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Abstract 
High-energy x-rays as produced from one of the three large scale synchrotron sources world 
wide have the capacity to penetrate millimeters of stainless steel and thus it provides a suitable 
probe for bulk characterization. Further, the high brilliance of the x-rays enable kinetic studies 
and the possibility to probe the meso-scale structure such as single grains and dislocation 
structures embedded in the steels. The current paper provides an overview of the work conducted 
using synchrotron x-rays for structural characterization of stainless steels. Synchrotron x-ray 
characterization is also discussed in the light of other experimental techniques. We provide 
scientific examples of synchrotron x-ray diffraction studies on metastable austenitic and duplex 
stainless steel taken from our own work, and additional examples from the literature are given. 
When looking at the recently published literature many new insights in metal behavior have been 
gained by the utilization of synchrotron x-ray characterization. However, this type of research 
has only started and we predict more frequent usage and that these techniques will contribute 
significantly to the advance of our current understanding of polycrystalline metals, e.g. stainless 
steels. 
 
Introduction 
The relationship between microstructure and material properties is fundamental in material 
science, and the progress in material science is often related to improvements or discoveries of 
new experimental techniques. For instance, the advent of x-ray diffraction in the early 1900s has 
markedly changed our conception of materials crystallography. Moreover, the transmission-
electron microscopes frequently becoming used in the mid 1900s have given us a much better 
understanding of e.g. defect structures. Most common experimental techniques for structural 
characterization are however surface techniques, where conventional x-ray diffractometry and 
scanning electron microscopy are both restricted to the near surface, and in stainless steel the 
penetration depth is limited to a few µm. Transmission-electron microscopy has even higher 
limitations concerning the penetration depth and is solely restricted to the investigation of thin 
foils (~100 nm) [1]. Even though the surface structure of materials is clearly relevant and it can 
be a good approximation to the interior structure, there are exceptions. For instance, in the case 
of deformation-induced martensitic phase transformation in stainless steels it is difficult to 
quantify the phase fractions using a pure surface method [2]. Another example comes from 
material modeling and concerns the building of the next generation polycrystalline plasticity 
models. The over simplified traditional models do not take the local neighborhood of single 
grains into consideration, but this is appreciated in the more recent models which are finite 
element based [3]. Neighboring grains needs to have compatibility across the grain boundaries 
and this imposes deformation constraints between the grains. The result is a different 
deformation behavior between single crystals, bicrystals and polycrystals [4]. The deformation 
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constraint has mainly been investigated using transmission-electron microscopy and these 
investigations have contributed to the understanding of compatibility constraint. However, to 
fully comprehend this behavior in polycrystalline materials it is necessary to investigate the 
behavior of single grains embedded in an aggregate of grains, i.e. polycrystalline aggregate. 
Therefore, researchers have for some time searched for experimental techniques capable of 
probing the meso-scale structure (e.g. single grains and dislocation structures) within the bulk of 
polycrystals, since this would help in the understanding of polycrystalline materials (e.g. 
stainless steels). Attention has therefore been given to three-dimensional characterization, where 
novel techniques have emerged. One of these techniques is the combination of scanning electron 
microscopy (SEM) and focused ion beam (FIB), where serial sectioning using the FIB enables 
the collection of images through the depth of a sample by SEM. These images can then be put 
together to form a three-dimensional micrograph [5]. The high resolution of a Field-emission-
gun (FEG)-SEM means that high resolution (~1 nm) three-dimensional micrographs can be 
recorded. The major drawback is however the destructive nature of the FIB-SEM and it is 
therefore not possible to conduct kinetic studies. Additional drawbacks for 3D characterization 
by FIB-SEM are the introduction of radiation damage and limited erosion rate. Another 
technique which has been around for some time is neutron diffraction. The neutrons have the 
penetration depth of centimeters in stainless steels and it is thus suitable for three-dimensional 
characterization, as demonstrated in [6-9]. Moreover, neutron diffraction is non-destructive 
enabling investigations of microstructure evolution. However, the data acquisition time is rather 
slow and the spatial resolution of neutron diffraction is not sufficient to probe the meso-scale 
structure. High-energy x-ray diffraction is an excellent complementary technique to neutron 
diffraction [10]. These x-rays are capable of penetrating millimeters of stainless steels and for 
modern steels with µm grain sizes this is a suitable bulk probe. Further, high-energy x-ray 
diffraction provides considerably better time resolution compared to neutron diffraction and in 
addition it enables meso-scale structural characterization within the bulk of stainless steels. 
 
The subsequent part of this paper provides an overview of synchrotron x-ray characterization and 
the work conducted to date on stainless steels. Scientific examples are divided in three 
categories: phase transformations, residual stresses and single bulk grain behavior. The examples 
are mainly collected from our own work, but it also comprises an overview of research 
conducted by other researchers in the field. 
 
Synchrotron x-ray characterization of stainless steels 
As mentioned above, high-energy x-ray diffraction has the capacity to fill the gap between some 
of the more established experimental techniques for structural characterization. The high-energy 
x-ray diffraction technique cannot compete with the Scanning Probe Microscopy (SPM) 
concerning spatial resolution, since the SPM has a true atomic spatial resolution in best case. 
However, SPM is a pure surface probe, while diffracted high-energy x-rays will penetrate 
millimeters of steel. On the other hand neutrons have better penetration power than high-energy 
x-rays, but the temporal and spatial resolution is worse.  
 
