

where the index indicates the angle from rolling direction.
It has been known for a long time that deep drawing is governed by plastic
anisotropy.
For deep drawing operations a high r -value indicates that the material can be
relatively easily compressed in the flange while the wall of the drawn part can
sustain high load without excessive thinning and fracturing and this indicates
that the material is good for deep-drawing operations. 
Another description of anisotropy is the variation of the r-value in the plane of
the sheet, which is called planar anisotropy and is defined as:

Δr = (r0 - 2r45 + r90)/2 (3)

For deep drawing operations this value correlates well with the ‘earing’ of a
deep-drawn cylindrical cup. When Δr>0 then ears is formed at 0° and 90° to the 
rolling direction, while if Δr<0, ear formation occurs near ±45° to the rolling
direction. A schematic explanation of the different r-values is shown in Figure
7.
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Figure 7 The normal anisotropy r  and planar anisotropy Δr for a sheet metal [8].

Thus from a uniaxial test, several different material properties useful for
forming operations are evaluated. These are tabulated in Table 2.
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Table 2. Material properties that could be evaluated from uniaxial tension tests.

Property Determined by: Influence: Influenced by:
n-value or to be 
more specific ,the 
slope of the true 
stress-strain curve 
in a log-log
diagram

The slope of the true 
stress-strain curve in a 
log-log diagram

Stretchability at 
high strains and 
wrinkling,
buckling and 
spring-back at 
low strains. 

Grain size, Stacking 
fault energy, Yield 
stress, Temperature,
Chemical composition 
and the amount of cold 
work

r-value Strain ratio of width-
to-thickness, r = εw/εt

Deep
drawability,
earring’s,
anisotropic
behaviour

Degree of deformation,
Stacking fault energy, 
annealing temperature, 
processing route and 
chemical composition. 

m-value Either by 

( ) ⎟
⎠
⎞⎜

⎝
⎛ ••

1212 lnln εεσσ

or by
( ) ⎟

⎠
⎞⎜

⎝
⎛Δ

••

12ln εεσ
σ

Stretchability,
rolling, wire 
drawing

Temperature, Stacking 
fault energy, strain and 
strain rate.

Young’s modulus The slope of the 
elastic region of the 
stress-strain curve. 

Springback,
Buckling and 
Wrinkling.

Stacking fault energy, 
annealing temperature, 
processing route and 
chemical composition.

Yield stress, Rp02. The intersection of 
stress-strain curve and 
a linear 0.2% offset 
line which has the 
same slope as the 
Young’s modulus

Springback, work 
hardening
behaviour at low 
strains, Buckling 
and Wrinkling.

Grain size, chemical 
composition, Young’s 
modulus

Ultimate tensile 
strength (UTS), 
Rm.

Is determined at the 
maximum load the 
specimen can hold 
and is equivalent to 
where the slope of the 
engineering stress-
strain curve goes to 
zero.

Work-hardening
behaviour, the 
uniform
elongation.

Grain size, chemical
composition and degree 
of deformation before 
the uniaxial tension test.

Uniform
elongation, eu.

Is determined at the 
maximum load the 
specimen can hold

Work-hardening
behaviour

Chemical composition, 
Stacking fault energy 
and degree of 
deformation before the 
uniaxial tension test.
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Simulative test

To determine formability different simulative tests have been developed which
simulate a specific forming operation. These tests subject the material to
deformations similar to a real forming operation. This kind of test includes the
effects of factors not present in the intrinsic tests, such as bending and friction
effects. The simulative test can be very useful for ranking different materials
with respect to their formability in a particular operation. The disadvantage of
simulative tests is; if the forming condition or/and forming operation is not
strictly determined then the simulative test is limited and can usually not
describe the real situation. Simulative tests can be classified on the basis of the 
predominant forming operation involved: stretching and drawing or a
combination of these operations. In addition, simulative tests have been
developed to measure wrinkling and springback. For the determination of both
deep-drawability and stretchability of sheets, simulative cup tests have been
widely used. These are summarised in Figure 8.

Figure 8 Different cupping tests and their configurations a) Erichsen-Olsen’s, b)
Swift’s, c) Fukai’s and d) Sieber-Pomp. Also shown is the condition at flow region, A,
and the fracture region, B. Normal anisotropy and a constant work-hardening
exponent are assumed [8].
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Stretching tests

Many forming operations involve stretching a material to different shapes, for
example airfoils and hubs. The simulative tests in this case stretch the material
over a punch, ball or a hemispherical dome. Two of the most commonly used
ball punch tests, historically, are the Olsen test and Erichsen test; these two tests 
are similar, differing principally in the dimension of the tool. The Erichsen test, 
which is extensively used in Europe, uses a 20mm diameter ball and a die with
a 27mm internal diameter and a 0.75mm die profile radius. The index of
stretchability of the material from these tests is the height of the cup at fracture. 
These tests should correlate with the n-value but is has been shown that the
correlation is very poor. These tests have also shown poor correlation to
production experience.
Another stretchability test is the hemispherical dome test where a 101.6 mm
diameter punch is used. The specimen is clamped by a high hold down force
between the die and a hold-down ring by a lock bead to prevent the flange
being drawn in., see Figure 9.

Figure 9 The hemispherical dome test [8].

The hemispherical test reproduces much more reliable data the Erichsen test. A 
thin film of lubricant reduces scatter in test results and simulates production
results more closely. The use of lubricants makes the strain ratio at fracture
more biaxial. This is undesirable for production simulations because most
production failures occur during plane-strain conditions. To control the strain
ratio at fracture, specimens of different widths are used. The strain ratios at
fracture for specimens with different widths are plotted into a diagram, which is 
called a forming limit diagram.
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Forming limit diagram

The ratio of the major strain against the minor strain is plotted into a forming
limit diagram (FLD). This diagram is shows the strain combinations that
produce instability or/and fracture and those which are permissible in forming
operations. For failure by localized necking it is useful to think of the strain in
the sheet at the time when necking occurs, this strain is usually referred to as
the limit strain that is determined from the principal surface strains e1 and e2.
The ratio of these strains should be below the forming limit curve (FLC) in the
forming limit diagram (FLD) to prevent necking in the material. The FLD
provides information that is very useful in press-shop operations and is very
important in the theoretical analysis (with computer modelling) of press
operations. This diagram is also called The Keeler-Goodwin diagram and is
shown in Figure 10. 

Figure 10 The Keeler-Goodwin forming limit diagram, plotted terms of engineering
strains [8].
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The FLD is frequently plotted in terms of engineering strains but it can also be
given in true (logarithmic) strains. For determining experimental FLD’s the
biaxial state of stress varied by stretching rectangular strips of different widths
and with different interface lubrication over a rigid hemispherical punch with
the ends of the strip being held down by flat hold-down pads. After each blank
is loaded to failure, the major and minor strains are obtained from
measurements made of the distortion of small circles of a circular grid
previously etched on the surface of the sheet, see Figure 11.  The ratio of the
major and minor strain is then plotted into a FLD diagram.
The objective of FLD testing is to simulate the various states of the strain ratios 
that could be encountered in forming operations. These strains could vary from
equibiaxial strain (e1=e2) through plane strain (e2=0) to pure shear (e1=-e2).
When both strain components are positive the test is measuring the
stretchability of the material. When the minor strain component is negative and 
the major strain component is positive the test is measuring the drawability of
the material. In most forming operations the localized necking and failure
occurs near the plain-strain state i.e. -10 %< e2 < +20%. Because of the
influence of factors like strain path, strain rate, strain gradient, punch curvature, 
friction, grid size, yield strength and the thickness of the tested material,
diagrams obtained by different methods and under different conditions should
not be compared.

Figure 11 Measurement of major, ( e
a d

d1
0

0
=

−
), and minor,( e

b d
d2

0

0
=

−
), strains.



R.Andersson – Introduction

35

1.10 References

1. (2001) Smog laws beget stainless steel fuel tanks, Nickel Magazine Dec
2001.

2. Gebhard, R., Schnattinger, H., and Zeitler, S (2004) Der Neue Audi A6,
Sonderausgabe von ATZ und MTZ, Inhalt März 2004.

3. http://www.outokumpu.com/pages/Page____19087.aspx  (2004-12-13)
4. http://www.germancarfans.com/news.cfm/newsid/2030926.001/page/4/la

ng/eng/porsche/1.html (2004-12-13)
5. Making Steel History – Sheffield’s Industrial Story and Guide to: Kelham 

Island Museum • Abbeydale Industrial Hamlet • Shepherd Wheel. Ed:
Robin Fielder and Natalie Murray, Pilot Creative Solutions Ltd.

6. Moll, M (2002) Stainless Steel Market Outlook STS Conference,
Cologne, Germany, September 11 2002.

7. Marciniak, Z. (1984) Assessment of Material Formability. Adv. Tech.
Plasticity (1).

8. Mielnik, E. M. (1991) Metalworking Science and Engineering, McGraw-
Hill, Inc. 

9. ASTM (American Society for Testing and Materials) Annual Book of
ASTM Standards, Sec. 03.01, Metal Test Methods and Analytical
Procedures, ASTM Publication.

http://www.outokumpu.com/pages/Page____19087.aspx
http://www.germancarfans.com/news.cfm/newsid/2030926.001/page/4/la


R.Andersson – Introduction

36



R.Andersson – Introduction

37



R.Andersson – Introduction

38



R.Andersson – Paper 1 A new type of forming limit diagram

39

Paper 1: A new type of forming limit diagram for use with meta-
stable stainless steels 

R.Andersson1, M.Syk2, and Prof. C. Magnusson3

1. (Corresponding author) 
Luleå University of Technology 
Div: Manufacturing Systems Engineering 
SE-971 87 Luleå 
Sweden
Tel: +46 920 75917 
Fax: +46 920 75955
E-Mail: Roger@svenskverktygsteknik.com

2. Svensk Verktygsteknik 
Aurorum 8A 
SE-977 75 Luleå 
Sweden
E-mail: Malin@svenskverktygsteknik.com

3. Volvo Cars Corporation 
Body Components 
SE-293 80 Olofström 
Sweden
E-Mail: cmagnus4@volvocars.com

Keywords: Meta-stable stainless steels, Forming limit curve, M-K method, 
microstructure transformation

Abstract: The exceptional formability of meta-stable stainless grades is often
explained by their ability to undergo a microstructural transformation from
austenite to martensite during plastic deformation. This transformation
improves the forming behaviour because it spreads the plastic strain more
uniformly within highly deformed regions. 
The most common method of estimating sheet metal formability is through the
Nakazima test for the creation of forming limit curves. These forming limit
curves are often used to compare and index formability properties, but for
materials that undergo microstructural transformations these curves often
underestimate forming behaviour. This paper demonstrates this underestimation 
from an experimental and theoretical point of view and suggests an alternative
graphical approach for meta-stable stainless steels; The Forming Limit Length-
change Diagram (FLLD). This new approach is considerably more accurate
when rating the formability of materials that undergo microstructural
transformation during plastic deformation. 
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Introduction

The use of stainless steels has increased by 6% every year for the last 20 years
and is expected to increase by the same amount for the next ten years [1]. This
growth has been stimulated by an increase in the production of stainless steel
components by a number of forming processes. Austenitic grades of stainless
steel are the ones most commonly used in industry. Some of the lower alloy
content austenitic grades can undergo a transformation to martensite during
plastic deformation at room temperature. These material types are usually called 
meta-stable austenitic stainless grades. This microstructural transformation
from austenite to martensite has been shown to increase the formability of this
material type [2-4] due to its transformation from the softer austenitic phase to a 
harder martensitic phase at the most deformed regions. Thus a more
advantageous strain-distribution takes place.  This microstructural
transformation phenomenon has been investigated in several earlier studies [5-
15].
The plastic forming process has limitations that mainly come from the sheet
materials formability. Usually, when a sheet material has fractured under a
forming process it has locally reached its maximum loading capacity and local
necking has been initiated. The load carrying capacity at the neck is thereafter
decreased, which gives a highly non-uniform loading condition and localised
material failure. It is this failure that limits the formability of the material. 
There are several experimental techniques to index material formability and
forming behaviour through intrinsic and simulative tests [16-23].  Intrinsic tests 
measure the characteristic properties that can be related to a material’s
formability which are insensitive to the thickness and surface condition of the
material. Simulative tests subject the material to deformation that closely
resembles the deformation occurring in a particular forming operation. 
This paper critically examines the applicability of standard forming limit curves 
to meta-stable austenitic stainless steels. A practical and theoretical analysis has 
revealed that this type of curve gives a misleading index of formability in the
case of these materials. 
As an alternative a new method of indexing material formability is presented
that combines the effects of the forming limit with the strain distribution. This
is especially practical for comparing materials that undergo a microstructure
transformation during plastic deformation.

