
  

 

Martensitic Transformation in 

Stainless Steels 

 
 

Ye Tian 
Doctoral Thesis 

 

 
Department of Materials Science and Engineering 

School of Industrial Engineering and Management 

KTH Royal Institute of Technology 

SE-100 44 Stockholm  

Sweden 

 

Akademisk avhandling som med tillstånd av Kungliga Tekniska 

Högskolan i Stockholm, framlägges för offentlig granskning för 

avläggande av Teknologie Doktorsexamen, torsdagen den 14 juni 

2018, kl. 10:00 i Kollegiesalen, Brinellvägen 8, Kungliga 

Tekniska Högskolan, Stockholm. 

 

ISBN 978-91-7729-786-4 

 



2 
 

 

 

 

 

 

 

  

 

 

 

 

 

 

Ye   Tian                   Martensitic Transformation  
                                   in Stainless Steels 
 

Department of Materials Science and Engineering 

School of Industrial Engineering and Management 

KTH Royal Institute of Technology 

SE-100 44 Stockholm 

Sweden 

 
ISBN: 978-91-7729-786-4 
 

© Ye Tian (田野) 

 

 

This thesis is available in electronic version at kth.diva-portal.org 

Printed by Universitetsservice US-AB, Stockholm, Sweden



i 
 

ABSTRACT 

Metastable austenite (γ) can be transformed to the thermodynamically more 

stable α’-martensite (α’) during deformation. This is usually termed 

deformation-induced martensitic transformation (DIMT). DIMT is 

considered to be responsible for the substantial ductility enhancement in the 

transformation-induced plasticity (TRIP) related steels. Therefore, this work 

aims to investigate DIMT in metastable austenitic stainless steels, which are 

good model materials without the interference of other phases. The follow-

up work extends the investigation to multiphase steels, i.e. TRIP-assisted 

duplex stainless steels (TDSS). The main focuses are the deformation 

mechanisms and related crystallography of both stainless steels. 

In austenitic Fe-Cr-Ni model alloys, the transformation sequence from γ to 

α’ was visualized during in situ incremental cooling using grain-averaged 

and single-grain analysis based on high-energy X-ray diffraction (HEXRD). 

The results indicate that the transient phase is ε-martensite (ε) with stacking 

faults as precursors. In the deformation case, the deformation microstructure 

and deformation-induced α’ were observed and correlated with stacking fault 

energy (SFE). The results include that the role of ε in the formation of α’ is 

similar to that in cooling experiment. α’ units nucleate adjacent to ε within 

individual shear bands and their intersections in low SFE alloys. The small 

α’ variants observed within individual shear bands are mainly twin-related 

due to an autocatalytic behavior that minimize the transformation strain 

energy. In alloys with higher SFEs, the variant selection behaviour is seen 

due to the favorable stress/strain field. The Schmid’s law and Bogers-Burgers 

double shear mechanism can be used to estimate this selective manner. The 

formation of ε is further restricted in alloys with much higher SFEs. In this 

case, the individual shear bands consisting of mainly mechanical twins are 

not potential sites for α’ formation and thus require intersecting shear bands. 

In TDSS, samples with three different stabilities of the γ phase, were 

investigated by HEXRD during in situ uniaxial tensile loading. A 

deformation microstructure dependence on SFE is found, which is similar to 

what we observed in Fe-Cr-Ni model alloys. The micromechanics, however, 

is much more complicated due to the influence of the continuous formation 
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of α’ and related interactions with other constituent phase during deformation. 

The initial load partitioning is associated with the yield strengths of 

individual phases. A major load transfer occurs at the point where maximum 

α’ transformation takes place, and a work hardening is clearly seen in alloys 

with the most unstable γ due to the pronounced TRIP effect. One grade was 

selected for studying the orientation dependency of the mechanical stability 

of γ. This analysis was based on texture and individual grain analysis using 

electron backscatter diffraction. The Schmid’s law and double shear 

mechanism are shown to be applicable to explain the mechanical stability of 

γ in terms of the orientation difference in TDSS. It is found that the activation 

of multiple slip planes is important for the formation of α’ at a certain applied 