The characteristics of the high-energy x-rays with a penetration power of about 5 mm at an x-ray 
energy of 50 keV and a µm spatial resolution has opened up a new field of research. It is the first 
technique truly capable of probing the meso-scale structure embedded in the bulk of materials. 
This was first realized by researchers at Risø National Laboratory who developed a technique 
called three-dimensional x-ray diffraction (3DXRD) in collaboration with researchers at the 
European Synchrotron Radiation Facility (ESRF). The 3DXRD technique enables 
characterization of single grains and dislocation structures embedded in the bulk of polycrystals 
[11-12]. In addition to the high-energy synchrotron facility ESRF in Grenoble, France, there are 
two more high-energy synchrotron facilities: the Advanced Photon Source (APS) in Argonne, Il, 
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USA and the Super Photon Ring 8 (SPRing8) in West Harima, Japan. These sources can produce 
highly energetic x-rays, preferred for bulk studies. The synchrotron x-ray characterization is 
becoming more accessible to the research community, since many new facilities are being 
established today. The experiments conducted by Hedström et al. and presented here are all 
conducted at the 1-ID beamline at the Advanced Photon Source [13]. This undulator beamline is 
dedicated to high-energy x-ray scattering techniques and it is a versatile beamline where 
different environments for the sample can be used [14-16]. The measurements presented here are 
all in situ x-ray diffraction measurements during tensile loading of stainless steels and the typical 
setup is demonstrated in Figure 1. The white x-rays generated from the synchrotron source are 
made monochromatic and then allowed to pass through the stainless steel sample. The x-rays are 
scattered in the sample and the diffracted x-rays are collected with an area detector located 
behind the specimen. Two different types of measurements have been conducted, where the first 
is average grain measurements as exemplified in the diffraction pattern on the left hand side. The 
other type of measurement is the single grain measurement, where the x-ray probe is made small 
to only allow diffraction signal from a few grains as seen in the spotty diffraction pattern on the 
right hand side. 

Synchrotron source (7 GeV)
Undulator white x-ray generator

2D-detector

Specimen + environment
(here: tensile load frame)
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Example 1) Diffraction pattern
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Figure 1. Typical setup for transmission x-ray diffraction 
 
We will in the coming paragraphs present a review of the work conducted to date on stainless 
steels using synchrotron x-ray diffraction in three areas, namely phase transformations, residual 
stresses and single bulk grain behavior.  
 
Kinetics of phase transformations 
There are quite a few examples of in situ characterization of phase transformations in stainless 
steels. Several of these investigations deal with phase transformations during welding. Elmer et 
al. used time resolved x-ray diffraction to investigate the solidification in the weld pool of a 304 
stainless steel. Their good time resolution of 50 ms provided the first direct proof that δ-ferrite is 
the first phase to solidify [17]. Elmer and coworkers have further investigated the ferrite, 
austenite and sigma formation during heating and cooling of duplex stainless steels using 
synchrotron radiation [18-19]. Feaugas et al. investigated the nitriding of stainless steels surfaces 
using small-angle x-ray scattering at a synchrotron source. The high brilliance of the x-ray 
source allowed in situ observations of the nitridation process [20]. The formation of a thin 
passive layer of chromium-oxide on the surface of stainless steels was investigated by 
photoelectron spectroscopy with a tailored synchrotron x-ray beam to see chromium and iron 
[21]. The strain-induced martensitic phase transformation in metastable austenitic stainless steels 
has been investigated in [22]. The effect of cold rolling reduction and different strain rates on the 
strain-induced martensitic transformation and the mechanical properties of a 301 stainless steel 
were investigated. Autocatalytic martensitic transformation triggered by strains from the 
transformation itself could be observed at high applied strains, and this autocatalytic 
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transformation contributes significantly to the ductility of the steel [13]. Further, the load sharing 
between austenite and α’-martensite could be determined in situ during loading and this provided 
sound data for evaluation of material modeling of the load response of 301 stainless steel [23]. 
 
Residual stress evolution 
The residual stresses in the bulk of stainless steels have been examined by a number of authors 
using neutron diffraction [e.g. 24-25]. Synchrotron x-ray residual stress characterization is more 
scarce in the literature, but Hedström et al. have investigated the residual stress evolution during 
tensile loading for cold rolled stainless steel 301 using synchrotron x-ray diffraction [26]. In 
addition, the lattice strain evolution during in situ continuous tensile loading was followed. The 
results showed that the harder α’-martensite phase is put in a tensile residual stress state along 
the rolling direction after cold rolling. Balancing compressive residual stress in the austenite 
phase was found. The opposite residual stress state was found in α’-martensite and austenite 
transverse to the rolling direction. The hkl-dependent lattice strain evolution was also determined 
and the significant differences between crystallographic planes were noticed, which is an 
important aspect to consider in the residual stress determination from x-ray diffraction data. 
 
Single bulk grain behavior 
The three-dimensional x-ray diffraction technique has been used for some recent scientific 
highlights [27-29]. For instance, the transformation of single bulk grains from austenite to ferrite 
was followed during cooling of a carbon steel [28] and recrystallization of single bulk grains 
during heating of an aluminum specimen was investigated [29]. However, the only investigations 
on single bulk grains in stainless steels are gathered in [22]. Hedström et al. investigated the 
elastic strain tensor evolution of 15 single bulk grains during tensile loading of a duplex stainless 
steel [30]. Hedström et al. also investigated the elastic strain tensor evolution of single bulk 
grains in 301 stainless steel during tensile loading. The elastic strain evolution of 7 austenite 
grains up to 5% applied strain and the formation of ε-martensite in one of them was reported 
[31]. Further, another sample was loaded to 20% applied strain and it was possible to follow the 
rotation of 7 austenite grains and the formation of α’-martensite in two of the austenite grains 
[32]. 
 
