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Abstract 
 

Metastable austenitic and duplex stainless steels are widely used materials in industrial and 

domestic applications, owing to their attractive characteristics such as good corrosion resistance 

and favorable mechanical properties. Both types of steel experience enhanced mechanical 

properties during plastic deformation due to the formation of the martensite phase from the 

parent austenite phase, this is called deformation-induced martensitic transformation (DIMT). 

It is therefore of technical interest to study the transformation mechanism and its impact on 

mechanical properties for a better understanding and ultimately for developing new materials 

with improved performance in certain applications. 

 

In the present thesis, two austenitic stainless steels (201Cu, HyTens® 301) and two duplex 

stainless steels (FDX25®, FDX27®) were investigated. Samples were tensile tested during in-

situ synchrotron radiation experiments performed at the Cornell High Energy Synchrotron 

Source (CHESS), Ithaca, USA. Tests were performed at both room temperature and at elevated 

temperatures. The collected diffraction data were then processed by software such as Fit2D and 

MATLAB. Quantitative phase fraction analysis based on the direct comparison method was 

performed successfully. Microstructural analysis of samples before deformation and after the 

full tensile testing was also performed using electron microscopy. 

 

The deformation induced martensitic transformation took place in HyTens 301, FDX25 and 

FDX27, but in 201Cu the austenite was stable during the tensile tests conducted here. The ’-

martensite formed in a significantly higher fraction than the ε-martensite in all alloys. At room 

temperature, the critical stress levels for martensitic transformation were 490 MPa, 700 MPa 

and 700MPa for HyTens 301, FDX25 and FDX27, respectively. 
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 1 

1. Introduction 

1.1.  Background 
Steel has been recognized as one of the most consumed materials for decades. Its applications 

cover numerous industries such as construction, transportation and machinery. Among different 

steel families, stainless steel is appealing to users when seeking for materials that can endure 

corrosive environment and possess good mechanical properties in the same time. Typical 

examples from automotive and transportation industries can be given: austenitic stainless steels 

can be used in manufacturing of body structure and chassis [1]; duplex stainless steels are 

desirable materials for storage containers and piping, especially in some severe working 

conditions [2]. In these applications, high-performance properties are often the priority when 

selecting a suitable material. Nowadays, concerns with respect to environment, economy and 

safety have been paid more attention, to cope with problems related to these matters, steel 

producers are constantly innovating and selecting suitable steel with light weight, good 

formability and other properties [3, 4, 5, 6, 7]. 

 

Austenitic stainless steels have excellent corrosion resistance, good ductility and formability 

while duplex stainless steels offer better resistance towards stress-corrosion and yield strength. 

Both contain the austenite phase, which can be designed to be metastable, i.e. when the material 

is experiencing deformation, the metastable austenite begins to transform into martensite. This 

phenomenon is called deformation-induced martensitic transformation (DIMT). The 

mechanical properties of the steels are determined by factors such as phase composition, 

microstructure, morphology and volume fraction of phases [8]. Thus, the newly formed 

martensite will undoubtedly change the overall mechanical behavior of the steel. DIMT 

provides a significant work hardening effect which gives a desirable combination of tensile 

strength and ductility, commonly referred to as the TRIP effect, i.e. transformation induced 

plasticity. 

 

Plenty of works have been performed to investigate the TRIP effect in austenitic and duplex 

grades [9, 10, 11, 12, 13, 14, 15]. Although it is well-known in general that when the steel is 

subjected to plastic deformation, the metastable austenite will partially transform to - and ’-

martensite, detailed understanding of the mechanisms is complex since the phenomenon is 

governed by several factors such as temperature, chemical composition, strain rate, etc. 

Furthermore, the existence of ferrite in duplex stainless steel leads to even higher complexity 

of the microstructure evolution as compared to austenitic stainless steel. Understanding of these 

types of steels and their TRIP effect will not only help, for instance, automotive manufacturers 

to make full use of these materials but also provide a basis for novel materials design. 

 

Technologies like X-ray diffraction as a tool for materials characterization can provide 

chemistry, crystallography information and micromechanical properties from the sample 

surface. However, the demand of techniques that can observe the bulk of the materials are 

becoming more and more requested since it will help researchers to reveal the true mechanisms 

below the surface. Since the first observation in 1947 [16],  synchrotron radiation has become 

a powerful tool for research on crystalline bulk materials owing to its high-energy incident 

beam, enabling high penetration depth. In addition, in-situ experimental methods are widely 

used in dynamic analysis, in which the behaviour of the sample enduring e.g. deformation or 

cooling can be studied. 



 

 2 

1.2.  Aim of the Thesis 
This master thesis focuses on deformation-induced martensitic transformation behaviour in four 

commercial grades: HyTens 301®, 201Cu, FDX25® and FDX27®. The aim is to study their 

mechanical behaviour under tensile loading, to analyse the martensitic transformation based on 

phase fraction evolution and to investigate the microstructure before and after tensile test. The 

methodologies are: analysis of stress-strain curve to represent the steels’ overall mechanical 

properties, volume fraction of phases that directly shows to what extent the transformation has 

completed, and microscopy where clues on how martensite forms within austenite grains and 

how different phases react during deformation can be gained. A general understanding of the 

phase transformation can thus be obtained by combining all the experimental results. 

1.3.  Scope of the Work 
The thesis work was divided into four parts: in situ X-ray diffraction experiments, data analysis, 

ex-situ microscopy. To be specific, tasks of data analysis are described below: 

• Stress-strain curves from the tensile test that was carried out simultaneously with the 

XRD experiment. 

• Experimental data processing: 

i. Calibration of experimental setup parameters (such as the sample to detector 

distance, tilting angles of detectors etc.) using the diffraction patterns from a 

reference CeO2 powder;  

ii. Conversion of the two-dimensional diffraction patterns into one-dimensional 

plots;  

iii. Fitting of the diffraction peaks to obtain information about the peak position, 

area and width etc. 

• Calculation of phase fractions and error analysis.  



 

 3 

 

2. Theory and Methodology 

2.1.  Deformation-Induced Martensitic Transformation 

2.1.1.  Microstructure Evolution during Deformation 
Metastable austenite  with fcc (face-centered cubic) structure is thermodynamically metastable 

at room temperature and it is susceptible to the martensitic transformation when deformed 

plastically [17]. Two types of martensite can form during deformation: the hcp (hexagonal-

close packed) structure -martensite and the bcc (body-centered cubic) structure ’-martensite. 

Olson and Cohen discussed that the initial nucleation step of -martensite consists of the 

generation of faults on the closest packed planes of the parent phase [18]. Growth of the -

martensite then requires stacking faults to overlap on every second plane [19]. On the other 

hand, ’-martensite is widely reported to form in the intersection of shear bands, but in recent 

research, ’-martensite is also found to form within individual shear bands [13]. Furthermore, 

some authors believe that the martensitic transformation follows a procedure of ’, in 

which -martensite is regarded as an intermediate phase that favours ’-martensite formation 

[20]. 

2.1.2.  Influence of Stacking Fault Energy on Martensitic Transformation 
Martensitic transformation is influenced by several factors, such as chemical composition, 

temperature, strain rate, strain/stress type, austenite grain size etc. [11]. Under different 

conditions, the austenite stability varies and different deformation mechanisms occur. Since 

stacking fault is regarded as the nucleation site of ’-martensite, the term stacking fault energy 

(SFE) is commonly used to express the difficulty of stacking fault formation in austenite. 

Consequently, SFE provides an indication on which deformation mechanism governs in a 

certain condition. When stacking fault energy is sufficiently low, wide stacking fault forms, 

formation of shear bands is preferred and leads to the formation of ’-martensite at the 

intersection of the shear bands, dislocation cell, however, is less favoured because of the 

difficulty of dislocation cross slip [21]. With the increase of SFE, the ability of martensitic 

transformation decreases and twining is preferred [22]. 

 

SFE is a function of temperature and chemical composition. In general, SFE decreases with 

decreasing temperature. The chemical composition dependence, on the other hand, is more 

complex since each of the alloy elements will have different impacts on SFE, e.g. the addition 

of copper will increase SFE, while chromium can decrease SFE [23]. Moreover, the 

contribution of one alloy element to the SFE may be affected by the content of other elements. 

Many equations relating chemical composition and SFE were proposed by researchers yet the 

accuracy needs more investigation. One example of compositional equations is established by 

Dai et al., Eq. (1), which is based on the SFE of pure iron and influence of each alloying element 

(in wt%) [24]. 𝛾𝑆𝐹
0  is the SFE for pure iron at room temperature, which is calculated to be 36-

42 mJ/m2 [24]. Other analysis method such as first principle calculations or XRD peak shift 

method have also been developed to evaluate SFE, but they are more complex and time-

consuming to apply. 
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𝛾𝑆𝐹 = 𝛾𝑆𝐹
0 − 1.34%𝑀𝑛 + 0.06%𝑀𝑛2 − 1.75%𝐶𝑟 + 0.01%𝐶𝑟2

+ 15.21%𝑀𝑜 + 1.59%𝑁𝑖 − 5.59%𝑆𝑖
− 60.69(%𝐶 + 1.2%𝑁)0.5

+ 26.27(%𝐶 + 1.2%𝑁)(%𝐶𝑟 + %𝑀𝑛 + %𝑀𝑜)0.5

+ 0.61[%𝑁𝑖 ∙ (%𝐶𝑟 + %𝑀𝑛)]0.5 

 (1) 

 

2.2.  Work Hardening 
Work hardening is a strengthening mechanism caused by the generation and movement of 

dislocations when a metal is deformed plastically. Work hardening behaviour varies because 

different phases respond to the deformation differently, as for stainless steels that have 

metastable austenite phase, the newly formed martensite makes the hardening behaviour more 

complicated than for stable stainless steels. In mechanical behaviour studies, more focus is put 

on -martensite, while impact of -martensite are less reported since its volume fraction is 

often low. According to Talonen [25], work hardening process of metastable austenitic stainless 

steels is associated with DIMT process and divided into four stage, as described below. 

 

Stage 1: The work-hardening rate drops rapidly, where the -martensite fraction is very 

low. This is believed to be caused by the initial transformation of martensite that leads 

to dynamic softening due to the -martensitic transformation strain. According to 

Narutani et al., the martensitic transformation will act as a deformation mechanism in 

the initial stage. As concluded by Suzuki et al., the -martensite will promote certain 

slips that are related to its formation [26]. During the plastic deformation, the nucleation 

of  -martensite is aided by mechanical driving force and chemical driving force, thus 

the applied stress that originate the mechanical driving force can be less. In another 

word, in order to achieve same amount of deformation, the stress needed for metastable 

austenitic stainless will less than the stable austenitic stainless steel, so the work 

hardening rate will show a decrease for metastable austenitic stainless steel, and it 

considered as dynamic softening. 

 

Stage 2: After the minimum value, the work-hardening rate starts to increase. -

martensite begins to act as a dispersion phase in the austenitic matrix. Since -

martensite is harder than austenite, the deformation primarily occurs in the austenite 

phase and as a result more dislocations appear in the austenite and contribute to higher 

flow stress and work hardening rate.  