Material Characterization

Two meta-stable austenitic stainless steels and one carbon steel were used in
this study. The austenitic stainless grade, HyTens1000, was in a temper rolled
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condition while the austenitic stainless grade, EN1.4310, was in an annealed
condition and the carbon steel, DP750, was a high strength dual-phase grade. 
Uniaxial tensile tests were made to evaluate the mechanical and plastic
properties of the materials. The uniaxial specimens were cut perpendicular to
the rolling direction with a ROFIN-SINAR 6kW CO2 laser and the edges were
polished by hand with abrasive paper. 
ASTM-standard E 8M-96 defined the geometry of the uniaxial tensile
specimens. The uniaxial tensile tests were carried out at a crosshead speed of
0.1 mm/s in a Dartec 50kN tensile testing machine. The extensometer was an
Epsilon model number 3542-050M-025-ST. European standard EN 10 002
defined the initial gauge length for the extensometer, which was proportional to 
the initial cross-section area.
The resulting true stress-strain curves up to the maximum tensile strength are
graphically shown in figure 1 and the results are tabulated in table 1.

Figure 1 The uniaxial tensile curves for the materials in this study. 
Table 1 The mechanical data for the materials in this study. 

Type Thickness
(mm)

Rp02
(Mpa)

Rm
(Mpa)

Uniform
elongation Ag (%)

Total
elongation
A80(%)

Austenitic stainless steel
EN1.4310 1.16 306 970 52.5 56.3

HyTens1000 1.55 639 1108 38.9 44.6
Carbon steel

DP750 1.48 513 811 13.4 18.8
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Up to ultimate tensile strength, Rm, the uniaxial deformation is always uniform
for all types of metallic materials and Table 1 also shows that the stainless
grades experience a very small amount of elongation from Rm to fracture.
To evaluate plastic anisotropy behaviour the Lankford coefficient, frequently
called the plastic anisotropy parameter [24], was evaluated through uniaxial
tensile tests with two extensometers, one in the longitudinal direction and one
in the transverse direction. The crosshead speed was 0.1 mm/s. This was carried 
out with samples produced at 0, 45 and 90 degrees from the rolling direction
and the results are listed in table 2.

Table 2 The Lankford coefficients for the materials in this study.

Type r0 r45 r90

Normal anisotropy

4
2 90450 rrrR ++=

Austenitic stainless steels
EN1.4310 0.8 0.85 0.75 0.81

HyTens1000 0.7 0.65 0.88 0.72
Carbon steels

DP750 0.75 0.9 0.77 0.83

From table 2 it is clear that the anisotropic parameters for all three materials are 
similar to those found for aluminium alloys i.e. R is considerably lower than
1.0. The formability of sheet metal is often evaluated by using a forming limit
diagram, FLD [24]. In this test, a fracture limit curve (FLC) is plotted that
shows maximum strain at fracture for different surface strain ratios under
biaxial stress. This curve represents the boundary between the strain
combinations that produce fracture and those that are permissible in forming
operations, see figure 2.

Figure 2 A schematic of a forming limit diagram where the FLC divides the safe 
region from the region that produces failure. 
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The Nakijima [25] test method was used to evaluate the fracture limit curve for
the materials in this study. Rectangular test strip specimens with a length of 225 
mm and widths from 45 up to 225mm in 9 steps were used (the variations in
width give different strain-ratios at fracture).
The specimens were electrochemically etched with a 2mm square pattern. The
samples were subsequently locked in a test rig and deformed at 5mm/sec by a
101.6 mm diameter spherical dome until fracture occurred. The grid on the
failed specimens was later measured close to the fracture by a computer-based
system, Autogrid from Vialux GmbH [26]. Typical specimens and grid
measurements are shown in figure 3 and the resulting forming limit diagram for 
the materials in this study is shown in figure 4.

Figure 3 show fracture specimens, an flc and the computer based measurement system 
for square grids. 
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Figure 4 The fracture limit curves (FLC) for the materials in this study. 

Figure 4 shows that lowest point of the fracture limit curves for the stainless 
grades are not in the plane-strain region (as it is for the carbon grade) but is 
located in the right hand region of the diagram. Figure 4 also gives the 
impression that all three grades have the same equibiaxial-forming limit (point 
A). This is misleading result. As figure 5 demonstrates, although the fracture 
strain is similar for the stainless and carbon steel samples, the stainless material 
has survived a far more severe forming operation prior to failure. 

Figure 5 The picture shows the equibiaxial test specimens for EN1.4310 and DP750.
The surface fracture strains are similar but the drawing depth is higher for EN1.4310.
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The reason for this increase in draw depth for the stainless grades compared to
carbon steel with similar fracture strains is attributable to the stainless steels
ability to undergo microstructural transformation from austenite to martensite
during plastic deformation. This transformation has the result that the most
deformed regions get harder and consequently the deformation strain spreads to 
the softer austenitic structure. This gives a more uniform strain distribution over 
the deformed surface. The strain distribution over the domes is shown in figure
6 for the materials in this study.

a)                   b)
Figure 6 The strain distribution at equibiaxial stretching where a) is the major true 
surface strain and in b) the minor true surface strain.

Figure 6 explains the results given in figure 5 and demonstrates why the 
forming limit curve underestimates the formability of meta-stable stainless 
grades. It is clear that the martensite transformation has allowed large areas to 
achieve high levels of strain. In the more usual case of the carbon steel (DP750) 
sample the strain is not distributed in this way and fracture occurs more readily. 

Calculation of the fracture limit curve in biaxial tensile fields

Having demonstrated that the standard Forming Limit Diagram is not a suitable 
tool for meta-stable stainless steels it is interesting to assess whether or not
standard plasticity theory can be applied to these materials. 
There are two broad theoretical frameworks for explaining necking and fracture 
in biaxial tensile fields, the linear and non-linear method.  In this study the non-
linear method of Marciniak-Kuczynski is used due to the intrinsic
inhomogeneity of the sheet.
To predict the limit strains in sheet metals stretched under conditions where all
surface strains are positive. Marciniak and Kuczynski introduced theoretical
imperfections into sheets to allow necking to take place. This method is usually
referred as the M-K model. The sheet imperfections assumed in the M-K model 
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take the form of a shallow grove perpendicular to the major stress axis, see
figure 7. In reality the imperfection does not need to be a shallow groove and
could also be a microstructural anomaly (local regions of different grain size,
texture, solute content…), which results in a local variation in properties, but
for the theoretical calculation in this study a difference in thickness is used as
an initial imperfection:

0
0 ⎟⎟⎠

⎞
⎜⎜⎝

⎛
=

A

B

t
tf (1)

where f0 is the initial imperfection factor, tB the thickness in the groove and tA is 
the initial blank thickness.

Figure 7 An imperfection B in a uniform region A of a sheet deforming in biaxial 
strain.

In the M-K model the imperfection shown in figure 7 grows with linear plastic 
strain to form a localised neck and fracture is assumed to occur when the local 
stress ratio changes from biaxial stretching to plane strain. 
For linear deformation processes the ratio of the principal stresses and strains 
remains constant in region A, outside the groove, i.e.
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where σ2A is the principal stress in direction 2 outside the groove,σ1A is the 
principal stress in direction 1 outside the groove and αA is the stress ratio 
outside the groove. 
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where ε2A is the principal strain in direction 2 outside the groove, ε1A is the
principal strain in direction 1 outside the groove and βA is the strain ratio
outside the groove. 

( ) AAA 13 1 εβε +−= (Through thickness direction) (4)

where ε3A is the principal strain in direction 3, i.e. through thickness direction,
outside the groove. 
It is also assumed that the principal strains parallel to the groove (Direction 2)
are equal,

AB 22 εε = (5)

The same force in direction 1 (perpendicular to the groove) is transmitted across 
both regions, which gives

( ) ( )BBBAAABBAA tttt 30130111 expexp εσεσσσ =⇒= (6)

Equation 1 and 6 give
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exp εσεσ

εσ
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Equation (7) can be written in the form

( )ABBA f 33011 exp εεσσ −= (8)

To be able to theoretically predict the forming limit curve by the M-K method
for a certain material we need a correct constitutive equation and flow criterion. 
An earlier study [14] showed that Swifts equation [27] gave an acceptable fit
for meta-stable stainless steel grades. Swifts equation to relate effective strain to 
stress is expressed by; 

( )nk εεσ += 0 (9)

where k,ε0 and n are constants. 
To assess the parameters of this constitutive equation for the materials in this
study the Marquardt-Levenberg least square curve-fitting algorithm [28] was
used on the true stress-strain curves. This algorithm is iterative and continues
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until the residual sum of squares no longer decreases. When the error variance
is not homogenous, as is the case almost all uniaxial tension tests, weighting
should be used. The weighted variable in this case is the reciprocal of the
dependent variable i.e. the flow stress.
The assessed parameters for the materials in this study are shown in table 3.
Table 3 The assessed parameters in Swifts constitutive equations applied to the 
materials in this study 

Material type
Swifts constitutive equation ( )nk εεσ += 0

Curve fit 
parameter

k ε0 n
DP750 1835 0,11 0,48 0,95334

EN1.4310 2265 0,42 2,23 0,99361
HyTens1000 2456 0,24 0,85 0,99777

The curve fit parameter is the adjusted coefficient of determination R2
adj. This is 

a measure of how well the regression model describes the data and takes
account of the number of independent variables, which reflects the degree of
freedom. This parameter should be over 0.993 to reflect an acceptable fit of the 
equation to the experimental data [29]. Table 3 shows that the Swift equation
fits very well for stainless grades although it gives poorer results for the carbon 
steel. In this study the Hill quadratic flow criterion [30] is used because it is the 
most common model for describing anisotropic materials in numerical
calculations of sheet metal forming processes by FEM. The description of the
Hill quadratic function that will be used in this study relates to plane-stress
conditions with normal anisotropy:

21
2
2

2
1

2

1
2 σσσσσ

R
R

+
−+= (10)

where R is the normal anisotropy.
The ratio between effective stress and major stress is;
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The effective strain function is;
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1
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The associated flow rule gives the relationship between α and β;
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Equation (8) can be rewritten for application to the stainless steel materials with 
reference to equations (4), (9), (13) and (14)
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In this study this algorithm will be used as follows; a strain increment ∂ε2A is
imposed with a certain strain ratio, βA, then ∂ε1A is calculated by equation (3).

Aε  is subsequently calculated by equation (12). ∂ε2B is assessed with equation
(5). The next step is to use Newton-Raphsons iteration method find a value of
∂ε1B so that equation (15) becomes true. Subsequently the algorithm starts again 
with a new added strain increment, ∂ε1A. This is repeated until the effective
strain in the groove reaches the true effective fracture strain of the material and 
subsequently the true strains are plotted in the forming limit diagram. This is
repeated with a new strain ratio, which gives a new theoretical point on the
fracture limit curve. Finally a line is drawn through the points to create the
fracture limit curve for the material.
In this study the imperfection factor is calculated from the volume change that
occurs at the microstructure transformation from austenite to martensite during
plastic deformation. This volume change is 2.57%, which gives a linear change
of 1.37% if a cube is assumed [31]. The results of this are that the initial
imperfection factor for stainless grades will be 0.986 in this study. 
An increment size of ∂ε1A = 0.005 was used throughout this work. 
The results are of this calculation shown in figure 8.
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a)                b)
Figure 8 shows the comparison from the MK-theory and experimental findings for a) 
EN14310 and b) HyTens1000. 