Outlook 
The continuous development to improve state-of-the-art synchrotron facilities and equipment 
will continue to push the boundaries for materials characterization. As reviewed in this paper it is 
possible to conduct true three-dimensional characterization with a time resolution on the order of 
milliseconds and a spatial resolution on the order of µm. The near future holds further advance 
and a nano-scope is currently being developed at the ESRF in Grenoble [33]. Thus it is likely to 
enable advanced experiments where the fundamentals of nano-materials (e.g. precipitation 
hardened stainless steels with nano-precipitates) can be tested. The even higher brilliance of the 
x-ray sources and foremost the better detectors will improve time resolution and provide even 
better time resolved kinetic studies. Currently the free-electron laser x-ray sources are being 
commissioned and already totally novel experiments with time resolutions down to 
femtoseconds has been conducted. Moreover, at this point in time steps are taken to build a new 
synchrotron source in Sweden (MAX IV) that would cater primarily to Scandinavian users with 
one dedicated beamline for the type of work outlined in this paper [34]. To summarize, the x-ray 
diffraction results presented here from work conducted at synchrotron facilities is just the 
beginning of the development where traditional materials such as stainless steels will be 
reinvestigated in the light of better experimental methods and this will improve our current 
understanding of these materials. 
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Abstract  
The development of adapted design tools and the use of finite element analysis (FEA) for the 
forming simulation have helped to increase the use of stainless steels in automotive or other 
applications like appliances. The behaviour in forming can be well described by the knowledge 
of a stress-strain curve and the anisotropy of the material, especially in the case of ferritic grades 
or stable austenitic grades. In the case of unstable austenitic grades an other effort was 
undertaken to propose a behavior model for the transformation induced plasticity (TRIP)- effect. 
In fact, strain-rate and consequently temperature gradient may have a significant influence on the 
hardening of unstable stainless steels and consequently on their forming and crash behavior. The 
thermo-metallurgical-mechanical model uses a minimum number of parameters: form 
transformation kinetic and strain-stress curves, determined in isothermal conditions. The 
proposed model did not lead to any restriction on the description of the strain-stress law and 
consequently could be easily implemented in FEA software. For fracture prediction, Forming 
Limit Diagrams (FLD) are now in widespread use to evaluate the feasibility of a stamped part. 
However, they still present the major drawback of a test-intensive determination procedure. In 
particular, experimental FLD needs to be determined for each thickness, different strain path and 
finally be reproduced to evaluate the scattering. The author presents a Cayssials-type analytical 
model, which describes FLD as a strain instability during biaxial loading and permits to predict it 
from strain hardening properties. Ultimately, the knowledge of mechanical properties, anisotropy 
and the thickness of the sheet are simply required for an accurate FLD prediction.  
 
Behavior model for Unstable Austenitic Steels  
 
Trip-Effect  
The figure 1a shows  conventional tensile curves of unstable austenitic stainless steels for 
different testing conditions and exhibit two main features : 

- an non-constant strain hardening coefficient, leading to some difficulty in fitting such 
curve with the classical Hollomon or Ludwig models. 

- a strong temperature and strain rate sensitivity .   
The mechanical behavior of Austenitic stainless steel is linked to austenite stability. Under 
certain circumstances, the austenite phase has the capability to transform itself into martensite 
when it is deformed. This metallurgical transformation leads to a particular mechanical behavior 
designated as the TRIP effect (TRansformation Induced Plasticity). As is the case for most 
metallurgical transformations, any temperature variation can influence the transformation rate. 
Consequently, the TRIP-effect has to be taken into account for the modeling of forming and 
crash behavior.  
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Figure 1. (a) strain-stress curves on a 1.4318 unstable austenitic grade  
  (b) comparison between the proposed model and the experiment 

 
The proposed model 
In order to simulate the TRIP-effect, a model has been developed by ArcelorMittal Stainless that 
couples both metallurgical and thermo-mechanical laws: 

- kinetics of the martensite transformation induced by the deformation (metallurgical 
aspect); using Olson&Cohen or Guimaeres equations which relate martensite fraction to 
the strain and temperature.  

- thermal equations describing latent heat generated by the transformation, the plastic work 
transforming into heat. 

- mechanical equations of behavior of a micro-structures containing both austenite and  
- α'-martensite by the use of a mix-law. 

The development of such a model was performed using an original isothermal tensile test on 
gridded specimens. So different levels of strain are reached on the same specimen for a given 
temperature. The martensite content is evaluated measuring the saturation magnetism on small 
cuts of tensile sample. The model, well described in [1] can be easily implemented into 
CAE/CAD software. It was done using ABAQUS (Figure 2b) but also with other codes in the 
framework of New Generation Vehicle Project [2]. 
 
Forming Limit Diagram Prediction  
 
Introductive comments 
In a drawing process, the strain state is used to characterize the forming path up to the fracture. 
Considering conservation of the volume during plastic deformation, the strains in the plane of the 
sheet, ε1 and ε2, are used to characterize this state, and the thinning could be easily deduced. In a 
diagram (ε1, ε2), several deformation modes are encountered. Assuming ε1>0 for symetry 
reasons, we have to deal with three locii: 

- The drawing area ε2<0 
- Plan strain path ε2 =0 
- The stretching area ε2>0 

The Forming Limit Diagram (FLD) gathers the curves in each domain that separate the safe area 
during the forming from an area where necking appears and leads to the fracture of sheet. From a 
practical point of view, the determination of a FLD is very time and cost consuming. Indeed, 
several deformation tests corresponding to different deformation modes (different ratio ρ=ε1/ε2) 
have to be performed to determine it (Figure 2). Consequently, many models dedicated to FLD’s 
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prediction have been developed. A Cayssials-type model was developed at ArcelorMittal and 
adapted to stainless steel [3] and it is summarized in the following paragraph. 
 

 
Figure 2. Forming limit diagram principle and Nakazima experimental method for its determination 

 
Proposed FLD model  
In the drawing area, the necking boundary is determined by using the instability plastic theory 
assuming viscoplastic material and necking band occurance (after Hill 1952, Duncombe 1974, 
Dudzinski & Molinari 1998). For a given path, ε1 is a function of the hardening coefficient n and 
ε10 value at ε2 =0  given by the relation ε10= a.n+b.m.t, where t and m are respectively the 
thickness and strain rate sensitivity coefficient, a and b two constants to be indentified. In the 
stretching area, the mechanism of necking is different and we used the plastic deformation 
theory, i.e. elastoplasticity with vertex effect and occurance of strain rate gradient jump in the 
necking band (after Storen & Rice 1975, Hutchinson & Neale 1978). The anisotropy effect in the 
stretching area was introduced later by Cayssial. Finally the model takes into account four 
parameters: 

- The hardening coefficient (n-value): this coefficient is the most important coefficient: an 
increase of the n-value raises the level of the FLD 

- The rate sensitivity coefficient (m-value): this coefficient has a similar effect as the 
hardening one, but is less important 

- The Lankford parameter (r-value): this coefficient has an effect of the second order; 
when the r-value increases, the performances in the stretching area decrease. 

