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Abstract 
Metastable stainless steels are promising engineering materials demonstrating good 
corrosion resistance and mechanical properties. Their mechanical properties are however 
significantly affected by the deformation induced martensitic transformation. Hence, in 
order to use these steels to their full potential it is vital to have profound knowledge on 
this martensitic phase transformation. The aim of this thesis was therefore to investigate 
the evolution of phase fractions, texture, microstrains and microstructure to improve the 
current understanding of the deformation induced martensitic transformation in AISI 301. 

To investigate the deformation behavior of AISI 301, in-situ high-energy x-ray diffraction 
during tensile loading has been performed on samples suffering different cold rolling 
reduction. Ex-situ transmission electron microscopy, electron back-scattered diffraction 
and optical microscopy were also used to characterize the microstructure at different 
deformation levels. 

The results show that parts of the austenite transform to both -martensite and -
martensite during deformation of AISI 301. The transformation behavior of -martensite 
is however completely different from the transformation behavior of -martensite. -
martensite forms in a parabolic behavior, while the -martensite transformation can be 
divided in three characteristic stages. The third transformation stage of -martensite has 
previously not been reported and it is characterized by a series of rapid transformations, 
each of which is followed by a period of yielding without any transformation. Moreover, 
the lattice strain evolution in the austenite at high plastic strains was found to be 
oscillatory, which is correlated with the stepwise transformation of -martensite as well 
as changes in x-ray peak broadening. This behavior was also coupled with the evolution 
of microstructure, where a distinct banded structure consisting of slip bands and -
martensite was observed at low plastic strains. This banded structure was however broken 
at high plastic strains when the -martensite grew larger and formed a block-shaped 
morphology. 

These findings lead to the conclusion that the three stages of -martensite transformation 
is due to different stages of nucleation and growth. The -martensite will first form as 
small nucleus, mainly at dislocation pile-ups along slip bands. The nucleuses will grow 
moderately in size and the structure will become saturated with nucleuses. Hence, the 
only way more -martensite can form is by growth of the existing nucleuses. This growth 
is very localized and seen as bursts in the transformation curve. The oscillatory behavior 
observed for the lattice strains during martensite formation possibly originate when 
semicoherent boundaries between austenite and -martensite become incoherent as the -
martensite grow large. 
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Preface
The research presented in this thesis was carried out at the Division of Engineering 
Materials at Luleå University of Technology in Luleå, Sweden. The experimental work 
concerning high-energy x-rays was performed at the Advanced Photon Source (APS) in 
Chicago, USA. 

First, there is a short introduction and motivation for this thesis (chapter 1). Chapter 2 
introduces the reader to austenitic stainless steels, in particular the metastable stainless 
steels and the deformation induced martensitic transformation. The experimental 
techniques and the methodology are outlined in chapter 3. The following chapters (4, 5 
and 6) concern a summary of the results, general conclusions and future work. 

Finally, the research papers are appended in chronological order: 

I The use of high energy SAXS/WAXS for structural characterization of stainless 
steels 

 Peter Hedström and Magnus Odén 
 Proceedings of stainless steel world 2005  

   
II In-situ studies of the martensitic transformation in metastable stainless steel AISI 301 
 Peter Hedström, Ulrich Lienert, Jon Almer and Magnus Odén 
 Manuscript in preparation 

III Strain evolution and deformation induced martensitic transformation of individual 
bulk grains in AISI 301 

 Peter Hedström, Ulrich Lienert, Jon Almer and Magnus Odén 
 Manuscript in preparation 

The present author participated in the initiation of the work, performed a major part of 
the experimental work and wrote the first draft of the three papers. 
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1. Introduction 

Metastable stainless steels are interesting engineering materials, due to their high 
corrosion resistance and versatile mechanical properties. They have excellent ductility 
and toughness in annealed condition. Moreover, they strain harden extensively during 
cold working and strengths in access of 2 GPa can be obtained. 

These properties are mainly attributed to the deformation induced martensitic 
transformation. The metastable stainless steels have an austenitic structure in annealed 
condition, but partially transform to martensite during deformation. The martensite is 
stronger and harder than the austenitic structure, causing a composite strengthening and 
thus a high strain hardening effect. This strain hardening causes high strengths after cold 
working and it is contributing to the high ductility in annealed condition, by the TRIP-
effect (Transformation Induced Plasticity)[1]. 

The metastable stainless steels are today mainly used in applications requiring severe 
forming operations, due to their excellent ductility. They are also gaining more interest 
for their combination of formability and high strength after forming. An annealed sheet 
can easily be formed to complex shapes, but the regions suffering severe deformation will 
transform to martensite and generate a high strength. The major drawback of this 
approach and these materials in general, is the unpredictable mechanical properties. To 
predict the properties after forming and during service it is vital to foresee the amount of 
martensite formed during certain conditions. 

The deformation induced martensitic transformation has been widely studied, but it is a 
complex transformation and the theory on martensitic transformation remains vague. 
Numerous studies have tried to quantify the transformation and lots of material models 
have been generated to predict the mechanical behavior. However, the lack of profound 
understanding how parameters such as chemical composition, temperature, strain rate, 
grain size, deformation mode etc influence the transformation makes it hard to generate 
precise models. It is therefore of high importance to establish the basic details of the 
deformation induced martensitic transformation to create better material models. 
Accurate models based on fundamental knowledge on the microstructure evolution would 
create the possibility to use these potent engineering materials to their maximum 
capability. 

Traditionally used experimental techniques for studies of the martensitic transformation 
have either been surface techniques (x-ray diffraction, electron microscopy) or techniques 
lacking a high spatial resolution (neutron diffraction). However, novel experimental 
techniques utilizing high-energy x-rays have enabled bulk studies with high spatial 
resolution and it is now possible to study individual grains in the bulk of polycrystalline 
materials[2]. Moreover, nucleation and growth of individual grains during phase 
transformation in carbon steels, and grain rotation during tensile loading of aluminum 
have been investigated [3, 4].  
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1.1. Scope of this work 

This work was initiated to investigate the deformation induced martensitic transformation 
in metastable stainless steel AISI 301. The aim is to generate a deeper understanding of 
the transformation, by employing high-energy x-ray diffraction for localized bulk studies 
on the martensitic transformation kinetics. From these considerations the objectives of 
this work was stated: 

Quantify the martensitic transformation in AISI 301 during tensile loading. 
Establish the difference between deformation modes (cold rolling and tensile 
loading) concerning the martensitic transformation. 
Investigate the microstrain evolution during tensile loading, coupled with the 
martensitic transformation. 
Investigate the strain partitioning between austenite and martensite. 
Determine the microstructure evolution for cold rolling and tensile loading. 
Investigate the evolution of residual strains in individual austenite grains, and 
couple with the nucleation of martensite. 
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2. Austenitic stainless steels 

This chapter outlines the basics of stainless steels and especially the metastable austenitic 
stainless steels, referred to as metastable stainless steels. 

2.1. General Introduction 

Stainless steels are iron based alloys, with a chromium (Cr) content of minimum 10.5%. 
Their resistance to corrosion is generally high due to the alloying Cr. Cr reacts with 
oxygen in the air and form a thin passive layer of Chromium oxide on the surface. Hence, 
the passive layer generates a high oxidation resistance in an oxidizing atmosphere. The 
passive layer has the ability to self heal, which means that if the surface is scratched new 
Chromium oxide will form in the scratch, and protect the steel from corrosion. 

There are many different grades of stainless steels with a variety of properties. They are 
often divided in five different types, named after their structure: 

Ferritic 
Martensitic 
Austenitic 
Austenitic and Ferritic (Duplex) 
Precipitation hardening 

Ferritic stainless steels have the same structure as pure iron at room temperature (ferrite). 
Their corrosion resistance and toughness is moderate, but they are affordable due to the 
low content of alloying elements. One common area of usage is exhaust pipes in the 
automotive industry. 

The martensitic stainless steels have relatively high carbon content and are hardenable 
through heat treatment (forming martensite). Their corrosion resistance is moderate, but 
the hardness and strength is high. Main usages are knife blades, surgical instruments and 
shafts. 

The austenitic stainless steels have superior corrosion resistance and toughness. They are 
the most common stainless steels, frequently used in kitchen sinks, food processing and 
chemical industry. 

The duplex grades are a combination of austenite and ferrite. Their strength is higher and 
they are not as sensitive to stress corrosion cracking as pure austenitic grades. Common 
usage is therefore in the petrochemical industry. 

Precipitation hardening stainless steels are characterized by high strength and middling 
corrosion resistance. They are divided in three types based on the structure (austenitic, 
semiaustenitic and martensitic (maraging)). The usage of the precipitation hardening 
stainless steels is mainly in the aerospace industry and other high-technology industries, 
due to their high strength. 
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2.2. Physical metallurgy 

The physical metallurgy of austenitic stainless steels is complex, due to a large variety of 
alloying elements and phases. 

2.2.1. Chemical composition 

Austenitic stainless steels have a broad range of chemical compositions. The main 
alloying elements are Chromium (Cr), Nickel (Ni) and Molybdenum (Mo); but lots of 
other elements are contributing to the diverse properties. 

The austenitic grades have low carbon content (C<0.08%), Cr ranges from 16 to 28% and 
the Ni content ranges from 3.5 to 32%. The alloying elements are divided in ferrite and 
austenite stabilizers, where Cr is a ferrite stabilizer and Ni is an austenite stabilizer. One 
commonly used tool to predict the structure at room temperature from the chemical 
composition is the Schaeffler-DeLong diagram, Fig. 1. It was originally developed for 
welding, but it can be used for heat treatments as well. By studying the diagram it is seen 
that high Ni-equivalents are required to maintain an austenitic structure. This is mainly 
obtained by alloying with Ni in the 300 grades, but in the 200 grades Ni is replaced by 
Manganese (Mn). 

Figure 1: Schaeffler-Delong diagram, predicting the phase structure for different alloys and 
chemical compositions in stainless steels (from [5]). 
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In the diagram it is also seen that low alloyed austenitic steels are approaching the lower 
left corner. They are therefore close to the martensite region and these grades are called 
metastable austenitic stainless steels, since they are susceptible to deformation induced 
martensitic transformation. Highly alloyed austenitic steels are more stable and will not 
transform to martensite during deformation. 

The metastable grades, such as 301 (see table 1 for chemical composition) has an 
extremely good ductility and is used in applications requiring good formability. 
Moreover, it has an extreme strain hardening, which induces high strength in cold rolled 
condition. Thus, it can be used in applications requiring high strength and good corrosion 
resistance[6]. The 302 and 304 grades are the most commonly used, because of their high 
general corrosion resistance. Adding molybdenum to these basic grades give grade 316, 
with an increased corrosion resistance and high temperature strength. The highly alloyed 
grades, such as 310S are mainly used in high temperature applications.  

Table 1: The chemical composition of a few austenitic stainless steel grades (from [7]). 
Elements AISI 301 AISI 302 AISI 304 AISI 310S AISI 316 
C 0.05-0.15 <0.15 <0.07 <0.10 <0.07 
Si <2.00 <0.75  <1.50 <1.00 
Mn <2.00 <2.00 <1.00<2.00 <2.00 <2.00 
P <0.045 <0.045 <0.045 <0.045 <0.045 
S <0.015 <0.03 <0.015 <0.015 <0.015 
N <0.11 <0.10 <0.11 <0.11 <0.11 
Cr 16.00-19.00 17.00-19.00 17.00-19.50 24.00-26.00 16.50-18.50
Mo <0.80    2.00-2.50 
Ni 6.00-9.50 8.00-10.00 8.00-10.50 19.00-22.00 10.00-13.00

2.2.2.  Influence of alloying elements 

Chromium (Cr) is the alloying element mainly responsible for the good corrosion 
properties. It reacts with oxygen to form a thin (about 1 to 2 nm) passive layer of 
Chromium oxide on the surface. The Chromium oxide has a structure similar to chromite. 
The Cr level needs to be about 11% to form a homogeneous passive film, but in order for 
the film to be stable a higher Cr content is required. The austenitic steels have a Cr 
content of 16-28%, and the stability of the passive film increases rapidly to about 17% Cr. 

Nickel (Ni) is also beneficial for the corrosion resistance, especially in sulphuric acid 
environments. It increases the corrosion resistance when the passive layer is absent or 
damaged. Ni is also strengthening the steel by solid solution strengthening. 

Molybdenum (Mo) decreases the required oxidizing effect to form a passive layer, and 
decreases the tendency for already formed passive films to break down. Mo increases the 
resistance towards crevice corrosion in chloride atmospheres, and towards pitting 
corrosion. 

Manganese (Mn) is a strong oxide and sulphide former (MnO and MnS). It is usually 
added to improve deoxidation and to prevent formation of sulphide inclusions, which 
might cause hot cracking. 
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Silicon (Si) improves the corrosion resistance and prevents carburizing at high 
temperatures. 

Carbon (C) is a strong austenitizer and increases the strength by solid solution 
strengthening. It is kept at low levels in austenitic steels to retain desired properties, since 
it might form chromium carbides depleting the material from chromium and thus reduce 
the corrosion resistance. 

Nitrogen (N) increases the resistance to localized corrosion like pitting or intergranular 
corrosion. This is due to the formation of Cr2N instead of Cr23C6. Nitrogen addition will 
also enhance the strength, by solid solution strengthening. This is especially done in the 
low carbon alloys to raise the yield strength to the same level as standard grades. 

Titanium (Ti) and other strong carbide formers (Nb, Cb) are used to stabilize the steel and 
to avoid Cr23C6 precipitation[8]. 