Figure 8 reveals that the theoretical and experimental results for EN1.4310
show good agreement up to a true minor strain value of 0.15. Above this value
the two curves diverge rapidly. The curves for HyTens1000 show a similar
divergence at values above 0.15 and a theoretical over estimation of
approximately 20% below 0.10. These results differ greatly from those usually
achieved theoretically and experimentally for carbon steels. 
A standard representation of the theoretical and experimental results for carbon
steels was presented in figure 2 and the carbon steel DP750 line in figure 4
supports this. In these figures it is clear that the lowest point on the curve is
achieved when the minor strain is equal to zero. 
In the case of the stainless steels investigated here the lowest point on the
experimental forming limit diagram is reached at a true minor strain value
approximately 0.18 for EN1.4310 and 0.07 for HyTens1000. The theoretical
curves for both materials do not achieve a lowest point within the confines of
figure 8 and show a decrease in true major strain with increasing true minor
strain.
Figures 4 – 6 demonstrated that true major strain/ minor strain forming limit
diagrams do not reflect the formability of meta-stable stainless steels. Now,
figure 8 has revealed that the underlying theory used for carbon steel (equation
16) does not predict even the trends of the forming limit curves for meta-stable
stainless steels. 
Clearly, the experimental and theoretical approach that is successful for carbon
steels is inadequate when considering meta-stable stainless steels. The reason
for this inadequacy is twofold;

• The strain induced microstructural change of the stainless steel 
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• The fact that meta-stable stainless steels have low anisotropic properties
[32]

In view of the inadequacy of the standard forming limit diagram when
considering meta-stable stainless steels it is surprising that their use is still
widespread in this context. The final part of this paper demonstrates that better
results can be achieved by reference to a different type of forming limit
diagram.

The forming limit length-change diagram (FLLD)

A better way to describe the formability of materials that experience
microstructural transformation during plastic deformation is to use a forming
limit length-change test. This method is similar to the conventional FLD test
where rectangular specimens are clamped with a grooved hold-down ring and
stretched to fracture with a hemispherical dome. In the case of the FLLD test
however, the specimens true length change in the major direction is calculated
at maximum punch load from the simple geometry of the hemispherical
indentation. This test measures the effects on the forming limit of the strain
distribution. This test is a better measure of stretchability and should be used
instead of the traditional forming limit curve. A forming limit diagram obtained 
in this way is called forming limit length-change diagram (FLLD). FLLD
curves for the materials in this study are shown in figure 9.

Figure 9 The forming limit length-change diagram for the materials in this study. 
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Reference to figures 5 and 6 demonstrates that figure 9 gives a much more
informative view of the relative formability of these three materials than that
presented in figure 4. 
Figure 9 quantifies and clarifies the information given in figure 6. For example, 
figure 6 shows that the HyTens material fractures at lower true strain that the
carbon steel (DP750). On the other hand figure 6 also demonstrates that
HyTens reaches its fracture strain over a much larger area. In this case figure 6
cannot tell us which of the two materials has a higher formability. The
difference is made clear however in figure 9. Figure 9 also demonstrates the
rather more obvious point (from figure 6) that the EN1.4310 material has the
best formability behaviour of these three materials. Figure 9 also agrees with
the uniaxial ductility and elongation results of figure 1 and table 1. Clearly the
carbon steel (DP750) achieves the lowest amount of uniaxial strain before
fracture followed by the HyTens1000 and finally the more ductile EN1.4310.
The difference in ductility between the two stainless steels is a reflection of
their relative initial martensite content. EN1.4310 is fully annealed after cold
rolling but HyTens1000 is not and therefore has substantial martensite content
in the ‘as received’ condition. This martensite gives it a higher strength and
lower ductility.

Conclusion

This paper has demonstrated that, from an experimental and theoretical point of 
view, the traditional type of forming limit diagram is of little use when trying to 
evaluate the relative formability of meta-stable stainless steels. It has also been
demonstrated that the forming limit length-change diagram (FLLD) can provide 
a superior formability-rating tool for these materials. It is hoped that this new
type of diagram will be adopted by the sheet metal forming industry when
considering meta-stable stainless steels. 
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Paper 2: A new equation to describe the microstructural
transformation of meta-stable austenitic stainless steels during
plastic deformation
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Abstract: This study concerns the capacity of meta-stable austenitic stainless
steel sheets to partly transform their microstructure from austenite to martensite 
during plastic deformation. In order to vary the deformation paths, rectangular
samples of different widths have been stretched over a hemispherical punch to
different degrees. The fraction of transformed martensite has been measured
through saturation magnetization. The results showed an increase in
transformed martensite with decreasing thickness for any specific grade of
meta-stable austenitic stainless steel. An empirical sigmoid relationship
between true thickness strain and the amount of martensite has been evaluated
which could easily be installed in commercial FEM software. This proposed
equation is independent of strain path during plastic deformation. 

Keywords: Stainless steels; Phase transformation; Plastic deformation; Satmagan; 
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Introduction

Stainless steels get their corrosion resistance primarily from their
chromium content. Steel that has more then 12wt% chromium has a
surface layer with the composition Cr2O3 that protects against oxidation.
Apart from chromium and iron, the third major alloying element of
stainless steels is nickel, which stabilises the ductile austenitic phase.
Stainless steels can be divided in four groups according to their
microstructure at room temperature: austenitic (face centered cubic),
ferritic (body centered cubic), duplex (two phase, ferrite and austenite)
and martensitic. The austenitic phase is paramagnetic while the ferritic
phase is ferromagnetic. 
This study concerns austenitic grades with a lean composition (i.e. low
alloy content). These low-alloyed austenitic grades are referred to as meta-
stable due to their ability to transform to body-centered cubic martensite
(α′-martensite) during plastic deformation. 
Earlier studies have shown that the sensitivity for transformation and the
amount of transformed martensite is a function of chemical composition,
temperature, strain and strain-rate [1-18]. The microstructural
transformation from austenite to martensite during deformation enhances
the forming properties of the material. This is because the martensitic
transformation spreads the plastic strain at critical regions over a larger
area. It has been suggested that a material with ideal properties for stretch
forming would provide the optimum rate of work hardening and uniform
strain through the controlled formation of strain-induced martensite [19-
26].
Ludwigson et al [27] carried out an investigation to relate the volume
fraction of martensite (VFM) to the amount of plastic uniaxial strain. This 
work involved uniaxial tensile tests of 11 specimens with slightly varied
chemical composition of type 301 austenitic stainless steels. They
proposed the following expression for VFM versus uniaxial plastic strain:

1

1
−−

⎟⎟⎠

⎞
⎜⎜⎝

⎛
+=

A
eVFM

B

(1)

where A and B are constants and e is the engineering plastic strain in 
uniaxial tension. From this relationship they evaluated a constitutive 
equation for meta-stable austenitic stainless steels:

( )[ ] ( ) ( )Qn VFMCVFMeK +−+= 11lnσ (2)
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where K, n, C, Q are constants and σ is the true uniaxial stress. 
From the theory of kinetics of strain-induced nucleation, Olson et al. [28] 
proposed an expression that relates the VFM to the true uniaxial plastic
strain:

( )[ ]{ }nVFM αεβ −−−−= exp1exp1 (3)

where α, β and n are constants and ε is the uniaxial true strain. This
equation demonstrated that VFM is a sigmoid function of strain.
Hänsel et al [29] argue that earlier models are not sufficient to describe
the martensitic transformation since they are based on experimental data
produced under isothermal conditions. Forming processes take place in
non-isothermal conditions and therefore Hänsel et al proposed an
incremental formulation (martensite forming rate) under non-isothermal
conditions. They proposed an equation that is a function of the actual
martensitic volume and temperature:

( ) ( )TDCVFM
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VFMTQ
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VFMd pB
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+

ε
(4)

where A, B, Q, p, C and D are constants, T is the temperature in the
material and VFM is the actual martensitic volume. This equation needs
experimental work to measure the temperature in the material at different
strain-rates and the heat transmission parameters between the sheet and
tools during deep drawing. The actual volume of strain-induced martensite 
versus effective strain can be calculated through integration of equation 4:

( )
∫=
ε

ε
ε0

d
d

VFMdVFM (5)

Equations 1-5 relate the amount of martensite to either uniaxial true strain 
or effective strain. If effective strain is used then different linear strain
paths can reach the same absolute effective strain value. 
If the effective strain is calculated by the Von Mises flow function [30]
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1 εεεεε ++= (6)



R.Andersson – Paper 2 A new equation to describe the microstructural transformation

60

and the thickness reduction is calculated from the true surface strains and
considering that conservation of volume prevails, then the effective strain
and thickness reduction can be graphically described as in figure 1.

Figure 1 shows the effective strain (Von Mises flow function) and thickness
reduction in a true strain diagram (The straight line 0.7*t0 represents a
reduction to 70% of the original thickness. Effective strains are calculated from
equation 6)

Figure 1 shows that for a specific effective strain value we can predict
different plastic thinning values depending on the strain path. The
diagonal lines in figure 1 represent lines of equal thinning i.e. any point
along the ‘0.7*t0’ line represents a reduction in sample thickness to 70%
of the original thickness t0. Another way to express this is to say that the
‘0.7*t0’ line represents a thickness true strain of –0.356. If we correlate the 
lines of equal effective strain with those equal thinning we can see, for
example, that an effective strain of 0.5 correlates with a large range of
levels of thinning; e.g. approximately 60% of the original thickness at
point A and 90% at point B. 
Equations 1-5 would all forecast that the volume fraction of transformed
martensite would be the same over the entire thinning range because they
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only consider the effective strain parameter. This conclusion seems
extremely doubtful and was briefly mentioned in an earlier study by
Hecker et al [31], which suggested that more martensite was created in
biaxial tension then in uniaxial tension at the same effective strain. 
As the remainder of this paper will demonstrate; the transformed fraction
of martensite during plastic deformation is directly related to the thinning
of the sheet. 
This paper will present experimental findings about the influence of strain 
path and thinning on the transformation to martensite of meta-stable
austenitic stainless steels during plastic deformation. From the
experimental results produced here a new equation has been developed
which relates the amount of martensite to the thickness strain. This model
will, as a result, be an excellent choice for incorporation into FEM
software to analyse the amount of transformed martensite after a sheet has 
undergone a metal forming operation.

Material

The materials used in this study are meta-stable austenitic stainless steels
in the as-received condition from the stainless steel producer Outokumpu
Stainless [32]. The grades, grain size (ASTM Index), thickness and
chemical composition of the steel sheets are shown in table 1. 
The mechanical properties of the materials in this study were evaluated
through uniaxial tensile tests. The test specimens (ASTM standard E 8m-
96 geometry) were cut out from blanks using a ROFIN-SINAR 6kW CO2
laser and the edges polished using emery paper. The uniaxial tensile tests
were made at a crosshead speed of 0.1 mm/s in a Dartec 50kN tensile test
machine equipped with an Epsilon extensometer.  The European standard
EN 10 002 defined the initial set-up of the extensometer. All uniaxial
tensile tests were carried out at room temperature. The mechanical
properties of the materials tested are shown in table 2.

Table 1 Grain size (ASTM index) and the chemical compositions for the
materials of this study.
ASTM
Grade

Thickness
(mm)

ASTM
Index

Cr
(%)

Ni
(%)

Mn
(%)

Mo
(%)

C
(%)

N
(%)

B
(%)

Cu
(%)

302 0.51 7.5 18.19 8.18 1.29 0.42 0.039 0.057 0.0026 0.43
302 1.18 6.5 18.22 8.07 1.38 0.29 0.038 0.057 0.0025 0.38
302 1.52 8 18.27 8.16 1.29 0.28 0.045 0.051 0.0031 0.38

304L 1.49 8 18.07 9.12 1.39 0.30 0.017 0.068 0.0033 0.33
304 1.54 9 18.46 8.18 1.47 0.35 0.036 0.048 0.0008 0.27
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Table 2 Mechanical properties of the materials studied.
ASTM
grade

Thickness
(mm)

Rp02
(Mpa)

Ultimate tensile 
strength (UTS) 

(Mpa)

Uniform
elongation Ag 

[%]

Total
elongation
A80 [%]

302 0.51 274 632 56 60
302 1.18 284 612 53 57
302 1.52 280 619 51 56

304L 1.49 290 621 43 53
304 1.54 295 640 48 56

During the deep drawing process of a metallic sheet, the deformation is
characterised by other loading paths than simple uniaxial tension. To
determine the amount of transformed martensite under complex loading
paths, a hemispherical dome was used to stretch strips of various widths.

The hemi-spherical dome test

To vary the loading path to certain strain levels, rectangular samples of
different widths were stretched over a hemispherical punch with a
diameter of 50.8mm to different heights in an Erichsen 60 tonne hydraulic
press [33], see figure 2. 
The punch speed during all tests was 4mm/sec at room temperature and
the lubrication was a mixture of a Teflon film and polythene lubricant. For 
evaluation of the surface strains of the deformed strips the specimens were
first electro etched with a regular pattern. In this study a circular pattern
with a diameter of 2.54 mm was used for all specimens. After
deformation, the circles were measured using an x50 magnification
camera system. An example of the etched pattern is shown in figure 3. 