 

Stage 3: When the -martensite fraction exceeds the percolation threshold (𝑓𝛼′
= 0.3), 

martensite forms as percolating clusters and further enhance the material strength, this 

phenomenon characterizes stage 3. In this stage, the deformation can no longer occur 

only in austenite, martensite is also needed to deform in order to cope with the increasing 

strain. 

 

Stage 4:  Stage 4 contains a decline in work-hardening rate. During the final stage, the 

martensite percolating clusters continue to grow, consequently -martensite becomes 

the matrix phase in the material. Mechanical behaviour therefore turns to be like a single 

phase. 

 

The summary in above only considers isothermal conditions. During deformation at a high 

strain rate, adiabatic heat can raise the temperature inside the material and consequently 
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increase the stacking fault energy, thus transformation of -martensite will be hindered. 

2.3.  X-Ray Diffraction in Engineering Materials Science 
X-Ray diffraction has been proven to be a powerful method for materials science research. 

Higher brilliance and penetration depth can be achieved by using X-rays from a synchrotron 

source in order to facilitate studies of bulk materials. It can be useful in studies where the sample 

surface of the material cannot represent the true state of the bulk material. Synchrotron radiation 

is tuneable meaning that the energy of the incident beam can be adjusted by using a 

monochromator in order to obtain a specific wavelength. Such advantage can provide the crystal 

information in a wide length scale, especially in the atomic level. 

2.4.  Phase Fraction Analysis using XRD data 
The X-ray diffraction technique can benefit research in materials science in many perspectives, 

one of its applications is quantitative phase fraction analysis. In the previous studies on phase 

fraction analysis, conventional XRD technique was commonly used [27]. However, this 

technique can be limited when it comes to intensity and resolution. It can be difficult to 

investigate multiphase materials with overlapping diffraction peaks. Peaks for minor phases 

could then be difficult to distinguish from the major phases when their positions are close to 

each other [28]. It is therefore of interests to utilize synchrotron radiation techniques with a 

higher photon flux and, in case of high energies also high penetration depth, to reveal 

information in the bulk material and enable the studies of minor phases (in our case the -

martensite) [28]. The high flux and rapid detectors also enable the tracking of the phase 

fractions in-situ. 

 

The direct comparison method utilizes the XRD patterns to determine the volume fractions of 

phases in a certain crystalline material, in our case, austenitic stainless steel, duplex stainless 

steel can be studied. Theoretically every phase has its own unique intensity diffraction peaks 

because of different lattice structures and lattice parameters, naturally providing an approach to 

examine the existence of certain phases. In principle, phase fraction is proportional to the total 

integrated intensity of all diffraction peaks for each phase [29]. For samples that have randomly 

oriented crystals, the volume fraction can be referred to the integrated intensity of any single 

diffraction peak [30]: 

 

𝐼𝑖
ℎ𝑘𝑙 =

𝐾𝑅𝑖
ℎ𝑘𝑙𝑉𝑖

2𝜇
 (2) 

 

where: 

𝐼𝑖
ℎ𝑘𝑙 =   integrated intensity of a diffraction peak (for ℎ𝑘𝑙 plane) in phase 𝑖, 

𝐾 =   instrument factor, 

𝑅𝑖
ℎ𝑘𝑙 =   intensity factor, which can represent theoretical intensity, 

𝑉𝑖 =   volume fraction of phase 𝑖, 
𝜇 =   linear absorption coefficient of the steel. 

 

In addition, factor 𝐾 and 𝑅𝑖
ℎ𝑘𝑙 is calculated by Eq. (3) and (4). 

 

𝐾 = (
𝐼0𝐴𝜆3

32𝜋𝑟
) [(

𝜇0

4𝜋
)

𝑒4

𝑚2
] (3) 
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𝑅𝑖
ℎ𝑘𝑙 = (

1

𝑣2
) [|𝐹|2𝑝 (

1 + cos2 2𝜃

sin2 𝜃 cos 𝜃
)] (𝑒−2𝑀) (4) 

 

where: 

𝑣 =   volume of unit cell, 

𝐹 =   structure factor of plane ℎ𝑘𝑙, 
𝑝 =   multiplicity factor, 

𝜃 =   Bragg angle, 
1+cos2 2𝜃

sin2 𝜃 cos 𝜃
 =   Lorentz-polarization factor, 

𝑒−2𝑀 =   temperature factor. 

 

𝐾, the instrument factor, is a constant dependent on the instrumentation features and radiation, 

but independent on the nature of the sample. 𝑅 is a result that considers 𝜃, crystal structure of 

the material, reflection plane and temperature. 

 

According to Eq.(2), the integrated intensity for different phases: ,  and ’ in austenitic 

stainless steels can be expressed as:  

 

𝐼𝛾
ℎ𝑘𝑙 =

𝐾𝑅𝛾
ℎ𝑘𝑙𝑉𝛾

2𝜇
 ,    𝐼𝜀

ℎ𝑘𝑙 =
𝐾𝑅𝜀

ℎ𝑘𝑙𝑉𝜀

2𝜇
   𝑎𝑛𝑑   𝐼𝛼′

ℎ𝑘𝑙 =
𝐾𝑅𝛼′

ℎ𝑘𝑙𝑉𝛼′

2𝜇
 (5) 

 

Note that for duplex stainless steels, ferrite and ’-martensite both have bcc structure and the 

lattice constants are close, as a consequence, their peaks may overlap with each other in XRD 

patterns and therefore the calculation result represents volume fraction for bcc structure phases 

rather than for each of them. 

 

In Eq.(5), 𝐾  and 𝜇  are canceled since in one XRD experiment they are both regarded as 

constants. If only two phases are considered in a matrix, the relationship between the integrated 

intensities can be written as [31]: 

 

𝐼𝛼′
ℎ𝑘𝑙 𝐼𝛾

ℎ𝑘𝑙⁄ = 𝑅𝛼′
ℎ𝑘𝑙𝑉𝛼′ 𝑅𝛾

ℎ𝑘𝑙𝑉𝛾⁄  (6) 

 

 

Naturally, we have: 

 

𝑉𝛾 + 𝑉𝛼′ = 1 (7) 

 

Combine Eq.(6) and (7) the volume fraction of austenite is: 

 

𝑉𝛾 = (𝐼𝛾 𝑅𝛾⁄ ) [(𝐼𝛾 𝑅𝛾⁄ + 𝐼𝛼 𝑅𝛼⁄ )]⁄  (8) 

 

If all phases are included in the equation, Eq.(8) will be modified to: 

 

𝑉𝛾 = (𝐼𝛾 𝑅𝛾⁄ ) [(𝐼𝛾 𝑅𝛾⁄ + 𝐼𝛼 𝑅𝛼⁄ + 𝐼𝜀 𝑅𝜀⁄ )]⁄  (9) 

 

The equations above are valid for steel with random orientation, results gained from different 

pairs of peaks should remain the same regardless of the systematic error of experiment. 

However, in the study of deformation-induced martensitic transformation, preferred orientation 
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will be generated, especially for highly deformed samples, thus Eq.(9) is not available anymore. 

Theoretically, the more reflections that are considered, the more accurate result can be obtained 

[27], and it can be expressed by: 

 

𝑉𝛾 =

1
𝑞

∑ 𝐼𝛾𝑗 𝑅𝛾𝑗⁄𝑞
𝑗=1

1
𝑞

∑ 𝐼𝛾𝑗 𝑅𝛾𝑗⁄𝑞
𝑗=1 +

1
𝑝

∑ 𝐼𝛼𝑖 𝑅𝛼𝑖⁄𝑝
𝑖=1 +

1
𝑟

∑ 𝐼𝜀𝑘 𝑅𝜀𝑘⁄𝑟
𝑘=1

 (10) 

 

In the work presented by Dickson, the effect of the number of selected peaks on the phase 

fraction result accuracy was studied. Three lab grades of stainless steels were cold rolled to 93% 

reduction in thickness and the conclusion was that for those samples, the phase fraction result 

remains constant if 5 or more peaks of each phase were considered in the calculation. However, 

Dickson’s experimental data was obtained from 𝑀𝑜 𝐾𝛼 radiation, its penetration power of the 

beam was not as strong as in the present work. Moreover, the data collected from the 1D 

detector that only include information in one orientation of the lattice planes gives less statistics 

compared to data that is integrated over 360° using a 2D detector. 

2.5.  Microscopy 
Microscopic investigation of materials is a direct approach to understand their microstructural 

characteristics including identification of phases, grain size, morphology and defects etc. These 

microstructural features determine most of the materials’ properties [32]. Common 

characterization techniques are light optical microscopy and electron microscopy. They have 

different resolution and can be applied depending on the research objectives. In the study of 

martensitic transformation, electron microscopy is most frequently used due to its suitable 

resolution and magnification range enabling the observation within individual grains, 

furthermore, electron microscopy can be equipped with a variety of analytical tools that can 

benefit different types of investigation such as chemical composition, phase mapping and 

crystal orientation, among these the electron backscatter diffraction (EBSD) and the electron 

channelling contrast imaging (ECCI) are widely used microscopy image types. 

 

EBSD provides quantitative information about microstructure, from which a crystal structure 

can be identified. Two types of image are commonly utilized for further studies: phase map and 

inverse pole figure (IPF). The phase map image directly shows phase distribution; in IPF, crystal 

orientations are revealed, which is important for texture analysis. ECCI can be coupled with 

EBSD technique for optimal contrast and has been recently used for studying crystal defects 

such as dislocation cells, stacking faults, shear bands etc.  
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3. Materials 
Stainless steel is a family of iron-based alloys which contains considerable amount of chromium. 

Stainless steel is commonly used in construction, automotive industry, machinery and domestic 

appliance. Especially in vehicles and architecture, modern stainless steels with desirable 

properties are usually demanded, therefore, it is of great interests to study and develop novel 

steel grades. Stainless steels consist of five sub-categories: austenitic, ferritic, martensitic, 

duplex and precipitation hardening. In this thesis, austenitic and duplex steels are studied. 

3.1.  Austenitic Stainless Steels 
Austenitic stainless steels are the most used type, owing to their excellent corrosion resistance 

and mechanical properties. Metastable austenitic stainless steels experience martensitic 

transformation during deformation, which will increase the work hardening rate and lead to 

higher elongation. In recent years, the demand for lower energy consumption is increasing 

considering the environment issues. This can be achieved by reducing the total weight of e.g. a 

car or a container. In the meantime, safety is another vital factor that needs to be considered, 

car components should have enough energy absorption capability to bear crashes. Thus, some 

metastable austenitic stainless steel like HyTens® 301 can be utilized to meet those requirements, 

since martensitic transformation increases the strength and energy absorption capability [5]. 

 

However, austenitic stainless steels are vulnerable to stress corrosion that may leads to cracks 

in some particular applications such as in the petroleum industry. In these applications, duplex 

stainless steels may be preferred. 