- The thickness: an increase of the thickness of the sheet leads to a raise of the FLD’s level. 
 
Relation with the measured quantities  
Due to different ways of determination of the mechanical properties of ferritic and austenitic 
stainless steels, the coefficients of the model are different for the two families of grades. In the 
case of unstable austenitic grades with a strong TRIP-effect, we showed previously that the 
hardening coefficient cannot be determined easily. On the other hand, it is well known that the  
necking appears  at ε=n=ln(1+Ag) where Ag is the uniform elongation used in the model rather 
than the n-value. Concerning the rate sensitivity coefficient m, it can be computed from the 
Tensile strength Rm values by  m=A.Rm-B. Finally, the constants a,b,A and B are identified by 
calibration tests; the model depends on Rm strength, Ag strain value, r-value and the thickness t. 

 
Comparison between the model and experiences 
We can see in Figure 3 that the Cayssials-type model provides a good prediction of the FLD 
level. Indeed, for the austenitic grades, 8 cases have been tested (different grades, with different 
thicknesses). For these 8 cases, we obtained 85% of results with an error lower than 0.03 for the 
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major strain and 92.5% of results with an error lower than 0.05. Concerning the ferritic grades, 7 
cases have been tested. For these 7 cases, we obtained 80% of results with an error lower than 
0.03 for the major strain and 100% of results with an error lower than 0.05.  
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Figure 3. comparison between model and experimental FLD 
 
Conclusion 
The proposed model permits to evaluate FLD from tensile test parameters in the 3 directions of 
the sheet and leads to an accurate prediction. Today we use this predictive model to draw the 
FLD when it is not available experimentally in our database or when the deadline is too short to 
performe the characterization. There is still some room for improvement, especially in the case 
of thin strip (thickness typically less than 0.2mm) because the hypotheses of the model are no 
longer valid when the thickness becomes of the order of several grain or inclusion sizes, and so 
the thickness effect is not well described. Moreover, it has been shown in the first part of this 
paper that unstable austenitic grades are sensitive to the strain rate and even if at this stage we 
are able to reproduce this behaviour, the  sensitivity of the FLD, and more generally of the 
fracture criterion, is not fitted today with the performed calibration tests. 
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Abstract 
In this article, a mathematical model for the calculation of martensite evolution in metastable 
austenitic chrome nickel steels is presented. It considers the transformation-induced martensite 
evolution depending on temperature, stress, strain and state of stress. The model is based on 
TSUTA [6] and considers the material’s forming history [4]. Deep drawing processes of stainless 
steels can be precisely simulated by the implementation of this model into the commercial FEA 
software ABAQUS. This paper deals with the influence of the chemical composition, induced by 
different batches of material, on the evolution of martensite. Additionally, an application area of 
martensite evolution is introduced. It is a kind of part-inherent sensor, which allows for timely 
identification of damage in lightweight constructions. This new non-destructive method for 
testing, aimed at providing reliability of sheet metal components, is based on the characteristic 
effects of martensite evolution. 
 
Introduction 
Timely identification of damage is of crucial importance for safety components. A new non-
destructive method for testing, aimed at providing reliability of sheet metal components in 
lightweight constructions, is presented. This new method allows for earlier damage identification 
than conventional visual inspections. It is based on a new concept of part-inherent sensors, which 
are small areas, plastically deformed by means of metal forming, on a metastable austenitic steel 
sheet. Due to the plastic deformation, these areas are sensitive to martensite evolution under 
applied elastic load. This higher sensitivity allows for the correlation between the martensite 
content in the sensor and the loads it has undergone. 
First, the mechanism of martensite evolution and the conducted experimental investigations are 
described in this paper. Following, a material model considering transformation-induced 
martensite evolution of metastable austenitic stainless steels is presented. The influence of 
batches on martensite evolution has been investigated.  
 
Martensite evolution 
Because of their high corrosion resistance and deformation characteristics, stainless steels are of 
high importance for industrial applications. Phase transformation of austenite to martensite 
occurs during deep-drawing processes; a change in microstructure happens without heat 
treatment. The martensite evolution causes a rising flow stress and higher strength of the material 
(Figure 1). 
The martensite microstructure can exist in two different lattices. Tetragonally distorted 
martensite shows a body-centered cubic lattice (bcc), which is called α’-martensite and shows 
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microstructure characteristics similar to α-ferrite. The ε-martensite is characterized by a 
hexagonal packing lattice (hcp), but it does not combine the same material properties as 
α’-martensite, which features high strength and thermo-dynamic stability [3]. Due to these 
differences in material behavior, the formation of α’-martensite is preferred.  
The properties of stainless steels depend on their chemical composition. In this regard, the 
influence of different batches of the material 1.4301 has to be investigated in particular.  

 
Figure 1. Mechanism of martensite evolution and the caused strain hardening  
 
Experimental investigations and mathematical formulation 
Based on numerical and experimental studies involving the metastable austenitic steel 
X5CrNi18-10, a material model has been developed and qualified at the IFUM [5]. Phase 
transformation of austenite to martensite occurs during deep-drawing processes, leading to 
increased strain hardening of the material. The transformation depends on alloying constituents, 
transformation temperature, stresses, and strains. Consequently, they have to be considered in the 
design of deep-drawing processes of stainless steels. 
Following, a mathematical model for the calculation of the martensite evolution depending on 
these parameters is presented [SPR05]. This model is based on TSUTA [TSU93] and considers 
the material’s forming history [HAE71]. In detail it includes the formation of α’-martensite 
depending on the temperature T, the true strain φ, the stress tensor, and the stress condition in 
terms of the ratio between the principal stresses σ1/σ2. The calculation is done incrementally, but 
mostly independent of certain steps in time. It is based on the following equations (Figure 2), 
with the material constants A,B,C,D,E,F,G,H. The martensite evolution for the uniaxial stress 
condition as well as for the biaxial one can be described by this model.  