Figure 2. Rectangular strips are stretched over a hemispherical punch and the 
maximum surface strain is established at the top. Varying the width of the strips 
changes the strain ratio from uniaxial tension to equibiaxial tension through
plain strain [33].
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Figure 3. From the elongated circle grid the major true strain ( ⎟⎠
⎞⎜⎝

⎛=
0

1 ln r
aε )

and minor true strain ( ⎟⎠
⎞⎜⎝

⎛=
0

2 ln r
bε ) can be calculated [34].

During plastic deformation of metals, conservation of volume prevails.
The thickness strain, εt, can be calculated from the surface strains [34].

( )21 εεε +−=t (7)

where ε1 is the major true strain and ε2 is the minor true strain. 

Measurements of the martensite fraction

The measurement of the weight fraction of martensite in the deformed
specimens was carried out with a Satmagan (Saturation Magnetization
Analyser) model 135 [35]. The operation of the Satmagan is based on
measuring the magnetic moment, m, after the magnetic part in the sample
has been magnetized to its saturation point. The weight fraction of the
martensite phase (which is magnetic) in the austenitic substrate is derived
and given as:

Wt% martensite = 100*
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g
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ρ
(8)

Where ρ is the density of the magnetic material, g the gravitational
constant, G is the weight of the sample, F is the force acting on the
specimen and 

dz
dH  is the gradient of the magnetic field. 
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Since g is a constant, and ρ as well as Msat are constants for a certain
material and

dz
dH  is an instrumental constant, then the weight fraction of

martensite is proportional to the ratio of the magnetic force and the weight 
of the sample. The sample size in this study was 3mm x 8mm and was cut 
out with a wire electric discharge machine in water. 
Before we move on to present our correlation between the percentage of
martensite in the materials and their strain behaviour, it is interesting to
apply the experimental results achieved here with the earlier models
presented in the introduction to this paper. Equation 1-5 and figure 1 [27–
29] all imply a simple graphical relationship between the percentage of
martensite in the sample and the effective strain. Figure 4 presents
experimental results for two of the materials examined here. These results 
are typical of the other materials in this study. Figure 4 clearly
demonstrates the weakness of the earlier models as it would not be
possible convincingly fit a single curve to the experimental points. 

a)  b)
Figure 4 The relationship between wt% martensite and Von Mises effective 
strain for a) material 302 with thickness 0.51 and b) material 304. 

If a different approach is taken however, it is possible to get an excellent
fit for these data points. The new approach involves the relationship
between the fraction of martensite and the true thickness strain (rather
then the effective strain). The results of the curve fit to this relationship
are presented in figure 5. 
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a)

b)
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c)

d)
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e)

Figure 5. The graphs show the Wt% martensite against true thickness strain.
They also show the curve fit of equation (10) to the measured values of a) type
302 t=0.51 mm. b) type 302 t=1.18 mm. c) type 302 t=1.52 mm. d) type 304L and 
e) type 304.

Analysis

Earlier in this paper, different proposals of equations from former studies
were described. Some of them are derived from a physical background but 
the constants are always defined by using a curve-fit algorithm on uniaxial 
or effective strain data. Figure 1 shows that these earlier equations, which
are based on either uniaxial surface strain or effective strain, should
predict same amount of martensite over a wide range of thickness strains.
Figure 5 clearly demonstrates that this is not the case and, in fact, the
martensite content is directly related to the true thickness strain. 
One of the more reliable conclusions from the earlier investigations is that 
the relationship between the transformed fractions of martensite and the
plastic strain follows a sigmoid function. This finding comes from the
theory of dislocation pile up at shear-bands.
A sigmoid function is a special case of a logarithmic function and a
general description can be expressed as follows;
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bm

M

af
⎟
⎠
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⎝
⎛+

=
ε1

(9)

where the parameters a, b and M are constants.
To obtain an empirical equation for the materials in this study that relates
the transformed fraction of martensite to plastic thickness strain, graphing
software was employed. The software that was used in this study was
Sigmaplot [37]. It uses the Marquardt-Levenberg [38] least square curve-
fitting algorithm and it assumes that the errors at all data points are equal. 
The sigmoid function in equation (9) was used with the thickness strain
component:

Wt% martensite = b

thickness

M

a

⎟⎟⎠

⎞
⎜⎜⎝

⎛
+

0

1 ε (10)

where a, b and Mo are constants and εthickness is the absolute true plastic
thickness strain. The constants b and M0 describe the shape of the sigmoid 
curve.  Parameter a will become the saturation value of the transformed
martensite at very high true thickness strains if constant b is negative. This 
equation was used to fit to the experimental results of this study, see table 
3.
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Table 3 This table shows on the relationship between weight percent of 
martensite versus true thickness strain for the stainless grades in this study.

Wt% martensite at a true 
absolute thickness strain of

ASTM
grade

Thickness
(mm)

Wt% martensite Adjusted
Rsqr

εt=0.3 εt=0.6 εt=0.9

302 0.51 79,2

62,0
1

6,70
−

⎟
⎠
⎞⎜

⎝
⎛+ thicknessε 0,993825 8.23 33.69 52.16

302 1.18 86,3

48,0
1

4,38
−

⎟
⎠
⎞⎜

⎝
⎛+ thicknessε 0,97419736 5.38 26.99 35.28

302 1.52 88,2

49,0
1

7,36
−

⎟
⎠
⎞⎜

⎝
⎛+ thicknessε 0,99615309 7.18 23.55 31.27

304L 1.49 04,4

57,0
1

8,17
−

⎟
⎠
⎞⎜

⎝
⎛+ thicknessε 0,98819773 1.23 9.82 15.37

304 1.54 76,2

55,0
1

5,48
−

⎟
⎠
⎞⎜

⎝
⎛+ thicknessε 0,94958413 7.66 27.15 38.59

Table 3 quantifies the excellent fit of equation 10 to the experimental data 
by reference to the parameter adjusted Rsqr. This parameter indicates a
perfect fit when it achieves values of 1.0. The close to 1.0 value shown in
table 3 indicate a very good fit. The results presented in figure 5 and table
3 show that, for any given sheet of a material of this type, it is possible to
accurately link one aspect of the material behaviour (the thickness strain)
with one aspect of the material content (wt% martensite) by using
equation 10. 
Predictable relationships between material behavior on a metallurgical and 
macroscopic scale are, of course, extremely important when carrying out
computer simulations of performance. It is clear from table 3, for
example, that at a true thickness strain of 0.6 the 304L material contains
only a fraction of martensite of the other samples including the 304
grades. This would undoubtedly have a considerable effect on the
formability of the material. The present authors would like to suggest that
the use of equation 10 would be a simple and effective method of
improving computer models that predict the deformation performance of
meta-stable stainless steels. 
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Conclusions

This paper has presented an equation that accurately links one aspect of
the macroscopic behaviour of meta-stable stainless steels (the true
thickness strain) to the level of strain-induced martensite in the material.
This is a great improvement on earlier strain-martensite models, which
erroneously assumed a direct link between effective strain and the
martensite levels. 
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Abstract: To increase the crash performance of automotives it is necessary to
use new techniques and materials. Components for crash safety should transmit 
or absorb energy. For components that transmit and absorb energy the chosen
material should have high yield strength and relative high elongation to
fracture.  This has led to an increasing interest in the use of high strength
stainless steels 
This paper investigates the accuracy of analysis by FEM of the forming and
impact behaviour of a stainless steel bumper. Experimental measurements are
compared with simulated results. A non-conventional FEM element model with 
a damage criterion was used to predict the plastic hinge for the impact situation.
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Introduction

In the transport and automotive industry there is an increasing use of high
strength steels driven by the desire to decrease weight. One motive for
decreasing weight is the tougher legalisation in countries around the world to
decrease the environmentally hazardous pollution that comes from cars, trucks
and other vehicles. 
This has led to the development of new high-strength materials in carbon steels 
and an increasing interest in stainless steel as a construction material for the
body-in-white. The interest in stainless steel follows from their excellent
formability, strength, crash-absorbing capability and low life-cycle cost [1-16].
One drawback with increasing strength is that the formability of the sheet metal 
decreases. The most useful technique to theoretically verify a successful sheet
metal forming operation is that of FEM-simulations [17-20]. All automotive
manufacturers and many suppliers around the world have adopted this
technique for verifying sheet metal forming processes in a computer
environment.
To get accurate forming simulation and subsequent crash analysis it is
important to choose the right material model for the hardening behaviour of the 
metallic sheet during plastic deformation. 
This paper will present the results from FEM-simulations of a forming process
and subsequent quasi-static impact tests of a rear bumper made from high
strength stainless steels. The output of the simulations will be compared with
physical tests. 

Experimental procedures and physical tests

The materials in this study were two meta-stable austenitic stainless grades; one 
in the fully annealed state and the other in the temper rolled condition. Both
were in the as received condition and delivered from Outokumpu Stainless [21]. 
Initially, uniaxial tests were carried out to evaluate the mechanical and tensile
properties.

Uniaxial tensile tests

The test specimens (ASTM standard E 8m-96 geometry) were cut out from
blanks at 0, 22.5, 45 and 90 degrees to the rolling direction using a ROFIN-
SINAR 6kW CO2 laser and the cut edges were polished using emery paper. The 
uniaxial tensile tests were made at a crosshead speed of 0.1 mm/s on a Dartec
50kN tensile test machine equipped with an Epsilon extensometer.  The
European standard EN 10 002 defined the initial set up of the extensometer. All 
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uniaxial tensile tests were carried out at room temperature and the resulting
mechanical properties results are shown in table 1. 

Table 1 Mechanical property of the materials in this study.

Type Thickness
(mm)

Rp02
(MPa)

Ultimate tensile 
strength (UTS)

(MPa)

Uniform
elong.

Ag (%)

Total
elong.

A80 (%)
EN1.4301 1.18 306 937 52.5 59.3

HyTens1000® 1.55 639 1068 28.9 38.6
® HyTens1000 is a registered trademark of Outokumpu Stainless.

To evaluate the plastic anisotropy of the materials the Lankford coefficient
(frequently called the plastic anisotropy parameter [22]) was evaluated through
uniaxial tensile tests with two extensometers, one in the longitudinal direction
and one in the transverse direction. The crosshead speed was 0.1 mm/s. This
was carried out with samples produced at 0, 22.5, 45 and 90 to the rolling
direction and the results are listed in table 2.
Table 2 The Lankford coefficients for the materials in this study.

Type r0 r22.5 r45 r90

Normal anisotropy

4
2 90450 rrrR ++

=

Austenitic stainless steels
EN1.4301 0.8 0.82 0.85 0.75 0.81

HyTens1000 0.7 0.67 0.65 0.88 0.72

Press Trials 

The rear bumper from a Volvo S80 car was chosen for this study. Blanks were
cut out and the stamping process was carried out at a transfer line at the Volvo
Cars Body Component plant in Olofström, Sweden. A photograph of two
bumpers made in stainless steel is presented in figure 1. Cross section
measurements made from these bumpers are presented later in this paper along
with their associated FEM results (see figures 5-6)
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Figure 1 Two rear bumpers manufactured in stainless steel. 

Quasi-static impact tests 

The bumpers were mounted in a testing rig by using the designated mounting
holes of the formed component. A hydraulic cylinder with a connected load-cell
and a semicircular cross section beam was used to act as a punch. The punch
was pushed into the centre of the bumpers with a speed of 100mm/s and the
absorbed energy was measured, see figure 2.

a) b)
Figure 2 a) Testing configuration and b) test of the crash energy absorbing 
capabilities.

The punch speed was 100 mm/s and the force and displacement were measured 
by a microcomputer. Five specimens were tested for each material. The average 
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force-displacement curves for each of the materials in this study are shown in
figure 3. 

Figure 3 The force-displacement curves from the quasi-static impact tests 

The shape of the curves in figure 3 show that the punch force decreases after it
reaches a maximum. The slope up to maximum load represents the stiffness of
the part and, after it reaches the maximum load, a plastic hinge is developed in
the bumper. (This plastic hinge effect is discussed in detail later in this paper).
From the averaged force-displacement curves the absorbed energy of the
bumpers was assessed and is tabulated in table 3.
Table 3 Energy absorption during impact bending of the bumpers (average of 5 
samples in each case). 