stress. 
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Sammanfattning  

Deformationsinducerad martensitisk fasomvandling (DIM) anses vara 
ansvarig för förbättringen av duktiliteten i s.k. TRIP stål. I den här 
avhandlingen undersöks metastabila austenitiska rostfria stål som är bra 
modellmaterial för att studera DIM utan influens från andra faser. Vidare 
undersöks även mer komplexa rostfria stål med två ingående faser, austenit 
och ferrit, där austeniten är metastabil och ger en TRIP effekt, dessa stål 
kallas duplexa TRIP stål. I austenitiska Fe-Cr-Ni-modelllegeringar 
studerades omvandlingen från austenit (γ) till α’-martensit (α’) in situ under 
kylning m.h.a. högenergiröngtendiffraktion. Omvandlingen från γ till α’ sker 
via staplingsfel och ε-martensit (ε). Detta indikerar att genereringen av 
potenta kärnbildningsställen kan stimulera DIM. Bildandet av DIM 
studerades också efter deformation och korrelerades med 
staplingsfelsenergin (SFE) hos austeniten. α’ bildas inom skjuvband samt vid 
skärningspunkter mellan skjuvband i legeringar med låg SFE. Enheterna av 
α’ som bildas är tvillingorienterade till varandra för att minimera 
töjningsenergin. Schmids lag och Bogers-Burgers dubbla skjuvmekanism 
kan användas för att förutsäga de kristallografiska varianterna som bildas. 
Omvandlingen till ε är begränsad vid hög SFE och då består skjuvbanden i 
huvudsak av deformationstvillingar. I det fallet så är det svårare att bilda α’ 
och skärningpunkter mellan skjuvband är därför nödvändiga för att bilda α’. 
Två duplexa TRIP legeringar undersöktes under in situ enaxlig dragprovning 
och deformationsstrukturen hos austeniten liknar den hos austenitiska 
modellegeringar. Mikromekaniken hos dessa stål är dock mycket mer 
komplicerad än hos de enfasiga modellegeringarna. Den initiala 
lastfördelningen mellan austeniten och ferriten förändras dramatiskt när α’ 
bildas, framförallt när bildandet är som störst. En tydlig TRIP effekt kunde 
observeras i de duplexa TRIP stålen. Strukturen efter deformation 
analyserades sen vidare m.h.a. EBSD. Orienteringsberoendet på austenitens 
stabilitet studerades och kunde beskrivas m.h.a. Schmids lag och Bogers-
Burgers mekanism. Aktiveringen av flera glidsystem är viktig för bildandet 
av α’. 
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1 INTRODUCTION 

 

Albert Einstein: 

“[I do not] carry such information in my mind since it is readily available 
in books. ...The value of a college education is not the learning of many 
facts but the training of the mind to think.” 

 

 

Stainless steels are of great importance due to their extensive use in 

applications ranging from the basic household utensils and general 

constructions to the high-end space vehicles and nuclear plants [1]. Cr is 

responsible for this “stainless” feature by forming a protective layer of Cr 

oxide on the surface. The amount of Cr should be above 11 wt.% at least 

[2], and normally more Cr is needed in severe environments. Stainless 

steels can be divided into four categories, based on their microstructure at 

room temperature: ferritic, martensitic, duplex (austenitic and ferritic) and 

austenitic stainless steels. A fifth grade is the precipitation-hardening 

stainless steels, in which the matrix is often martensitic [3]. The division 

of grades according to their microstructure is natural, considering the 

general differences in corrosion resistance and mechanical properties 

between the categories. This thesis will be focusing on austenitic and 

duplex stainless steels. 

Austenitic stainless steels are the largest group and only grades 304/304L 

account for about 50% of the global production of stainless steels [3]. They 

have good creep resistance, toughness, ductility, weldability and corrosion 

resistance. However, austenitic stainless steels are usually susceptible to 

stress corrosion cracking due to intergranular internal oxidation [4]. 

Duplex stainless steels, with alternating ferrite (hereinafter referred to as 



Introduction                                                                                                   

2 
 

α) and austenite (hereinafter referred to as γ) structures, provide high 

strength as well as high resistance to stress corrosion cracking [5].  

Recently, a research focus is on the improvement of mechanical properties 

of austenitic and duplex stainless steels, for example, on the increase of 

strength without significant ductility/formability loss [5,6]. The γ stability 

has been tailored for this purpose to make use of the deformation-induced 

martensitic transformation (DIMT). This gives rise to a delayed necking, 

which is usually termed transformation-induced plasticity (TRIP) effect. 

To date, the TRIP effect has become quite popular in the steel industry [7] 

and, for example, it is exploited in the development of 3rd generation high 

strength steels [8–10]. Hence, the understanding of controlling factors of γ 

stability, deformation mechanism and related micromechanics of 

constituent phases is important for tailoring the mechanical properties of 

alloys with TRIP effect. 