2.2.3. Microstructure 

The microstructure of austenitic stainless steels can be quite complex. They are quenched 
from annealing temperatures to avoid precipitation of unwanted phases. This will 
generate a pure austenitic structure with a low dislocation density. Stacking faults are 
likely to form due to the low stacking fault energy (SFE) of austenitic stainless steels. 
However, the structure is not always this simple, several carbide and intermetallic phases 
might be present and the austenite might have partially transformed to two different types 
of martensite. Two optical micrographs are demonstrated in Fig. 2 showing slip bands 
and martensite in the basic austenite structure. 

Figure 2: Micrographs of austenitic stainless steel (a) extensive slip bands are present in the 
austenite (b) martensite (indicated by arrows) has formed in the parent austenite (from [9]) 

2.2.4. Carbide precipitation 

The solid solubility of carbon is high at annealing temperatures, but it decreases for lower 
temperatures. If the austenitic stainless steels are kept at intermediate temperatures 
(between 500°C and 950°C) the carbon will diffuse and form carbide precipitates. The 
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austenitic steels are therefore rapidly quenched from the austenitizing temperature to 
avoid carbide precipitation. Carbides can always be removed by dissolving at the 
annealing temperature followed by rapid quenching. However, there are situations during 
service when the austenitic steels are kept at elevated temperatures, e.g. during welding or 
in high temperature applications. Hence, the carbide precipitation is a major issue in 
austenitic stainless steels. 

The main carbide precipitate is M23C6, but M7C3, M6C and MC can also form. Cr is a 
strong carbide former and the carbides are often Cr23C6. The carbides might also contain 
other elements, depending on the chemical composition. The precipitation of Cr23C6

mainly occurs at the grain boundaries, which will create a Cr depleted zone close to the 
grain boundaries. This Cr depleted zone will make the steel sensitive to intergranular 
corrosion (sensitization). 

2.2.5. Intermediate phases 

Sigma, chi and laves are three different intermediate phases in austenitic stainless steels. 
They are all hard and brittle intermetallic phases causing embrittlement. The high Cr 
alloys are generally sensitive to sigma formation, while the low Cr alloys are practically 
immune to sigma formation. The sigma phase has a tetragonal structure and it nucleates at 
triple points or grain boundaries. Chi phase is similar to sigma phase, but it has another 
crystal structure. The high Mo alloys are generally susceptible to chi formation, but laves 
will form preferentially from sigma when titanium or columbium is present[10]. 

2.2.6. Martensitic transformation 

As mentioned, austenite in metastable stainless steel is susceptible to deformation 
induced martensitic transformation. In general, the theory on spontaneous martensitic 
transformation is applicable to the deformation induced martensitic transformation. The 
martensitic transformation in steels is a cooperative movement of atoms without any long 
range diffusion. Bain introduced a theory on how to transform the face-centered cubic 
(FCC) austenite, to the body-centered cubic (BCC) or body-centered tetragonal (BCT) -
martensite by a cooperative movement of atoms[11]. The Bain theory was adopted, 
because it theoretically demonstrated the martensitic transformation by minimum of 
atomic movement. Later, Kurdjumov and Sachs[12]; Nishiyama and Wasserman [13] 
determined the orientation relationship between austenite and -martensite 
experimentally.  

(111) || (011) and [101] || [111] (Kurdjumov and Sachs) 

(111) || (011) and [110] || [101] (Nishiyama-Wasserman) 

These two orientations differ about 5 degrees around [111]  [14]. They also predict 
different habit planes (invariant planes). Nishiyama-Wasserman determined the habit 
plane for a Fe-Ni steel to be {225} and Kurdjumov-Sachs determined the habit plane for 
a carbon steel to be {259}. 

These experimental findings did indicate that the Bain distortion was not complete, since 
the Bain distortion predicts no invariant planes. Thus, a lattice-invariant shear must 
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accompany the Bain distortion. The phenomenological theory states that the martensitic 
transformation is accomplished by the Bain distortion, and a shear deformation at the 
interface between austenite and martensite. The shear at the interface occurs by either slip 
or twinning (Fig. 3). 

Figure 3: Schematic of the martensitic transformation (a) the shape change predicted by Bain (b) 
shear at the interface between austenite and -martensite (c) twinning at the interface of austenite 
and -martensite (from [14]). 

The rate of growth for martensite plates has been determined as 1100m/s by resistivity 
measurements[15]. This high growth rate is one of the reasons why the martensitic 
transformations are complex to study and the theory remain vague. 

The austenite in metastable stainless steels can transform to two different types of 
martensite, where one is hexagonal close packed (HCP) martensite, called -martensite. 
The other is a body centered cubic (BCC) martensite, called -martensite. The martensitic 
phases will induce volume changes compared to the parent austenite, where the -
martensite generates a volume expansion of 1-4% and the -martensite generates a 
volume contraction. The -martensite has been reported to nucleate at dislocation pile-
ups, while the nucleation of -martensite occurs at stacking faults. It has been proposed 
that the initial -martensite nucleus are coherent with the parent austenite[15]. When the 

-martensite plates grow they probably become semicoherent or incoherent. The -
martensite is believed to remain coherent with the parent austenite. 

With enough driving force (decrease in Gibbs free energy) -martensite nucleus will 
rapidly grow as plates. The growth of the martensite will stop at high angle grain 
boundaries or at other martensite plates, see Fig 4. This implies that the austenitic grain 
size is affecting the growth of martensite plates. Smaller austenitic grain size will induce 
smaller martensite plates. However, it is not fully clarified how the volume fraction of 
martensite is affected by the austenitic grain size. According to the basic theory a large 
austenitic grain size enhances the volume fraction of -martensite, demonstrated by for 
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instance powder experiments[13]. The explanation is that lattice defects can migrate to 
grain boundaries and annihilate (decreasing the number of nucleation sites), and the fact 
that grain boundaries stop martensite growth. However, there are experiments at low 
temperatures demonstrating increased transformation to martensite for small austenitic 
grain sizes[16, 17]. 

Figure 4: Schematic of the growth of -martensite plates. Their growth are stopped by other 
martensite plates or high angle grain boundaries (from [14]). 

In addition to the factors in common with the spontaneous martensitic transformation, 
there are other parameters to consider for the deformation induced martensitic 
transformation in metastable stainless steels. The concept of deformation induced 
martensitic transformation means that martensite can form even though the temperature is 
above Ms (the temperature were spontaneous transformation start). The deformation will 
contribute to initiate transformation, and the deformation induced transformation is 
separated in two types. One is the stress assisted transformation where stresses help to 
initiate transformation, even though the temperature is above Ms. The other type is the 
strain induced martensitic transformation, where dislocation formation works as easier 
nucleation sites for the martensite. The stress assisted transformation occur at low 
temperatures (above the Ms), and the strain induced transformation occur at higher 
temperatures, e.g. room temperature[18]. Hence, the temperature is of course crucial in 
the deformation induced transformation, as for the spontaneous transformation. The 
transformation is enhanced by low temperatures as demonstrated in Fig. 5 [19]. 

Figure 5: The deformation induced martensitic transformation in metastable stainless steels is 
enhanced by low temperatures (from [19]). 
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Since the transformation occurs above Ms, it is not a good index for the metastable 
stainless steels. The stability of these steels is instead rated by other parameters 
(temperatures). The Md temperature is the limit for deformation induced martensitic 
transformation, and no martensite can form above this temperature. However, this 
temperature is hard to measure and hence another parameter, Md30, was established by 
Angel[19]. Md30 is the temperature where 50% of martensite has formed at 30% true 
strain. This temperature is a good measure of the stability of the metastable stainless 
steels. The stability is determined by the chemical composition, stated in an empirical 
formula by Angel: 

Md30=413-462(C+N)-9.2(Si)-8.1(Mn)-13.7(Cr)-9.5(Ni)-18.5(Mo) (1) 

The elemental fractions are in wt%, and the equation is basically stating that more 
alloying additives enhance the stability of the austenite. 

The martensitic transformation is important for the mechanical properties. The -
martensite is generally the main transformation phase, but also the -martensite is 
believed to have an impact. The martensite is harder and stronger than the austenite. 
Hence, the metastable stainless steels have a high strain hardening upon deformation, 
both due to the increased dislocation density and the composite strengthening generated 
by the martensite. Annealed austenitic stainless steels have a ductility of about 50%, but 
this is enhanced for metastable stainless steels by the TRIP-effect (Transformation 
Induced Plasticity), induced by martensitic transformation[1]. The TRIP-effect is caused 
by the high strain hardening, since the strain hardening will resist necking and thus 
prolong the homogeneous plastic deformation. 

Other important parameters to consider for the deformation induced martensitic 
transformation are the mode of deformation and the strain rate. Patel found uniaxial 
tension to be more beneficial for martensite formation than uniaxial compression or 
hydrostatic compression[20]. Low strain rates has been determined as positive for the 
martensitic transformation and the reason is that high strain rates will heat the sample, 
and hinder martensitic transformation. Temperature increases of about 93°C have been 
measured for high strain rates[10, 21].  

2.3. Corrosion resistance 

General corrosion of austenitic stainless steels practically only occurs in acids and hot 
caustic solutions. However, the austenitic stainless steels are susceptible to some types of 
corrosion, namely pitting, crevice, stress corrosion cracking and sensitization. 

2.3.1. Pitting and crevice corrosion 

The austenitic steels might be susceptible to pitting and crevice corrosion in certain 
atmospheres. The passive layer is seldom completely homogeneous over the surface and 
pitting or crevice corrosion might start if the surface is damaged locally. The resistance 
towards pitting and crevice corrosion is sometimes stated via the Pitting Resistance 
Equivalent (PRE)[5]: 

PRE=%Cr+3.3x%Mo+30x%N   (2) 
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This formula states the important alloying elements for enhanced resistance. 

2.3.2. Stress corrosion cracking (SCC) 

Stress corrosion cracking is important in the austenitic stainless steels in corroding 
atmospheres like chloride solutions, at elevated temperatures and during tensile stresses. 
Temperatures in access of 60°C are required and under these circumstances the material 
might crack. 

2.3.3. Sensitization 

Sensitization was briefly mentioned earlier in context with carbide precipitation. When 
Cr23C6 is formed it causes a Cr depleted zone close to the grain boundaries, since the Cr 
diffuses mainly across the grain boundaries while carbon can diffuse across the whole 
grains. This will reduce the corrosion resistance at the grain boundaries, and thus induce 
intergranular corrosion (sensitization). 

There are however ways to reduce sensitization[22]: 
Reducing the carbon content will limit the formation of Cr23C6. 

Strong carbide formers (stronger than Cr) such as titanium or columbium can 
also be added to the steel. Titanium carbide and columbium carbide will then 
form preferentially, and the corrosion resistance is retained. 
High Cr contents are of course beneficial, since the Cr content will be high 
even though Cr23C6 is formed. 
High Mo contents also seem to be beneficial. 
Concerning heat treatment, one can reheat the steel to dissolve the Cr23C6 and 
then quench rapidly to avoid precipitation. 

2.4. Physical and mechanical properties 

2.4.1. Physical properties 

The austenitic steels generally have low thermal conductivity, high thermal expansion 
and high electrical resistivity. The alloying elements have a clear effect on these 
properties. For instance, Ni, Cu and Cr will decrease the thermal conductivity 
significantly and Ni and Cu can decrease the thermal expansion. Table 2 summarizes 
some physical properties of austenitic stainless steels (ASS)[23]: 

Table 2: Physical properties of austenitic stainless steels (ASS) 
Property ASS 
Density 7.9-8.2 g/cm3

Young’s modulus 193 GPa 
Thermal expansion 17-19 μm/mK
Thermal conductivity 12-15 W/mK 
Heat capacity 440 J/kg°C 
Resistivity 750 n m
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2.4.2. Tensile properties and hardness 

The austenitic stainless steels have a high ductility and toughness and they retain their 
strength quite well at elevated temperatures. The tensile properties are however quite 
diverse for the austenitic stainless steels. 

The deformation induced martensitic transformation is highly affecting the tensile 
properties and different grades such as the stable 310S and the metastable 301, have 
completely different behavior during tensile loading. Simplified, more alloying elements 
(especially interstitials like C and N) will increase the solid solution strengthening and 
thus highly alloyed steels have high yield strength. However, the high alloying content 
will also generate a more stable grade, with less or no martensitic transformation. The 
martensitic transformation of the metastable grades induces a high strain hardening effect 
and the tensile strength will become very high. Stating that, there are two processes 
working against each other, where the alloying elements increase yield strength but 
decrease the tensile strength. Mechanical properties for some different grades are 
displayed in table 3. AISI grades are in annealed condition and one heavily cold rolled 
grade is included (HyTens2000). 

Table 3: Tensile properties and hardness for a few austenitic stainless steel grades (from [23, 6] 
                                                        Austenitic grade 
Property             AISI 301      AISI 302        AISI 304       HyTens2000   

TS 725 620 580 2000 
YS 275 275 290 1980 
Elongation 60 55 55 <1 
Hardness 85 HRB 80 HRB 80 HRB  

2.4.3. Fracture toughness and impact toughness 

Fracture toughness data is limited from the austenitic stainless steels due to their high 
ductility and toughness. Studies on grades 304 and 316 demonstrate extremely good 
resistance to fracture. They experience ductile fracture under a wide range of conditions 
with values typically ranging from 169 to 1660 kJ/m2 at room temperature, and 130 to 
1420 kJ/m2 at about 400°C. 

The austenitic grades also show good notch toughness, tested with Charpy-V. Impact 
energies above 150 J are obtained at room temperature. Cryogenic temperatures have 
little effect on notch toughness, and impact toughness of 130 J is maintained[9]. 
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3. Experimental 

The microstructure evolution of metastable stainless steel AISI 301 has been investigated 
in this work. The evolution of microstresses, texture and martensitic transformation 
during tensile loading was investigated by in-situ high energy x-ray diffraction. In-situ 
high energy x-ray diffraction was also used to study the deformation behavior and the 
martensitic transformation of individual bulk grains. Complementing ex-situ 
characterization of the microstructure has been performed using optical microscopy, 
transmission electron microscopy (TEM) and electron back-scattered diffraction (EBSD). 