Type Energy absorption during deflection 
to maximum load (J)

Energy absorption during 
deflection 0-99 mm (J)

EN1.4310 177 518
HyTens1000 426 1239

FEM-Simulations: Theoretical background

The forming process was simulated through the commercially available FEM 
package PAM-STAMP 2G [17]. This FEM software is completely integrated 
program from die design to process validation and optimisation. The forming 
simulations were carried out at the following phases: Gravity, holding, 
stamping and springback. The flow criterion used in this study was Hill90 [23] 
due to the fact that the stainless materials in this study have in plane anisotropy 
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(r0≠r45≠r90) and a normal anisotropy below unity. Several authors [24-26] have 
shown that the traditional anisotropic flow criterion, Hill48 [27], which is 
commonly used in FEM simulations of forming processes, is not useful for 
materials with normal anisotropy below 1. 

Flow criterion Hill90

In 1990 Hill proposed a new flow criterion for sheet steel with in-plane anisotropy:
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where a, b and m are dimensionless constants and σe is the equibiaxial yield
stress, τ is the yield stress in pure shear and θ is the angle anticlockwise from
the rolling direction. 
Hill showed that the substitution of (σθ, 0) for (σ0,σ90) gives the uniaxial tensile 
yield stress in any direction and this is obtained in the form:
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If Equation (2) is rewritten with the uniaxial tensile yield stress in the rolling
direction, i.e. θ=0, then it can be expressed as follows; 

( ) ( )m
e

mm σγβασ 210 =+++ (3)

where α= ⎟
⎠
⎞⎜

⎝
⎛

τ
σ e , β = -2a and γ = b

Through plastic flow rules and equivalent work definition an expression to
calculate the Lankford coefficient (r-value) in any direction will be 
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Of particular interest is the 45-degree direction
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Equation (5) incorporated into equation (4) gives:
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Equation (6) has three unknown parameters (a, b, and m) and these can be
evaluated through equation (4) with the help of r-values in three directions,
which are ≠45 degrees from rolling direction. 
For the materials in this study the parameters a, b and m in equation (6) have
been evaluated from the r-values in table 2. The specific parameters (α, β and γ)
in equation (6) have then been calculated. The results are tabulated in table 4.
Table 4 The calculated parameters for the Hill90 yield criteria. 

Type a b M α β γ
EN1.4310 0,1152 8,9754 4,686 1,236 -0,230 8,975

HyTens1000 -1,265 36,2243 4,523 1,202 2,53 36,224

From the parameters in table 4, the Hill90 yield criterion can be written for the
materials in this study and these equation were used for the forming simulation
with Pam-Stamp 2G 

EN1.4310
( ) ( )975.823.0236.112 686.4686.4

0
686.4 +−+= σσ e (7)

HyTens1000
( ) ( )224.3653.2236.112 523.4523.4

0
523.4 +++= σσ e (8)

The relationship between effective stress and strain can now be described by a
constitutive equation, which is fitted to the true uniaxial stress-strain curve. 

The constitutive equation 

The most frequently used constitutive equation for low carbon steels was
proposed by Hollomon [28] and takes the form:

nKεσ = (9)
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where the n-value is the curve slope in a log-log plot and K is the strength value 
at a true strain of 1. For austenitic stainless steels of lean compositions (like the 
materials under consideration here) this constitutive equation gave a poor fit at
lower strains in an earlier study [29]. 
A better description for meta-stable austenitic stainless steels is the relationship
proposed by Swift [30]:

( )nK εεσ += 0 (10)

where K, ε0 and n are constants specific to the material. 
An estimation of the parameters of the constitutive equations was carried out
with the Marquardt-Levenberg [31] least square curve-fitting algorithm. This
was done on the uniaxial tensile results at 90 degrees from rolling direction and 
the results are given in table 5.
Table 5 The estimated parameters for Hollomon and Swifts constitutive equations for 
the materials in this study. 

Hollomon Swift σ=K(ε0+ ε)n

Type K n Adj. R2 K ε0 n Adj. R2

EN1.4301 1916 0.517 0.8911 1784 0.468 2.17 0.9969
HyTens1000 1756 0.221 0.9081 2446 0.233 0.824 0.9982

The adj. R2 results listed after the equation constants are curve fit parameters.
These are a measure of how well the regression model describes the data and
should be as close to unity as possible for the best fit. An acceptable value
should be > 0.993. It is clear from table 5 that Swifts equation gives the best fit
and it is this equation that we employed in the modelling work.
The theoretical approach outlined above formed the basis of the FEM
simulations of both the forming process and the crash impact tests.

Forming simulation results

The parameters for the forming simulation were:
• All tools were assumed to be stiff and rigid
• The blank had shell element of Belytschko-Tsai type with 5 integration

points and Gauss integration rule. 
• Hill90 flow criterion
• Swift constitutive equation
• Non-linear contact type
• Constant coulomb friction 0.1 between all tools and blank.
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• Adaptive refinement of the blank is controlled by curvature radius
criterion of 7 degrees

• Min global refinement: 1
• Max global refinement: 4
• Blank size 1750x360 mm2

• Blankholder force 1200kN
• Punch speed: 2 m/s

To verify the stamping simulation to the physical parts, strain analyses were
made on the final bumpers. This was done using circular grids 5 mm in
diameter that were etched on the initial blank before the pressing operation.
From the deformed circles the minor and major surface strains were measured
and through the conservation of volume rule the through-thickness strain was
calculated. In this study the thickness was measured over three specific cross-
sections and comparison was made against the simulations. The selected cross-
sections are shown in figure 4 and the results are shown in figures 5-6.

a) b)
Figure 4 The three cross sections where the thickness variation was measured on the 
parts.

a)
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b)

c)
Figure 5 A comparison between simulated results and the physical parts of EN1.4310 
for thickness variations a) at cross section A b) at cross section B and c) at cross
section C. (Original material thickness; 1.18mm) 

a)
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b)

c)
Figure 6 A comparison between simulated result and physical part of HyTens1000 for 
thickness variations a) at cross section A b) at cross section B and c) at cross section C 
(Original material thickness; 1.55mm)

Figures 5 and 6 show that the FEM simulation works well for these materials at 
low thickness strain. However, once the thickness strain exceeds values of a
few percent (as is the case in figures 5a and 6a) the FEM model tends to
overestimate the thickness strain (although the trends are correct). The reason
for this over estimation lies in the fact that these stainless materials undergo a
phase change from austenite to martensite in areas of high plastic deformation.
This phase change makes the material harder and stronger as it becomes
strained and, as a result, strain is passed on to the surrounding areas. This
phenomenon automatically limits the ability of the material to undergo localised 
thinning and this result is reflected in figures 5a and 6a. Future work on FEM
simulation for meta-stable stainless steels will need to address this strain
induced microstructural transformation. Fortunately for the second half of our
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investigation the crash tests and simulation are primarily concerned the centre
section of the bumpers (around cross section C). In this area the FEM analysis
and the experimental results agree that the amount of thinning is small and
reasonably predictable. 

Impact/Crash simulation results

It would be possible to use FEM analysis on the bumper crash test by simply
providing the model with the geometric details of the bumper. However, this
would ignore the previous deformation history of the forming process and its
effects on the bumper performance. To observe the effect of the forming
deformation history on the crash test results the FEM simulation was run twice; 
once using the simple geometry of the bumper and a second time using the
forming deformation history data collected in the first part of our investigation. 
The parameters for the impact simulation were:

• The punch were assumed to be stiff and rigid
• The blank had thin shell element of Belytschko-Tsai type with 5

integration points and Gauss integration rule. 
• Hill90 flow criterion
• Swift constitutive equation
• Non-linear contact type
• Constant coulomb friction 0.1 between punch and blank.
• Punch speed: 100mm/s

The geometric configuration was similar to the real situation and the result is
shown in figure 7.

a) b)
Figure 7. The end of the a) experimental and b) simulated result

Early results from the FEM simulation gave a disappointing fit with the
experimental data, which is clearly demonstrated in figure 8. 



R.Andersson – Paper 3 FEM-simulations of the forming and impact behaviour

87

Figure 8 The comparison between measured and simulated result of the force –
displacement curve of the punch impact into the bumper made of HyTens1000. 

This poor fit is the result of the assumption by the model that the bumper would 
gradually mould itself to the semi circular form of the punch. The discussion of 
figure 3 pointed out that the force curve reaches a maximum value and then
decays because a plastic hinge is developed in the area of maximum effective
strain. The creation of the plastic hinge is a function of the change in cross
sectional shape of the beam when it crushed by a punch. Before punch impact
the bumper was stiff as a result of its formed cross section i.e. its moment of
inertia. Once that cross section has been crushed by the ram the central portion
of the bumper looses its geometric stiffness and the resulting (multilayered) thin 
steel bar deforms easily under the punch. In order to incorporate this effect into 
the model an algorithm was used which collapsed the element stiffness to zero
when the maximum effective strain reached a critical value. Figure 9
demonstrates the different response of the bumper once the damage criterion
element model is used rather then conventional type. 

Figure 9 The difference in deformation mode with a) conventional element type and b) 
element type with a damage criterion. 
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Figures 10 and 11 clearly show the usefulness of this damage criterion approach 
as the theoretical curves now demonstrate the same type of inflexion as the
experimental results. Figures 10 and 11 also make it clear that incorporation of
the forming deformation history into the model results in a better fit with the
experimental results.

Figure 10 The measured data and simulated fit for force-displacement reaction of the 
impact situation in this study (Material HyTens1000).

Figure 11 The measured data and simulated fit for force-displacement reaction of the
impact situation in this study (Material EN1.4310).
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Conclusion

The FEM simulations carried out here gave accurate results for stainless steel
forming only when the strain levels were of the order of 5%. At higher strain
levels the FEM simulation tended to over estimate strain levels. This
overestimation is attributable to the fact that the simulation does to account for
strain induced microstructural phase changes in the stainless steel. This is an
area that requires further work. FEM simulations of crash/impact tests can yield 
useful results if a damage criterion is introduced in the FEM element algorithm. 
Results for crash/impact tests can also be improved if the FEM start up
condition includes the deformation (stress-strain) history in the formed part
under test.
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Paper 4: The development of high strain rate equations for 
stainless steels
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Abstract: The dynamic response of four types of stainless steel sheet has been
investigated at different strain rates from 10-2 up to 103s-1. The results from the 
tensile tests were used to evaluate the parameters in three different
multiplicative strain rate equations of the type used in crashworthiness
calculations. A new type of sigmoid constitutive equation is proposed for one
grade of stainless steel. 

Keywords: High strain rate, stainless steel, and constitutive equations.
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Introduction

There is a pressure on automotive manufacturers from different environmental
groups to reduce the pollution from vehicles. One common way to achieve a
lower pollutant level is to decrease the weight of the vehicle. This leads to a
change in behaviour of the automotive during a crash situation so new designs
and materials are needed to overcome this problem. One way to help the
automotive industries to evaluate the occupant safety in a crash situation is
through experimental tests. Several independent research institutes and
organisations make these types of tests. One of the most important independent
crash-impact test programs for automotives in Europe is the European New Car 
Assessment Programme [1]. This program is supported by Allgemeiner
Deutscher Automobil-Club e V (ADAC), Alliance Internationale de Tourisme
(AIT), Bundesministerium für Verkehr, Bau- und Wohnungswesen, Department 
for Transport, Local Government and the Regions (DTLR), Dutch Ministry of
Transport, Public Works and Water Management, European Commission (EU),
Fédération Internationale de l'Automobile (FIA), Generalitat de Catalunya,
International Consumer Research and Testing, Ministère de l'Equipement, and
the Swedish National Road Administration. The experimental tests made in this 
program are front impact, side impact, pedestrian impact and head protection.
For automotive manufacturers these types of experimental tests are extremely
costly. To decrease the cost the crash tests are often reproduced in the virtual
world through software that simulates the behaviour of the automotive structure 
during impact. To analyse different crash deformation modes in the computer
environment there is a requirement for accurate rate-dependent constitutive
equations for the materials involved [2]. These are often used in commercial
finite element codes such as LS-Dyna [3] and PAM-CRASH [4], which are able 
to simulate crash behaviour. 
This study involves uniaxial tensile experiments to validate the response of
stainless steel at high strain rates and to identify constitutive parameters for
crashworthiness modelling.
One way to evaluate the experimental effective stress, strain and strain-rate
relationship for metallic sheets is through high strain-rate uniaxial tensile tests.
These could be carried out at different temperatures but are commonly done at
room temperature. The experimental procedure to assess a stress-strain curve at 
high strain rates can involve a number of test methods. Two of the more
common methods are a hydraulic test machine configured for high strain rate
tests and a method that is known by the name of split-Hopkinson. These
methods are described later in this article. This paper begins with an
experimental program involving two high strain rate tests methods each used on 
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two stainless steels. The data from these tests is then used into the second half
of the paper to identify which, if any, of the potentially suitable equations give a 
good fit to the experimental results over the range of strain rates investigated
here. In the case of one of the materials a new type of equation has been
developed and thus has been found to give excellent results.