 
Figure 2. Formulas to describe the martensite evolution for uniaxial and biaxial stresses [SPR05] 
 
The equation for the biaxial stress consists of two summands. The first one is the uniaxial ratio. 
The second summand is a product of the functions of the relevant influencing factors for the 
biaxial stress. The considered factors are the microstructure arrangement, the temperature T, the 
deformation degree φ, and the state of stress σ1/σ2. 
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The microstructure arrangement influences the regeneration mechanism of martensite by using a 
power function. The temperature is included in the form of a fraction, so that an increasing 
temperature restrains the martensite evolution. Via square root, a growing deformation degree 
leads to rising martensite content. The behavior of martensite evolution under tension and 
pressure is accounted for by means of the last multiplier in the formula Figure 2. Here, tension 
enhances the α’-martensite formation, while pressure is hindering it. 
 
In the following passage the experimental investigations and the method to gain the material 
parameters A, B, C, D, E, F, G, H, are described. The central aim of this investigation is to 
quantify the differences of behavior concerning martensite evolution caused by fluctuations 
between the batches, and thus the transferability for all material batches has to be verified. 
The flow curve and the martensite fraction of five different batches of the sheet metal material 
X5CrNi18-10 were derived by uniaxial tensile tests on the testing machine DYNA/Mess 
S100/ZD available at the IFUM. Two sheet thicknesses (s0 = 1.0 mm and s0 = 0.8 mm) were 
examined. The registration of martensite fraction f α ' was based on the magnet inductive 
measuring method with the aid of the Feritscope® MP3C. The results of the measurements and 
the approximation are shown in the diagram martensite content versus deformation degree 
(Figure 3.) The curves for the five batches show differences. Especially batch 1 has a remarkably 
lower martensite content. Batch 2 and 5 are the samples with the material thickness of 
s0 = 0.8 mm. 
 

 
Figure 3. Real and approximated content of martensite for the five batches  
 
The incremental description of the martensite evolution with the constants A, B, C , and D 
(Figure 2) was developed in order to be able to describe the martensite evolution in the tensile 
test. The material parameters of the developed model were determined according to the 
minimum square deviation method by means of the program Mathematica. A good description of 
the martensite evolution as a function of the temperature and the plastic strain was obtained 
using the material parameters in Table 1.  
 
Table 1. Material parameters of the five investigated batches 
 

material batch thickness A B C D diameter E F G H 
1.4301 1 1 mm -0.043 -4988 6.24 18.26 200 mm 1.45 0.33 317.15 0.35 
1.4301 2 0.8 mm -6.53E-05 -5000 4.39 24.64 50 mm 1.45 0.33 317.15 0.35 
1.4301 3 1 mm -1.09E-05 -5325 3.63 24.85 50 mm     
1.4301 4 1 mm -1.09E-05 -5337 4.44 24.18 50 mm     
1.4301 5 0.8 mm -1.31E-05 -4998 3.89 24.27 50 mm     
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In order to quantify the stress-dependence of the martensite evolution, deep-drawn rotationally 
symmetric cups were analyzed. During the deep drawing process, there are different stress and 
strain conditions occurring (tensile stresses in radial direction and compression stresses in 
tangential direction in the flange, plane strain in the wall and tensile stresses in the bottom of the 
component), whose influence on the martensite evolution has been examined.  
The tests using the material of batch 1 with the initial sheet thickness s0 = 1.0 mm were deep-
drawn by a tool with the stamp diameter d0 = 200 mm. The blank holder force was FN = 200 kN,  
and the temperature 20° C. To evaluate the experiments, the deep-drawing force as well as the 
martensite fraction in the cups were measured. The cups of the material of batch 2 (s0 = 0.8 mm) 
were deep-drawn on a rotationally symmetric tool system with the stamp diameter d0 = 50 mm. 
The blank holder force was either set to FN = 50 kN or FN = 75 kN. The influence of the tensile 
stresses occurring in the bottom of the cup on the martensite fraction can be examined in these 
cups. The martensite fraction in the cups was measured magnet-inductively at reference points in 
the rolling direction. Since the examined stainless steel shows little anisotropy, the martensite 
fraction is assumed to be similar in the whole cup [1]. 
The results of the experimental investigations and the curves of the approximation are shown in 
Figure 4. The investigations show that the martensite content equation for the biaxial stress state 
(Figure 2) fits with the same material parameters E, F, G, H for batches 1 and 2, even though the 
material behaviour in the uniaxial tensile test shows significant difference.  
This leads to the assumption that the influence of the biaxial stress for martensite evolution 
compensates the differences of the uniaxial one. To verify this statement, the examination of 
more batches of the material 1.4301 has to be accomplished. 
 

 
Figure 4. Approximated and measured martensite content over cup contour 
 
Detection of damage in sheet metal components 
The mechanism of martensite evolution should be used for a new non-destructive testing 
method. This new method allows for earlier damage identification than conventional visual 
inspections, and thus it aims for providing reliability of sheet metal components in lightweight 
constructions. The idea is to bring small areas of deformation onto a metastable austenitic steel 
sheet, producing a kind of part-inherent sensor (Figure 5 left.). The plastically deformed areas 
are implemented by means of metal forming. Due to the plastic deformation, these areas are 
sensitive to martensite evolution under applied elastic load. This sensitivity allows for the 
correlation between the martensite content in the sensor and the strains it has undergone 
(Figure 5 right.). 
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Figure 5 left. Preparation: Induction of locally defined martensite content by stamping   
Figure 5 right. Measurement and analysis: Martensite content provides information about loading history 
 
By numerical simulation, various metal forming processes and geometries of the stamp are 
studied in regard to their ability to influence the desired martensite content. FE models were set 
up for deep drawing, stretch forming, and stamping, and the results were evaluated (Figure 6.). 
As a precondition for the adjustment of locally defined initial martensite content, stresses must 
be applied to the component systematically during the respective forming process.  
 