1.1 Scope of present work 

In view of the complicated mechanism of DIMT, our work started from 

Fe-Cr-Ni metastable austenitic model alloys for a better understanding of 

nucleation sites, transformation routes and deformation microstructure 

correlated with stacking fault energy (SFE). Part of this work has been 

dedicated to the comparison between athermal and deformation-induced 

martensite to find the controlling factors for martensite formation. Special 

attention has been paid to the roles of ε-martensite (hereinafter referred to 

as ε) and other related planar defects on the martensitic transformation. 

Moreover, the work has also extended to investigating the micromechanics 

of defects and constituent phases in TRIP-assisted duplex stainless steels 

(TDSS) with the knowledge gained from model alloys. Special attention is 

also being given to the dependence of DIMT on the orientation. 

Electron channeling contrast imaging and electron backscatter diffraction 

in scanning electron microscopy were applied for defect characterization. 

High-energy X-ray diffraction was used for in situ studies of phase fraction 

evolution and stress partitioning during loading. In addition, the individual 
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grains were tracked and analyzed using three-dimensional X-ray 

diffraction with in situ cooling environment. 
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2 DEFORMATION BEHAVIOR OF 
TRIP-ASSISTED STAINLESS 
STEELS 

The deformation behavior of polycrystalline materials is more complicated 

than single crystalline materials due to the interactions between adjacent 

grains with different or similar orientations [11]. TRIP-assisted stainless 

steel is a kind of polycrystalline material that makes use of the metastable 

phase (γ) which can be transformed into α’-martensite (hereinafter referred 

to as α’) during deformation. This transformation has a large influence on 

the plastic flow which leads to a ductility enhancement [12,13]. 

The understanding of the ductility enhancement due to the TRIP effect has 

been investigated extensively [14–16]. Bhadeshia [17] investigated the 

ductility contribution from transformation strain perspective only. It was 

found that the contribution is maximum 15% for fully austenitic steels that 

are transformed completely to martensite, whereas the contribution in 

multiphase alloys must consider the initial γ volume fraction and the extent 

of transformation. Thus, this contribution is rather small compared with 

the total ductility enhancement. Greenwood & Johnson [18] and Zackay 

[19] argued that the extra work hardening due to the phase transformation 

can stabilize the plastic flow confined to the weaker phase, which gives 

rise to a delayed necking. Jacques et al. [20] further attributed the superior 

uniform elongation to a so-called composite strengthening effect, in which 

the deformation-induced α’ strengthens the matrix and provides a sort of 

“shielding” effect indirectly stabilizing the adjacent metastable γ. 
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2.1 Deformation in austenitic stainless steels 

Generally, stable austenitic stainless steels with a face-centered cubic (fcc) 

structure deform via slip on the close-packed {111}γ planes along <110> 

directions. The activation of specific slip system within a grain depends on 

the relationship between critical resolved shear stress and the actual 

resolved shear stress. If a slip system is activated, the actual resolved shear 

stress must be higher than the critical resolved shear stress. The actual 

resolved shear stress can be estimated based on the Schmid’s law [21]. For 

uniaxial tensile loading, the resolved shear stress along the slip direction 

can be described as shown in Fig. 2.1 where: 

RSS cos cos m             (1) 

where �  is the applied tensile stress; �  is the angle between tensile 

direction and slip direction; � is the angle between the tensile direction 

and slip plane normal; ���� · ���� is the Schmid factor which is usually 

termed m. 

 

Fig. 2.1 Schematic diagram of the relationship between the applied stress and 
resolved shear stress on a slip direction. 

In metastable austenitic stainless steels, another deformation mechanism 

is observed with a slip system of {111}<112> [22]. In such case, a perfect 

dislocation may dissociate into two Shockley partial dislocations, and 
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therefore, an intrinsic stacking fault can be observed between two partials. 

The different arrangements of stacking faults result in the formation of ε 

or mechanical twins depending on the SFE [23–25]. Remy and Pineau [26] 

discussed the effect of SFE on the deformation mechanisms. The 

formation of ε with CACACA stacking (hexagonal close-packed, hcp) is 

preferred at SFEs less than about 10 mJ m-2 [23]. When SFE increases, the 

ε formation is restricted, and consequently, the mechanical twinning 

becomes the main deformation mechanism with the arrangement of 

stacking faults on every consecutive layer of {111}γ. The irregularly 

overlapped stacking faults, ε and mechanical twins are normally 

collectively termed shear bands [27], which is the main deformation 

characteristic in metastable austenitic stainless steels. In addition, another 

deformation feature, α’, has been observed at both individual shear bands 

[28] and the intersections [29] giving a large influence on the 

micromechanics during deformation. 