Material specification

The materials in these studies are tabulated in table 1-2. All materials were
tested in the as-received sheet condition. The mechanical data were evaluated
through uniaxial tensile tests at a strain rate of 0.05s-1 in a Dartec 50kN tensile
testing machine. The extensometer was an Epsilon model number 3542-050M-
025-ST. The European standard EN 10 002 defined the initial gauge length of
the extensometer, which was proportional to the initial sample cross-section
area.

Table 1 The stainless steel materials in this study and the test methods used to assess
high strain rate properties. 
Type
(EN)

Trade name Thickness
(mm)

Microstructure Condition Test method

1.4310 HyTens1000™(a) 1,57 Austenitic-
Martensitic

Temper
rolled

High strain rate 
hydraulic
machine

1.4362 SAF2304™(b) 1,51 Duplex Annealed High strain rate 
hydraulic
machine

- Nanoflex ™ (b) 0.51 Austenitic -
precipitation
hardenable

Annealed Split-Hopkinson

1.4319 - 1.19 Austenitic Annealed Split-Hopkinson
a) Trademark of Outokumpu stainless b) Trademark of Sandvik Materials Technology

Table 2 Mechanical properties assessed from quasi-static uniaxial tensile tests at a 
strain rate of 0.05s-1.

Type (EN) Trade name Rp02 (Mpa) Rm (Mpa) A50 (%)
1.4310 HyTens1000™ (a) 639 1108 36
1.4362 SAF2304™(b) 604 775 22

- Nanoflex ™ (b 321 848 21
1.4319 - 256 605 54

a) Trademark of Outokumpu stainless b) Trademark of Sandvik Materials Technology
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Experimental procedure and results
High strain rate hydraulic machine tests and results

The first test method involved a hydraulic uniaxial tensile machine, VHS100,
from Instron that is capable of test speeds up 20 m/s [5]. The materials that
were tested with this method are sample numbers 1 and 2 in table 1. All
specimens were laser cut and abrasive paper was used to polish the edges. The
design of the specimens is shown in figure 1. The width, w, and thickness, t,
were all measured with micrometer EA9202 to get the right cross-sectional area 
for all specimens. The width varied from 8,43 up to 9,22 mm. The force was
measured by a piezo electric load cell GKT18 and the displacement through a
built in sensor. Strains were measured with an extensometer connected to a
Wheatstone bridge in half-bridge mode in order to minimize bending effects.
The test method was divided into two variants; low-speed tests up to 0,7 m/s
and high-speed tests for 7,5 and 18 m/s.

Figure 1 The specimen design for high strain rate tests in the hydraulic high rate
tensile machine.

Low-speed test method

The specimen for low-speed tests up 0,7 m/s were mounted in the same rig as
for the high-speed tests with the difference that both ends of the specimen were 
fixed and no acceleration took place before the test started. To achieve a smooth 
acceleration a slight tensile load of 50 – 75 MPa was applied on the specimen.
The extension was measured by the extensometer and amplifier system. 
The test system achieved the desired speed within the elastic region of the
stress-strain curve. 

High-speed test method

The high-speed tests were done on the same machine as for the low-speed tests. 
The difference is at actuator speeds over 1 m/s the machine uses its proportional 
valve.
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For low-speed tests the actuator is in close loop control, which means that the
actual movement is compared to the command signal and corrections can be
applied.
For high-speed testing the large proportional valves feed a voltage signal that
leads to a corresponding opening of the valve that leads to movement of the
actuator and this means that no correction of the actuator movement is possible. 
The testing at high speed means that the actuator has to accelerate before
gripping the specimen and the grip must be designed for this purpose. This
study was performed with an Instron fast jaw grip.
During the force measurement the load signal from the Kistler load cell is
affected by system resonance and one way to reduce this resonance signal is to
use strain gauges on the tensile specimens. These strain gauges are adhesive
bonded to the end of the specimens outside the waist area, see figure 2. The
stress in this region is below the elastic-plastic transition during the test and
consequently the strains are linearly elastic and this enables the signal to be
used as a load signal. 
The strain gauges (one on each side) are then connected to an amplifier as a
double quarter bridge. The double quarter bridge configuration is used to
minimize the effects of superimposed bending strains. A comparison of the load 
signal from the Kistler load cell and strain gauge is shown in figure 3.

Figure 2 A tensile specimen with an adhesive bonded strain gauge at the region with
no waist.  This enables the strain gauge to be used as load signal.

Figure 3 Time – load curves showing the difference in ringing when comparing the 
signal from the load cell and strain gauges placed on the specimen.



R.Andersson – Paper 4 The development of high strain rate equations

100

For all tests the strain rate is stated. This strain rate is really the test parameter,
as the actuator speed does not clearly describe the test condition.
The strain rate is not constant over the test as the strain is dependent on the
elastic elongation in the specimen, machine backlash etc. The strain rate values
in this study are calculated from test data according to this equation:

01.015.0

01.015.0

tt −
−= εεε& (1)

This calculated strain rate is an average of the strain rate over the plastic region 
before necking, which is the most interesting region for crash calculations.
The resulting high strain rate true stress-strain relationships for HyTens1000
and Duplex 2304 are shown in figures 4.

a)
Figure 4 shows true stress strain relationship at different strain rates for a)
HyTens1000 and b) Duplex2304.

This paper is primarily concerned with the fit of various equations to the data
produced. For this reason a detailed interpretation of the results presented in
figure 4 would be out of place. However, it is worth noting that steel would
generally be expected to respond with improved strength as the strain rate
increases. This is because the mechanisms of plastic strain are, to some extent,
time dependant. The results in figure 4 follow this expected trend.

Split-Hopkinson test and results

The split-Hopkinson test [6] was originally developed for pressure tests, which
used the induced wave propagation in long elastic metallic bars to measure the
pressure produced during dynamic events. This principle was later developed to 
measure tensile properties [7-9]. A schematic description of the split-Hopkinson
arrangement for evaluating material properties at high strain rates in
compression and tension is shown in figure 5.
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Figure 5 The split-Hopkinson set up for evaluation of material properties at high
strain rate in compression or tension. 

The set-up consists of two long bars, an incident and transmitted bar, between
which a specimen is sandwiched. For the tensile tests a tube-like striker bar is
put around incident bar and is accelerated by an air gun towards an anvil at the
end of the incident bar. Thus a tensile wave is generated in the incident bar and 
propagates until it reaches the edge where the specimen is clamped. A part of
the incident wave reflects back to the incident bar while the rest propagates
through the specimen into the transmitter bar. This wave creates displacements
in the bars and can be measured through strain gauges. 
The true stress in the specimen is obtained by equilibrium of the forces in the
transmitted bar and specimen as:

s

tt
sttss A

EA
EAA

εσεσ =→= (2)

where At, E and εt are the area, Young modulus and true strain of the
transmitted bar. As is the instantaneous cross-sectional area of the specimen,
which is obtained from the constancy of volume in incompressible solids,
(A0l0=Asls).
The parameters cb, E and At are constants that belong to the Hopkinson bar
setup. In this study the bars were manufactured from steel (SS 141672) with a
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diameter of 16 mm. This means that the constants become cb= 5118 m/s,
E=209000 N7mm2 and At = 201 mm2

The lengths of the incident and the transmitter bar are 3.0 m and 1.5 m
respectively. All strain gauges (Measurement group CEA-06-250UW-350) are
of the foil type with a gauge length of 6.35 mm. The signals from the gauges
pass through the amplifiers and are finally sampled with a frequency of 2MHz.
The amplifiers (Measurement group 2210A) have a bandwidth of 100kHz.

Optimisation of specimen geometry 

The optimum specimen geometry was evaluated through several tests and
investigations. Since specimens that deform at high strain rates have inertial and 
grip effects, which induce errors, the summation of the incident and reflected
waves is not exactly equal to the transmitted wave.

tri εεε ≠+ (3)

This means that the error from the geometry and grip can be measured as the
amount of discrepancy as in equation 4:

Spec error (%) = 100*
i

tri

ε
εεε −+

(4)

The discrepancies between the strain gauges (A+B) shown in figure 5 can be
used to determine the specimen error. Results for different specimen gauge
lengths are shown in figure 6.

Figure 6 shows of the induced error from specimen setup against gauge length.
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Figure 6 showed that the induced error decreases with decreasing gauge length. 
From this graph it was decided that the gauge length should be 4mm. After this 
decision several new specimens with gauge widths from 4 to 12 mm in steps of 
1mm were used. The specimen error for different widths is shown in figure 7.

Figure 7 shows of the induced error from specimen setup against gauge width.

Figure 7 clearly indicates that the minimum error is possible at a gauge width of 
7mm.
From the results shown in figure 6 and 7 the geometry was fixed for this study, 
and is shown in figure 8. All specimens were manufactured by electric wire
discharge, which is assumed to have very small impact on the material property.

Figure 8 shows the optimised specimen geometry for the tensile split-Hopkinson
pressure bars tested in this study.
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The strain rate values in this study are calculated from test data according to
this equation:

01.015.0

01.015.0

tt −
−= εεε& (5)

This calculated strain rate is an average of the strain rate over the plastic region 
before necking, which is the most interesting region for crash calculations.
The resulting high strain rate true stress-strain relationship for the Nanoflex
materials and En14319 are shown in figure 9.

a)  b)
Figure 9 shows the true stress strain relationship at different strain rates for a)
Nanoflex and b) EN1.4319.

The experimental results for Nanoflex show the unusual result that the strength
level decreases with increasing strain rates and that dynamic recovery and strain 
rate softening occurs. For the EN1.4319 the material behaviour was more as
expected i.e. increasing stress levels with increasing strain rates.

Fitting the experimental data to suitable mathematical functions

The Finite Element Method (FEM) often uses high strain rate data in numerical 
calculation for impact situations and crashworthiness. The relationship between 
uniaxial true stress and strain at high strain rates can usually be implemented in 
the FEM software in two ways; one way is to write in points on the material
curves for the different strain rates and the program interpolates between these
points. The other way to implement experimental results is to fit the data to a
mathematical expression.
A number of workers in the field have developed the mathematical functions
we will now try to fit to the experimental data. Most of the early work involved 
the development of stress-strain equations that were appropriate to very low
strain rates. Subsequent workers developed functions, which corrected the basic
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equations for higher strain rates. This correction is achieved by multiplying the
basic stress-strain equation by the correcting function. 
For more stable grades of stainless steel (Duplex and Nanoflex in this case)
Swifts equation [10] works very well at low strain rates and is expressed as
follows;

( )nK εεσ += 0 (6)

where K, ε0 and n are constants.
The equation is more complex for meta-stable materials, which undergo a strain 
induced microstructural change from austenite to martensite (HyTens1000 and
EN1.4319 in this case). In an earlier study [11] it was found that the Ludwigson 
equation [12] gave an excellent curve fit for this type of material. The equation
is expressed as follows;

( ) ( )( ) QBBn

A
eCA

eK
−−−−

++⎥⎦
⎤

⎢⎣
⎡

⎟
⎠
⎞⎜

⎝
⎛ +−= 1*11*

1
εσ (7)

where K, n, B, A, C and Q are constants. 
These two equations will be used as the basis of the curve fit for their respective 
steel grades. The basic equations need to be multiplied by a correction function
that makes them more accurate for high strain rates. These are a number of such 
correction functions in the literature and we will compare the accuracy of three
of them. The correction functions are generally known as multiplicative strain
rate flow functions and are referred to by the name of the people who developed 
them. In the following analysis equation 6 (for the Duplex and Nanoflex
materials) and equation 7 (for the HyTens1000 and En1.4319 materials) will
each be multiplied by each of the multiplicative strain rate flow functions given 
in table 3.
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Table 3 Multiplicative strain-rate flow functions 

Model name

Cowper–Symonds [13]
M

D ⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡
+

•
ε1

Johnson-Cook [14]
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
∗+

•

•

ref

D
ε

εln1

Jones [15]
( )

( ) ( )