 
Figure 6. Distribution of the maximal principal stress of the simulated forming processes 
 
The simulations were aimed at localizing the compressive and tensile stresses inside the 
specimen, so that conclusions about the resulting α’- and ε-martensite areas could be drawn. In 
order to attain a sensitization of the material, a high evolution of ε- martensite is desirable during 
the pre-elongation process, since the ε-martensite transforms into α’-martensite by elastic tensile 
stress. Figure 6 illustrates the favorable stress ratios during the three different forming processes. 
The intent is to have stable compressive stresses in the stamping area and secondary maximum 
stresses locally restricted to the stamping position. The results of the simulation clearly indicate 
that neither the rear side of the stamping position nor the surrounding area is affected by the 
stamping [2].  
 

 
Figure 7. Measured martensite contents on defined positions on the tensile specimen after different loadings 
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Based on the obtained numerical results, a new stamping tool has been constructed. It allows for 
the predefinition of specific martensite content in certain areas of the sheets. The martensite 
content is measured after stamping, elastic and plastic loading on the stamped sheet. As a result, 
the part-inherent sensors show a higher martensite content than the rest of the sheet (see 
Figure 7.). 
The plan for future works is to develop a model, which allows for a correlation between the local 
increase of martensite content in the sensors and the load cycles, in order to detect a critical load 
limit before a failure occurs. Thus, critical components could be exchanged in time. 
 
Conclusions 
Martensite evolution is an effect that influences the strain hardening of stainless steel. Especially 
for the simulation of forming processes, the transformation-induced martensite and the effect of 
increasing hardening need to be considered, and thus experimental investigations have been 
evaluated. A mathematical description for the martensite evolution has been analysed, based on 
the material model of SPRINGUB [SPR05]. This investigation has been performed to clarify the 
influence of chemical fluctuations caused by different batches on the martensite evolution of the 
metastabile austenitic steel X5CrNi18-10 (EN 1.4301). The results show that the martensite 
content equation for the biaxial stress state (Figure 2) fits with the same material parameters 
E, F, G, H for the batches 1 and 2, even though the material behaviour in the uniaxial tensile test 
shows significant difference. The research concerning the application of martensite evolution in 
the detection of damage has just begun, but so far promising results have been gained. The effect 
of martensite evolution by elastic strain in pre-deformed areas is certified, and thus a basis for 
further investigations is provided. 
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Abstract 
Stainless steel Type 304 was deformed 65.9% by wire drawing to 3,3 mm diameter and then 
annealed in a dilatometer furnace at 973 K for 100 s. Reversion from deformation induced 
martensite to austenite via the shear mechanism combined with recocery and recrystallization 
process was confirmed by transmission electron microscopy investigations. Tensile tests were 
done at temperature 293 down to 77 K. Transformation induced plasticity effect of austenite to 
martensite was observed in tensile tests at low temperatures. TEM observations revealed 
microstructural changes caused by deformation. Formation of martensite on shear band and twin 
intersections was noticed. The recovered strucures of martensitic ferrite and new small austenite 
grains with the diameter less than 2.2 µm were observed in annealed specimens. The 
thermomechanical procedure for production of high strength and ductile 304 stainless steel wires 
was proposed. 
 
Introduction 
Grain refining processes are greatly varying depending on the reversion mechanism. 
Martensitically reversed austenite has a high density of dislocations imediately after the 
reversion and the austenite grains are refined through recovery and recrystallization processes 
just like that taking place in deformed austenite. On the other hand, diffusionally reversed 
austenite is characterised by the nucleation of equiaxed austenite grains within the α’ matrix and 
then the austenite grains gradually grow during annealing [1]. Processing of submicron grained 
microstructures and enhanced mechanical properties by cold-rolling and reversion annealing of 
metastable austenitic stainless steels was presented in paper [2]. 
In the present work, microstructural features of reversed austenite were investigated after cold 
drawing with 65.9% reduction from 5.65 mm to 3.3 mm. As will be shown α’ reverts to 
austenite on annealing at 973 K for 100s via both reversion mechanisms. Tensile tests up to 
fracture at room temperature 293 K and after subzero treatment were done.Also TRIP effect was 
studied during tensile deformation at liquid nitrogen temperature 77 K at which austenite almost 
completely transforms to α’ martensite.  
 
Experimental 
The commercial austenitic stainless steel Type 304 was chosen for this study. Its composition is 
listed in Table 1. The austenite stability index, Md30 temperature, as proposed by Nohara et al. 
[3] was calculated, and it equals to 34.3 0C (307.3 K). 
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Table 1. Chemical composition of the tested steel Type 304 (in mass %) 
 

C [%] N [%] Cr [%] Ni [%] Mn  [%] Si [%] Cu  [%] Mo [%] 

0,05 0,01 18,04 8.17 1,84 0,43 0,32 0,30 

 
Cylindrical tensile specimens 8 x 78 mm were machined from cold drawn bar Φ 16 mm. The 
mechanical properties were established using tensile test machine MTS which had the 
attachment for low temperature testing at temperatures: 293, 273, 253, 233, 213, 193, 173 and  
77 K. The test results are given in Table 2. 
 