2.2 Deformation in multiphase stainless steels 

For decades, efforts have been made to improve the mechanical properties 

of multiphase stainless steels by making use of the hard constituents such 

as α’ [5,30,31]. The continuous formation of the harder α’ within γ gives 

rise to a load redistribution between the constituent phases, which is quite 

different than normal plastic deformation in single-phase austenitic steels. 

According to Bao et al. [32], small hard constituent like α’, act as 

precipitates, and can introduce a precipitation-hardening effect for the 

matrix. With high volume fraction of α’, a continuous network of α’ called 

“percolating cluster” forms [33] and influences the plastic flow of the 

materials during the deformation. This leads to the “shielding” effect for 

nearby γ. In addition, the change in relative strength of constituent phases 

could lead to a different load partitioning as well. For example, the solid-

solution strengthening of α could lead to an indirect stabilization of the 

metastable γ with less load partitioned via the composite strengthening 

effect [20]. 
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2.3 Deformation-induced martensitic transformation 
(DIMT) 

2.3.1 Martensite formation and related crystallography 

Martensitic transformation involves a Bain distortion and a transformation 

shear according to the phenomenological theory. The transformation could 

also be characterized as diffusionless and displacive with a special habit 

plane, i.e. invariant plane. Two main types of morphology have been 

observed in ferrous α’, i.e. lath and plate α’ [34]. Much focus has been paid 

to the lath α’ due to its existence in most commercial steels, e.g. in the 

studied stainless steels [35]. 

The α’ variants are crystallographically equivalent with special orientation 

relationships (OR) to the prior γ grains. The special OR is commonly the 

Kurdjumov-Sachs orientation relationship (KS-OR) ({111}γ//{011}α’, 

<110>γ //<111>α’), and it was first discovered in a 1.4 wt.% C steel using 

X-rays. Another common OR is called Nishiyama-Wasserman orientation 

relationship (NW-OR) ({111}γ//{011}α’, <112>γ//<011>α’), which was 

found in a Fe-30%Ni alloys. NW-OR and KS-OR deviate from each other 

by about 5o [36]. According to the nomenclature of Morito et al. [34], the 

KS-OR with 24 variants could be defined as V1-V24 as shown in Table 

2.1. Therefore, it is reasonable to expect that selected α’ variants will form 

preferentially in response to the stress or strain field during deformation. 

This variant selection behavior has been observed by many researchers 

[37–39]. 

An attempt to correlate this variant selection behavior with the double 

shear mechanism was made by Higo et al. [40]. Olson and Cohen [41] 

summarized the double shears (two invariant-plane strains) as one-third 

fcc twinning shear and one-half fcc twinning shear. Hence, the formation 

of α’ is triggered when the first shear plane intersects with the second shear 

plane. From the invariant plane, a given pair of the shears could be easily 

associated with the specific KS-OR variant. Using the notation of the 

Thompson’s tetrahedron as shown in Fig. 2.2, the correlation between 
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double shear processes and 24 KS-OR variants is shown in Table 2.1 

[34,40,42]. Since α’ was found to nucleate at the intersection of shear 

bands as well as individual shear bands [28,43], the double shears can be 

extended to a more general form which is discussed in Paper Ⅲ. Moreover, 

the selective behavior may be influenced by the special local stress field 

within the shear regions as well [44]. 

Table 2.1 24 KS-OR variants in relation to the double shear mechanism. 

Variant 

notation 

KS-OR Double shear processes 

(Bogers-Burgers) Parallel plane Parallel direction 

(γ)// (α’) [γ]// [α’] 1st shear 2nd shear 
V1  [  -1  0   1   ]//[  -1  -1  1   ] Bδ Cα 
V2  [  -1  0   1   ]//[  -1  1   -1  ] Cδ Bα 
V3 

(111)//(011) 
[  0   1   -1  ]//[  -1  -1  1   ] Cδ Aβ 

V4 [  0   1   -1  ]//[  -1  1   -1  ] Aδ Cβ 
V5  [  1   -1  0   ]//[  -1  -1  1   ] Aδ Bγ 
V6  [  1   -1  0   ]//[  -1  1   -1  ] Bδ Aγ 

V7  [  1   0   -1  ]//[  -1  -1  1   ] Cα Bδ 
V8  [  1   0   -1  ]//[  -1  1   -1  ] Bα Cδ 
V9 

(1-11)//(011) 
[  -1  -1  0   ]//[  -1  -1  1   ] Dα Cβ 

V10 [  -1  -1  0   ]//[  -1  1   -1  ] Cα Dβ 
V11  [  0   1   1   ]//[  -1  -1  1   ] Bα Dδ 
V12  [  0   1   1   ]//[  -1  1   -1  ] Dα Bγ 