M

yu

yu

ED
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

−∗+−∗
−

+

•

εεεε
εεε

1

Having decided on the basic equations we will use and the different correcting
functions we will try them with, we need to give values to the constants in the
equations. Using the stress-strain data for the lowest strain rate tests gives us the 
values of K, n D etc. Then we can assess the fit of the resulting curve to the data 
at higher strain rates. The experimentally derived values of the constants for the 
equations are given in table 4 -7.
Table 4 The evaluated constants of the multiplicative strain rate flow functions for
HyTens1000
Cowper-Symonds multiplicative strain rate function combined with Ludwigson 
constitutive equation

Curve fit 
parameter

K n B A C Q D M R2
adj

4748 1,1 4,53 230,31 529,79 -0,02 935,80 637,36 0,99766
Johnson-Cook multiplicative strain rate function combined with Ludwigson 
constitutive equation
K n B A C Q D
3602 0,49 0,31 0,099 0,41 -2,02 0,056 0,99283
Jones multiplicative strain rate function combined with Ludwigson constitutive 
equation
K n B A C Q D E M
9590 0,84 0,31 2,63 137,13 -1,67 45618 3513 9,98 0,99174
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Table 5 The evaluated constants of the multiplicative strain rate flow functions for
Duplex2304
Cowper-Symonds multiplicative strain rate function combined with Swifts 
constitutive equation

Curve fit 
parameter

K ε0 n D M R2
adj

1397 0,0429 0,255 8728,59 0,279 0,99370
Johnson-Cook multiplicative strain rate function combined with Swifts 
constitutive equation

K ε0 n D
1397 0,0429 0,255 0,0029 0,99411

Jones multiplicative strain rate function combined with Swifts constitutive 
equation

K ε0 n D E M
1397 0,0429 0,255 12,97 22,03 0,65 0,99388

Table 6 The evaluated constants of the multiplicative strain rate flow functions for
Nanoflex
Cowper-Symonds multiplicative strain rate function combined with Swifts 
constitutive equation

Curve fit 
parameter

K ε0 n D M R2
adj

1653 0,0387 0,515 4202 10,50 0,99041
Johnson-Cook multiplicative strain rate function combined with Swifts 
constitutive equation

K ε0 n D
1660 0,0396 0,519 -0,205 0,99274

Jones multiplicative strain rate function combined with Swifts constitutive 
equation

K ε0 n D E M
300 0,0909 1,1 782 824 11,43 0,99332

Table 7 The evaluated constants of the multiplicative strain rate flow functions for
EN1.4319
Cowper multiplicative strain rate function combined with Ludwigson 
constitutive equation

Curve fit 
parameter

K n B A C Q D M R2
adj

480 1,42 -0,066 0,0000018 0,0000068 -1,34 -682,81 -7 0,99017
Johnson-Cook multiplicative strain rate function combined with Ludwigson 
constitutive equation

K n B A C Q D
480 1,42 -0,066 0,0000018 0,0000068 -1,34 -0,25 0,99115

Jones multiplicative strain rate function combined with Ludwigson constitutive 
equation

K n B A C Q D E M
3075 1,1 0,46 5,10 -1173 329,26 7,19 1412,47 0,919 0,98934
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The curve fit parameter is the adjusted coefficient R2
adj [17]. This is a measure

of how well the regression model describes the data and takes account of the
number of independent variables, which reflects the degree of freedom. This
parameter should be over 0.993 to get an acceptable fit of the equation to the
experimental data [18]. 
To verify these evaluated parameters the multiplicative strain rate functions are
now graphically compared to the stress-strain data at the highest tested strain-
rate. The results are shown in figures 10 – 13.

a)  b)  c)

Figure 10 shows how the multiplicative equations in this study fit at a strain rate of
285s-1 to the true stress-strain curve of HyTens1000 a) Cowper-Symonds b) Johnson-
Cook and c) Jones. 

a) b) c)
Figure 11 shows how the multiplicative equations in this study fit at a strain rate of
340s-1 to the true stress-strain curve of Duplex2304 a) Cowper-Symonds b) Johnson-
Cook and c) Jones.

a)  b)  c)

Figure 12 shows how the multiplicative equations in this study fit at a strain rate of 
1590s-1 to the true stress-strain curve of Nanoflex a) Cowper-Symonds b) Johnson-
Cook and c) Jones.
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a)  b)  c)

Figure 13 shows how the multiplicative equations in this study fit at a strain rate of 
1637s-1 to the true stress-strain curve of EN1.4319 a) Cowper-Symonds b) Johnson-
Cook and c) Jones.

Figures 10 to 13 show that three of the stainless grades have an acceptable
curve fit from one of the multiplicative strain rate functions. This is Johnson-
Cook for the Duplex and Nanoflex grades and Cowper-Symonds for the
EN1.4319 grade. 
For the Hytens grade, there is a need for better equation that describes the
materials behaviour at higher strain rates. For this grade the increase in strength 
with increasing strain rates is not uniform over the whole stress-strain
relationship. This is clear from figure 4, which shows that the stress-strain
curves for different strain rates converge as the true strain is increased.  The
only multiplicative strain rate function that considers strain levels is the one
proposed by Jones but this does not give good curve fit for the Hytens grade.
We need to develop a new correction function for the Ludwigson equation in
the case of the HyTens material. Using the data from figure 4 we can produce
figure 14, which describes the convergence of the curves in figure 4.

Figure 14 show true stress difference over the strain region between the strain rate of 
0.012 and 0.12s-1.
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Figure 14 show that the change in stress levels over the strain range is a typical 
exponential decay function. An exponential decay function describing the strain 
rate effect can now be evaluated to model the stress increase with increasing
deformation speed.
This proposed equation is simply a standard exponential decay function
multiplied by a logarithmic function that incorporates strain rate difference, i.e.

ε
ε

ε

εσ b

ref

ea −
•

•

⎟⎟
⎟

⎠

⎞

⎜⎜
⎜

⎝

⎛
=Δ • **ln (8)

where a and b are constants. In this study ref

•
ε  is 0,012s-1, which is equal to the

lowest tested strain rate for HyTens1000.
The constants in this equation were assessed from the data in figure 14 and the
resulting fit is shown in figure 15 and tabulated in table 8.

Figure 15 The additive exponential decay strain rate function fits the stress difference 
over the strain region between strain rates of 0.12 and 0.012s-1.

Table 8 shows the evaluated constants of the additive exponential decay strain rate 
function between strain rates of 0,012 and 0,12s-1

ε
ε

ε

εσ b

ref

ea −
•

•

⎟⎟
⎟

⎠

⎞

⎜⎜
⎜

⎝

⎛
=Δ • **ln

Curve fit parameter

a b R2
adj

20,67 15,95 0,9512
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If we now add this function (eq. 19) to the Ludwigson equation (eq. 7) we can
carry out the curve fitting routine as before. The new constants for the equation 
is given in table 9 and the curve fit results at strain rates of 1.2, 9 and 285s-1 are
given in figure 16. 
Table 9 The evaluated constants of the multiplicative strain rate flow functions for 
HyTens1000
Cowper-Symonds multiplicative strain rate function combined with 
Ludwigson constitutive equation

Curve fit 
parameter

K n B A C Q a b R2
adj

2728 0,59 0,29 0,0000104 0,000043 -1,28 20,67 15,95 0,99793

a) b)  c)

Figure 16 shows how the proposed additive exponential strain rate function in this study fits at a different strain 
rates to HyTens1000 a) 1.2s-1 b) 9s-1 c) 285s-1.

The results in figure 16 shows clearly that the proposed exponential strain rate
function added to the reference curve gives a much better prediction of the true
stress-strain behavior at different strain rates then the multiplicative strain rate
functions used earlier in this paper.

Conclusion

This paper has demonstrated that a combination of Swifts equation and the
Johnson Cook multiplicative strain rate function gives a good curve fit at high
strain rates for the Duplex (SAF 2304™) and Nanoflex™ materials tested here. 
A similarly good fit with experimental results was achieved using the
Ludwigson equation and the Cowper-Symonds multiplicative strain rate
function for stainless steel EN1.4319. It was not possible to get a good curve fit 
for HyTens1000™ material and a new equation has been developed to achieve
this aim. The new equation involves adding an exponential function to the
Ludwigson equation and the resulting curve fit is extremely good.
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Abstract: The car of tomorrow will be a multi-material automotive involving
different types of materials joined together. This will open up opportunities for
materials like stainless steels. Stainless steels can absorb lots of energy during
an accident and they have good corrosion properties. The major disadvantage of 
stainless steels is their high cost and this has led to an increased interest in
tailor-welded blanks made by joining carbon to stainless steels. This study
shows the results of laser welding as a joining method between high strength
carbon steels and stainless grades. Process parameters have been evaluated for
Nd:YAG laser welding of carbon to stainless steel sheets with a thickness of 1.5 
mm. The properties of the welds have been characterized through optical
microscopy, Scanning Electron Microscopy (SEM) with attached Energy
Dispersive X-Ray Analysis (EDX) and uniaxial tensile load to evaluate the
plastic properties. The results show that it is possible to create acceptable welds 
that will not initiate fracture during plastic deformation.
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Introduction

There is an increasing demand for lighter and more environmentally friendly
vehicles today. One motivation for this is tougher legislation to decrease the
environmentally hazardous pollution that comes from cars, trucks and
commercial vehicles.  This has increased the significance of using high strength 
steel with proper corrosion protection and high crash absorbing capabilities.
The ideal material for this purpose is a high strength stainless steel, which has
excellent crash absorbing capabilities [1-8]. The disadvantage compared with
carbon steel is the cost but calculating initial cost together with the life cycle
cost stainless steel could even become cheaper then carbon steels [9]. 
One way to overcome the cost problem is to use tailor-made sheets made by
joining carbon and stainless steel. The tailored blank concept is simple and
involves the assembly of individual flat blanks with different gauges and
compositions to create a sheet with the combined characteristics of the
individual components. The resulting tailored blank is deep-drawn to yield a
final three-dimensional component. This solution makes it possible to
incorporate stainless steel into parts of the component that are exposed to a
corrosive environment, while carbon steels are retained for other, less-exposed
locations.
The most common method to join carbon and stainless sheets into a tailor-made
sheet is by welding. Welding of dissimilar materials is more challenging than
similar materials because of differences in density, melting points, thermal
conductivity, specific heat, coefficient of thermal expansion and the
metallurgical characteristics of the base materials. This means that process
parameters like welding speed; shield gas and preheating could have different
acceptable values for the different materials involved [10-14]. Table one shows
the physical properties for carbon and stainless steels [15-18].
The weldability of austenitic stainless steels with carbon levels below 0.1% is
usually excellent with low porosity and high corrosion resistance although weld 
metal solidification cracking can occur in fully austenitic structures. A number
of parameters can increase the risk of solidification cracking; First, tensile
residual stresses initiated from the low thermal conductivity and large thermal
expansion coefficient of the material. Second, the microstructure of the weld
metal tends to be dendritic and this facilitates the segregation of impurities and
the formation of low melting liquid films. Third, a complex composition can
create low melting phases from both impurities and some alloying elements due 
to limitations of solubility [11-12, 15, 18-19].  Austenitic stainless steels that
contain 0.1% carbon or more are also susceptible to intergranular corrosion in
the HAZ, which is known as the ”weld decay”. The weld decay of austenitic
stainless steel is due to the precipitation of chromium carbide (M23C6) at grain
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boundaries. These chromium carbides can also be the reason for low ductility
failure of the weld. 
The weldability of duplex stainless steels is more or less similar to austenitic
stainless steels but rapid cooling can lead to an unfavourable high ferrite
content, which could lead to poor ductility in the weld. Duplex stainless steels
are less sensitive to hot cracking compared to austenitic stainless steels. Brittle
intermetallic phases could be obtained in the weld after welding of thick
sections of duplex stainless steels [20-21].
Low carbon steels have generally very good weldability but for grades with a
medium to high amount of carbon, martensite can develop in the weld. This
could make the weld hard and brittle.
Laser welding produces a narrow weld with a small heat affected zone (HAZ).
Other advantages of laser welding are low heat input, concentrated heat
intensity and high welding speed. The most common lasers used for welding
are CO2 and Nd:YAG lasers. The differences between these lasers can be found 
in the literature [12 -13]. In addition to laser type, laser power and weld speed,
which determine the rate of energy input to the workpiece, successful laser
welding requires the optimisation of additional parameters such as the size and
location of the laser spot and the type and the flow rate of shielding gas and
nozzle geometry [13]. 
The creation of a weld between dissimilar materials inevitably results in the
modification of mechanical properties such as hardness, toughness, tensile
strength, fatigue strength and formability.
This study evaluates the Nd:YAG laser welding process for joining high
strength stainless to carbon steels without any filler materials. The properties of
the welds were characterized through optical microscopy, Scanning Electron
Microscopy (SEM) with attached Energy Dispersive X-Ray Analysis (EDX)
and mechanical testing.