The following chapter introduces the reader to the employed characterization techniques 
and presents the studied material, along with the methodology for sample preparation and 
performing the experiments. 

3.1. Material 

Sheets of AISI 301, supplied by Outokumpu Stainless have been investigated. The 
composition by wt% was beside the balancing Fe:  17.55 Cr, 7.67 Ni, 1.23 Mn, 0.55 Si, 
0.31 Mo, 0.25 Cu, and 0.1 Co, with other elements less than 0.1. In order to study the 
influence of cold rolling, four steel sheets of varying thickness were fabricated from the 
same coil. All sheets were cold rolled from the initial material of 1 mm thickness to the 
indicated reductions in table 4, by multi-pass rolling. Mechanical properties were 
determined by ex-situ tensile testing with tensile samples produced according to ASTM-
standards, and the tensile direction corresponding to rolling direction. 

 Table 4: Labeling and cold rolling reduction of the 4 investigated sheets of AISI 301 

Sample Thickness Reduction
A 0.98 mm 2% 

B 0.77 mm 23% 

C 0.64 mm 36% 

D 0.58 mm 42% 

3.2. Introduction to x-ray diffraction (XRD) 

X-ray diffraction is a commonly used method for investigating the surface of crystalline 
materials. By determining the lattice spacings (d-spacing) in a sample it is possible to 
extract crystallographic information. Qualitative and quantitative phase analysis, 
strain/stress analysis and quantification of preferred orientation (texture) can be 
performed.  

In short, a near monochromatic x-ray beam is illuminated on a sample. The x-rays are 
scattered in the sample and a detector is used to collect the scattered x-ray intensity. If the 
x-rays are in phase when they hit the detector they will constructively interfere 
(diffraction), while x-rays out of phase will destructively interfere. This is described by 
Bragg’s law (equation 3) which states that if the wavelength of the incident x-rays is 
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known and the angle were constructive interference appear is measured, the lattice 
spacing (d-spacing) can be determined[24], Fig. 6. Measurements are performed by 
determining the intensity and the 2-theta angle in a diffraction pattern, Fig. 7. The 2-theta 
angle can then be converted to d-spacing by Bragg’s law[25]. 

d

1

2

Figure 6: Schematic demonstrating diffraction in a crystalline material. 1 and 2 are two incident x-
rays and the d-spacing is determined with Bragg’s law: )sin(2 θλ ⋅⋅= dn  (3) 

Figure 7: Diffraction patterns from AISI 301 suffering 80% tensile deformation (a) 2-dimensional 
diffraction pattern (b) 1-dimensional diffraction pattern, integrated over 10° in azimuth for the 2-
dimensional pattern. 

3.2.1. Qualitative and quantitative phase analysis 

All phases have a unique diffraction pattern (and corresponding d-spacings), like a 
fingerprint. The diffraction patterns from known phases are collected in a database (ICDD 
Powder diffraction files), used to qualitatively determine phases in a sample. Moreover, 
phase fractions can be determined by the direct comparison method[25]. 

The integrated intensity of the diffraction peaks for a sample with randomly oriented 
grains (powder) can be formulated as: 

μ2
2 i

hkl
ihkl

i

VRK
I =     (4) 
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Where K2 is an instrument factor, μ the linear absorption coefficient, I the integrated 
intensity, V the volume fraction and R is the theoretical intensity. The integrated intensity 
(I) is determined from the diffraction pattern by fitting a suitable function (e.g. Pseudo-
Voigt) to the experimental values. The theoretical intensity (R) is given by: 
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Where v is the volume of the unit cell, F the structure factor, p the multiplicity and e-2m is 
the temperature factor. The integrated intensity of the three phases in metastable stainless 
steels: ,  and  can be formulated as:  
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Where the volume fractions follow V +V +V =1   (9) 

The temperature factor is constant for experiments at isothermal temperature, and K2 and 
μ are also constant. The volume fraction of the individual phases can then be calculated 
by: 
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This quantification is however sensitive to preferred orientation of the grains, since it 
assumes randomly oriented grains. In order to achieve accurate phase quantification it is 
necessary to collect diffraction patterns over a wide 2-theta range at different sample 
orientations. Dickson studied heavily cold rolled steels (up to 93% reduction) and found a 
high accuracy if multiple diffraction peaks were studied[26]. 

3.2.2. Strain and stress measurements 

The lattice spacings can be used as internal strain gauges to monitor the strain. The 
principle is demonstrated in Fig. 8, where the lattice spacing is larger when compressive 
loads are applied and smaller when the sample suffers tensile loads[27].  

Figure 8: Lattice spacings (d-spacings) can be used as internal strain gauges (a) compressive loads 
enhance d-spacing and (b) tensile loads decrease d-spacing 
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Measured diffraction rings on an area detector and the sample orientation can be related 
by the expression[28]: 

=+++++
θ
θεεεεεε
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sin
ln 0

333323231313222212121111 ffffff  (11) 

Where fij are the individual strain coefficients determined by the sample orientation and 
detector azimuthal angle. The Bragg angle θ is determined from the diffraction patterns at 
a number of azimuthal angles and sample orientations. An equation system is then set up 
and the six strain coefficients can be solved by the use of the singular value 
decomposition method[29]. The strain free angle θo (and related unstressed spacing d0)
needs to be accurately determined, and this can be performed by measuring a powder of 
the same composition. θo can also be approximated as the average azimuthal value of θ.

3.2.3. Texture 

The texture of the material can be quantified from the diffraction patterns. The preferred 
orientation of lattice planes (i.e. texture) is evaluated by recording diffraction patterns 
from different sample orientations. To fully evaluate the texture it is required to collect 
several diffraction peaks from many different sample orientations. The texture is often 
represented as pole figures, which is a stereographic projection demonstrating the 
distribution of a certain {hkl} in orientation space[30]. A more full description of the 
texture is provided by an orientation distribution function (ODF). 

The fastest way to obtain texture quantification today is by synchrotron radiation and area 
detectors. If enough diffraction rings are collected on an area detector it is possible to 
calculate the orientation distribution function (ODF) from one image in a material with 
high crystal symmetry, i.e. cubic or hexagonal structure[31]. 

3.3. High-energy x-ray diffraction (HE-XRD) 

Even though x-ray diffraction is one of the main tools in crystallography it has 
drawbacks. The major downside is the limited penetration depth of x-rays. The 
traditionally used x-rays, CuK  (energy ~ 8 keV) penetrates about 2 µm down in the 
surface of a steel sample. This causes problems in analysis when the surface properties 
are different from the bulk properties. 

A free surface can suffer from stress relaxation and there might be differences in texture 
between surface and bulk material. For instance, the deformation behavior during cold 
rolling is different in the bulk and at the surface. Cold rolling can be described as a shear 
deformation at the surface, but in the bulk it is better described by uniaxial compression. 
These two different deformation modes generate different texture on the surface and in 
the bulk of steel sheets. Bloess measured this in AISI 301 and found a strong Goss 
component on the surface, but a more pronounced Brass component in the centre[32]. 

In the case of metastable stainless steels it is also reasonable to believe that there will be 
different phase fractions in the bulk of the sample, compared to the surface[16]. All these 
potential surface effects might render poor predictions of the material behavior, since the 
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bulk material is mainly deciding the properties. Of course it is possible to remove 
material by polishing and thus study the bulk, but there is always a risk of introducing 
new artifacts by sample preparation and the new free surface will also suffer stress 
relaxation. However, it should be mentioned that a small penetration depth is wanted in 
many cases, such as studies on the residual stress state after surface treatments. 

In studies of bulk materials it would however be a great advantage with an improved 
penetration depth. Neutron diffraction can provide this (up to cm’s in steel), but the 
spatial resolution is rather low and the collection of diffraction pattern is slow. 

Instead, using high-energy x-ray diffraction provides several benefits. The penetration 
depth of these x-rays produced by a synchrotron source is about 9 mm in steel[33], by far 
superior to CuK . Their high brilliance creates the possibility for a well focused and 
collimated beam, i.e. a small spot size with a small divergence. The small wavelengths of 
these high-energy x-rays induce small Bragg angles, which generates the possibility to 
collect several diffraction rings on an area detector. The combination of area detectors 
and the high flux of x-rays enable rapid data acquisition for kinetic studies. Another 
benefit is the tunable x-ray beam. The synchrotron produces a white beam, which can be 
tuned in a wide range of energy levels by the use of monochromators. In this way it is 
possible to tailor the x-ray wavelength for specific experiments. 

There are however only three facilities (synchrotron sources) in the world providing these 
high-energy x-rays: Advanced Photon Source (APS) in Chicago, USA; European 
Synchrotron Radiation Facility (ESRF) in Grenoble, France and Super Photon Ring 8 
(SPRING8) in Harima, Japan. 

In this work, high energy x-ray diffraction has been employed to study the 4 sheets of 
AISI 301 (A-D). Tensile samples were produced using pulsed Nd-YAG laser cutting to 
ensure a low heat input. No polishing of the samples was required since the whole 
thickness is sampled. The behavior of sample A-D was investigated during in-situ tensile 
loading at 1-ID, APS. The x-ray energy was 80.72 keV ( ~0.1535 Å) and a transmission 
mode setup was employed, Fig. 9. The diffraction patterns were recorded with a CCD 
detector (Bruker 6500), placed 552 mm behind the sample. 

Figure 9: High energy x-ray diffraction setup at 1-ID, Advanced Photon Source (APS) 
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3.4. Single grain studies 

The use of high energy x-rays with high penetration depth and the possibility to collimate 
the beam to a small probe size, enables studies of individual grains deeply embedded in a 
polycrystalline material. The beam is collimated to a small size (>5x20 microns), 
depending on the grain size. Thus, only a limited volume is probed by the collimated 
beam, and this will generate a spotty diffraction pattern, Fig 10. Indexing of these spotty 
peaks is well established for single crystals, but quite unusual in polycrystalline materials. 
Each spot belong to a specific grain and {hkl} and it is possible to index these spots 
thanks to a software (Graindex) developed by Lauridsen et al.[34]. By rotating the sample 
in  and recording a diffraction pattern every degree a complete and precise indexing of 
the grains can be achieved. 

The indexing procedure in Graindex consists of several steps. Diffraction patterns 
collected at different -orientations are searched for spots. When all spots are found, 
spots originating from the same grain and {hkl} are sorted together, i.e. reflections. The 
experimental reflections are compared with theoretical reflections and reflections 
belonging to the same grain are grouped together. The output from Graindex is a list of 
the grains and their orientation, which could be fitted to the theory. The list contains both 
the experimental reflections and where the theoretical reflections should be located.  

The determination of strain, stress and preferred orientation are then done according to 
the conventional techniques, mentioned earlier. The difference is that only spots 
belonging to one individual grain is included in the analysis. So far, initial studies on 
recrystallization, phase transformation, grain growth, elastic strain evolution and 
dislocation structure formation has been investigated with this technique[4, 35-37]. 

The single grain technique was utilized in this work to study the behavior of individual 
bulk grains in sample A. In-situ high energy x-ray diffraction measurements were 
performed during tensile loading up to 5% applied strain (Fig. 11).  

Figure 10: Spotty diffraction patterns from AISI 301, demonstrating diffraction spots from 
austenite {111}, {200} and {220}. 



CHAPTER 3. EXPERIMENTAL 

19

Figure 11: The used high-energy x-ray diffraction setup for in-situ studies of individual bulk grains 
during tensile loading at 1-ID, Advanced Photon Source (APS) 

3.5. Microscopy 

Transmission electron microscopy (TEM), electron back scattered diffraction (EBSD) 
and optical microscopy was used to investigate the microstructure of sample A-D, 
suffering different deformation. 

3.5.1. Sample preparation 

TEM samples were prepared by cutting 3 mm discs, mechanical polishing ending with 1 
micron diamond paste, and then final thinning by electro polishing on a Struers dual jet 
electro polisher. Settings for the electro polishing were 12V, -20C and the electrolyte was 
125 ml perchloric acid, 200 ml ethanol and 800ml methanol. 

The EBSD technique requires quite undistorted crystals and thus mainly samples with 2% 
cold rolling reduction were investigated. EBSD samples were prepared in a similar way 
as the TEM samples. The difference being the setup for electro polishing, where EBSD 
samples were electro polished using an ordinary current source. The same electrolyte was 
used and the settings were 12V, 1-1,5A and -20C. Samples for optical microscopy were 
prepared like the EBSD samples, but they were also etched in an etchant of 10% HCl, 
0.25% Sodium bisulfite and 89.75% H2O to make the structures protrude. 

3.5.2. Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is a method for characterization of the fine 
scale microstructure in a small volume of the sample. Electrons are accelerated through a 
very thin sample and the scattered electrons can be detected and an image contrast 
produced. The image can provide details on the deformation structure and morphology.
Electron diffraction is also performed for determination of crystal structures[38]. TEM 
investigations were performed with a JEOL JSM-2000EX, operated at 200kV. 
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3.5.3. Electron back-scattered diffraction (EBSD) 

EBSD is an attachment to the scanning electron microscope (SEM). The back-scattered 
diffraction technique enables determination of the grain orientation in the surface of a 
sample. Hence, pole figures can be produced in this way, but in this work EBSD was 
solely used to obtain good images of the grain structure. 

EBSD investigations were performed with a JEOL JSM-6460. 

3.5.4. Optical microscopy

Optical microscopy was performed with an Olympus microscope, using polarized light 
for maximum contrast. 
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4. Summary of appended papers 

The following section is a summary of the main results from the investigations of the 4 
sheets of AISI 301 (A-D). 