V13  [  0   -1  1   ]//[  -1  -1  1   ] Aβ Cδ 
V14  [  0   -1  1   ]//[  -1  1   -1  ] Cβ Aδ 
V15 

(-111)//(011) 
[  -1  0   -1  ]//[  -1  -1  1   ] Dβ Aδ 

V16 [  -1  0   -1  ]//[  -1  1   -1  ] Aβ Dδ 
V17  [  1   1   0   ]//[  -1  -1  1   ] Cβ Dα 
V18  [  1   1   0   ]//[  -1  1   -1  ] Dβ Cα 

V19  [  -1  1   0   ]//[  -1  -1  1   ] Bγ Aδ 
V20  [  -1  1   0   ]//[  -1  1   -1  ] Aγ Bδ 
V21 

(11-1)//(011) 
[  0   -1  -1  ]//[  -1  -1  1   ] Dγ Aα 

V22 [  0   -1  -1  ]//[  -1  1   -1  ] Bγ Dα 
V23  [  1   0   1   ]//[  -1  -1  1   ] Aγ Dβ 
V24  [  1   0   1   ]//[  -1  1   -1  ] Dγ Aβ 

*The shear is represented by Thompson’s tetrahedron notation as shown in Fig. 2.2. 
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Fig. 2.2 Schematic diagram of Thompson’s tetrahedron notation [45]. 

2.3.2 Thermodynamics and kinetics 

The formation of athermal α’ takes place at the martensite start temperature 

(Ms), where the chemical driving force ∆��→��
 reaches the critical value 

to overcome an energy barrier. However, the martensitic transformation 

can be triggered by deformation just above Ms with an extra mechanical 

driving force. Patel and Cohen [46] suggested that the mechanical driving 

force from the applied stress can be described as follows: 

0 0U              (2)    

where � and � represent the shear and normal stresses, �� and �� are the 

shear strain and the normal strain respectively. Suzuki et al. [47] claimed 

that the formation of α’ could not only be attributed to the applied stress, 

instead the internal stresses within dislocation pile-ups provide additional 

mechanical driving force when there is plastic deformation. In Fig. 2.3a, 

the schematic plot of chemical free energy against temperature for γ and α’ 

is shown and the required mechanical driving force at T1 is presented as 

an example. It should be noted that the required mechanical driving force 

for martensitic transformation depends on the temperature as well as the 

alloy composition. 
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Fig. 2.3 Schematic plot of (a) chemical free energy against temperature for γ 

and α’ [48]; and (b) related stress and temperature effect on DIMT [41]. 

DIMT can be defined as stress-assisted or strain-induced according to the 

nomenclature introduced by Olson and Cohen, see schematic plot in Fig. 

2.3b [41]. The boundary temperature between the two regions was first 

defined as ��
� by Richman and Bolling [49]. In the stress-assisted region, 

α’ nucleates on the same sites as athermal α’ but assisted by applied stress. 

While in strain-induced region, α’ forms near the defects produced by 

plastic deformation. When the temperature is above the Md temperature, 

martensitic transformation cannot be triggered by deformation anymore. 

Based on the double shear mechanism, the transformation kinetics of 

strain-induced martensitic transformation was described by Olson and 

Cohen [50]. The description considered the shear-band formation, shear-

band intersection and the probability of α’ nucleation at the intersections 

of shear bands, and it further modeled the α’ volume fraction (���
) as a 

function of plastic strain (�′) as follows: 

' nf 1 exp{ [1 exp( '' ')] }                (3)   

where � and �′′ are temperature-dependent parameters, and n is a fixed 

exponent. �  is proportional to the probability of α’ nucleation at the 

intersections of shear bands. �′′ depends on the SFE. The value of n was 

found to be about 4.5 for 304 stainless steels. Fig. 2.4 shows a comparison 
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of this model with experimental data of 304 stainless steels. Good 

agreements were achieved and a strong temperature dependence of the 

DIMT was revealed. The predicted curves follow a sigmoidal manner in 

the strain-induced regime, while curves of stress-assisted martensitic 

transformation were reported to be almost linear [47]. 

 

Fig. 2.4 The illustration of comparison between modeled kinetic curves and 
experimental datasets over several temperatures for 304 stainless steels [50]. 