Material data

The materials in this study were one duplex stainless steel, one austenitic
stainless steel and two dual-phase carbon steels. The dual phase carbon steels
have a two-phase microstructure, ferritic and martensitic. The austenitic
stainless steel was in the temper rolled condition and the carbon grade DP600
was coated with zinc. The relevant chemical compositions and mechanical data
are listed in tables 2 and 3.
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Welding process

The welding process was carried out with an Nd:YAG laser with either argon or 
nitrogen as the shielding gas. A butt joint was the weld configuration in this
study. The specimens were rectangular sheets of 100x180mm. The joining
length was 100mm and the weld set up is shown in figure 1.
The combinations in this study were:

• HyTens1000 to DP600
• HyTens1000 to DP1000
• Duplex 2304 to DP600
• Duplex 2304 to DP1000

A parametric study was carried out to obtain an optimised set of Nd:YAG
welding conditions for the configurations in this study. The laser power of 3kW 
was kept constant while the welding speed; flow of shielding gas (argon and
nitrogen) and the focal position were varied. After several experiments the
preferred parameters found to be:

• Welding speed 3.40 m/min
• Flow with argon as shielding gas 16L/min
• Flow with nitrogen as shielding gas 20L/min
• The focal position located just below the material surface.

Evaluation of weld properties

To assess the weld properties metallographic examinations, microhardness
evaluation, electron microscopy and mechanical studies were carried out. With
four combinations of dissimilar materials and with two shield gases the total
amount of specimens was eight.

Porosity

Visual inspection of the weld beads demonstrated that all specimens were of
good appearance. No undercut was observed and both top and root sides were
smooth.
X-Ray techniques were used to detect any porosity in the welds. All welds that
were examined showed no porosity whether nitrogen or argon was used as the
shielding gas. 



R.Andersson – Paper 5 The metallurgy and mechanical properties of laser welds

119

Microhardness testing of the weld

Microhardness tests were made to evaluate the hardness of the weld. The
microhardness was measured along a line in the middle of the thickness and
included base metals, the heat-affected zone (HAZ) and the weld area.  From
these results, there was no major difference of the hardness profile for joining
similar material combinations with either argon or nitrogen as the shielding gas. 
A typical example of the results can be seen in figure 2. Figures 2 and 3 show a 
high hardness in the weld and this is probably due to the formation of
martensite and carbides in the middle part of the weld. The figures also show a
dip in hardness in the HAZ and the reason for this could be annealing, grain
growth or a depletion of carbon that would soften the microstructure.

Metallurgical and chemical analysis of the weld

Scanning Electron Microscopy (SEM) with attached Energy Dispersive X-Ray
Analysis (EDX) was used to analyse the microstructure. All specimens were
etched. For the carbon steel side a 2% nital acid was used while for the stainless 
side an electrochemical etching process was used with dioxal acid and a current 
of 6V. The HAZ for DP600, HyTens1000 and Duplex 2304 is shown in figures 
4-6.
Figure 4 shows that the carbon grades contain lamellar martensite near the weld 
in the HAZ due to the rapid cooling rate. 
Figures 5 and 6 show that liquid cracking have occurred in the HAZ of the
stainless grades. These cracks occur when joining to both DP600 and DP1000.
The liquid cracks are associated with the diffusion of impurities to the grain
boundaries. These segregates create films with a low melting point at the grain
boundaries. During cooling of the weld, high residual tensile stresses occur in
the HAZ that tend to rupture these impurity-weakened boundaries. Table 1
shows that the thermal conductivity for carbon steels is 3 times higher then for
stainless grades. This difference between the materials increases the residual
tensile stresses further in the stainless side due to the higher cooling rate of the
HAZ and weld close to the carbon side. 
To evaluate the concentration of alloying elements in the welds a Scanning
Electron Microscope (SEM) with attached Energy Dispersive X-Ray Analysis
(EDX) was used. The elements analysed over the weld in this study were iron,
nickel and chromium. The composition of the weld that joins HyTens1000 to
DP600 is shown in figure 7b) and for Duplex 2304 to DP600 in figure 8. Figure 
7b and 8 show that the central portion of the weld is very well mixed and this is 
undoubtedly the result of surface tension driven Marangoni flow within the
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weld pool. Closer to the edges of the weld the chemistry of the melt gradually
approaches that of the two welded sheets. The scale of the observations of
figure 7b and 8 is too coarse to show the microscopic variations in local
chemistry demonstrated in figure 9, which clearly reveals the presence of
chromium carbides (Cr23C6).
Liquid cracking and chromium carbides can initiate low ductility failure of the
weld during a loading situation or under a deep-drawing process. One simple
method to evaluate the mechanical properties of a weld is through uniaxial
tensile tests. 

Mechanical properties of the welds 

Uniaxial tensile specimens were tailor-made with the same material
combinations as earlier in this study. The shielding gas was nitrogen for all
specimens. There were two types of specimen, one type was welded in a
longitudinal direction and the other type were welded in a transversal direction,
see figure 10. The geometry of the uniaxial tensile specimens followed ASTM
standard E 8m-96.  The displacement speed was 0,2mm/s up to fracture.
For the tensile specimens with the weld line transverse to the loading direction,
fracture occurred in the softer material far away from the weld. The mechanical 
properties for the transverse tensile specimens correlate to the softer material. 
For tensile specimens with the weld line in the longitudinal direction fracture
did not initiate in the weld for any of the samples. The mechanical properties
for the longitudinal tensile specimens correlate to the average of the combined
materials.
The true stress-strain curves for HyTens1000, DP600 and for a combined
specimen welded in the loading direction is shown in figure 11. 
Figure 11 shows that the theoretical curve, calculated with the rule-of-mixture
in the sense of equal stress levels for each material, fits very well to the
experimental curve. This close fit was true of all similar samples.
The results from the uniaxial tensile tests show that the weld withstands plastic
deformation very well. 
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Conclusion

The aim of this project was to evaluate the process to make an acceptable laser
weld for joining dissimilar materials. The materials in this study were high
strength carbon and stainless steels. 
Parametric studies were used to obtain the optimum welding parameters.
Microhardness testing, tensile testing, X-ray analysis and optical and scanning
electron microscopy identified the mechanical and metallographic properties of
the specimens.
The following conclusions can be made from this study:
1. Acceptable welds without any porosity can be obtained with a Nd:YAG laser 

when welding stainless and carbon steels of a thickness of 1.5mm using the
following parameters:
• Constant power of 3kW
• Welding speed of 3.4 m/min
• Flow with argon as shielding gas 16L/min
• Flow with nitrogen as shielding gas 20L/min
• The focal position located just below the material surface.

2. All tests show no major differences using argon or nitrogen as shielding gas. 
3. The microhardness increases in the weld for all specimens due to formation

of chromium carbides and martensite. The increase is 200-300HV above the
initial hardness of the materials covered here at a thickness of 1.5mm. 

4. Grain growth was observed in the HAZ for stainless steel grades as well as
liquation cracks. The liquation cracks probably result from differences in
thermal conductivity between carbon and stainless steels. This difference
leads to a high tensile stress in the HAZ region of the stainless grade, which 
with grain growth can initiate liquid cracks.

5. X ray chemical analysis demonstrated that the weld metal consisted of a
thorough mixing of the two welded materials. Optical microscopy revealed
the presence of chromium carbides in the weld. 

6. Uniaxial tensile tests of tailor-made specimens with the welds transverse to
the loading direction showed that fracture occurred in the softer material and 
far away from the weld. 

7. Uniaxial tensile tests of tailor-made specimens with the weld in the loading
direction showed that fracture occurred on the carbon steel side and far away 
from the weld.

8. From the rule of mixture it is possible to calculate the true stress –strain
curve for specimens with the weld in the loading direction. 
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Table 1 Physical properties of stainless and carbon steel [14-16].

Physical property Austenitic
stainless steel

Ferritic
stainless steel

Ferritic-austenitic
(Duplex) steel

Carbon
steel

Density (kg/m3) 7800-8000 7800 7800 7800
Thermal expansion 

(10-6 °C-1)
17 – 19.5 11.2 – 12.5 12.5-13.5 11.7

Elastic modulus 
(GPa)

193 – 200 209 209 209

Thermal
conductivity at 100 

°C
(W m-1 K-1)

18.7 – 22.8 24 – 26.3 19.5 – 21 60

Specific heat (0 -
100°C) (J kg-1 K-1)

460 – 500 460 – 500 460 – 500 480

Electric resistance 
(10-8 Ω m)

69 – 102 59 – 67 75-105 12

Table 2 The chemical composition in Wt% for the materials in this study.

Type Cr
(%)

Ni
(%)

Mn
(%)

Mo
(%)

C
(%)

N
(%)

Si
(%)

Al
(%)

P
(%)

B
(%)

Cu
(%)

Austenitic stainless steel
HyTens1000

®
16.8 7.05 1.23 0.32 0.098 0.02 0.86 0.00

3
0.02

5
0.00
02

0.22

Duplex stainless steel
2304 22.9 4.81 1.5 0.31 0.016 0.09 0.35 0.00

5
0.02

6
0.00
01

0.33

Carbon steels
DP600 0.22 0.02 1.36 0.05 0.117 0 0.35 0.03 0.01 0.00

05
0.01

DP1000 0.03 0.04 1.42 0 0.119 0 0.5 0.04 0.01 0.00
05

0.01

® Trademark of Outokumpu Stainless
Table 3 The mechanical properties for the materials in this study.

® Trademark of Outokumpu Stainless

Type Thickness (mm) Rp02
(MPa)

Rm
(MPa)

Uniform elongation
Ag (%)

Total elongation
A80 (%)

Austenitic stainless steel
HyTens1000 ® 1.52 646 1067 32.4 36.2

Duplex stainless steel
2304 1.51 547 761 26.1 36.4

Carbon steels
DP600 1.5 385 678 13.9 14.7
DP1000 1.51 767 1045 5.9 6.3
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Figure 1 The experimental weld configuration of joining dissimilar material with butt-
welding.

Figure 2 shows the hardness profile over the weld for joining DP600 to HyTens1000 
with argon and nitrogen as shielding gas.
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a)

b)

c)
Figure 3 shows the hardness profile over the weld for the combinations a) DP1000 to 
HyTens1000, b) DP600 to Duplex 2304 and c) DP1000 to Duplex 2304 with Nitrogen as 
shielding gas.
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Figure 4 The HAZ and weld for DP600 at a magnification of x750.  The shielding gas 
was nitrogen.

Figure 5 The HAZ for HyTens1000 at a magnification of x1000. The shielding gas was 
nitrogen.

Figure 6 The HAZ for Duplex 2305 at a magnification of x1000. The shielding gas was 
nitrogen.
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                              a)

b)
Figure 7 a) show the measurement line for assessing the element concentrations over 
the weld that joins HyTens1000 to Dp600 and b) show the element concentration over 
the weld in Wt%.  The shielding gas was nitrogen.
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Figure 8 show the element concentration over the weld that joins Duplex stainless steel 
to DP600 in Wt%.  The shielding gas was nitrogen.

Figure 9 shows the chromium carbides in the weld under a magnification of x1500. 
The shielding gas was nitrogen.

Figure 10 show a schematic sketch of the specimens that were used to asses the weld 
properties through uniaxial tensile tests.



R.Andersson – Paper 5 The metallurgy and mechanical properties of laser welds

130

Figure 11 show the true stress-strain curves for each material and a welded specimen 
that was 49% carbon and 51% stainless. A theoretical calculated curve shows a good 
fit to the experimental welded specimen.
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On The Move

The satiated day is never the greatest.
The best day is a day of thirst.

There is probably purpose and meaning in our journey
but it is the pathway there, which is worth our while.

The greatest aim is a nightlong rest,
where the fire is lit and the bread broken in haste.

In the place, where you sleep but once,
sleep becomes safe and the dream full of song.

Move on, move on! The new day is dawning.
Endless is our great adventure.

Karin Boye