Table 2. Static tensile tests results 
 

Temp 
 (K) 

EL  
(%) 

RA 
(%) 

YS  
(MPa) 

TRIP 
(MPa) 

TS 
(MPa) 

 293 50.0 76.7 476 - 760 
 273 56.0 74.6 508 - 867 
 253 52.2 74.7 528 - 953 
 233 46.6 72.4 515 659 1020 
 213 41.9 71.2 506 650 1048 
 193 43.0 71.1 530 634 1132 
 173 41.1 67.8 515 641 1241 
   77 29.3 60.0 562 703 1671 

 
At temperatures 233 K, down to 77 K, a horizontal plateau of stress was observed on stress – 
strain curves (Figure 1). This is assumed to be due to the occurrence of TRansformation Induced 
Plasticity effect of the austenite to martensite transformation. Thus stress TRIP has also been 
given (Table 2). With decreasing testing temperature, the stronger TRIP effect was observed, 
with considerable plastic strain at constant stress level. In Figure 2, stress – strain curve obtained 
at room temperature is compared to the one recorded at 77 K. In the latter case strain hardening 
is extremely strong reflecting a high instablity of the austenite and formation of the strain 
induced martensite. Thus the maximum value of the tensile strength 1671 MPa was obtained at 
this temperature. This phenomenon was not observed at room temperature. Moderate strain 
hardening was from increased dilocation density, shear bands and twinning effects observed in 
the austenite microstructure in thin foils with transmission electron microscope Philips 301G – 
Figure 3. Microstructure of the deformed martensite in the sample tensile tested at 77 K is 
presented in Figure 4. Due to low temperature straining strain induced martensite is present in 
the structure. Lath martensite and dislocations cell regions were observed. 
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Figure 1. Stress-strain curve of Type 304 steel at 233 K 
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Figure 2. Stress-strain curves of Type 304 steel at 293 K and 77 K  
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Figure 3. Microstructure after static tensile test at the 
temperature 293 K, TEM  

Figure 4. Microstructure after static tensile test at the  
temperature 77 K, TEM 

 
  

 

Figure 5. Austenitic structure of the sample in the  
initial state, temperature 293 K, OM  

Figure 6. Microstructure after drawing to 3,3 mm,  
deformation 65.9%, SEM 

 

Figure 7. Microstructure after annealing at the  
temperature 973 K/100s, TEM 

Figure 8. Microstructure after annealing at the  
temperature 973 K/100s, TEM 

 
The initial microstructure of 304 steel after cold drawing as observed in optical microscope is 
shown in Figure 5. Dense mechanical twinning is observed within austenite grains. The 
maximum twin length was about 25-86 µm. The intersections of twins and shear bands where  
α’ martensite nucleates are clearly visible at 2000 x magnification in scanning electron 
microscope in Figure 6. Such microstructure was obtained after cold drawing in five passes the 
bar from Φ 5.65 mm to the wire Φ 3.3 mm i.e. reduction 65.9%. After cold drawing, the wire 
was annealed at 973 K for 100 s in a dilatometer furnace. Heating and cooling rate was 20°C/s. 
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At relatively high temperatures of 973 – 1173 K, after the α’→γ transformation, conventional 
static recrystallization occurs which involves the nucleation and growth of dislocation free 
grains. These grains have dislocation densities several orders of magnitude lower than in the 
deformed matrix of recovered α’martensite. Non-uniform sized microstructure existing after  
973 K/100 s annealing is presented in Figures 7 and 8. There are few austenite grains of the order 
2 µm with a small number of recrystallization twins but also very fine austenite grains at 
recovered regions in the form of lathes which width is in the range of 50- 150 nm. Volume 
fraction of the very fine grains is about 60%. This type of microstructure has presumably high 
strength and good ductility.  
 
Conclusions 

- In tensile testing of Type 304 stainless steel TRIP effect was observed at low 
temperatures below 233 K down to 77 K. 

- The shape of the stress- strain tensile curve at 77 K indicates intensive martensite 
formation, while at room temperature moderate hardening is rather due to increase of 
dislocations and twinning effect in austenite. 

- Strain induced martensite is formed during cold drawing at reduction 65.9% which 
increases the strength, but the elongation is significantly reduced. Further drawing is 
impossible. 

- After annealing at 973 K for 100 s the microstructure is composed of fine austenite grains 
which are diffusionally nucleated and grown to the size of about 2 µm and also ultra fine 
high – dislocated shear reverted austenite which has laths of 0.15 µm in width. 
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Abstract  
The surface concentration profile for iron rich Fe-Cr alloys in vacuum was determined using 
atomistic modelling based on first principles quantum theory. The surface Cr concentration show 
peculiar threshold behaviour, in dilute alloys the surfaces are covered exclusively by Fe, whereas 
for bulk Cr concentrations above ~10% the Cr-containing surface becomes favourable. The two 
dissimilar regimes appear as a consequence of competing magnetic effects: the magnetically 
induced immiscibility in bulk Fe-Cr alloys and the stability of magnetic surfaces. 
 
Introduction 
In the Fe-Cr alloys, the transition from the iron-type to noncorrosive behaviour with increasing 
chromium content occurs in the narrow concentration interval of 9-13% Cr [1]. Despite its 
fundamental role in stainless steels, the origin of this threshold behaviour is not well understood. 
Numerous experimental studies have been focused on the chemistry of the Fe-Cr surfaces at 
ultrahigh vacuum conditions as well as on the formation of the protecting Cr-rich oxide  
layers [2,3,5]. However, these experiments were performed on commercially important alloys 
(i.e. bulk Cr content above 12%), and therefore were unable to reveal the concentration profile as 
a function of bulk composition. On the theoretical side, all investigations considered dilute alloys 
and predicted the stability of Cr-free surfaces [4,6,7]. Therefore, the knowledge about how the 
chemical composition changes in Fe1-cCrc alloys when going from the low-Cr regime (c<0.1) to 
the high-Cr regime (c>0.1) has been very scarce.  
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Method 
Our ability to address the above problem at a first-principle quantum mechanical level has 
become possible through the exact muffin-tin orbital (EMTO) [8] method based on density 
functional theory [9] in combination with the generalised gradient approximation [10]. This 
approach has proved to be an accurate tool to describe the Fe-based random alloys [11,12]. 
 