2.3.3 Stacking fault energy 

In addition to chemical driving force, the nucleation and growth of α’ can 

also be associated with the formation of shear bands [51], which is largely 

influenced by SFE as mentioned in section 2.1. It has been observed that 

the existence of shear bands consisting of ε could reduce the activation 

energy for the α’ formation [24]. Therefore, it is natural to expect that the 

formation of shear bands is important to facilitate the formation of α’. Sato 

et al. [52] suggested that the pre-existing ε could facilitate the formation 

of α’ even above Md, while the pre-existing shear bands without ε couldn’t 

trigger the formation of α’. It should be noted that severe localized strain 

could also facilitate the α’ formation by the accommodation of many 

dislocations [53]. In view of the crucial effect of SFE on the formation of 

shear bands, efforts have been made to measure SFE experimentally and 

to estimate SFE theoretically. SFE could be obtained using transmission 

electron microscopy based on dislocation node observations [54], and X-
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ray diffraction (XRD) based on X-ray line broadening analysis and 

stacking fault probability determination [55]. 

Many empirical equations for estimating SFE are also available. In our 

preliminary work [56], a formula proposed by Schramm and Reed was 

used to estimate SFEs for a series Fe-Cr-Ni model alloys. However, the 

result was not satisfactory. There are also theoretical works available for 

the SFE determination. In Paper Ⅱ, the SFEs of Fe-Cr-Ni model alloys 

were calculated using first-principles based on axial next-nearest-neighbor 

Ising model. Reasonable results were achieved. In Paper Ⅴ, the trend of 

SFEs of γ within different TDSS was estimated thermodynamically [57] 

by calculating the molar Gibbs energy differences between γ and ε 

(∆����→���) using Thermo-Calc [58]. 

2.3.4 Factors affecting deformation-induced martensitic 

transformation 

The mechanical stability of γ reveals the tendency for γ to be transformed 

into α’ during deformation. It can be represented by the Md30 temperature, 

where 50% γ is transformed into α’ at 0.3 true strain.  

The mechanical stability of γ could be affected by the variation of chemical 

composition. Lo et al. reported [2] that all alloying elements have effects 

on both the chemical driving force ∆��→��
 and the SFE which are 

important for DIMT, however, inconsistencies exist for the same alloying 

element as well. The mechanical stability of γ can be additionally 

influenced by the temperature, since temperature also has an effect on both 

∆��→��
 and SFE. The deformation mechanism changes from shear 

banding to dislocation glide as the temperature increases, while the 

formation of α’ is restricted [59]. The effect of strain rate on the DIMT has 

mainly been attributed to the adiabatic heating [60]. In addition, the high 

strain rate could facilitate the formation of irregular shear bands consisting 

of less preferred nucleation sites for α’ formation [44].  

The mechanical stability of γ might also be affected by the grain size. 

Nohara et al. [61] illustrated that the refinement of grain size could 
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stabilize the γ, and they proposed an empirical model to estimate the Md30 

taking γ grain sizes into account. However, Matsuoka et al. [62] recently 

found that the influence of the γ grain size on DIMT in a metastable 

austenitic stainless steel is negligible. The grain size effect mainly affects 

athermal martensitic transformation, especially below 20 μm, due to the 

spatial restriction effect. 
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3 EXPERIMENTAL METHODS 

3.1 Materials and sample preparations 

Fe-Cr-Ni austenitic model alloys and commercial TDSS were investigated 

in this work. Both lab-scale and industrial-scale methods were used for the 

preparation of Fe-Cr-Ni model alloys. Paper Ⅰ-Ⅲ were based on the model 

alloys produced by lab-scale arc-melting. Part of Paper Ⅰ was additionally 

supported by model alloys fabricated by industrial-scale melting. Paper Ⅳ 

and Paper Ⅴ were based on commercial TDSS from Outokumpu Stainless. 

 

Fig. 3.1 The illustration of alloy preparation for model alloys, (a) arc-melting, 
(b) cold rolling, (c) sheet-like samples after cold rolling, (d) industrial-scale 

casted samples, (e) hot forged samples, (f) hot rolled samples. 
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The detailed procedure of the sample preparation is shown in Fig. 3.1. The 

lab-scale samples were produced using a compact arc-melter, and button-

shaped samples were obtained as shown in Fig. 3.1a. Compression and 

high temperature annealing at 1200 oC were performed to obtain a 

homogeneous structure with negligible segregations. Cold rolling was then 

carried out to have sheet-like samples with a thickness of 2 mm using a 

small cold roller as shown in Fig. 3.1b. The final products are as shown in 

Fig. 3.1c, and these sheet-like samples were further annealed for the 

following deformation studies. The large samples, as shown in Fig. 3.1d, 

were produced using vacuum induction melting followed by hot forging 

(Fig. 3.1e). Then the cube samples were hot rolled into sheet-like samples 

as shown in Fig. 3.1f. Further cold rolling and annealing were also 

performed for different purposes. 