4.1. Stress-strain behavior 

The stress-strain behavior of sample A-D is demonstrated in Fig. 12. Sample A has 
extremely good ductility and it strain hardens extensively during tensile loading. Sample 
B-D have higher yield strength and lower ductility, due to the higher initial cold rolling 
reduction. The high strain hardening is caused by a combination of the densified 
dislocation structure and the deformation induced martensitic transformation. 

Figure 12: Stress-strain curves of the 4 AISI 301 samples (A-D) 

4.2. Martensitic transformation 

The austenite in AISI 301 transform into both -martensite and -martensite during 
deformation. The -martensite is the main transformation phase reaching a fraction of 
roughly 45 v% at high plastic strains. The -martensite fraction is much smaller and it 
reaches about 5 v%. 

The transformation to both -martensite and -martensite is enhanced by cold rolling 
reduction, compared to uniaxial tensile loading. Sample A with almost no cold rolling 
reduction reaches a martensite fraction of 30 v% , and 4 v% . On the other hand sample 
D with the highest cold rolling reduction reaches 43 v%  and 5.5 v% . The 
transformation curves are visualized in Fig. 13 and the transformation behavior of -
martensite is completely different from the behavior of -martensite. The transformation 
from austenite to -martensite showed a parabolic transformation behavior, while the -
martensite transformation can be divided in three different stages. The formation of -
martensite is very small at low plastic strains up to about 20% strain (stage 1). The second 
stage starting at about 20% strain involves a continuous transformation to -martensite. 
The third stage of transformation start at high plastic strains and it is a stepwise 



CHAPTER 4. SUMMARY OF APPENDED PAPERS 

22

transformation, where -martensite formation occurs in discrete steps. The same behavior 
was observed for all samples, but due to the initial cold rolling reductions they start at 
different stages.   

Figure 13: The transformation behavior to -martensite and -martensite is illustrated as a function 
of applied strain. 

When looking at the individual grain level of sample A no -martensite or -martensite 
was observed in the probed grains before tensile loading. The on-set of -martensite and 

-martensite formation was observed at 2% and 5% strain respectively. The amount of -
martensite increased moderately at 3% and 5% strain. The diffracted intensity from -
martensite grains was sufficient for indexing with Graindex and the orientation of several 
-martensite grains were determined. One diffraction pattern at 3% applied strain is 

displayed in Fig. 14, demonstrating the austenite diffraction rings and two weak -
martensite spots (indicated with lines). 

Fig 14: Diffraction pattern recorded at 3% applied strain, where the three observed austenite 
diffraction rings {111}, {200} and {220}, and two weak -martensite spots are indicated.  
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4.3. Strain evolution 

Heat treatment and cold rolling generates residual stresses in AISI 301. Samples 
subjected to high cold rolling reduction have compressive residual strains in the austenite 
along rolling direction. Balancing tensile residual strains exist in the -martensite along 
rolling direction. In transverse direction, the opposite residual stress state is present with 
tensile residual strains in the austenite and balancing compressive residual strains in -
martensite. The residual stresses in -martensite could not be evaluated due to the low 
phase fraction. 

Samples subjected to a small cold rolling reduction (2%) have a different residual stress 
state, compared to the other samples. The residual stress state generated during heat 
treatment is retained and tensile residual strains were found in the austenite in both rolling 
and transverse direction. The low phase fraction of -martensite in these samples made it 
impossible to determine the residual strains in -martensite accurately, but one would 
assume balancing compressive residual stresses. This residual stress state is created 
during heat treatment due to the higher thermal expansion of the austenite, compared to 

-martensite. 

The hkl-dependent lattice strain evolution during the elastic and early plastic deformation 
is plotted in Fig. 15. As reported for single austenitic stainless steel {200} is the most 
compliant plane and therefore suffers the highest lattice strains, while {111} is the stiffest 
plane and suffers the lowest lattice strains. The two other planes, {220}, {311}, are in 
between these two limits. The austenite {111} deviates significantly from linearity at 
about the yield point, since it is the first crystallographic direction to plasticize. The hkl-
dependent lattice strains in -martensite also deviate from the linear increase. However, 
this occurs below the yield point and it is seen as a knee in the curve. The -martensite 
will in general suffer higher stresses than the austenite, which is attributed to normal 
composite behavior where load is transferred to the stronger phase.  

Figure 15: hkl-dependent lattice strains in the elastic and early plastic region (a) in austenite (b) in 
-martensite 

The hkl-dependent lattice strain evolution in the austenite was observed to change 
appearance at high applied strains, Fig. 16 (a). The behavior changes from a monotonic 
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increase to an oscillatory behavior, occurring at about 17% applied strain in sample B. 
Moreover, the slope of the hkl-dependent lattice strain curves deviate at the same applied 
strain. The general slope of {200} and {311} increase and the slope of {220} and {111} 
decrease.  

The evolution of peak broadening was also observed to change at high applied strains. A 
stepwise increase of the full width half maximum (FWHM) was observed and it is 
correlated with the stepwise transformation to -martensite, see Fig. 16 (b) where peak 
broadening and -martensite fraction are plotted together.  

Figure 16: (a) Evolution of hkl-dependent lattice strains (b) peak broadening evolution and -
martensite formation 

When studying the behavior of five individual austenite grains it was observed that all 
grains started to yield at about 0.2% applied strain, determined from the elastic strain 
evolution and the peak broadening evolution. The elastic strain when yielding started was 
however quite different in the five grains. Moreover, the final elastic strain had a large 
divergence, and the difference between the most compliant and the stiffest grain was 
observed to be 1.5x10-3. This large difference can not motivated by the elastic anisotropy 
between the grains (table 5). The Young’s modulus for the most compliant grain (grain 1) 
was 104 GPa, and the stiffest grain (grain 4) had a Young’s modulus of 236 GPa. Grain 4 
experiences the lowest measured elastic strain increase during elastic deformation, up to 
0.2% applied strain, but the behavior of the other grains can not be explained solely by 
the Young’s modulus. Grain 3 experiences the highest elastic strain even though it has an 
intermediate Young’s modulus and grain 5 experiences the second lowest strain even 
though it is the second most compliant grain. 

Plastic anisotropy was also a factor to consider and it involves the number of operational 
slip systems. From our data it looks like there is a difference in behavior among the 
grains, when plastic yielding has started. Grain 5 behaved almost ideal plastic after 
yielding at 0.2% strain, while the other grains showed a hardening behavior.  

The results from both elastic and plastic behavior point towards the importance of the 
local surrounding for individual grains. The behavior of individual grains is believed to 
be heavily affected by plastic anisotropy and constraint from neighboring grains. 
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Table 5: The Young’s modulus in tensile direction for the 5 studied austenite grains 
Grain ID #1 #2 #3 #4 #5 
Young’s modulus 104 GPa 151 GPa 170 GPa 236 GPa 132 GPa

Figure 17: the strain in tensile direction is plotted for five individual grains 

4.4. Texture 

A relatively strong texture is generated by cold rolling and tensile loading. Limited 
texture information was obtained during in-situ experiments, but they are consistent with 
more extensive investigations [32]. The texture in rolling direction was quantified by 
comparing integrated intensities of the respective crystallographic planes and a powder 
reference. The ratios indicate that cold rolling rotates the {111} , {110}  towards the 
rolling direction. The {220} , {311} , {200}  and {211}  become depleted in the same 
direction, while {200}  remain randomly distributed. The texture state after tensile 
loading along the rolling direction showed the same trends, but was more pronounced.   

4.5. Microstructure 

Samples with a small cold rolling reduction have an average grain size of about 40 µm, 
Fig. 18. In the more heavily cold rolled samples it is harder to determine the average 
grain size, but they appear to be smaller. This is explained by the extensive dislocation 
formation, creating subgrains and the -martensite formation which divide the austenite 
in smaller regions at high plastic strains. 
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Figure 18: Micrograph of AISI 301 sample A, suffering 2% cold rolling reduction 

Extensive stacking faults were observed at small applied strains and the early plastic 
deformation is dominated by slip, Fig. 19. At small plastic strains slip bands were 
observed as a banded structure, and -martensite occurred at dislocation pile-ups along 
these slip bands. This generated a banded structure visualized in three of the as-received 
samples. When the -martensite nucleus grows they will break this banded structure, 
since the -martensite will start to coalesce and form irregular block-shaped -martensite. 
This was observed for the heavily cold rolled samples and also for samples subjected to 
high tensile deformation. This type of behavior with coalescence at high plastic strains 
and high -martensite fractions are in accord with the results from Staudhammer et 
al.[39]. 
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Figure 19: TEM micrographs (a) sample A (2% cold rolling reduction (b) sample A after tensile 
deformation to 80% strain (c) sample B (23% cold rolling reduction) (d) sample D (42% cold 
rolling reduction) 



CHAPTER 5. GENERAL CONCLUSIONS 

28

5. General conclusions 

From my work so far on metastable stainless steels and the deformation induced 
martensitic transformation I would like to conclude: The deformation behavior of 
metastable stainless steels is complex, due to the deformation induced martensitic 
transformation. It is hard to investigate this martensitic transformation by conventional 
techniques, due to its speed. Moreover, it is necessary to study the bulk behavior of these 
steels, since there is a major difference in structure at the surface and in the bulk. A novel 
x-ray diffraction approach was therefore utilized in this work for bulk studies of both 
average and individual grain behavior. 

The transformation from austenite to both -martensite and -martensite was observed 
during deformation of AISI 301. The -martensite was observed to form in a parabolic 
behavior and -martensite formation is more dominant than -martensite formation in the 
beginning of plastic deformation. Hence, it would be interesting to further evaluate the 
influence of the -martensite formation on the mechanical properties. 

The transformation to -martensite had a different behavior, and it was observed to occur 
in three different stages of transformation. The completely different transformation 
behavior of -martensite compared to -martensite suggested that the -martensite is not a 
transition phase to -martensite, which has been reported previously in the literature. 

A hypothesis was presented to explain the three stages of transformation to -martensite. 
The first stage is the nucleation of -martensite, probably at dislocation pile-ups seen in 
TEM micrographs. The second stage involves further nucleation of -martensite and 
moderate growth. The TEM micrographs at moderate deformation demonstrate a regular 
banded structure with slip bands and rather small -martensite. The third stage involves 
bursts of -martensite and then yielding without any transformation. This stage is 
believed to be a rapid transformation by growth of the existing -martensite nucleuses. It 
was further hypothesized that the -martensite is semicoherent with the austenite during 
the first and second stage of transformation. However, in the third stage they grow 
considerably and this is believed to cause a loss of coherency between austenite and -
martensite. The hypothesis is strengthened by several observations in accordance with the 
stepwise behavior of -martensite: The -martensite has a block-shaped morphology at 
high plastic strains, demonstrating coalescence of -martensite grains. The peak 
broadening in austenite was observed to be stepwise, corresponding to the bursts in -
martensite transformation. This was interpreted as a stepwise division in smaller austenite 
domains, by loss of coherency at the phase boundaries. The oscillation of lattice strains 
was believed to demonstrate coherency strain relaxations when coherency was lost. 

The deviation of hkl-dependent lattice strains in -martensite might also be caused by the 
incoherency. The -martensite will loose the compressive misfit strains when the 
coherency is lost, and this might generate a deviation from the linear behavior.  
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6. Future work 

Further studies on the transformation from austenite to -martensite and -martensite are 
necessary to map the transformation events. 

The single grain technique will be utilized at high plastic strains to map the 
transformation events at the three different stages, observed with the average 
grain technique. 
Modeling of the critical nucleus size and strain for coherent boundaries will be 
evaluated using FEM. 
Modeling of dislocation formation and movements at the interface will also be 
established. 
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Peter Hedström* and Magnus Odén 
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Abstract 
A high energy SAXS/WAXS setup for time resolved structural characterization of polycrystalline 
bulk materials is presented. Structures from the nanometer to the mesoscopic scale can be studied. 
The combination of SAXS and WAXS enables in-situ studies of: stress, strain, texture and 
particles size and morphology. Experiments were performed at 1-ID at the Advanced Photon 
Source (APS) and the high energy x-rays provide good penetration depth, high focus ability and 
collimation. Hence, studies of small domains embedded in the bulk of polycrystalline materials are 
enabled. In addition to the traditional average grain studies with WAXS, the characteristics of the 
x-rays and the development of analysis software have facilitated studies of individual grains 
embedded in the bulk. 

High energy SAXS/WAXS is demonstrated in four scientific examples. The martensitic 
transformation in a metastable stainless steel was studied during tensile deformation. The 
transformation from austenite to -martensite occurs stepwise, which could be attributed to 
different stages of nucleation and growth. The behavior of individual bulk grains was also studied 
for metastable and duplex stainless, and this will provide valuable data for material models 
incorporating individual grains behavior. Finally, the potent combination of SAXS and WAXS is 
demonstrated by a study of spinodal type decomposition. The SAXS/WAXS technique and the 
setup at 1-ID, APS is proven to be a powerful tool for structural characterization during in-situ 
studies. 

Keywords: High energy synchrotron radiation, Small Angle X-ray Scattering, X-ray diffraction, 
Stainless steels 

Introduction
Advanced engineering materials have complex morphological structures with anisotropic 
properties that are influenced by residual stresses generated during synthesis and processing. The 
ever increasing demand for computer simulation and prediction of material behavior caused by the 
different processing, calls for better and more detailed material models. To generate these material 
models a good fundamental knowledge of the micro- and macroscopic structure of the material is 
necessary. 