3.2.  Duplex Stainless Steels 
Duplex stainless steel is a dual-phase steel grade containing ferrite and austenite, which inherit 

several advantages from both phases, such as excellent corrosion resistance and high strength. 

Some duplex steels have metastable austenite, so they are able to transform into martensite in 

a similar way as the austenite in the metastable austenitic stainless steels. Duplex stainless steel 

can be attractive in numerous applications, for example in architecture and pipelines in extreme 

environments. The newly developed grades FDX25® and FDX27® provide better formability, 

due to a metastable austenitic phase, which enables manufacturing of products with complex 

shapes. 
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4. Experimental Procedures 
Four commercial stainless steels provided by Outokumpu were investigated in the study. 

Uniaxial tensile tests combined with synchrotron X-ray diffraction technique were performed 

in order to examine the mechanical properties as well as the phase transformation during 

deformation. The as-received and deformed microstructures were further studied by means of 

ECCI, EBSD technique. 

4.1.  Test Materials and Sample Preparation 
In the present thesis work, the tested materials were: two austenite grades 201Cu and HyTens® 

301; two duplex grades FDX25® and FDX27®. Chemical composition for each material is given 

in Table 1. 

 
Table 1 Chemical composition of studied materials (Fe balance) (wt.%) 

 C Si Mn Cr Ni Mo Ti 

201Cu 0.058 0.31 5.08 16.95 4.72 0.26 0.004 

HyTens® 

301 

0.13 0.86 1.09 16.64 6.98 0.35 0.006 

FDX25® 0.023 0.38 2.52 20.26 1.48 0.4 0.001 

FDX27® 0.021 0.38 0.93 19.97 3.05 1.15 0.003 

 
 Nb Cu Co N W V Al 

201Cu 0.05 2.39 0.07 0.13 0.04 0.07 0.003 

HyTens® 

301 

0.05 0.18 0.07 0.03 0.05 0.08 0.004 

FDX25® 0.004 0.5 0.04 0.22 <0.01 0.06 0.009 

FDX27® 0.004 0.32 0.06 0.18 0.01 0.06 0.02 

 

Tensile test samples, with a mean gauge length of 3mm and gauge width of 1mm, were cut from 

sheets using electrical discharge machining (EDM). Prior to the cutting, the austenite sheets 

were annealed. Specimens were then polished with 1200 grit SiC-sandpaper from approximate 

1mm thickness to a final mean thickness of 1mm for austenitic steels and 0.8mm for duplex 

steels respectively. As can be seen in Figure 1, in the wider part of the dog-bone-shaped 

specimen, two holes were drilled in order to enable the pin-hole attachment in the tensile fixture. 

 
Figure 1 Geometry of the tensile specimens 

After XRD tensile test, samples were prepared for microscopy investigation, sample shoulders 

were cut off, the gauge part was first mechanically polished with 1200 grit SiC-sandpaper and 

subsequently electro-polished for 1 minute at room temperature. The electrolyte used was a 
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solution of 10% hydrochloric acid in acetic acid and the voltage was 20V. 

4.2.  In Situ Synchrotron Radiation Experiment 
X-ray diffraction experiments were conducted at the beamline F2 at the Cornell High Energy 

Synchrotron Source (CHESS), U.S. The X-ray beam was characterized by a high energy of 

61.332 keV (0.20218 Å) and a spot size of 0.8 ×  2 mm2. An area detector (GE Detector 

2048x2048 pixels, 200 µm per pixel) was placed about 1012 mm behind the specimen to collect 

the scattered beams. A standard CeO2 powder specimen was tested first to calibrate the 

experimental parameters for the subsequent analysis. All samples were tensile tested along the 

rolling direction at a strain rate of 10-4 s-1, the austenitic steels were pulled to 50% engineering 

strain and the duplex steels to 30% engineering strain. The experiments were carried out at three 

different temperatures: room temperature, 45C and 70C. 

4.2.1.  Beamline Setup 
The experimental setup used in synchrotron radiation was a rather complicated integration of 

several systems including, e.g., X-ray diffraction equipment, tensile test equipment, monitoring 

system etc. The main setup is illustrated schematically in Figure 2, which is modified from 

reference [33], the main devices are described as below. 

 
Figure 2 Schematic drawing of synchrotron radiation experimental setup, modified from reference [33] 

• Ionization Chamber 
The X-ray beam from a synchrotron source goes through an ion chamber first. Because 

synchrotron source decays gradually with time, accelerated positrons needs to be 

injected into the storage ring periodically. Therefore, the relative intensity of the incident 

beam should be monitored simultaneously by the ionization chamber for normalizing 

the experimental data [34]. 

• Attenuator 

Attenuators are used for controlling the incident photon flux. High attenuation can 

prevent over-exposure on the X-ray detector; low attenuation can reveal weak peaks 

(e.g. crystal reflections with high Miller index). Adjusting the attenuation can optimize 

the quality of diffraction patterns. During the experiment, attenuation was adjusted. 

Higher value was used in the early stage. As deformation went on, the value was turned 

down since the diffracted intensity was lowered for the deformed lattice. 

• Shutter 

The shutter controls the access of the incident beam. Shutters are closed when someone 

X-rays from 200 mA e+, 
24 pole wiggler and 
monochromator 
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should go into the experimental hutch. 

• Slits 

The size of the beam can be controlled by vertical and horizontal slits.  

• Load frame 

Main equipment which is used for tensile tests, additional heating equipment is used in 

non-ambient experiments. 

• Area detector 

Area detector is used during the experiment to receive scattered beams. 

4.2.2.  Tensile Test 
Uniaxial tensile tests were performed during XRD experiments. A dedicated load frame with 

2kN tension capability in displacement control mode was utilized [35]. The mounting part of 

the load frame and the control panel are shown in Figure 3. An additional heating device was 

used to impose non-ambient conditions. A control panel was used to apply the load. 

 

       
Figure 3 Load frame and its control pad  

In order to improve the efficiency of replacing specimens after each test, a special holder was 

designed. Figure 4 illustrated the sample holder and the pin, the holder was firstly installed on 

the rigs (Figure 3 left, the golden column). The specimen was then pinned into upper holder 

and the upper rig was moved downward so that the sample can be pinned to lower holder as 

well. After the sample is mounted, a minor force was applied to fix the sample position. 

                    
Figure 4 Schematic drawing of the sample holder (left) and fixing pin (right) 

Given consideration to A50 elongation of the different materials, FDX25 and FDX27 steel has 
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the minimum A50 value of 35% [7], thus the ultimate elongation applied in the experiments was 

30%; whereas the austenitic stainless steels have better ductility, 301 and 201 Cu steels were 

pulled up to 50% elongation. It is worth mentioning that the scanning procedure of XRD 

experiments was operated automatically after each tensile loading step, meaning that loading 

was divided into several steps rather than a continuous process, the information of force and 

displacement was recorded before and after each loading step. Due to time constraints, the 

number of loading steps for tensile tests at non-ambient conditions was reduced. 

4.2.3.  Temperature Control 
In order to study the temperature effect on the martensitic transformation, a small furnace was 

used to heat specimens up to 45C and 70C. The furnace was capable to raise the temperature 

by using infrared heating, the temperature was controlled by adjusting the percentage of input 

power and monitored by the four built-in thermocouples. As can be seen in Figure 5, four 

thermocouples were attached inside the furnace, after sample was mounted on the load frame, 

the furnace was moved close to the load frame where sample could be located in the centre of 

the furnace. In the end, a cover was installed to prevent heat exchange with the outer 

environment. 

 

 
Figure 5 Infrared furnace with four thermocouples 

Temperature calibration was required in advance, because: i.) the relationship between the 

percentage of input power and the furnace temperature had to be established for controlling the 

temperature; ii.) when performing the real experiments, the thermocouples could not be 

attached to the sample surface, since then it would interfere with the X-Ray beam and lead to 

scattering events that would obscure the diffraction pattern from the sample. Thus, when doing 

the calibration experiment, two thermocouples (TC1 and 2) were put aside in the furnace where 

it would not hinder the path of X-ray beam, the other two thermocouples (TC3 and 4) were 

attached to both sides of the specimen surface. By recording temperature data for both sample 

surface and furnace, we could subsequently obtain the relationship between the temperatures in 

these two positions. Then in the real experiments, the two sample surface thermocouples were 

put aside and the furnace temperature was used to estimate the sample surface temperature. 

 

The calibration results are presented in Figure 6. The blue and yellow line show the first cycle 

of heating-cooling where the blue line represents the temperatures of furnace and sample 

surface during heating, yellow line represents temperatures during cooling. Black and red lines 

show temperature changes in the second cycle. Linear relationship can be found in both cycles, 

however, in the first heating-cooling cycle, deviations between the heating and the cooling stage 
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can be noticed, one explanation can be that the thermocouples were not fully stabilized in the 

first cycle. 

 

Since the reason for the different results from the first and second cycle is uncertain, the 

precision of the temperature measurements was hard to evaluate. Assuming that the relationship 

falls in between the two groups of curves, a sample temperature of 70C means a furnace 

temperature of around 24.5C according to the second cycle curves, but using the first cycle 

curves as a reference, the sample temperature will be around 58C. Thus, the precision of the 

temperature measurements is estimated to be about 10C. For simplicity, the influence of the 

thermal conductivity of the adhesive used to connect the wire to the specimen as well as the 

difference in thermal conductivity between different steel grades was neglected. 

 

 
Figure 6 Temperature calibration, showing the temperature in the furnace as a reference to the temperature on the sample 

surface 

4.3. Microscopy 
Microstructure characterization was performed utilizing the EBSD technique and a JEOL 

7800F field-emission scanning electron microscope (FESEM). Furthermore, the ECCI 

technique was used to obtain microstructural information before and after deformation. Only 

FDX25 and FDX27 were characterized by microscopy investigation. 
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5. Data Analysis 

5.1.  Stress-strain Analysis 
Stress strain curve is a general approach and usually the first step to understand basic 

mechanical properties of materials, from which, features such as Young’s modulus, yield 

strength and ultimate tensile strength can be determined. Furthermore, the work hardening 

effect can be revealed through observations and calculations of the yielding behaviour, thus it 

provides an approach to develop a deeper understanding of the intrinsic material characteristics. 

 

In our case, different samples were undergoing various levels of martensitic transformation due 

to their distinct chemical compositions, phase combination and temperature environment. The 

difference in mechanical behaviours were therefore directly reflected on their stress-strain 

curves. 

 

During the experiment, displacement and force were recorded after every load step and then a 

final log file was generated. The data was subsequently converted to true strain and true stress 

in a MATLAB routine according to Equation (11)(12) [36]. 

 

𝜎 =
𝐹

𝐴
=

𝐹 ∙ 𝐴𝐿

𝐴 ∙ 𝐴0𝐿0
=

𝐹 ∙ 𝐿

𝐴0 ∙ 𝐿0
 (11) 

  

𝜀 = ln
𝐿0 + ∆𝐿

𝐿0
= ln (1 +

∆𝐿

𝐿0
) (12) 

 

where: 

𝜎 =   true stress, 

𝐹 =   applied force, 

𝐴 =   cross section area, 

𝜀 =   true strain, 

∆𝐿 =   displacement, 

𝐿 =   original specimen length. 