In Paper Ⅰ, bar-shaped samples with dimensions of 1 × 1 × 15 mm3 were 

prepared for in situ cooling experiments at the beamline P07 of PETRA 

III, DESY. In Paper Ⅱ-Ⅲ, the deformation was carried out using the small 

cold roller mentioned above. In Paper Ⅳ and Paper Ⅴ, the samples for in 

situ loading experiment at the F2 beamline of CHESS were first designed 

using AutoCAD and the finite element method for determining suitable 

dimensions. They were then fabricated using electrical discharge 

machining. The dimensions of the dog-bone-shaped sample are as shown 

in Fig. 3.2a and b. A special sample holder was prepared (Fig. 3.2c) for 

mounting the sheet-like samples to the rotational and axial motion system 

[63]. 

 

Fig. 3.2 The sample design for the in situ loading experiment at the F2 beamline 
of CHESS (All dimensions are in mm). 
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3.2 Microstructural characterization 

3.2.1 Light optical microscopy (LOM) 

Light optical microscopy (LOM) is a useful and convenient technique to 

acquire general microstructure information after sample preparation with 

the help of proper etchants. It can also assist the searching for areas of 

interest for further electron microscopic investigations. For example, 

deformation microstructures could be investigated using LOM. The planar 

defects and α’ could be etched dark as shown in Fig. 3.3. However, the 

detailed structure of them is beyond the resolution limit of LOM. 

 

Fig. 3.3 LOM images of deformation microstructure of (a) Fe-18Cr-10Ni and 
(b) Fe-18Cr-11.5Ni alloys with 10% cold rolled reduction. 

3.2.2 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is widely used for microstructure 

characterization, it gives much larger depth of field compared with LOM. 

SEM with a field emission gun (FE-SEM) enables high resolution 

characterization with excellent statistics. An electron beam scans the 

sample surface to generate different types of signals. The schematic 

diagram of interaction volume and related signals is shown in Fig. 3.4a. In 

the interaction between the incident beam and the surface of the sample, 

the secondary electrons, backscattered electrons and characteristic X-rays 

are the three main signals. The secondary electrons give us the 

topographical information of the sample surface; the backscattered 

electrons are sensitive to atomic number, orientation and phase differences; 

the characteristic X-rays can be used to measure the composition of 
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specific areas. However, the results are interaction volume dependent 

which are associated with the beam voltage and current [64]. In Paper Ⅳ, 

an attempt was made for the chemical composition analysis of constituent 

phases in TDSS using energy dispersive spectroscopy (EDS) in SEM 

based on the characteristic X-rays. The results were quite inaccurate due 

to the overlapping grains in the interaction volume. Therefore, 

transmission electron microscopy (TEM) was used to avoid this problem 

with much smaller interaction volume as shown in Fig. 3.4b. 

 

Fig. 3.4 Schematic diagrams of the interaction volume and generated signals in 
(a) SEM and (b) TEM [65]. 

3.2.2.1 Electron channeling contrast imaging (ECCI) 

Electron channeling contrast imaging (ECCI) technique in SEM is based 

on the channeling effect of electrons and makes use of signals from the 

backscattered electrons. ECCI has enabled the characterization of crystal 

defects such as dislocations, planar defects and grain boundaries [66,67]. 

A grain with an orientation fulfilling Bragg condition with the incident 

beam would appear dark due to the much less backscattered signals. In 

distorted areas like defects, the Bragg condition will not be satisfied and 

therefore strong backscattering occurs. Hence, the defects will appear 

bright in the dark matrix. In addition, ECCI is quite sensitive to the 

orientation difference providing a good supplement to other techniques. In 

Paper Ⅱ-Ⅳ, the ECCI technique was used to characterize the deformation 

microstructure as well as the crystallographic features of α’. In Fig. 3.5, 
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the deformation structure of Fe-18Cr-10Ni model alloy with 10% cold 

rolled reduction is shown. The shear bands and α’ are clearly revealed. 

 

Fig. 3.5 The deformation structure of Fe-18Cr-10Ni model alloy with 10% cold 
rolled reduction. 

3.2.2.2 Electron backscatter diffraction (EBSD) 

Electron backscatter diffraction (EBSD) is a SEM-based technique, which 

allows us to characterize the crystallographic features by analyzing the 

Kikuchi diffraction patterns as shown in Fig. 3.6a. Even though, Kikuchi 

patterns in TEM were first observed by Nishikawa and Kikuchi in 1928, 

the fast development of EBSD in SEM with automation mainly took place 

after 1990s [68]. The typical geometry of EBSD is illustrated in Fig. 3.6b. 