There has been a lack of experimental techniques for characterization of bulk materials with a high 
spatial resolution. Previously used techniques include SEM, TEM, x-ray diffraction (XRD) and 
neutron diffraction. However, these are either restricted to studying: the surface of a material 
(XRD, SEM), thin foils of the material (TEM), or lack the requested spatial resolution (neutron 
diffraction). Today, bulk studies with high spatial resolution are enabled by the use of high energy 
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synchrotron radiation sources. In-situ studies of for instance recrystallization and the deformation 
of individual grains in polycrystalline aluminum has been performed with a submicron spatial 
resolution and a strain resolution of 10-4 [1-3].  

In the present paper, the combination of two different characterization techniques SAXS and 
WAXS, employing high energy x-rays is discussed. The combination of the two techniques 
enables studies from the nanometer to the mesoscopic scale. This is demonstrated in four different 
scientific examples: three in-situ studies of stainless steels and one in-situ study of spinodal type 
decomposition in a coating. 

High Energy Synchrotron radiation 
Synchrotron radiation has positively affected many different scientific fields, such as biology, 
physics, chemistry and material science. The brilliance of the synchrotron radiation is a major 
benefit, compared to conventional sources as the sealed x-ray tube. Today, there are three high 
energy synchrotron sources of the 3rd generation: Advanced Photon Source (APS) in Chicago, 
USA; European Synchrotron Radiation Facility (ESRF) in Grenoble, France; and Super Photon 
ring 8 (SPring 8) in Harima, Japan. The high energy x-rays (>50 keV) produced in these 
synchrotron sources provide several scientific benefits, compared to traditional CuK  (8 keV). The 
high energy x-rays have much better penetration depth and the maximum feasible penetration 
depth in steel is about 9 mm, compared to CuK  with a penetration depth of about 2μm in steel[4]. 
The high brilliance creates the possibility for a well focused and collimated beam, i.e. a small spot 
size with a small divergence[5]. The white beam generated by the synchrotron source can also be 
tuned for a wide range of energy levels with the use of monochromators, i.e. selection of 
wavelength suitable for the specific experiment. Another benefit is that the small wavelengths 
induce small Bragg angles of the diffracted beam and thus creating the opportunity to collect 
several Debye rings on an area detector. Fast area CCD-detectors and the high brilliance x-rays 
enables time resolved studies of for instance phase transformations. 

These features of the high energy synchrotron radiation have enabled a lot of new scientific 
progress in material science. The study of individual grains inside a polycrystalline bulk material 
has been, and still is a hard task. However, with the use of high energy x-rays this is now 
possible[6]. Extremely small domains have been studied, for instance local strain was obtained in 
10 nm domains of semiconductor devices[7]. Ultra fast processes can now be studied and novel 
experiments have been performed. Abbamonte et al.[8] showed the density disturbance in water 
with a resolution of 41.3 attoseconds (41.3 x 10-18 s) and 1.27 Å. Lindenberg et al.[9] and 
Cavallieri et al.[10] studied surface melting with femtosecond (10-15 s) resolution. The increased 
time resolution will open up a new field of studies in material science when chemical processes 
can be followed in real-time. The requirement for these time resolved studies are extremely fast 
detectors and pulsed x-ray sources with high peak brilliances, which can be enabled by the x-ray 
free electron lasers[11]. 

SAXS/WAXS setup 
Combining Wide Angle X-ray Scattering (WAXS) and Small Angle X-ray Scattering (SAXS) is a 
powerful tool for structural characterization of various materials. Using the high brilliance 
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synchrotron radiation and fast CCD-detectors enables kinetic studies of materials from the atomic 
level up to the mesoscopic level. 

WAXS or x-ray diffraction is a commonly used characterization technique where inter-atomic 
distances are measured. Phase determination, phase quantification, strain/stress and texture can 
then be deduced. SAXS is a characterization technique for studying particles in the nanometer 
range, typically from 1 to 300 nm. 

The high energy SAXS/WAXS experiments in this paper were performed at beamline 1-ID, APS. 
The high energy regime at 1-ID is between 50-100 keV with the normal configuration. The white 
radiation was produced by an APS undulator A, and then made monochromatic by a 
monochromator consisting of two perfect Si (111) crystals. The probe size can be set between 
0.005x0.02xsample thickness mm3 to 1x1xsample thickness mm3. The experiments were 
conducted in transmission geometry, see Fig. 1. High energy x-rays are transmitted through the 
sample and the scattered x-rays are detected by two detectors. The type of detector depends on the 
specific experiment, where CCD-detectors are faster and image plates (IP) have less spatial 
distortion. The front detector is for the WAXS signal and the back detector is for the SAXS signal. 
As mentioned earlier, relatively thick samples can be analyzed, this ensures testing of the bulk 
material rather than the surface. There are three different modes of the setup: 

SAXS/WAXS mode 
WAXS mode 
SAXS mode 

In SAXS/WAXS mode the WAXS detector is kept on the side of the direct beam, which enables 
simultaneous SAXS and WAXS measurements. The WAXS detector is mounted on a translation 
stage connected to a stepping motor. Thus, it can be moved in and out of the direct beam (in y-
direction). In WAXS mode when complete Debye rings are required the WAXS detector is 
centered about the direct beam. Correspondingly, in SAXS mode when separate SAXS 
measurements are required the WAXS detector is translated out in the periphery (out from the 
direct beam). The sample stage is placed in an Euler cradle on a translation stage, enabling precise 
movements of the sample in x, y, z and rotation along  and .
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In-situ experiments can be performed in different kind of environments. In this setup tensile test is 
demonstrated, but for instance heating experiments have also been performed, using a high 
temperature furnace. 

z y
x

SAXS detector

Scattered beam

Beam stopper

WAXS detector

Scattered beam

Slits

Applied load

Direct beam

Monochr.

Figure 1: Schematic of the high energy SAXS/WAXS setup at 1-ID, APS. 

WAXS 

Phase determination and quantification 

Qualitative phase analysis is performed by comparing the experimental diffraction patterns with 
theoretical diffraction patterns. Phase quantification can be evaluated by the direct comparison 
method[12]. For a sample with randomly oriented grains the volume fraction of different phases 
can be formulated as. 
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Where V is the volume fraction, I the integrated intensity, R the theoretical intensity, v the volume 
of the unit cell, F the structure factor, p the multiplicity and e-2m is the temperature factor. The 
original equations were deduced for two-phase materials, but it is also valid for multi-phase 
materials[13]. 

The validity of this formula for highly anisotropic two-phase materials has also been proven, by 
studying heavily cold rolled steels (up to 93% reduction)[14]. However, the reliability of the 
quantification for anisotropic materials is enhanced if diffraction patterns are collected for many 
sample orientations. Thus, there is a major benefit with area detectors since 360 degrees in  ( ) is 
collected in a single image. To make use of the area detectors the integrated intensity of the 
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diffraction peaks is first determined by a least square fit of a suitable function, e.g. Pseudo-Voigt. 
Subsequently, the integrated intensities from the different Debye rings are summed up along ,
Fig. 2. 

Figure 2 a) 2-d diffraction pattern from a metastable stainless steel and b) the diffraction pattern 
when integrated intensities are summed up along , phases ( , , ) are indicated. 

Strain & stress 

When stresses are present lattice spacing is different in diverse sample directions, and this can be 
used for strain measurements[15]. For area detectors the measured Debye rings and the sample 
orientation are related by the expression[16]: 

=+++++
θ
θεεεεεε

sin

sin
ln 0

333323231313222212121111 ffffff   (3) 

Where fij are the individual strain coefficients determined by a matrix operation. Ln (sin 0/sin )
determines the Debye ring distortion at each azimuthal angle and sample orientation. Thus, the 
individual strain coefficients can be determined by collecting diffraction patterns at different 
sample orientations. Peak locations are determined by a least squares fit of a suitable function and 
a precise measurement of the strain free inter-atomic distance, d0 is required. This is obtained by 
measuring a powder of the same composition. Hence, the strain tensor can be calculated using the 
single value decomposition method, for over determined equation systems. It is necessary to have 
a good calibration of all experimental parameters, e.g. sample to detector distance, x-ray 
wavelength and centre of detector. Therefore, a reference powder (e.g. CeO2) is normally attached 
to the sample for calibration purposes. By recording diffraction patterns from the reference 
powder, calibration of experimental parameters is obtained momentarily. 

Texture 

Preferred orientation or texture is evaluated by diffraction patterns from different sample 
orientations, in . The use of x-rays with a high flux and area detectors saves time, compared to 
traditional x-ray sources or neutrons. Several complete Debye rings can be collected at the same 
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time, and by rotating in  pole figures can be obtained in a matter of minutes. In time resolved 
studies of for instance phase transformations or recrystallization it is possible to calculate an ODF 
(Orientation Distribution Function) from a single image frame[17]. 

Single Grain technique 

The use of x-rays with high penetration depth and the ability to collimate the beam enables studies 
of individual grains deeply embedded in a polycrystalline material. The beam is collimated to a 
small size (>5x20 μm2), depending on the grain size. Thus, only a limited volume is probed by the 
collimated beam, and this will generate a spotty diffraction pattern, see Fig 3. Indexing of these 
spotty peaks are well established for single crystals, but quite unusual in polycrystalline materials. 
Each spot belong to a specific grain and {hkl} and it is possible to index these spots thanks to a 
software (Graindex) developed by Lauridsen et al.[18]. By rotating the sample in  and recording 
a diffraction pattern every degree a complete and precise indexing of the grains can be achieved. 
However, one limitation is the broadening of diffraction peaks for large mosaicity, which can 
cause peak overlap. By using a conical slit[19] the probed volume in the beam direction can be 
decreased, i.e. reducing the probability of peak overlap. 

The indexing procedure in Graindex consists of several steps. Diffraction patterns collected at 
different -orientations are searched for spots. When all spots are found, spots originating from 
the same grain and {hkl} are sorted together, i.e. reflections. The experimental reflections are 
compared with theoretical reflections and reflections belonging to the same grain are grouped 
together. The output from Graindex is a list of grains and their orientation, which could be fitted to 
the theory. The list contains both the experimental reflections and where the theoretical reflections 
should be located. 

The determination of strain, stress and preferred orientation are then done according to the 
conventional techniques, mentioned earlier. The difference is that only spots belonging to one 
individual grain is included in the analysis. 

Figure 3: Diffraction pattern with spotty peaks. 

SAXS

Small Angle X-ray Scattering (SAXS) is a technique for characterizing particles in the nanometer 
range, typically from 1 to 300 nm. For instance, in a material with precipitates it is possible to 
determine both the size of the precipitates and the morphology. The technique resembles WAXS, 
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but since the particles are much bigger than lattice spacings the scattering angle is much smaller. It 
is possible to observe Bragg peaks in SAXS, but the spacing is then on the order of tens of 
nanometer. However, mostly there is no apparent feature of the SAXS data. There are a few direct 
analysis methods which provide information based on the background subtracted SAXS image 
without further manipulation. At very small angles, in the Guinier region the shape of the 
scattering can give information on the radius of gyration, i.e. the size of particles with arbitrary 
shape. At higher angles, if it is a system with identical particles it might be possible to see broad 
peaks, which would give information of the shape of the particles. At even higher angles, in the 
Porod region, the shape of the curve is used for obtaining information of the surface to volume 
ratio of the scattering particles and it can be used for information of the particle size. Finally, the 
area under the scattering curve is a measure of how much scattering material is illuminated by the 
beam. 

All the direct methods are based on well-defined assumptions, and when the methods and their 
assumptions do not apply it becomes necessary to use Fourier transformation, fractal analysis or 
paracrystal analysis[20]. 

Scientific examples 

Metastable stainless steel 

The properties of metastable stainless steels are significantly influenced by the deformation 
induced transformation from austenite to martensite. It is therefore of importance to have profound 
knowledge on the governing parameters of the martensitic transformation. The transformation 
from austenite to -martensite is a selection process between 24 different crystallographic variants, 
which is determined by both the microstrain and macrostress generated during deformation. 
Despite the importance of the local stress and strain state for the martensitic transformation in 
metastable stainless steels only a few studies deal with this experimentally[21, 22]. The intention 
was to study the microstrains and -stresses during deformation, and thus in-situ studies of the 
transformation and the strain evolution was conducted. 

In-situ studies of the martensitic transformation in AISI 301 

Four samples of AISI 301 subjected to different cold rolling reductions were studied, employing 
in-situ WAXS during tensile tests. Evolution of phase fractions, texture and microstrains were 
continuously determined. The in-situ experiments were also complemented with optical 
microscopy and TEM. The austenite was seen to transform into  -martensite and -martensite, 
previously reported for other metastable stainless steels[13]. The transformation from austenite to 

-martensite is stepwise (Fig. 4), attributed to different stages of nucleation and growth, which is 
supported by microstrain and microstructure evolution. 
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Figure 4: Evolution of -martensite during uniaxial tensile test in AISI 301, subjected to different 
cold rolling reductions (2%, 23%, 36% and 42%). 

In-situ study of single grain behavior in AISI 301 

One individual grain in the bulk of AISI 301 was studied during tensile test. Diffraction patterns 
were recorded at six load levels up to about 5% strain and the strain tensor was determined at each 
load level. Both -martensite and -martensite formed during deformation, and with the orientation 
relationship between austenite and -martensite (K-S) it could be concluded that -martensite 
formed in the studied grain. 

Grain interaction in duplex stainless steels 

The highly anisotropic properties of duplex stainless steels is primarily due to three factors: (1) the 
crystallographic texture which is different in the two phases; (2) the residual stress state which is 
also different in the two phases; and (3) the interaction/ confinement of plastic deformation by the 
two phases[23-27]. However, the interaction between individual grains has not previously been 
studied. In this study, the strain/stress response of individual grains and phase domains was 
studied, utilizing the single grain WAXS technique. Several grains were studied and the micro 
stress and orientation evolution of these grains will generate data for modeling and contribute to 
the understanding of grain interaction in duplex stainless steels. 