5.2.  Conversion of Two-Dimensional XRD Patterns 
When the X-ray beam with a certain wavelength hits a crystal, it will be scattered by parallel 

lattice planes. If the scattered waves interfere with each other constructively i.e. crests 

superimpose with crests, intensity peaks will be obtained. These waves then are received by an 

area detector and appear as a series of concentric circles. However, only some specific planes 

can reflect the beam perfectly to create crest-superposition waves. Bragg’s Law gives the 

condition for constructive interference: 

 

𝑛𝜆 = 2𝑑 sin 𝜃 (13) 

 

Where: 

𝜆 =   wavelength of incident beam, n is an integer, 

𝑑 =   distance between two crystal planes, 

𝜃 =   scattering angle. 
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5.2.1.  Calibration with CeO2 Standard Material 
Integration of two-dimensional XRD diffraction pattern requires accurate experimental 

parameters such as e.g. sample to detector distance, position of the direct beam on the 2-D 

detector etc. Calibration can be accomplished by matching 2-theta position (peak position) 

obtained from software with pre-set experimental parameters and from calculation. The 

calibration procedure is outlined below. 

 

1. Before XRD experiment for commercial steels, diffraction patterns of standard reference 

material CeO2 (cubic structure) were acquired. 

 
2D patterns were integrated using FIT 2D software. Estimated experimental parameters were required in 

this step. Undesirable areas, such as the shadow of the beam stop, should also be masked, as can be seen in       c.) Experimental 

data input           d.) Detecting the 2D rings 

2. Figure 7. Detailed procedure can be followed in the instruction [37]. 

 

  
          a.) Original peak           b.) Masking the beam stop  

 

  
      c.) Experimental data input           d.) Detecting the 2D rings 

Figure 7 Data processing by FIT 2D 
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3. Integrated one dimensional pattern was fitted in Origin Lab software to find out the 2-theta 

position. 

 

4. Expected 2-theta positions were calculated for different crystal reflections based on Bragg’s 

Law. 2-theta value is twice the scattering angle; therefore, we have (14). 

 

sin (
2𝑡ℎ𝑒𝑡𝑎

2
) =

𝑛𝜆

2𝑑
 (14) 

 

The integer n was taken as 1, the wavelength and d-spacing were calculated from Equation. 

 

𝜆 =
ℎ𝑐

𝐸
 (15) 

  

Where: 

ℎ =   Planck constant, the value is 4.135667662 × 10−15 eVs, 

𝑐 =   speed of light, the value is 2.99792458 × 10 m/s, 

𝐸 =   energy of incident beam, in the present experiment the value is 61.332 keV. 

 

𝑑 = √
1

ℎ2+𝑘2 + 𝑙2
∙ 𝑎 (16) 

 

Where: 

ℎ, 𝑘, 𝑙 =   index of a certain reflection, 

𝑎 =   lattice constant, the value for CeO2 was obtained from National Institute of 

Standards & Technology [38], which is 0.5411651 0.000 000 59 nm. 

 

5. Integrated data were compared to calculated data, in our case, 3 reflections were selected in 

the comparison, they were: (331), (420) and (422). The experimental parameter was 

adjusted and peaks were fitted repeatedly until the deviation between these two data was 

less than 2 × 10−4. 

5.2.2.  Conversion of 2D Patterns 
When calibration was done, the corrected experimental parameters can be used in the actual 

data conversion. Two-dimensional XRD patterns for commercial grades were ready to be 

processed by FIT 2D software automatically. The procedure was the same as calibration step 2, 

however, the diffraction patterns obtained during non-ambient experiments were affected by 

the heating device which hindered the X-ray path and small spots and extra rings were found 

in the diffraction patterns. The severely affected parts of the detector were masked off, before 

further analysis, see Fig. 7. 
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          a.) Original peak     b.) Masking the interfered area  

 

  
c.) Masking the small interfered spot         d.) Masking the interfered rings 

Figure 8 Data processing of contaminated patterns 

5.3.  Peak Fitting 
X-ray diffraction analysis provides a quantitative way for studying essential features of 

polycrystalline materials, e.g. phase fractions, micro-strains etc. In order to achieve these 

objectives, it often requires extraction of some key parameters from XRD patterns such as peak 

position, integrated peak area, full width at half maximum. In the present thesis, these 

parameters were obtained by utilizing Origin Lab software, in which peak fitting was performed, 

the fitting procedure was divided into five steps as described below. 

 

1. Selection of fitting area 

After the 2D patterns were converted into 1D plots (.chi file), files were imported to Origin Lab 

software. Figure 9 shows a typical 1D pattern, diffraction peaks distributed in the two-theta 

range of 5- 15. In theory, it should be possible to fit all peaks simultaneously if a suitable 

function is selected. However, the baseline (background intensity) of the pattern was nonlinear 

and it was instead fitted by polynomials in a restricted angular range. Therefore, it was 

considered to fit peaks individually, so that its adjacent baseline could be regarded as linear. 
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Nevertheless, as can be seen from Figure 9 some peaks were close to each other and their lower 

parts superimposed with each other, in this case, these neighboring peaks were selected to be 

fitted together. 

 

 
Figure 9 One dimensional XRD plot 

2. Baseline mode 

It is essential to let the software well recognise the background intensity in order to obtain 

accurate fitting result. The background intensity was regarded as the baseline of the 1-D plot. 

As can be seen in Figure 10, several anchor points (red dots) were selected manually, and the 

baseline (red line) was a function that passed through these points. 

 
Figure 10 Baseline generation 

3. Peak finding 

The program identifies the peaks by different mathematical algorithm, such as local maximum 

value, first and second derivative etc. The number of peaks should be pre-defined by user so 

that the software can calculate the approximate position of the peaks, otherwise a small noise 

in the background could be regarded as peaks. The second derivatives method was proven to 

be feasible in our case, this method can recognize small peaks successfully in initial stages 

when the martensitic transformation just began. 
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Figure 11 Fitting functions 

 

4. Peak fitting 

In general, 4 functions are commonly used in XRD peak fitting: Gaussian, Lorentz, Pseudo-

Voigt and Pearson VII. Gaussian method typically applies to strain broadening peaks, Lorentz 

method is suitable for size broadening peaks. The main difference between Gaussian and 

Lorentzian is the decay rate of peak tails. Most of the XRD peak profiles fall in between these 

two functions [39]. Pearson VII function and pseudo-Voigt are other popular functions to fit 

different shapes of XRD peaks. The pseudo-Voigt is a linear combination of Gaussian and 

Lorentzian function, therefore single Gaussian and Lorentzian function can be considered as 

the two boundaries of the pseudo-Voigt function, as depicted in Figure 11 [40]. 

Comparison between these four function in Origin Lab software are demonstrated in Figure 12. 

The R2 values in the figure is generally known as the coefficient of determination (COD), which 

indicates the agreement of prediction of dependent variables based on independent variables, 

in our case, it represents how well the fitting result can match with the actual data, higher R2 

means better result and the maximum value is 1. 

 

 
a.) Gaussian (COD(R^2) = 0.99484)    b.) Lorentz (COD(R^2) = 0.99056) 

   
c.) Pearson VII (COD(R^2) = 0.99870)              d.) pseudo-Voigt (COD(R^2)=0.99888) 

Figure 12 Fitting result based on different functions 
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Figure 13 Multi-peak fitting results for weak peaks (left, COD = 0.99583) and strong peaks (right, COD = 0.99987) 

As shown in Figure 12, pseudo-Voigt had the highest value in most of the fitting results, 

therefore, this function was exerted to all fitting procedures. The accuracy of pseudo-Voigt 

function for multi-peak fitting was illustrated in Figure 13. Blue line shows the outline for each 

individual peak. Red line represents the final result of the curve fitting and it matches the 

original data (black dots) very well. Therefore, pseudo-Voigt method was demonstrated to be 

the most reliable function. 

5.4.  Phase Fraction Calculation 
The direct comparison method was employed in the current analysis. The principle of this 

method is shown in the chapter 2.4. The utilization of Equation 9 involved 5 different terms i.e. 

structure factor, multiplicity factor, Lorentz-polarization factor, temperature factor and unit cell 

volume. In this chapter, the acquiring of these different terms is explained. 

5.4.1.  Structure Factor 
The waves scattered by all the atoms in the unit cells compose the diffracted beam and it is 

represented by structure factor 𝐹 [30]. When an X-ray beam passes through atoms, part of it 

will be scattered by their electrons [30]. The term atomic scattering factor 𝑓 is used to describe 

the extent of scattering caused by a certain atom in a certain direction [30]. In the description, 

the direction of scattering is related to scattering angle, if the scattered wave is in forward 

direction (2 = 0), the waves scattered by all electrons in the atom can be added directly 

resulting in a maximum 𝑓 , of which the value is equal to the atomic number of a specific 

element. With increasing 2, the atomic scattering factor decreases. Furthermore, atomic 

scattering factor is also dependent on the wavelength of the incident beam, so the calculation 

of 𝑓 involves the term sin 𝜃 𝜆⁄ . 

 

Moreover, the electrons in an atom have electronic binding energy, which will affect the 

scattering power. Hence the valid atomic scattering factor calculation should take this effect 

into consideration, and it can be formulated as Eq. (17) [41]. 

 

𝑓 = 𝑓0 + ∆𝑓′ + 𝑖∆𝑓′′ (17) 

 

Where 𝑓0 is non-dispersive part of the atomic scattering factor, ∆𝑓′ and ∆𝑓′′ are the real and 

imaginary dispersion corrections [41]. The values of 𝑓0, ∆𝑓′and ∆𝑓′′ were obtained from XOP 

(X-ray Oriented Programs) 12. In XOP database, these values were plotted versus sin 𝜃 𝜆⁄  for 

                                                 
1 XOP database contains a Waasmaier&Krifel-like parameterization for 𝑓0 data. Reference: D. Waasmaier and A. Kirfel, “New 

analytical scattering-factor functions for free atoms and ions,” Acta Crystallographica, vol. A51, pp. 416-431, 1995. 
2 ∆𝑓′and ∆𝑓′′ in the database are originated from the Evaluated Photon Data Library (EPDL). Reference: D. E. Cullen, J. H. 

Hubbell and L. Kissel, “EPDL97: the evaluated photon data library ’97 version,” 1997. 
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different elements, which can be exported and added into MATLAB routine. 