The surface concentrations were obtained by minimising the grand canonical potential of the 
surface. This leads to condition that the difference between effective chemical potentials (ECPs) 
for the surface alloy (∆µS) and bulk alloy (∆µB) should be equal, ∆µS= ∆µB.  The ECPs were 
derived from the free energy calculated separately for the bulk and surface systems. The entropy 
part of the free energy was approximated by the configurational entropy. For Fe-rich alloys and 
for temperatures well below the magnetic transition temperature (~950 K for iron rich Fe-Cr 
alloys), the magnetic and vibrational entropy terms are estimated to have negligible effect on the 
equilibrium concentration profile [13]. More details about the calculations can be found in our 
previous publications [14,15]. 
 
Results 
Upper panel of Figure 1 shows the bulk and surface effective chemical potentials at 0 K as a 
function of bulk composition. The chromium containing surface becomes stable in the alloy 
when ∆µS > ∆µB, i.e., where it is energetically more favourable to place Cr atom to the surface 
than in the bulk. The corresponding chemical profile is shown in Figure 2. From this figure a 
clear transition from pure Fe surface to Cr containing surface can be seen, which occurs around  
8 at.-% Cr in the alloy. At lower Cr concentrations there is practically no Cr present at the 
surface. It is interesting that the transition is due to the drastic decrease of the effective chemical 
potential in the bulk rather than to any marked surface effect. 
 
The predicted stability of Cr enriched surfaces in the stainless region is fully supported by 
experiments[3,5]. A quantitative comparison shows that the present theoretical surface Cr 
content is below the observed values of 45% and 69% for 13% and 25% Cr in the bulk alloy. 
However it is important to note that these experiments were performed on samples heated to  

 
Figure 1. Upper panel, the effective chemical potentials for bulk and two surfaces with different chemical 
composition. Lower panel, the mixing enthalpy of disordered Fe-Cr alloy. All graphs are presented as a function of 
bulk Cr concentration. 
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973 K under ultrahigh vacuum. At this temperature, the Fe-Cr alloys are close to their magnetic 
transition, which has a substantial effect on the thermodynamics of bulk and surface alloys [16]. 
This will become clear if we understand the mechanism responsible for the stability of  
Cr-containing surfaces in ferromagnetic alloys. 

The drastic changes in the effective chemical potential for bulk is due to the broad and skewed 
miscibility gap, allowing solubility of the small amount Cr in Fe but not vice versa (Lower panel, 
Figure 1). The limited solubility of chromium in iron is due to the complex magnetic interactions 
between ferromagnetic Fe and antiferromagnetic Cr in Fe-Cr alloys [4,16,17,18]. These 
interactions originate from magnetic frustration due to the strong anti-parallel coupling between 
Cr and the Fe matrix and also between different Cr atoms.[4] The energetically unfavourable 
magnetic interactions between parallel Cr atoms can be avoided or minimised by forming Cr rich 
clusters and moving some Cr atoms to the surface.  
Based on the above mechanism, we can easily give a qualitative explanation for the deviation 
between the present theoretical (Figure 2) and former experimental results [3,5]. Assuming that 
the magnetic transition temperature near the surface is below the bulk transition temperature, at 
elevated temperatures we face the situation when Cr should segregate from ferromagnetic bulk to 
paramagnetic surface. In paramagnetic alloys, the mixing enthalpy has a markedly different 
shape than in ferromagnetic case [19]. Because of that and because of the increased effective 
chemical potential for paramagnetic surface compared to that obtained for ferromagnetic surface 
[20], our mechanism would predict a significantly stronger Cr segregation to the surface above 
the surface magnetic transition temperature. 
 
We conclude that the magnetic driven solubility of Cr in Fe is in fact the main factor responsible 
for the stability of Cr containing surfaces in iron rich Fe-Cr alloys. The magnetic interactions in 
the bulk has been proposed to have decisive role in properties of the Fe-Cr alloys in several 
theoretical investigations [4,16,17,18,21], but the impact on the surface chemical composition 
has not been revealed before our investigations on the matter [15]. We have disclosed an 
atomistic scenario based exclusively on thermodynamics, which might be a key driving force 
behind the experimentally observed threshold behaviour in Fe-Cr system [1]. The presence of Cr 
at the surface enables the formation of protective surface layer in oxidising environment. 
However, below the compositional threshold, Fe terminated surfaces are favourable and 
therefore the formation of protective Cr oxide layer is hindered. Obviously, the presence of 
oxygen will alter the above scenario based only on bulk reservoir. However, even in these more 
realistic situations, where the kinetic effects become crucial, the proposed thermodynamic 
mechanism will play a fundamental role in the surface chemistry of Fe-Cr system. 

 
Figure 2. The surface concentration of Cr as function of bulk Cr concentration. Solid grey line shows a linear trend 
(a homogenous alloy). 
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Stainless steels are among the most important engineering materials, finding their principal scope in 
industry, specifically in cutlery, food production, storage, architecture, medical equipment, etc. 
Austenitic stainless steels form the largest sub-category of stainless steels. Fully austenitic grades are 
composed mainly of Fe, Cr, and Ni, and have the face centered cubic structure of γ-Fe. At low 
temperatures, these alloys exhibit a rich variety of magnetic structures as a function of chemical 
composition, ranging from ferromagnetic phase to spin-glass and antiferromagnetic alignments. At 
ambient conditions, the austenitic steels have very low magnetic permeability and are generally 
regarded as non-magnetic. Because of this, they represent the primary choice for non-magnetic 
engineering materials. 
 
The presence of the chemical and magnetic disorder hindered any previous attempt to calculate the 
fundamental electronic, structural and mechanical properties of austenitic stainless steels from first-
principles theories. Our ability to reach an ab initio atomistic level in this exiting field has become 
possible by the recently developed Exact Muffin-Tin Orbitals (EMTO) method [1-3]. This method, 
in combination with the coherent potential approximation [4], has proved an accurate tool in the ab 
initio description of the concentrated random alloys [1,5-9]. During the last few years, using the 
EMTO method, we presented an insight to the electronic and magnetic structure, and 
micromechanical properties of austenitic stainless steels [7-10]. In the present contribution, using the 
EMTO method, we will reveal the role of (para-) magnetism on the stacking fault energy of 
austenitic steels. 
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