In-situ SAXS/WAXS study of spinodal type decomposition 

The SAXS/WAXS technique was employed for characterization of spinodal type decomposition in 
Ti1-x-Alx-N coatings. Ti1-x-Alx-N coatings, commonly used on wear tools, retain their hardness at 
elevated temperatures and show superior high temperature stability. The retained hardness at 
elevated temperatures is attributed to a strengthening by formation of coherent nanoparticles of c-
TiN and c-AlN, by spinodal decomposition[28, 29]. The kinetics and the size and morphology of 
the nanoparticles are unknown and the aim of the experiment was to characterize these features by 
employing in-situ SAXS/WAXS during heating up to 1100°C. Samples of different compositions 
were studied and the heating rate was also varied. The data was analyzed with the software IGOR 
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and the results show that nanoparticles form at about 800°C, Fig. 5. However further data analysis 
is required to obtain strain/stress development, texture evolution and the size and morphology of 
the nanoparticles. 
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Figure 5: X-ray scattering intensities in Ti1-x-Alx-N coating, at different annealing temperatures. 

Conclusions
High energy synchrotron radiation enables time resolved bulk studies of polycrystalline 
materials. 
The demonstrated SAXS/WAXS setup is an efficient tool for structural characterization 
during in- or ex-situ studies. Strain, stress, texture, phase amounts, and particles size and 
morphology can be deduced. 
The single grain technique is valuable for generating more experimental data on the 
interaction between individual grains. The technique was demonstrated for metastable 
and duplex stainless steels and this data will provide input for material models, 
incorporating the response of individual grains. 
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Abstract 
The effect of microstrains and microstructure on the martensitic transformation in metastable 
stainless steel AISI 301, cold rolled to different reductions, was investigated. High-energy x-ray 
diffraction was employed to study the lattice strain, phase and texture evolution during in-situ 
tensile deformation. Local microstructure was also examined ex-situ using TEM, EBSD and 
optical microscopy. At high applied plastic strains, the lattice strain evolution in the austenite was 
found to be oscillatory, which is correlated with an observed stepwise transformation from 
austenite to -martensite as well as changes in x-ray peak broadening in the austenite phase. The 
stepwise transformation has not previously been reported, however, it could be explained by three 
different stages of nucleation and growth, consistent with the general theory of martensitic 
transformation. The formation of -martensite was also observed and it was concluded that -
martensite forms independently from the -martensite, i.e. it is not a transition phase. 

Keywords: Stainless steels, Deformation induced martensitic transformation, X-ray diffraction 
(XRD), Synchrotron radiation, Residual stresses 

Introduction
Metastable stainless steels possess good mechanical properties combined with a high corrosion 
resistance. In their undeformed (annealed) state they are fully austenitic, but partially transform to 
martensite during deformation. The mechanical properties are highly influenced by this phase 
transformation. After annealing, metastable stainless steels have large ductility, caused by the 
TRIP-effect (Transformation Induced Plasticity)[1]. Their strength increases significantly during 
cold rolling due to densified dislocation structure and increased martensite volume fraction[2]. 

The martensitic transformation has been widely studied, but due to its complexity it is still not 
fully understood. The phase transformation is diffusion less and fast (1100 m/s)[3]. Two possible 
martensite phases form in stainless steels, cubic martensite ( ) and hexagonal martensite ( ). It has 
been suggested that the nucleation sites for -martensite are dislocation pile-ups on active slip 
planes, while -martensite forms from overlapping stacking faults[4, 5]. -martensite is the most 
common transformation phase and the true strain generated by the geometrical transformation 
from austenite to -martensite has been reported to be 0.011[6]. The martensitic transformation is 
strain induced at ambient temperature, and stress induced at low temperature [7].  The 
transformation is enhanced by low temperatures, low strain rates and large grain sizes [8, 9] and 
also influenced by alloy composition and the mode of deformation [10, 11]. 

Magee et al.[12] has shown that the transformation to -martensite involves a selection process 
between 24 different crystallographic variants, which is determined by both the microstrain and 
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macrostress generated during deformation. Despite the importance of the local stress and strain 
state on the martensitic transformation in metastable stainless steels, only a few studies have dealt 
with this experimentally. Taran et al. [13, 14] studied the lattice strains in austenite and -
martensite for a metastable stainless steel during low and high cycle fatigue, employing neutron 
diffraction. They found that the lattice strain evolution in austenite was quite similar to previous 
results on single phase austenitic steels [15]. However, for high cycle fatigue the lattice strain in 
the -martensite was found to deviate from linearity at the stress level where bulk plasticity occurs. 

In the present work, we report on the lattice strain evolution and accompanying martensitic 
transformation in metastable stainless steel AISI 301 during tensile deformation. In-situ x-ray 
diffraction measurements were performed on samples subjected to different cold rolling 
reductions. High-energy x-rays were used to ensure that the bulk, rather than surface, response was 
sampled. These measurements were complemented with TEM, EBSD and optical microscopy for 
ex-situ microstructural characterization.  

Experimental 

Material 

The metastable stainless steel studied was AISI 301 in sheet form, supplied by Outokumpu 
Stainless. The composition by wt% was beside the balancing Fe:  17.55 Cr, 7.67 Ni, 1.23 Mn, 0.55 
Si, 0.31 Mo, 0.25 Cu, and 0.1 Co, with other elements less than 0.1. In order to study the influence 
of cold rolling, steel sheets of varying thickness were fabricated from the same coil. All sheets 
were cold rolled from the initial material of 1 mm thickness to the indicated reductions in table 1, 
by multi-pass rolling. Mechanical properties were first determined by ex-situ tensile testing, Fig. 1. 
Tensile test samples were produced according to ASTM-standards and the tensile direction 
corresponds to rolling direction. A typical micrograph of sample A is displayed in Fig. 2. 

Table 1: Data for the 4 investigated sheets of AISI 301 

Sample Thickness Reduction
A 0.98 mm 2% 

B 0.77 mm 23% 

C 0.64 mm 36% 

D 0.58 mm 42% 
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Figure 1: Stress-strain curves for the 4 investigated sheets of AISI 301 

Figure 2: Micrograph of AISI 301, suffering 2% cold rolling reduction 

In-situ x-ray diffraction during tensile test 

In order to study the martensitic transformation during deformation, in-situ x-ray diffraction during 
tensile testing was employed. Tensile samples were cut along rolling direction from the four steel 
sheets using laser cutting. Pulsed Nd-YAG laser and employed settings ensured a low heat input. 
The heat affected zone was estimated to be about 20 µm from the edges, i.e. no overlapping with 
the x-ray probe volume occurred during the experiments. The in-situ experiments were carried out 
at the synchrotron beamline 1-ID, at the Advanced Photon Source. The use of high energy x-rays 
enabled the use of transmission geometry, even though the sample thickness ranged from 0.58 mm 
to 0.98 mm. This ensures testing of the bulk material response, rather than the near surface. 

The experimental setup is given in Fig. 3. Diffraction patterns were recorded by an area detector 
(Bruker 6500 CCD), placed 552 mm behind the sample, with an x-ray energy of 80.72 keV. This 
setup enabled at least three diffraction rings for each phase to be studied. The exposure time for 
each image was approximately 15 s with an additional 10 s needed for the CCD readout. Therefore 
data was continuously recorded every 30 s during the in-situ loading. The strain rate during tensile 
loading of the four samples was 10-4 and an extensometer was mounted on the samples to record 
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the applied strain. The load was also continuously recorded from a load cell. The extensometer 
imposed some restrictions on sample movement and it was not possible to rotate the sample in 
during the tensile tests. For grain statistics the sample was instead moved in the vertical (loading) 
z-direction during the scans. The probe volume was about 1.2 x 0.4 x sample thickness (0.58-0.98) 
mm3.

Figure 3: High-energy x-ray diffraction setup at 1-ID, Advanced Photon Source (APS) 

Quantitative phase analysis 

The phase fractions were determined from diffraction data by the direct comparison method. The 
integrated intensity of the diffraction peaks were determined by a least square fit to a Pseudo-Voigt 
function. Peaks used were {111} , {200} , {220} , {311} ; {110} , {200} , {211}  and {100} ,
{101} , {102} . The integrated intensity from the different diffraction rings were subsequently 
summed up along the azimuthal angle .

For a sample with randomly oriented grains the integrated intensity from a peak in the diffraction 
pattern can be formulated as [16]. 
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Where the volume fractions follow V +V +V =1 (6).  K2 and μ are constants and since all 
measurements were performed at room temperature e-2m is also constant. Thus, the volume fraction 
of the individual phases can be calculated by: 
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Dickson demonstrated the validity of this procedures for highly anisotropic, two-phase materials 
by studying heavily cold rolled steels (up to 93% reduction) [18]. 

Lattice strain measurements 

The principle of the conventional x-ray diffractometry strain technique, that lattice spacing is 
different in diverse directions of the sample was utilized [19]. However, when area detectors are 
used more general equations are required. The measured diffraction rings and the sample 
orientation are related by the expression [20]: 

=+++++
θ
θεεεεεε

sin

sin
ln 0

333323231313222212121111 ffffff   (8) 

Where fij are the individual strain coefficients determined by the sample orientation and detector 
azimuthal angle. By measuring the Bragg angle θ at a number of azimuthal angles and a single 
sample orientation, three strain coefficients can be determined, while use of multiple sample 
orientations permits all six of the strain coefficients to be determined. In our case, restrictions in 
sample setup limited measurement to a single orientation, so that only three components ( 11, 12,

22) could be determined.  Peak locations θ were determined at a number of azimuths (fij values) 
by a least squares fit to a Pseudo-Voigt function. The strain free angle θ0 (and related unstressed 
spacing d0) was approximated by its average azimuthal value. The three εij were then solved 
through use of the singular value decomposition method[21]. 

Characterization of local microstructure 

Transmission electron microscopy samples from the four cold rolling reductions were studied both 
before and after uniaxial tensile deformation. Samples were prepared by cutting 3 mm discs, 
mechanical polishing ending with 1 micron diamond paste, and then final thinning by electro 
polishing on a Struers dual jet electro polisher. Settings for the electro polishing were 12V, -20C
and the electrolyte was 125 ml perchloric acid, 200 ml ethanol and 800ml methanol. TEM 
investigations were performed with a JEOL JSM-2000EX, operated at 200kV. 

Results 

Quantitative phase analysis 

The diffraction patterns revealed that three phases were present in all samples. Austenite and -
martensite occurred in quite significant amounts, and low intensity peaks from -martensite could 
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be distinguished by thorough examination. Fig. 4 shows a 2-dimensional diffraction pattern and 
the 1-dimensional projection, where phases are indicated. 

Figure 4: (a) 2-dimensional diffraction pattern of sample A suffering 80 % strain during tensile 
loading (b) 1-dimensional projection (integrated intensity for 10 degrees in azimuth ( )) of (a) 

Transformation curves from austenite to -martensite for the four different samples are displayed 
as a function of applied strain in Fig. 5. The transformation curve for sample A has three 
characteristic stages. Before the martensitic transformation starts there is a stage were stresses and 
strains are built up in the structure. In this stage, there is minimal -martensite formation, with 
only small fractions forming upon loading. Secondly, at about 20% strain a stage of continuous 
transformation starts. The third transformation stage is a stepwise transformation where -
martensite rapidly forms and then yielding continues without any transformation, and this occurs 
repeatedly. Tensile tests were aborted before failure due to limits of the in-situ loading rig, and it 
was therefore not possible to determine if the transformation reaches a saturation level. The 
transformation curve for sample A has a sigmoidal shape, except for the stepwise transformation.  
Both the sigmoidal-shaped transformation curve and occurrence of a saturation level of -
martensite transformation have previously been reported [10, 22].  

Transformation curves for samples subjected to higher cold rolling reductions (B-D) have similar 
characteristics as the transformation curve of sample A. However, there are differences due to the 
initial plastic deformation introduced by cold rolling. Clearly, the initial amount of -martensite is 
increased with increasing cold rolling reduction. Since a considerable amount of deformation 
already has occurred for samples B-D, the first plateau stage is absent. Transformation curves of B 
and C start from the linear transformation, while D with the highest cold rolling reduction (42%) 
starts from a plateau in the stepwise transformation. Overall, the -martensite fraction tends to 
reach a higher level for samples which have a higher degree of cold rolling reduction.  
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Figure 5:  -martensite phase fraction as a function of applied strain for sample A-D. 

The formation of -martensite has a different behavior, Fig. 6, compared to -martensite. The 
threshold of initial plastic strain, before transformation starts, is lower or non-existent for sample 
A. All samples show a parabolic transformation behavior when the initiation stage is excluded. For 
samples B-D the transformation begins immediately. All curves saturate at a -martensite volume 
fraction of 4-5%, before tensile loading was aborted. Comparing the samples, initial cold rolling 
clearly increases the degree of -martensite transformation.  

Figure 6: -martensite phase fraction as a function of applied strain for sample A-D. 

Lattice strain evolution 

Based on the statistical error in the diffracted intensity, it was possible to determine the hkl-
dependent lattice strains for two crystallographic planes in -martensite: {200}, {211}; and for all 
crystallographic planes in austenite. Due to the low phase content of -martensite, it was not 
possible to accurately determine the lattice strains in this phase. For samples subjected to high cold 
rolling reduction, compressive residual strains were found in the austenite along the rolling 
direction. Balancing tensile residual strains were found in the -martensite. Along the transverse 
direction tensile residual strains in the austenite and compressive residual strains in the -
martensite were found. The residual strains in transverse direction were, however, significantly 
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lower than along the rolling direction. Sample A with only a small cold rolling reduction 
experienced tensile residual strains along both rolling and transverse directions in the austenite.  