 

Structure factor 𝐹 can be calculated by adding all 𝑓 values of atoms within a unit cell. The unit 

cell characterised by different crystal structure, thus the actual equations for 𝐹 are expressed 

below: 

 

For bcc structure: 

 

𝐹2 = 4𝑓2 (18) 

 

For fcc structure: 

 

𝐹2 = 16𝑓2 (19) 

 

For hcp structure: 

 

𝐹2 = 0 when ℎ + 2𝑘 = 3𝑛 𝑎𝑛𝑑 𝑙 = 𝑜𝑑𝑑 

𝐹2 = 𝑓2 when ℎ + 2𝑘 = 3𝑛 ± 1 𝑎𝑛𝑑 𝑙 = 𝑒𝑣𝑒𝑛 

𝐹2 = 3𝑓2 when ℎ + 2𝑘 = 3𝑛 ± 1 𝑎𝑛𝑑 𝑙 = 𝑜𝑑𝑑 

𝐹2 = 4𝑓2 when ℎ + 2𝑘 = 3𝑛 𝑎𝑛𝑑 𝑙 = 𝑒𝑣𝑒𝑛 

(20) 

 

In (18)(19) and (20), 𝑓 represent all elements in the unit cell, as for pure metal Eq.(17) is valid 

since it used to calculate the atomic scattering factor for a single element. However, steel has 

several elements in a unit cell, when calculating these factors for steels all elements should be 

considered. In theory, the scattering factor for a mixture is associated with many more 

parameters [42]. In the book written by Tilley, atomic scattering factor of a solid solution is 

proposed as a weighted sum that considers the occupancy of different elements, e.g. Eq.(21) 

[43]. 

 

𝑓 = 𝑥𝑓𝐴 + (1 − 𝑥)𝑓𝐵 (21) 

 

For simplification, the chemical composition was assumed the same in all phases. In addition, 

the occupancy of each element was regarded as its mass percent (wt%) while in principle it 

should be the mole fraction. Then Eq.(21) can be amended as Eq.(22). 

 

𝑓𝑓𝑖𝑛𝑎𝑙 = ∑ 𝑤𝑡%𝑖 ∙ 𝑓𝑖

𝑛

𝑖=1

 (22) 

5.4.2.  Multiplicity Number 
Multiplicity number is the number of crystal planes that have the same d-spacing. These planes 

contribute to the same reflection and later on the same intensity peak. Common multiplicity 

factors are listed in Table 2. 

 
Table 2 Common multiplicity number 

 ℎ𝑘𝑙 ℎℎ𝑙 0𝑘𝑙 0𝑘𝑘 ℎℎℎ 00𝑙 ℎ𝑘0 ℎℎ0 0𝑘0 

Cubic 48 24 24 12 8 6 24 12 6 

Hexagonal 24 12 12 12 12 2 12 6 6 
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5.4.3.  Lorentz Polarization Factor 
Lorentz Polarization factor is a geometrical factor which can be computed according to Eq.(4). 

The 2 value was obtained from peak fitting results in the initial stage was used. 

5.4.4.  Temperature Factor 
Thermal vibration exists in every atom in the lattice down to 0 K. Higher temperature leads to 

more drastic vibration and consequently reduces the intensity of the diffracted beam. The 

temperature factor is a rather complicated parameter as it is not only dependent on temperature 

but also the nature of different elements. Unfortunately, no valid equation or theory was found 

for calculation temperature factor of steel. Hence it was assumed that the value was the same 

for all phases in the same temperature and can be cancelled in Eq.(10). 

5.4.5.  Unit Cell Volume 
The unit cell volume of cubic structure can be directly calculated by 𝑣 = 𝑎3, where 𝑎 can be 

obtained from Eq.(13) - (16). The unit cell volume of hexagonal structure can be calculated 

according to Eq.(23). 

 

𝑣 =
√3𝑎2𝑐

2
 (23) 

 

Where 𝑎 and 𝑐 are both lattice constants and can be calculated by Eq.(24). 

 

The a/c ratio was assumed to be the ideal value of 1.633 in hcp structure [44] in order to simplify 

the calculation. In practice, both a and c value can be obtained by solving equations that use 

two set of data.   

1

𝑑2
=

4

3
(

ℎ2 + ℎ𝑘 + 𝑘2

𝑎2
) +

𝑙2

𝑐2
 (24) 
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6. Results 

6.1.  Tensile Test 
True stress-strain curves for the four steel grades at room temperature are shown in Figure 14. 

In the early stage, stress increased rapidly with strain, yield strengths of the two duplex stainless 

steels was higher comparing to the austenitic grades. After yielding, specimens started to 

deform plastically and the curves levelled off. As can be observed from the plot, during the 

plastic deformation, the stress of 201Cu had a steady growth whereas for other three materials, 

stress started to increase more rapidly after exceeding a certain strain level. 

 

This increase indicated a strong work hardening effect. The work hardening rate (WHR) was 

therefore calculated and illustrated in Figure 15. A clear difference between 201Cu and other 

materials was found, where WHR of 201Cu tended to decline continuously. Moreover, HyTens 

301, FDX25 and FDX27 exhibited an increase of WHR and in this case a minimum was attained. 

Consequently, mechanical response altered according to the extent of work hardening. For 

example, in the elastic and early plastic deformation stage 201Cu showed a slightly higher stress 

than HyTens 301 and WHR for both materials decreased dramatically, however WHR for 301 

drastically raised up at approximately 0.18 strain, eventually the stress-strain curve for 301 

surpassed 201Cu at 0.3 strain. Differentiation can be also seen for the duplex stainless steels, 

the hardening effect of FDX27 started earlier and stronger, consequently the stress-strain curve 

of FDX27 surpassed FDX25, and the gap between them became larger with increasing strain. 

 

Another important deformation stage for engineering materials is necking. When a neck forms, 

the material can no longer undergo homogeneous deformation, instead, strain localizes on the 

neck area resulting in severe reduction of local cross section and finally leading to fracture [36]. 

According to Considère’s criterion, necking occurs when the increase of stress equals to the 

work hardening rate [36]. Although necking was not achieved in the experiment and the 

intersection point of true stress and WHR were not provided in the figures, a reasonable 

tendency can still be expected, that is, the increase of work hardening will prolong the 

homogeneous deformation stage by delaying the crossing of the two curves, thus provide 

excellent ductility. 

 
Figure 14 True stress-strain curves of 201Cu, HyTens 301, FDX25, FDX27 stainless steels at room temperature 
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Figure 15 Work hardening rates and stress-strain curves of 201Cu, HyTens 301, FDX25, FDX27 at room temperature 

The temperature effect on stress-strain curves of HyTens 301 and FDX25 is illustrated in Figure 

16 and Figure 17 respectively. The relationship between stress and strain approach towards 

linearity when increasing temperature, particularly in higher strains, it is clearer demonstrated 

in the WHR curves. For 301, the increase of work hardening rate at room temperature started 

after a minimum at about 1300 MPa, at the strain of approximately 0.18. At 45C, the 

occurrence of the minimum shifted to a higher strain at nearly 0.23 and the value was around 

1520 MPa, which was also higher than the room temperature value. The curve for 70C was 

rough due to lack of data points, but it seems like the work hardening rate remained at a certain 

level after 0.1 strain. 

  

Likewise, the duplex stainless steel FDX25 exhibited similar temperature influence as HyTens 

301. However, the temperature dependence of FDX25 was not as obvious as for 301. As shown 

in Figure 19, the increases in WHR at room temperature and 45C were triggered at 0.2 and 

0.22, where the minima were 1180 MPa and 1224 MPa, respectively. In both cases, (austenitic 

and duplex grades) the WHR curves were flatter at warmer environment meaning higher 

temperature hinders work hardening. With less or even no rising trend, stress-strain curves will 

meet WHR curves sooner, indicating necking will occur earlier and lead to unsatisfactory 

ductility. 

 
Figure 16 True stress-strain curves of HyTens 301 stainless steel at room temperature, 45C and 70C 
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Figure 17 True stress-strain curves of FDX25 stainless steel at room temperature, 45C and 70C 

 
Figure 18 Work hardening rates as a function of true strain of HyTens 301 stainless steel at room temperature, 45C and 

70C 

 
Figure 19 Work hardening rates as a function of true strain of FDX25 stainless steel at room temperature, 45C and 70C 

Note that the stress-strain curve for FDX25 at 70C was incomplete because an interruption 

occurred during experiment. 
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6.2.  Formation of - and ’-Martensite 

6.2.1.  X-Ray Diffraction Profile 
One-dimensional X-ray diffraction profiles of 201Cu, HyTens 301 and FDX25 in different 

deformation stages are illustrated in Figure 20. The initial stage represents the as-received state 

of specimen. The austenitic grades 201Cu and HyTens 301 showed a similar profile owing to 

the fact that they both possessed the austenitic fcc structure only. As deformation went on, new 

peaks bulged out from the baseline for 301 revealing that new phases have formed. These new 

phases were recognized as -martensite (hcp structure) and ’-martensite (bcc structure). At the 

final stage, considerable amount of ’-martensite has formed, more X-ray was diffracted by 

this phase. As a result, its correspondent intensity peaks became higher in the XRD profile. On 

the contrary, -martensite formed a little during the process, so its peaks in the XRD plot did 

not grow that much. In 201Cu, on the other hand, austenite remained stable till the end of the 

tensile test, i.e. no new phase formed. Note that the intensity for certain peaks from HyTens 

301, e.g.  (220) fcc peak, first experienced an increase and then a decreased as the experiment 

proceeded, this was a joint result of two events happening during the experiment: i.) the ongoing 

martensitic transformation lead to phase fraction variation thus changed its intensity; ii.) 

attenuation has been turned down to increase the beam intensity in order to be able to discern 

weak diffraction peaks. 

 

Unlike in the austenitic steels, the duplex stainless steels FDX25 and FDX27 contained 

austenite and ferrite in the initial state. Therefore, both fcc and bcc phases were visible in the 

diffraction patterns. Since ’-martensite is bcc structure and the d-spacing is close to ferrite’s 

as well, peaks for these phases overlapped with each other and could not be separated from the 

one-dimensional profile. However, trace of ’-martensite formation can be found by comparing 

area-ratio between fcc and bcc peaks, e.g. in the beginning 111  and 110  had comparable 

area, gradually the maximum intensity of 110  exceeded 111  because of martensite 
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transformation and consumption of austenite. 

 

            a.) 201Cu             b.) 301  

           c.) FDX25           d.) FDX27 
Figure 20 One dimensional X-ray diffraction profile of 201Cu, HyTens 301, FDX25 and FDX27 at room temperature 

6.2.2.  ’-Martensite Volume Fraction Evolution 
The volume fraction of ’-martensite is plotted versus true strain for HyTens 301, FDX25 and 

FDX27 at room temperature. Since no peak other than fcc peak has been found in one-

dimensional X-ray diffraction profile, 201Cu was excluded from the quantitative phase analysis. 

As for duplex stainless steels, their ferrite contents were regarded as the initial value of bcc 

volume fraction during the entire process. As a result, ferrite volume fractions of FDX25 and 

FDX27 were calculated to be 40.4% and 39.4% respectively, ’-martensite volume fraction 

were regarded as subtraction of ferrite volume fraction from bcc volume fraction. 

 

Significant phase evolution was demonstrated in Figure 21. Compositional dependence of 

phase transformation was illustrated by comparison between two duplex steels, at strain above 

0.12, the gap between FDX25 and FDX27 gradually became bigger revealing FDX27 had lower 

austenite stability. HyTens 301 in general had less martensite formed than the two duplex grades 

under the same true strain, moreover, its martensitic transformation started at higher strain, 

approximately at 0.15 strain. All three materials experienced various levels of rapid martensitic 

transformation, therefore it is of interests to study their slope change, i.e. the transformation  
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Figure 21 Volume fractions of ’-martensite as a function of true strain of HyTens 301, FDX25 and FDX27 at room 

temperature 

 

Figure 22 Transformation rates of ’-martensite as a function of true strain of HyTens 301, FDX25 and FDX27 at room 

temperature 

 
Figure 23 Volume fractions of ’-martensite as a function of true stress for HyTens 301, FDX25 and FDX27 at room T 
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rate (first derivatives df/d), by plotting them against true strain, as shown in Figure 22. A 

sudden increase was noted in all curves at strain range of 0.1-0.15. Furthermore, maximum 

transformation rates were found at around 0.2, 0.25, 0.34 strains for FDX25, FDX27 and 

HyTens 301 respectively, corresponding to volume fractions of 0.187, 0.188 and 0.29.  

 

Suzuki et al. concluded that internal stress due to pile-up of dislocations, aids the martensite 

nucleation by producing mechanical driving force [26]. Later Smallman et al. proposed that 

applied stress may influence the stacking fault width and further influence the evolution of 

deformation of microstructure [45] [46]. It is discussed that the formation of ’-martensite, in 

the initial nucleation stage, is essentially assisted by stress [25]. It is therefore necessary to 

relate the transformation to stress, as shown in Figure 23, phase transformation in HyTens 301 

was triggered at 490 MPa while both duplex steels were triggered at 700 MPa. 

 

The temperature had considerable influence on the martensitic transformation, as can be seen 

from Figure 24, the ongoing transformation in HyTens 301 was lower with increasing 

temperature, at 70C only a few percentage of martensite formed. Considering that the stress-

strain curves at different temperatures were close to each other as illustrated previously in 

Figure 16, the strain required to form certain amounts of martensite was increasing with rising 

temperature, in other words, higher stress was required. The transformation rate of ’-

martensite in HyTens 301 was plotted as a function of true strain in Figure 25. The sudden 

increase of the transformation rate became less obvious at higher temperature. Due to the 

limitation of tensile test data, the peaks of transformation rate for 45C and 70C were difficult 

to define, but according to the trend, the rate for 45C decelerated after 0.35 strain and for 70C 

the rate seemed to slightly raise up after 0.4 strain, these trends gave a sign that the maximum 

transformation rate might be achieved in higher strains compared to room temperature curve. 

 

Figure 26 shows the transformation tendency of FDX25 at room temperature and 45 C. Despite 

that the analytical error in 45C experiment was much bigger than other results, a rough 

tendency can still be obtained in the later stage. A similar inverse relationship between 

temperature and martensite formation can be noted at higher strains. 

 
Figure 24 Volume fraction of ’-martensite as a function of true strain of HyTens 301 at room temperature, 45C and 70C 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

True strain

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

V
o

lu
m

e
 f

ra
c

ti
o

n

room

temperature

45°C

70°C



 

 30 

 
Figure 25 Transformation rate of ’-martensite as a function of true strain of HyTens 301 at room temperature, 45C and 

70C 

 
Figure 26 Volume fraction of ’-martensite as a function of true strain of FDX25 at room temperature, 45C 

 
Figure 27 Transformation rate of ’-martensite as a function of true strain of FDX25 at room temperature, 45C 

 

0 0.05 0.1 0.15 0.2 0.25 0.3

True strain

0

0.05

0.1

0.15

0.2

0.25

V
o

lu
m

e
 f

ra
c

ti
o

n

room

temperature

45°C



 

 31 

6.2.3.  -Martensite Volume Fraction Evolution 
Besides ’-martensite, -martensite also formed during deformation, although its amount was 

much lower than ’, it is vital to study -martensite phase evolution since many researchers 

believe thatit favours the formation of ’-martensite. Figure 28 shows the progress of -

martensitic transformation, a noticeable difference in volume fraction between HyTens 301 and 

the two duplex steels can be found. The curve for 301 was characterized by a parabolic shape 

till 0.3 strain, a maximum fraction of 2% was reached at 0.25 strain, at last the fraction remained 

at a level of 1.8%. Two duplex steels possessed different tendencies, however, their tendencies 

are hard to describe since the fraction is so small that it is quite uncertain whether there are 

increases in the amount of  or just analytical error in the evaluation. In addition, phase fraction 

analysis of both steels involved only one hcp peak (100), so it might deviate from the true value. 

In general, the-martensite level kept in the same magnitude at around 0.2%. Critical stress for 

-martensite formation was revealed in Figure 29,  formed at around 290 MPa for 301, it is 

much lower than duplex grades in which the critical stress was about 600 MPa. Moreover, the 

critical stresses for  in all cases were lower than for ’-martensite, meaning that the  appeared 

before ’ during deformation. 

 

 
Figure 28 Volume fractions of -martensite as a function of true strain of HyTens 301, FDX25 and FDX27 at room 

temperature 

 
Figure 29 Volume fractions of -martensite as a function of true stress of HyTens 301, FDX25 and FDX27 at room 

temperature 
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Like for ’-martensite, the temperature affected not only the extent of transformation but also 

the transformation rate, as demonstrated in Figure 30. The slope of each curve declined when 

temperature raised, it indicated that high transformation rate is favoured by low temperature. 

As mentioned above, the maximum volume fraction appeared at around 0.25 strain, this 

maximum moved to 0.37 strain at 45C, with a lower value (approximately 1.4%). Even though 

the peak for 70C was not revealed in the present study, but the same trend could be expected. 

 
Figure 30 Volume fraction of -martensite as a function of true strain of HyTens 301 at room temperature, 45C and 70C 

Comparable results were plotted for FDX25 in Figure 31, only a small amount of -martensite 

formed at higher strain when the sample was deformed at 45C. 

 

 
Figure 31 Volume fraction of -martensite as a function of true strain of FDX25 at room temperature,  45C 

6.3.  Microscopy Analysis 

6.3.1.  Microstructure at Initial Stage 
Figure 32 shows the microstructure of as-received HyTens 301, austenite was characterized by 

large grains with annealing twins, which appeared as parallel bands with different contrast. 
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Figure 32 ECCI result of as-received HyTens 301, magnification: x1000 

      

      

      
Figure 33 ECCI result of as-received materials (a) FDX25, (b) FDX27; EBSD result of as-received materials (c) FDX25, (d) 

FDX27; IPF-X result of as-received materials (e) FDX25, (f) FDX, magnification: x1500 

As-received microstructures of the two duplex stainless steels in their normal direction were 

revealed in Figure 33. A layered structure can be found in both steels. The layers consist of 
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alternating austenite and ferrite phase and it is clearly seen in the EBSD images, where fcc 

structure (austenite) is denoted as red region and bcc structure (ferrite) as blue region. The 

austenite grains were also characterized by annealing twins; some ferritic regions can be 

recognized by their long band shape. IPF results showed that FDX27 had much finer grains 

compared to the FDX25. In addition, the phase fractions evaluated from EBSD data showed 

that there were 42% ferrite and 58% austenite in FDX25, 35.6% ferrite and 64.4% austenite in 

FDX27; which were in agreement with XRD result that FDX25 contained 40.2% ferrite and 

59.8% austenite whereas FDX27 contained 38.3% ferrite and 61.7% austenite composed before 

deformation. 

6.3.2.  Microstructure after Tensile Testing 
Figure 34 shows the microstructure of FDX25 after tensile test, corresponding to the true strain 

of 0.26. Different deformation mechanisms in ferrite and austenite were revealed. Shear bands 

formed extensively in the austenite domains. For example, in grain a, parallel bands in one 

direction extended and intersected with another group of bands in a different direction, 

moreover, ’-martensite can be found at intersection sites as well as at grain boundaries. Ferrite 

grains mainly formed parallel slip bands as in grain c. Similar to shear bands, the slip bands 

were also found to intersect with each other, as shown in grain d. Also, dislocation cells  

with different contrast formed in grain b and d. Some slip bands, e.g. in grain d, had rather 

similar direction with the shear bands in neighbouring austenite, more evidence can be noted in 

Figure 35. 

 

          
Figure 34 ECCI results of FDX25 at final stage of tensile test 

 
Figure 35 Orientation similarity between slip bands and shear bands 

Microstructure evolution of FDX27 was illustrated in Figure 36. Similar to FDX25, dislocation 

cells and slip bands were found in ferrite (grain a, b), the intersection of slip bands seems more 

severe as represented in grain a. In grain b and c, deformation was higher at grain boundary and 

grain corners. Analogous to FDX 25, martensite formed mostly in the intersection of shear 

bands as well as at grain boundaries. In addition, certain amount of martensite formed inside 

and near the twin boundaries in grain d where twins can be clearly recognised. Phase 
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transformation seemed more complete in FDX25 since it was observed that in many sites, 

martensite penetrated austenite as shown in grain e. 

 

           
Figure 36 ECCI results of FDX27 at final stage of tensile test 

Comparison of EBSD results between the two duplex stainless steels demonstrated that 

formation of martensite was more complete in FDX27 as the red region was less. No indication 

of hcp phase was presented due to its limited volume fraction in deformed specimens was 

difficult to be detected. Normalized fractions of bcc phases were 63.2% and 80.5% for FDX25 

and FDX27 respectively (XRD results: FDX25 - 61.8%, FDX27 - 68.5%). Disagreement 

between EBSD and XRD results for FDX27 was found. This may have caused by several 

reasons. First, the actual measured fraction in EBSD result is 67.3% for bcc phase and 16.4% 

for fcc phase, left the 16.3% region with zero solution. The non-indexed area may have resulted 

from high deformation [47]. The austenite is soft phase compare to ferrite and martensite, it 

might have higher deformation so the zero-solution area had greater chance to be fcc structure. 

Second, the EBSD only scanned the surface of the specimen whereas synchrotron XRD gives 

the result based on the bulk material. Third, different part of the sample may have different 

phase component. 

 

Figure 37 shows the EBSD and IPF results for FDX 25 and FDX 27 after deformation. 

Martensite grains are characterised by small size with different orientations, e.g. in the yellow 

region marked on the figure. Several martensite units form within one austenite grain and they 

have different orientations. 
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Figure 37 EBSD and IPF result for FDX25 and FDX27 at final stage of tensile test 
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7. Discussion 

7.1.  Austenite Stability in Austenitic Stainless Steel 
During tensile tests, the two austenite grades behaved differently. Austenite in HyTens 301 

partially transformed to martensite at a certain level of deformation whereas 201Cu didn’t form 

any new phase during the entire process. The different behaviours can be explained with their 

austenite stabilities, which vary with the chemical composition. Stacking fault energy was 

estimated using Eq. (1), the results showed higher SFE for 301 (20.48-26.48 mJ/m2) than 201Cu 

(18.36-24.36 mJ/m2). The values, however, did not agree with the experiment results which 

indicated 201Cu has higher SFE. Since the empirical equation was based on a certain amount 

of experimental data and limited elements were taken into consideration, even though the 

chemical composition for current materials fell into its condition range, its validity on current 

materials remained questionable. As can be seen from the chemical composition table, higher 

overall alloying elements content was found in 201Cu, especially 201Cu had nearly 4% more 

manganese than 301, but 2.26% less nickel. Considering manganese and nickel both are 

austenite stabilizer it is therefore hard to draw a solid statement based on the calculated SFE 

values unless further analysis is performed in order to measure SFE such as XRD peak shift 

method [48]. Meanwhile, another index that is often used in industry to describe austenite 

stability is Md30, i.e. the temperature at which 50% of the austenite transforms to martensite at 

30% true strain. It is regarded as an indication of austenite stability against the formation of 

deformation martensite [14] [49]. Md30 temperature was hereby calculated according to 

Equation(25), provided by Nohara et al. [50].  