Hkl-dependent lattice strains, in sample D, are plotted verses applied stress to exemplify the lattice 
strain behavior in the elastic and early plastic region (Fig.7). As reported for single austenitic 
stainless steel [23, 24] {200} is the most compliant plane and therefore suffers the highest lattice 
strains, while {111} is the stiffest plane and suffers the lowest lattice strains. The two other planes, 
{220}, {311}, are in between these two limits. At an applied stress of about 1000 MPa there is a 
clear deviation from linearity in the {111} austenite peak, which is not apparent in other hkl 
directions. For -martensite a deviation is noted for both {200} and {211}. 

Figure 7: hkl-dependent lattice strains in both the tensile and transverse direction for sample D, 
heaviest cold-rolling (a) austenite (typical error is 10-4) (b) martensite (typical error is 2x10-4).

In Fig. 8, the hkl-dependent lattice strains in the austenite are shown as a function of the applied 
strain for all samples. The lattice strains increase with increasing applied strain, and just above the 
yield point they increase in a linear manner.  Above a certain level of plastic strain, however, the 
increase becomes non-linear. This inflection point is most obvious in sample B, where the slopes 
decrease for {200} and {311} and increase for {220} and {111} at an applied strain level of 
approximately 17%. In addition to this inflection points, the lattice strains also show higher-
frequency changes as a function of applied strain, suggesting step-like behavior. This is supported 
by the austenite full-width at half-maximum (FWHM) data given in Fig. 9, where a stepwise 
increase in the peak broadening is evident at high applied strains. In between the steps, a slight 
decrease in FWHM is observed. In Fig. 10 the FWHM for sample B is plotted together with the -
martensite evolution. It is clear that the observed steps in peak broadening coincide with the 
stepwise formation of -martensite. 
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Figure 8: hkl-dependent lattice strain as a function of applied strain, (a)-(d): sample A-D, typical 
error is 1.5x10-4



Hedström, Lienert, Almer and Odén: Paper II 

58

Figure 9: hkl-dependent FWHM as a function of applied strain, (a)-(d): sample A-D, typical error 
is 0.04 

Figure 10: hkl-dependent FWHM in the austenite, and  -martensite volume fraction as a function 
of applied strain in sample B. Stepwise transformation events are indicated by the vertical lines. 
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Texture evolution 

The texture evolves, both during cold rolling and tensile deformation. The obtained texture 
information was limited in that only two of the three orthogonal orientations were sampled. 
However, the degree of texture can be quantified by comparing the integrated intensities 

P(hkl)phase, along the rolling direction. These values are plotted as ratios of Pphase= i=1

n
 P(hkl)iphase

(9) in table 2. The intensity ratios from a random powder sample [25] are also plotted as a 
reference. The ratios indicate that cold rolling rotates the {111}  and {110}  towards the rolling 
direction. The {220} , {311} , {200}  and {211}  intensities become depleted in the same 
orientation, while {200}  remain nearly randomly distributed. The texture state after tensile 
loading along the rolling direction showed the same trends, but was more pronounced. 

Table 2: Ratios of integrated intensities, P(hkl)phase and Pphase= i=1

n
 P(hkl)i

phase for quantification of 

the texture along rolling direction. 

Sample P(111) /P P(200) /P P(220) /P P(311) /P P(110) /P P(200) /P P(211) /P
D* 0.80 0.13 0.02 0.05 0.90 0.05 0.05

D** 0.81 0.15 0.00 0.03 0.92 0.04 0.04

Ref*** 0.50 0.22 0.13 0.15 0.67 0.13 0.20
*cold rolled 
**cold rolled+loaded in tensile test 
***Powder reference [25] 

Local microstructure 

The dominant deformation mechanism during cold rolling in the early plastic region is slip. Slip 
bands are present in sample A after 2% cold rolling reduction, Fig. 11 (a). The dislocation density 
is quite low due to the small plastic deformation. There is an extensive formation of stacking faults 
in sample A, and both austenite and -martensite were distinguished in the microstructure. -
martensite was located at dislocation pile-ups, mainly at slip band intersections, as reported by 
other authors [4]. As the cold rolling reduction increases, the dislocation structure gets more dense 
and entangled, and the amount of -martensite increases. -martensite could not be distinguished 
in the microstructure, which is attributed to the small fraction of this phase coupled with the fact 
that TEM is probing a very restricted volume. Slip band formation is more obvious in sample B, 
Fig. 11 (b), subjected to 23% cold rolling reduction. A tight banded structure is distinguished, 
consisting of both dislocations and -martensite. This well defined banded structure is, however, 
lost with further cold rolling reduction as in sample D, Fig. 11 (c). When excessive amounts of -
martensite form, this banded structure vanishes, as in sample A after tensile testing, Fig. 11 (d).  



Hedström, Lienert, Almer and Odén: Paper II 

60

Figure 11: TEM micrographs (a) sample A after cold rolling, (b) sample B after cold rolling, (c) 
sample D after cold rolling, (d) sample A after both cold rolling and tensile loading. 

Discussion 
The objective of this work was to study the influence of microstrain, texture and microstructure on 
the martensitic transformation in metastable stainless steels. In-situ diffraction measurements 
during tensile loading, using high-energy synchrotron x-rays was employed. The use of high-
energy x-rays generates major advantages compared to x-rays with more moderate energies, since 
it enables bulk measurements with a superior penetration depth, and the use of a synchrotron 
source and area detector enables fast data acquisition of two-dimensional data. As a measure of 
comparison, the maximum feasible penetration depth in steels is about 2 µm using CuK  radiation, 
and above 9 mm for high energy x-rays[26]. 

The data shows that residual stresses exist in the material due to the thermal and mechanical 
treatments associated with processing. During cold rolling austenite will plastically deform to a 
greater extent than the -martensite, since it is the softer phase.  This gives rise to a residual stress 
partitioning between austenite and -martensite, with compressive stresses in the austenite and 
balancing tensile stresses in the –martensite along rolling direction. This effect is clearly seen for 
samples B-D.  Sample A, with only 2% cold rolling reduction, retains some of the residual stresses 
generated during the heat treatment prior to cold rolling. After heat treatment, when the steel is 
cooled, tensile stresses develop in the austenite due to its higher coefficient of thermal expansion 
compared to -martensite. The evolution of the hkl-dependent lattice strains (Fig. 7) during tensile 
deformation shows that yielding occurs inhomogeneously, as the austenite grains oriented with 
[111] along the loading direction yield the earliest. Similarly, for the -martensite load transfer 
from the more compliant austenite phase occurs when austenite starts to yield. This is most clearly 
seen as a knee in the hkl-dependent lattice strain curves for the -martensite. 

The fraction of martensite is a vital factor in metastable stainless steels, since it affects the 
mechanical properties to a large extent. Studies on AISI 304 show that two martensitic phases 
form upon deformation, -martensite and -martensite[17]. The present study reveals that similar 
phases form in AISI 301. The phase fractions were continuously determined during tensile 
loading, revealing that the transformation curves of -martensite and -martensite are quite 
different. The transformation from austenite to -martensite has three characteristic stages. Stage 
one is a plateau were stresses and strains are built up in the structure. Plastic deformation is driven 
by dislocation slip, validated by the TEM micrographs, Fig. 11, and no appreciable -martensite 
forms during this stage. In stage two, plastic deformation occurs by both dislocation and -
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martensite formation. Stage three is characterized by a series of rapid, stepwise transformations, 
each of which is followed by a period of yielding without any transformation. This stepwise 
transformation behavior has not been reported previously, but the different stages are in accord 
with the postulated theories on martensite crystallography[27]. In stage one inhomogeneous 
stresses are generated due to formation of dislocations, slip bands and elastic incompatibility 
between the grains. Nuclei of -martensite may form at dislocation pile-ups during this stage. 
However, the increase in -martensite content is too small to be detected. During stage two, many 

-martensite nuclei form and grow moderately in size. At this stage the major fraction of the -
martensite nuclei remain coherent with the parent austenite grains and acts as obstacles for 
dislocation movement. The interface coherency during nucleation of -martensite was also 
indicated in Bunshah and Mehls resistivity measurements from 1953[3]. They observed an 
increase in resistivity during early transformation, suggesting that -martensite nuclei were 
coherent with the parent austenite, which generates coherency strains in the austenite. At some 
point it becomes more energetically favorable to grow existing nuclei rather then forming new 
nuclei, which marks the end of stage two. During the subsequent (third) stage, the austenite/ -
martensite interface is strained extensively, and when the -martensite grows above a critical size 
the coherency is lost. The growth of existing -martensite nuclei is rapid and appears as steps in 
Fig. 5. These discrete steps of -martensite growth are accompanied with a stepwise increase in 
peak width in the austenite phase (Fig. 10), due to the generation of smaller domains in the 
austenite. The coherency loss causes dislocation pile-ups and misfit dislocations within austenite 
grains to either become part of the new interface or escape. This causes a stress relaxation in the 
austenite grains, as evidenced by the decreases in the austenite peak width during the plateaus after 
stepwise transformation events (Fig. 10). Continued straining then allows for further dislocation 
formation and propagation in the austenite. The microstructure evolution depicted in Fig. 11 is in 
accord with this scenario, where a transition from a banded structure to a block-shaped 
morphology occurs when the coherency is lost. 

The observed lattice strain evolution offers additional support to the proposed mechanism for -
martensite formation. During the stepwise formation of -martensite, the elastic strains deviate 
from a monotonic increase. Instead an oscillatory behavior emerges where substantial relaxations 
in elastic strain occur repeatedly, with different amplitudes for different crystallographic 
orientations. This behavior is consistent with -martensite nuclei having an orientation relationship 
to the parent austenite grains. As the -martensite grows, different crystallographic planes in the 
austenite will experience different coherency strains, due to their elastic incompatibility with -
martensite. Coherency strain relaxation occurs when the phase boundary becomes incoherent, and 
this generally occurs at different applied strains for different grains and crystallographic 
orientations. These experimental findings, suggesting that there is a coherency loss between 
austenite and -martensite, are supported by the phenomenological theory of martensite 
transformations (PTMTs) where a semi-coherent or incoherent boundary is required to obtain the 
BCC structure from the FCC structure without any diffusion [27, 28].  

One commonly discussed feature of the martensitic transformation is whether the -martensite is a 
transition phase [29]. The results from this study disclose this is as unlikely. While the -
martensite transformation occurs in a stepwise manner, -martensite transformation reaches a 
saturation level and remains quite stable afterwards.  If the -martensite would form from the -
martensite, the transformations should be coupled. For example, when -martensite suddenly 
increases, -martensite would suddenly decrease, which is not seen. It is therefore more reasonable 
to believe that -martensite and -martensite form independently, not consecutively. 
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Conclusions
High-energy x-ray diffraction has been shown to be a powerful tool for gaining insight into the 
complex behavior of the deformation induced martensitic transformation. From the present study, 
it is concluded that: 

Residual stresses exist in the sheets of AISI 301, due to the thermal and mechanical treatments 
during processing. For heavily cold rolled sheets the austenite experiences compressive residual 
stresses along the rolling direction, and the -martensite experiences balancing tensile residual 
stresses. Opposite residual stress state exist along the transverse direction, with tensile strains in 
the austenite and compressive strains in the -martensite. 

During tensile deformation both -martensite and -martensite form. The transformation from 
austenite to -martensite occurs in three different stages of nucleation and growth: 

1. Nucleation of -martensite at dislocation pile-ups along slip bands. 
2. Continued nucleation of -martensite and moderate growth of nuclei. 
3. Rapid growth of -martensite. 

It is also concluded that the -martensite form independently from the -martensite, i.e. -
martensite is not a transition phase. 
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Abstract  
The strain evolution and the accompanying martensitic transformation of individual bulk grains in 
metastable stainless steel AISI 301 has been studied during in-situ tensile loading to 5% applied 
strain. The experiment was performed utilizing high energy x-ray diffraction in transmission 
mode, while recording diffraction patterns with an area detector. The evolution of strain in five 
individual austenite grains is reported and the observed behavior of elastic strain is highly affected 
by plastic anisotropy or constraint from neighboring grains. The on-set of both -martensite and -
martensite transformation was observed, at 2% and 5% applied strain respectively. It was 
concluded that -martensite is the dominant transformation at low strains during uniaxial tensile 
loading, and it was further believed that the -martensite form as small nuclei during early plastic 
deformation.  

Keywords: Deformation induced martensitic transformation, X-ray diffraction, Strain, 
Synchrotron radiation, Stainless steels 

Introduction
Most of our knowledge today on microstructure evolution is based on either surface studies, or 
studies dealing with average grain behavior. However, with the development of a novel 
experimental technique, utilizing high-energy synchrotron radiation, it is now possible to follow 
individual grains in the bulk of polycrystalline materials [1]. Different types of studies on 
microstructure evolution have been performed using this technique. Grain nucleation and growth 
of ferrite and pearlite in carbon steels was studied by Offerman et al. [2], where they proposed that 
the classical growth theory is overestimating the grain growth rate by orders of magnitude. 
Moreover, recrystallization and strain evolution of individual grains has been studied [3, 4].  

The diffusion less martensitic transformation is an important phase transformation in steels, 
especially for metastable stainless steels. The martensitic transformation in these steels is 
deformation induced, meaning that the microstructure will evolve during deformation from the 
relatively soft and ductile austenite to a microstructure containing hard and brittle martensite. This 
will affect the mechanical properties significantly causing a high strain hardening effect, due to 
dislocation and martensite formation [5]. The deformation induced martensitic transformation is a 
complicated process and even though it is clear that chemical composition, temperature, strain, 
stress, strain rate and the mode of deformation influence the phase transformation it is not fully 
clarified in what manner[6]. 
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Extensive research has been dedicated on the deformation induced martensitic transformation, but 
no studies of individual grains deeply embedded in the bulk have been performed to date. In this 
paper, high-energy x-ray diffraction is used to study the behavior of individual grains deeply 
embedded in the bulk of the metastable stainless steel AISI 301. The strain evolution and 
martensitic transformation is reported. 