 

𝑀𝑑30(°𝐶) = 551 − 462(%𝐶 + %𝑁) − 9.2%𝑆𝑖 − 8.1%𝑀𝑛 − 13.7%𝐶𝑟
− 29(%𝑁𝑖 + %𝐶𝑢) − 18.5%𝑀𝑜 − 68(%𝑁𝑏) 

(25) 

 

The calculated temperature for HyTens 301 was 14.856, and for 201Cu was -26.471, which 

demonstrated higher austenite stability in 201Cu. 

7.2.  Microstructure Evolution 

7.2.1.  Formation of ’-martensite 
A conspicuous feature possessed by duplex grades is the dual-phase microstructure, which will 

substantially influence the mechanical properties. First of all, ferrite, as one of the domains in 

the matrix, shares stress with austenite during deformation [51] [52], the stress partitioning 

effect will change its critical martensitic transformation stress. Second, ferrite and austenite 

possess different deformation mechanisms, which will further affect the accommodation 

difficulty of the plastic deformation. In current duplex steels, ferrite formed dislocation cells 

and slip bands, austenite on the other hand mainly formed shear bands. All these characteristics 

make the transformation condition more complex than austenitic stainless steel. 

 

As proved by some studies, martensite not only forms at the intersection of shear bands but also 

at single shear band in austenitic grades [13]. In the present work, duplex stainless steels had 

similar mechanism as lots of martensite were found in the intersection of shear bands, as well 

as in grain boundaries where intensive shear band formed. Moreover, martensite formation at 

twins was also discovered in grain d in Figure 36, indicating that intersections of twin 

boundaries and grain boundaries might be another sites where phase transformation can initiate, 

more evidence can be found in yellow region in Figure 38 and IPF coupled with phase map in 
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Figure 39. As mentioned above, ferrite mostly formed dislocation cells. 

 

 
Figure 38 Martensite formed in twins in FDX27 

 
Figure 39 Martensite formed in twin boundaries in IPF (left) coupled with phase map (right) 

According to phase fraction plots, sudden increase in martensitic transformation rate were 

found at certain strains in all three specimens, however the transformation rates and its critical 

stress levels were different, austenite steel had much lower value than duplex steel. In the study, 

chemical composition, grain size, and microstructure were the three major differences between 

austenitic and duplex stainless steel. Comparing experiments with the same external conditions 

of, i.e., same temperature and strain rate, the austenite stability is therefore mainly affected by 

chemical composition. It is therefore reasonable to consider the austenite chemical composition 

as its overall composition, whereas it is not the case for duplex stainless steels since the 

composition varies in different phases because of the nature of ferrite and austenite. Further 

chemical composition analysis for duplex grades should be performed. Moreover, FDX25 and 

FDX27 consisted comparable amount of phases in the beginning, and they both had similar 

critical stress value yet their final martensite fractions were far from each other. It might be 

reasonable to explain it by the role of the ferrite and the grain size. Before martensitic 

transformation, stress partitioned between ferrite and austenite (load partitioning), thus apparent 

stress cannot represent actual stress accommodated in austenite, it was possible that uneven 

stress distribution may lead to higher critical stress than austenitic steels, when critical stress 

was reached, martensite started to form. Das et al. reported martensite formation in the shear 

band-grain boundary intersections [53]. In our study, grains were smaller in FDX27 than in 

FDX25, which means more grain boundaries were presented in FDX27, furthermore, FDX27 

seemed to generate more shear bands than FDX25, this could lead to more martensite. However, 

the transformation is characterized by these conditions altogether, additional study should be 

conducted in order to fully understand the role of each condition. 

 

The martensitic transformation rates for all three materials experienced an increasing stage and 

then reached their maxima. As indicated in the result section, duplex stainless steels both 

reached their highest value at around martensite fraction of 0.18, HyTens 301 reached its 

maximum at approximately 0.29. The martensite fraction where the maximum transformation 

rate was achieved in austenitic stainless steel was in agreement with Talonen’s results where he 

reported that the maximum transformation rates always showed up in 0.3 martensite fraction in 

EN 1.4318 (AISI 301 LN) deformed under a strain rate of 3× 10-4 s-1. Later he related the 

occurrence of the maximum transformation rate with the decreasing austenite fraction which 

resulted in a decline of nucleation site in the austenite phase [25]. The highest transformation 

rates for the duplex grades FDX25 and FDX27 were attained at 0.18 martensite fraction. 

twins 

austenite 

martensite 

twins austenite 

martensite 
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The martensitic transformation had notable impact on the mechanical behaviour. Talonen 

concluded that there was a certain martensite level, below which, the martensite mainly 

contributed to dispersion hardening in the austenite domains by impeding the movement of 

dislocations. Above this level, the martensite has formed a percolating structure and then the 

martensite needs to deform together with the whole material. Since martensite is harder than 

austenite, the mechanical response of the steel will be significantly modified by martensite [25]. 

This certain martensite level is called percolation threshold, and it was evident in true stress 

versus square root of martensite plots. 

 

The martensitic percolation structure will change the overall mechanical response of the 

materials; hence it is of interests that one can determine the percolation threshold by the 

mechanical behavior. In austenitic stainless steel, Fang et al. proposed that the square of the 

flow stress is linearly proportional to the martensite volume fraction [54]. Later, Talonen 

observed that for EN 1.4318 (AISI 301) steel the linearity changed abruptly at the volume 

fraction where the percolation threshold was observed [25]. As can be seen in Figure 37, the 

percolation threshold can also be indicated in FDX 25 and FDX 27, if it is assumed that the 

percolation threshold of the duplex stainless steels is indicated by the abrupt change in the slope 

of square root of martensite volume fraction vs. flow stress. 

 

 
Figure 40 Square root of martensite fraction as a function of true stress and the differentiation of square root values against 

true stress 

The relationship between square root of martensite fraction and true stress is illustrated in 

Figure 40. Compare to Fang et al.’s result, similar trend can be observed below 750 MPa where 

it can be divided into two stages, the linear relationship was not valid for stage 1 (600 MPa to 

700 MPa) where the martensite has not started to form rapidly [54]. The linear relationship 

started in the stage when martensite formed rapidly. 

 

At higher stress, another change occurred at stress of 800MPa and 756MPa, corresponding to 

martensite fractions of 0.12 and 0.1 for FDX25 and FDX27 respectively. Similar trend has been 

found by Talonen [25]. If it is assumed that martensite percolated when the fraction exceeded 

around 0.1. This might have indicated that: i.) The change showed up at the same stage where 

the minimum work hardening rate was achieved, after this stage the work hardening rate started 

to increase. Which may further suggest that for the duplex stainless steel, the effect of 
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percolation clusters of martensite started to strengthen the material at this stress level, instead 

of by dispersion hardening found in austenitic stainless steels at this martensite fraction level. 

ii.) Similar to the result found in austenitic stainless steels by Talonen [25], at higher stress the 

change occurred where the maximum ’-martensite transformation was achieved, this may 

indicate that the martensite started to share load as a dominant phase would do. 

 

As can be observed in the EBSD results in Figure 37, martensite has already extended and 

percolated through the austenite domain, the previous layer structure broke into austenite 

islands. Especially for FDX27, the percolation was severer than for FDX25, this may be a 

consequence of finer grains in FDX27 and the percolation threshold for FDX27 was lower. 

7.2.2.  Temperature Dependence of Martensitic Formation 
A significant reduction of martensitic transformation at higher temperature were clearly 

illustrated in Figure 24, Figure 26, Figure 30 and Figure 31. The highest transformation rate 

was achieved in room temperature experiment while it was considerably retarded at 70C. 

Maximum value was not presented in 45C curve, but the tendency shows that the curve was 

about to flatten at higher strain. The inhibition of the martensitic transformation can be related 

to the temperature dependence of stacking fault energy. At non-ambient temperatures, the phase 

transformation evolution was gradual without any sharp change, which may indicate that less 

nucleation sites were generated in the early plastic deformation. 

7.2.3.  Formation of -martensite 
The formation of -martensite was insignificant compared to ’, at room temperature, the 

austenitic stainless steel HyTens 301 forms the highest amount of the three, which was about 

0.021. However, -martensite did not increase during the entire deformation, instead, the 

volume fraction remained at a certain level. Das et al. observed  ’ process in the 

martensitic transformation in 304 LN stainless steel, this may also apply to HyTens 301 that  

was partly consumed to form ’ and at a certain strain level the formation and consumption of 

-martensite was balanced. In Figure 29, after 800MPa, the  fraction was relatively steady, 

where at the same stress level, the transformation rate for ’-martensite reached its peak. 

 

Duplex stainless steels formed much less -martensite than the austenitic grade, and their trends 

were different and too vague to draw solid statements. For example, in Figure 28, the maximum 

-martensite fraction was reached at 0.12 strain and fraction for FDX25 started to increase at 

0.26 strain, but these statements are quite doubtful since the calculation of  fraction in the 

preliminary stages involved only one peak, the uncertainty of fitting result may arise and lead 

to bias when calculating the phase fraction. Despite the uncertainty, the critical stress for -

martensite formation was always less than for ’-martensite, this is probably because  was 

able to nucleate at shear bands more easily, and then favoured the formation of ’ since  acted 

as nucleation site for ’ as reported in previous work [13]. On the other hand, higher 

temperature will also suppress its formation, the effect can be reflected on the lower 

transformation rate as well as the occurrence of maximum shifted to higher strain.  

7.3.  Effect of Martensitic Transformation on Mechanical Behaviour 
The deviation between stress-strain curves with and without phase transformation shows that 

martensite have a direct impact on mechanical response of materials. Mechanical behaviour of 

HyTens 301 matches Talonen’s theory very well, where he divided the process into four stages 

[25]. In the initial stage, the work hardening rate declined significantly. Reed and Guntner 

explained this phenomenon by connecting to -martensite formation, where they pointed out 

the minimum work hardening rate was close to the highest amount of -martensite [25]. 
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However, in our case, the minimum value appeared at a strain of 0.17 and  arrived its maximum 

fraction at approximately 0.24 strain as illustrated in Figure 41. Another theory proposed that 

the drop of WHR is caused by dynamic softening, which means the formation of ’-martensite 

performs as an extra deformation mechanism as their nucleation sites help the shear bands to 

intersect with each other [55]. This theory is more suitable in our case since the lower minimum 

value was found in steels that had larger martensitic transformation. The corresponding 

martensite fraction (about 0.05) at lowest WHR is also in agreement with previous work [25]. 