Material 
Metastable stainless steel AISI 301 supplied by Outokumpu Stainless was studied. 1 mm thick 
sheets were cold rolled to a reduction of 2% (thickness 0.98 mm). This generated a microstructure 
consisting of three phases: austenite ( ), -martensite ( ) and -martensite ( ). The phase fractions 
are about 94% , 5%  and 1%  and the microstructure is displayed in Fig. 1(a) and (b). The 
average grain size is about 40 µm and there is a relatively weak texture due to the small cold 
rolling reduction, where {111}  is dominant in the tensile direction [7]. One tensile sample was 
produced using pulsed Nd-YAG laser to ensure a low heat-input. The heat affected zone (HAZ) 
generated by the laser cutting was determined insignificant for the macroscopic properties and the 
HAZ was not probed by the x-rays. 

Figure 1: The microstructure of AISI 301 suffering 2% cold rolling reduction (a) EBSD 
micrograph (b) TEM micrograph 

Experimental 

High-energy x-ray diffraction 

In-situ high-energy x-ray diffraction measurements during tensile loading were performed at 1-ID, 
Advanced Photon Source (APS). The used x-ray energy was 80.72 keV ( =0.1535 Å) and the 
measurements were performed in transmission geometry to test bulk grains, rather than surface 
grains. A strain gauge and a CeO2 powder were attached to the sample for monitoring of applied 
strain and calibration purposes respectively. The sample was mounted in a load cell, placed on an 
x, y, and z translation-stage, with  and rotation, Fig. 2.  
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Two area detectors (1 CCD-detector and 1 Image Plate) were used for collecting the diffraction 
patterns. The CCD-detector (Bruker 6500) had a diameter of 165 mm and the pixel size 166x166 
μm2. The image plate (MAR345) had a diameter of 345 mm and the pixel size 150x150 μm2. The 
detectors were placed at a distance of 552 mm and 1240 mm from the sample. The faster CCD-
detector was used for alignment of the sample and it was therefore mounted on a translation stage 
for movement in and out of the beam (y-direction). The MAR345 was used to obtain data at all 
load level with high angular resolution for strain determination. 

Before loading of the sample, a complete set of diffraction patterns were recorded, utilizing the 
rotation technique and the Bruker 6500. The sample was rotated ± 60° in , while recording 
diffraction patterns every 1°. The diffraction patterns were spatially corrected and analyzed with 
the multi-grain indexing software Graindex [8]. The output from Graindex is a list of grains with 
associated orientation, and the grains are also coupled with experimental and theoretical diffraction 
spots. The diffraction condition was met for most of the low-index planes ({111}, {200} and 
{220}) and the austenite grains indexed by Graindex were associated with 10-17 experimental 
diffraction spots. A reference grain was selected from the set of grains, based on suitable 
diffraction spots for alignment. 

The reference grain was then centered by recording diffraction spots on the Bruker 6500, while 
stepping in x, y and z. Then, a complete set of diffraction patterns were recorded with the 
MAR345 for ± 60° in . The tensile loading was then initiated. It was performed in steps and the 
diffraction patterns were recorded at six different load levels (0, 0.2, 1, 2, 3 and 5% strain). The 
reference grain was centered at every load level before recording with the MAR345 to assure that 
the same volume was probed at every load level. 

Figure 2: High-energy x-ray diffraction setup at 1-ID, Advanced Photon Source (APS), for 
individual grain studies 

Martensite tracking 

The austenite grains indexed by Graindex, were associated with an orientation. This orientation is 

described as either Euler angles (φ , 1ϕ , 2ϕ ) or as a U-matrix. The two descriptions are related by 

the cosine matrix (1) and the U-matrix of the austenitic reference grain is plotted in (2): 
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=
0.07729070.08377630.9934826

0.9301217-0.36488860.0415919

0.3590261-0.9272744-0.1061247

refUγ

   (2) 

At about 2% applied strain -martensite formation could be observed. The spots are quite weak 
even at 5%, but by improving the contrast of the spots it was possible to index the -martensite 
grains with Graindex. Thus U matrices of the -martensite grains could be produced: 

=
0.3838314-0.034654240.9227527

0.02142731-0.9993607-0.02861829

0.92315450.00878751-0.3843286

1εU
   (3) 

The orientation relationship between austenite and -martensite grains has been described by 
Brooks et al. [9]: 

(111) || (0001) and [110] || [1 2 10] 

The orientation relationship between austenite and -martensite has also been reported:  

(111) || (011) and [101] || [111] (Kurdjumov and Sachs) [10] 

(111) || (011) and [110] || [101] (Nishiyama-Wasserman) [11] 

In addition, the orientation relationship between austenite and -martensite has been described as a 
coordination transformation matrix by Jaswon et al. [12]: 

+−+
−−+
+−+−

=
626211

46262

621621

6

1
/ AM

   (4) 

Hence, it is possible to calculate the orientation of hypothetical -martensite grains formed from 
one parent austenite grain by: 

AMUU /⋅= γα     (5) 

The orientation of the hypothetical -martensite in the reference grain is then: 
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=
6867.00959.0-7206.0

2821.0-9487.0-1426.0

6700.03012.0-6785.0-

refUα

   (6) 

The calculated U-matrix for -martensite (e.g. U ref) could be fed into a diffraction spot simulator, 
determining where the diffraction spots would appear on the area detector. Hence, the collected 
diffraction patterns were searched for the hypothetical diffraction spots from the -martensite. 

Strain analysis 

Diffraction patterns recorded with the MAR345 was used for strain evaluation. The austenite 
diffraction spots of interest were integrated and the radial peak locations θ were then determined 
by a least squares fit to a Pseudo-Voigt function. The CeO2 diffraction rings were fitted with the 
same procedure and used to calibrate the experimental parameters, i.e. the sample to detector 
distance, tilt of detector and centre position of detector. The radial positions of the CeO2

diffraction rings was accurate within 1x10-4 for all load levels, compared to the theoretical lattice 
spacing 5.4111 Å. This indicates the experimental limit on strain determination. 

The radial positions of the austenite diffraction spots and the sample orientation are related by the 
expression [13]: 

=+++++
θ
θεεεεεε

sin

sin
ln 0

333323231313222212121111 ffffff   (7) 

Where fij are the individual strain coefficients determined by the sample orientation and detector 
azimuthal angle. The used unstressed spacing d0 (and related strain free angle θo) in the austenite 
was 3.5911 Å, which was determined for a metastable stainless steel (AISI 304) with slightly 
different composition [14]. The number of diffraction spots associated with the individual grains 
varied from 10 to 17, sufficient for accurate determination of the strain tensor [3]. An over 
determined equation system could be produced from these diffraction spots together with the 
associated sample orientation and the azimuthal angle. Hence, the six εij were determined through 
the use of the singular value decomposition method [15]. 

The Young’s modulus in the tensile direction of the five individual austenite grains was 
determined by a coordination transformation using the austenite U-matrices and the compliance 
matrix for single crystal austenite from Moverare [16]: S11=0.9879, S12=-0.3820 and S44=0.8197. 

Table 1: The Young’s modulus in tensile direction for the 5 studied austenite grains 
Grain ID #1 #2 #3 #4 #5 
Young’s modulus 104 GPa 151 GPa 170 GPa 236 GPa 132 GPa
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Results 

Martensite formation 

By studying the positions of hypothetical diffraction spots of -martensite from the spot simulator 
it could be determined that the -martensite fraction at 0% strain was below the detection limit in 
the probed austenite grains. In addition, no -martensite was observed at 0% applied strain. During 
tensile loading two of the austenite grains (1 and 5), was believed to form -martensite. This 
occurred at 5% applied strain, but the -martensite fraction was very limited. Therefore only a few 
of the {110} spots were observed. Thus, it was not possible to verify the -martensite formation 
completely. However, -martensite formation was obvious at 2% strain, and -martensite grains 
were successfully indexed by Graindex. The volume fraction of -martensite increased moderately 
at 3% and 5% strain. A diffraction pattern from 3% strain is plotted in Fig. 3 and three austenite 
diffraction rings are clearly seen. It is also possible to distinguish two weak -martensite spots by 
thorough investigation. The -martensite spots are indicated by lines.   

Figure 3: Diffraction pattern recorded at 3% applied strain, where the three observed austenite 
diffraction rings {111}, {200} and {220}, and two weak -martensite spots are indicated.  

Strain evolution 

Figure 4 (a) shows the local strain evolution during loading in 5 individual grains located in the 
vicinity of each other and completely embedded in the sample. The local strain differs between the 
grains already at zero load, i.e. the residual strain state. Three of the grains have a residual strain 
state close to zero, but grain 2 has a compressive residual strain of -0.5x10-3 and grain 4 has a 
tensile residual strain of 0.5x10-3. As the load is increased both the elastic and plastic behavior 
differs between the grains. Grain 5 yields at an internal strain of 0.75 x10-3 and in the plastic 
regime only an increase to 1 x10-3  is seen. In contrast, grain 1 yield at an internal strain of  1.5 
x10-3 and exhibits an elastic strain increase to 2.5 x10-3 during plastic deformation. Yielding occurs 
for all grains between 0.2% and 1% applied strain.  



Hedström, Lienert, Almer and Odén: Paper III 

73

The evolution of peak broadening (FWHM) for {220} reflections is plotted in Fig. 4 (b). The 
FWHM values can only be compared between different load levels for the same grain, since the 
{220} reflections are oriented differently with respect to the loading direction for each grain. The 
peak broadening evolution is in accord with the elastic strain evolution, since the FWHM stays 
fairly constant from 0% strain to 0.2% strain suggesting elastic deformation. The peak broadening 
will however increase significantly between 0.2% and 1% applied strain, indicating plastic 
deformation. 

Figure 4: (a) Elastic strain evolution in the tensile direction for the 5 austenite grains (b) peak 
broadening evolution (FWHM) for 4 of the austenite grains  

The orientation of the austenite grains is represented in an inverse pole figure, Fig. 5 and the 
Young’s modulus in tensile direction was calculated in table 1. 

1
2

3

45

100 110

111

Figure 5: Inverse pole figure, demonstrating the orientation of the 5 austenite grains. 

Discussion 
In the range of plastic strains studied here, both -martensite and -martensite formation could be 
observed. The formation of -martensite was obvious at 2% strain and the -martensite grains were 
successfully indexed by Graindex. The volume fraction of -martensite increased moderately at 
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3% and 5% strain. Weak -martensite spots were observed in two of the five studied austenite 
grains, at 5% applied strain. However, the formation of -martensite could not be validated in the 
same way as the -martensite. The -martensite was only present in small fractions in the studied 
grains, and in several cases the -martensite {110} spots overlap with somewhat saturated 
austenite {111} spots. The transformation behavior is in accord with our previous results were the 
average behavior of several grains was sampled [7]. It was postulated that the initial stages of 
martensitic transformation during tensile loading is mainly dominated by -martensite formation. 
The same result was obtained in this study, since only clear -martensite formation was observed 
in the probe volume during tensile loading up to 5% strain. It is believed that nucleation of -
martensite occurs during early deformation, but the nucleuses are very small and it is therefore 
hard to observe the initial stages.  

The effect of martensite formation on the elastic strain evolution in the five austenite grains is 
probably limited, since the amount of martensite is very small in the strain range studied here. All 
austenite grains were observed to yield at about 0.2% applied strain, determined from the elastic 
strain evolution and the peak broadening evolution. The elastic strain when yielding started was 
however different in the grains. Moreover, the final elastic strain had a large divergence, and the 
difference between the most compliant and the stiffest grain was observed to be 1.5x10-3. This 
large difference can not be motivated by the elastic anisotropy between the grains. The Young’s 
modulus for the most compliant grain (grain 1) was 104 GPa, and the stiffest grain (grain 4) had a 
Young’s modulus of 236 GPa. Grain 4 experiences the lowest measured elastic strain increase 
during elastic deformation, up to 0.2% applied strain, but the behavior of the other grains can not 
be explained solely by the Young’s modulus. Grain 3 experiences the highest elastic strain even 
though it has an intermediate Young’s modulus and grain 5 experiences the second lowest strain 
even though it is the second most compliant grain. 

Plastic anisotropy is also a factor to consider and it involves the number of operational slip 
systems. From our data it looks like there is a difference in behavior among the grains, when 
plastic yielding has started. Grain 5 has a quite different behavior from the other grains and it 
behaves almost ideal plastic after 0.2% applied strain, i.e. the elastic strain does not increase after 
initiation of yielding. Also, some grains show changes in behavior during the plastic deformation 
towards a hardening. These changes in the slope either suggest the activation of secondary slip 
systems or constraint from neighboring grains. The importance of the neighboring grains has 
previously been reported by other authors, e.g. Martins et al. [4] studied the individual grain strain 
in aluminum. The imposed constrain from other grains may occur both in an elastic manner where 
elastic compatibility should be kept across the grain boundary as well as a result from plastic 
deformation in the neighboring grains. 

Summary 
The strain evolution and the accompanying martensitic transformation of individual bulk grains in 
metastable stainless steel AISI 301 during tensile loading have been reported. The evolution of 
strain in five individual grains was presented and the elastic behavior was observed to be highly 
affected by plastic anisotropy or constraints from neighboring grains. The on-set of both -
martensite and -martensite transformation was observed at 2% and 5% applied strain. It was 
concluded that -martensite is the dominant martensitic transformation at low strains during 
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uniaxial tensile loading. Moreover, this study outlines an approach to investigate the deformation 
induced martensitic transformation of individual bulk grains during deformation.  
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