The minimum of WHR thus can be regarded as a symbol of balance between dynamic softening 

and hardening caused by martensite. 

 

 
Figure 41 Stress-strain curve, work hardening rate and ’-martensite volume fraction of HyTens 301 at room temperature 

After the rapid decrease, the work hardening started to rise as the hardening effect became more 

pronounced. Before reaching its percolation threshold, martensite distributed individually in 

austenite domains. Because fcc structure is easier to deform than bcc and hcp structures, 

martensite caused dispersion hardening, which contributed to dislocation development, as can 

be proved by EBSD, in the retained austenite grains dislocation cells were found. When 

martensite exceeded its percolation threshold, it should be considered as another major phase, 

which directly contributed to stress/strain sharing, since these martensite domains must be 

deformed in order to cope with external stress applied to the material. Therefore, the work 

hardening rate keeps increasing till the final stage of tensile test. 
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Figure 42 Stress-strain curve, work hardening rate and ’-martensite volume fraction of FDX25 at room temperature 

 
Figure 43 Stress-strain curve, work hardening rate and ’-martensite volume fraction of FDX27 at room temperature 

Duplex stainless steels on the other hand seemed to have different deformation mechanism 

although they had a similar trend on the work hardening rate. In Figure 42 and Figure 43 the 

work hardening rate dropped after the martensite reached its fraction of 0.12 for FDX25, and 

0.1 for FDX27, indicating that the effect of dynamic softening is more prominent than the 

dispersion hardening effect caused by the newly formed martensite. This may be affected by 

the existence of ferrite. As for ferrite, the mechanical response requires further investigation, 

because the overall mechanical response cannot represent each individual phase. It is also 

observed that the minimum WHRs for FDX25 and FDX27 appeared at 0.12 and 0.1 martensite 

fraction respectively, which are the values that were assumed to be percolation threshold 

according to Figure 40. This may indicate that the percolated martensite directly changed the 

work hardening rate before the balance between dispersion hardening and dynamic softening 

was achieved, which was applied to metastable austenitic stainless steels. 

 

Higher temperature hinders the formation of shear bands and martensite, consequently, the work 
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hardening rate does not change as much as at room temperature. 

 

According to Considère’s criterion, necking forms when the decreasing work hardening rate 

intersects with increasing stress. According to Figure 18, 201Cu was most likely to be the first 

one whose two curves meet with each other, because there was no increase in WHR, the gap 

between the two curves became smaller and smaller. In other words, the ductility of materials 

will benefit from the martensitic transformation. Furthermore, the potential of extending 

uniform elongation depends on the extent of martensitic transformation. On the one hand, high 

martensitic transformation rate can enlarge the gap between those two curves. On the other 

hand, once martensite transformation rate attains its maximum rapidly, the WHR will be 

followed by a quick drop. Thus, in theory, the ideal condition for obtaining desired uniform 

elongation is to control the martensitic transformation such the slope of WHR is equal to the 

slope of stress-strain curve. 

7.4.  Reliability of XRD Phase Fraction Analysis 
Three error sources were found in the quantitative phase analysis, the error caused by preferred 

sample orientation, the accuracy of peak fitting and some simplifications made in the 

calculations. 

 

Theoretically, the direct comparison method requires random orientation of the crystals. 

Deformation will lead to a preferred orientation; therefore, some reflections may have higher 

intensities than another one. Bias will arise from the incomplete selection of peaks. Despite this 

drawback, direct comparison method is still widely used in scientific studies of the retained 

austenite in steel. Dickson validated the direct comparison method for cold rolled samples after 

93% reduction in thickness using conventional XRD with one-dimensional detector [27]. In his 

results, the austenite volume fractions did not vary when more than 4 diffraction peaks of each 

phase had been added into the calculation. Dickson’s result therefore was used as a reference 

in the present analysis. Limited diffraction peaks were provided by XRD experiments as shown 

in Table 3. All peaks excluding fcc 220 were used in order to have equal numbers of bcc, fcc 

peaks. The reason why neglecting 220 peak was that in 1D XRD pattern, peaks were close to 

each other, they were then fitted together and the results were relatively dependent on each 

other, unlike other peaks, the fcc 220 did not overlap with other peaks, meaning the interference 

were minimal. 

 
Table 3 Peak index for fcc, bcc and hcp structures 

 FCC BCC HCP 

Peak 1 111 110 100 

Peak 2 200 200 101 

Peak 3 220 211 102 

Peak 4 311 220 N.A. 

Peak 5 222 310 N.A. 

Peak 6 400 N.A. N.A. 

  

In general, 5 bcc and 5 fcc peaks were taken into calculation, since hcp peaks were always less 

than 5, all presented peaks were used as long as they were available. 

 

For HyTens 301, only fcc peak existed in the beginning, not all bcc and hcp peaks appeared in 

the same deformation stages, so in the calculations of early stages there might be only two or 

three bcc/hcp peaks were involved. Despite this problem, calculation for these stages still used 

5 fcc peaks regardless whether the other two phases had the same quantities or not. One 
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explanation for this decision was: in early stages, the crystal orientations can be considered 

randomly distributed compare to later stages, thus the results gained from less bcc and hcp were 

less affected by how many peaks were used. 

 

The calculation results are shown in Figure 44. n_fcc and n_bcc represented the numbers of 

diffraction peaks for each phase that were considered in the calculation. Excellent agreement 

was found when more than three peaks of each phase were used. In general, when increasing 

the number of peaks considered, the curves were getting closer to the curve that represents 

n_fcc=n_bcc=5, which means five peaks for each phase were sufficient for obtaining a rather 

accurate result. In early stages, values of different curves were almost identical, however, 

deviation became bigger in later stages, indicating that the preferred sample orientation still had 

an effect on the results. Dickson calculated volume fraction with n_fcc=7, n_bcc=6, and 

n_fcc=6, n_bcc=7, he used the deviation between these values and n_fcc=n_bcc=5 values as 

an indication of possible errors. Therefore, in present work n_fcc=6, n_bcc=5 was used to 

illustrate the error bar in the plots. 

 
Figure 44 Comparison between results gained from different numbers of considered peaks 

Another error source was originated from the peak fitting routine. Even the fitting result was 

mostly as excellent as shown in Figure 44, errors can still arise from fitting the small peaks, 

especially for hcp, since these peaks were usually close to large peaks such as fcc 111 and bcc 

110. It is difficult to translate the fitting errors into error bars for the phase fractions, and hence 

no quantitative error from the peak fitting was introduced in the present report.  
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8. Conclusions 
In situ synchrotron X-ray diffraction experiment was performed with the purpose to investigate 

mechanical properties during uniaxial tensile test and analysing the phase transformations in a 

quantitative way. In order to study the temperature influence, non-ambient experiment (45C 

and 70C) was also investigated. Austenitic stainless steel 201Cu, HyTens 301, duplex stainless 

steel FDX25, FDX27 were investigated. Through data analysis and microscopy investigation, 

some conclusion can be summarized as below. 

 

• Good quantitative phase analysis based on synchrotron radiation XRD data was achieved. 

Volume fractions calculated by the direct comparison method was in agreement with EBSD 

result. In addition, the fraction of -martensite was successfully obtained, which indicates 

that synchrotron radiation is a powerful tool for studying phases with small quantities. More 

accurate result can be obtained by considering more peaks from each phase. In the present 

case, the result was relatively accurate when two or more diffraction peaks of each phase 

were used. 

 

• Deformation induced martensitic transformation took place in HyTens 301, FDX25 and 

FDX27, ’-martensite formed in the largest quantity out of the two martensite phases. 

FDX27 had higher martensitic transformation rate than FDX25. At room temperature, 

critical stress levels for martensitic transformation were 490 MPa, 700 MPa and 700MPa 

for HyTens 301, FDX25 and FDX27 respectively. The percolation threshold for FDX25 

was 0.12 and for FDX27 was 0.1, which was indicated in the square root of martensite 

fraction versus true stress plot. 

 

• The formation of -martensite was much less significant than ’-martensite. In HyTens 301 

the volume fraction increased in the early deformation stage and then slightly decreased. In 

the end, it remained a fraction of 0.018. In duplex stainless steels, -martensite fraction only 

increased in the early stage. Furthermore, critical stress for -martensite formation was 

lower than for ’-martensite. 

 

• Temperature increased austenite stability of both austenitic and duplex stainless steels by 

increasing the stacking fault energy. At higher temperature, martensitic transformation was 

retarded.  

 

• Different deformation mechanisms were found in duplex stainless steel, ferrite formed 

dislocation cells and slip bands, while austenite mostly formed shear bands. Martensite was 

found mostly primarily in the intersection of shear bands, grain boundaries but also in twins. 

 

• Mechanical properties were influenced considerably by the martensitic transformation. The 

work hardening rate decreased drastically in the early stage but started to increase when 

dynamic soft hardening was surpassed by dispersion work hardening. Martensite can not 

only enhance the material strength but also prolong the uniform elongation providing good 

ductility. 
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9. Future Work 
This master thesis investigated martensitic transformation in a quantitative way. Further 

research work can be extended from the current one. Especially, the correlation between phase 

transformation and mechanical behaviour of duplex stainless steels, which is more difficult to 

describe compare to austenitic steel. With the help of in-situ synchrotron XRD, it is possible to 

tackle this problem. 

Based on the experiment and analysis performed in the thesis, some future works or 

improvement are summarized below. 

• In order to gain more knowledge on phase transformation in duplex stainless steels, e.g. the 

role of ferrite during plastic deformation etc. Investigation from other perspectives can be 

carried out, such as load partitioning, chemical composition partitioning, micro-strain 

analysis, macro-stress or texture analysis etc. 

 

• When using direct comparison method, accuracy will be improved by calculating 

parameters with theoretical equations without using simplification (e.g. for temperature 

factor, mole fractions instead of mass percent etc.) or ideal value (e.g. a/c ratio in hcp lattice 

structure etc.). 

 

• Further studies on, such as, stacking fault probability and micro-stress etc. can be analysed 

using XRD data. 

 

• Detailed mechanical property studies can be realised by performing tensile with standard 

specimen. More precisely recorded tensile test data can be beneficial for understanding 

small-scale phase transformations, i.e. -martensite transformation. Better results may be 

obtained by XRD investigation with smaller strain interval. 

 

• Detailed microscopy investigation can be achieved. Crystal orientation, textures etc. can be 

revealed from figures like IPF. 

 

• Percolation threshold for duplex stainless steels should be further examined, e.g. by ex-situ 

electron microscopy on specimens experienced different level of deformation. Furthermore, 

the electron microscopy results could also help to correlate the abrupt change of the slope 

in square root of martensite fraction vs. true stress plot with the occurrence of the 

percolation threshold.   
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