The incident beam firstly interacts with the sample surface producing some 

inelastically scattered electrons, and the subsequent elastic scattering 

satisfying Bragg’s law projects a pattern onto the phosphor screen. This 

pattern is usually called electron backscatter diffraction pattern, which can 

be used to define the crystallographic information of the sample surface by 

matching with simulated patterns. The sample is usually tilted to 70º. 

The pattern quality is largely affected by deformation. Hence, the 

deformation layer introduced from mechanical grinding/polishing has to 

be fully removed by careful ion-polishing or electrolytic polishing. For the 

investigation of DIMT, the sample preparation is important due to the 

easily introduced martensite with mild mechanical polishing or even 

during ion-polishing [69]. In the current study, the combination of mild 
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mechanical grinding and electrolytic polishing was used and further 

checked using LOM. The martensite introduced during the mechanical 

grinding normally appears in parallel with the grinding direction and the 

volume fraction of it varies depending on the grinding force and the 

parameters of electrolytic polishing. 

EBSD was extensively used in the current work. In Paper Ⅰ, it was used for 

the orientation relationship determination between constituent phases. In 

Paper Ⅱ, it was used to identify individual phases. In Paper Ⅲ, the α’ 

variant pairing tendency and variant selection behavior were observed and 

analyzed with it. In Paper Ⅳ, the local strain was estimated, and α’ and α 

(both are body-centered cubic) were further separated based on mainly the 

pattern quality. In Paper Ⅴ, the orientation dependence of γ stability was 

studied based on the Schmid’s law and double shear mechanism with the 

help of EBSD. 

 

Fig. 3.6 (a) Diffraction pattern of Nb and (b) sketch of the geometry of EBSD in 

SEM [70]. 

3.2.2.3 EBSD data analysis using MTEX 

MTEX is a free and open-source MATLAB toolbox for analyzing EBSD 

and XRD datasets in terms of orientation, texture, and plastic and elastic 

properties with no extra packages required. It is a versatile tool with 

automation and it can work with other software cooperatively [71]. 
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Fig. 3.7 Athermal martensite microstructure of Fe-18Cr-12Ni quenched to -196 

oC: (a) ECCI and EBSD maps, [100]α’ stereographic projections for (b) the 
variants formed in the selected blue rectangular area and all possible 24 

variants for parent γ with respect to (c) area A  and (d) area B/C (the 
misorientation is within the symbols). 

Advanced and automatic post-processing could be performed using 
MTEX [72]. In Paper Ⅲ, for example, the variant pairing tendency for 
athermal martensitic transformation in alloy 18-12 could be analyzed as 
shown in Fig. 3.7. 

3.2.2.4 Focused ion beam (FIB) 

Focused ion beam (FIB) is a site-specific technique widely used in material 

science. Unlike SEM, FIB uses focused ions instead of electrons to image 

the sample and mill the sample. A Gallium ion source is commonly used 

due to its low melting point, no overlapping peaks in EDS spectrum, high 

beam intensity, low volatility, long life time, etc. Platinum is usually used 
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for deposition to protect the surface of the sample during milling [4]. A 

FEI Nova 600 FE-SEM equipped with FIB was used for the preparation of 

TEM samples in this work. 

3.3 High-energy X-ray Diffraction (HEXRD) 

3.3.1 Synchrotron radiation 

Synchrotron radiation is a kind of electromagnetic radiation which takes 

place when the high energy electrons are forced to accelerate perpendicular 

to their velocity. The radiation occurs along the tangential direction due to 

the change of velocity. The synchrotron X-ray was first discovered on a 70 

MeV synchrotron facility at General Electric in 1947 [73]. However, it 

didn’t become well-known as an important research tool until the 1960s 

since it was an undesirable effect in the beginning [74]. From the late 

1980s, the demand of extremely bright X-rays propelled the development 

of synchrotron radiation leading to the construction of third-generation 

synchrotrons like ESRF, APS and Spring-8 [75]. To date, the synchrotron 

X-rays have become much more popular due to their high brilliance, which 

is more than a billion times higher than that of lab X-rays. This leads to a 

greater precision with more details for the material characterization. 

Moreover, the higher energy also gives rise to a larger penetration depth 

which enables the bulk analysis [76]. 

3.3.2 In situ environment 

Recently, studies reveal a growing interest in synchrotron-based X-ray 

diffraction experiments during in situ tensile loading. It can be used to 

characterize texture evolution [13], phase fraction [10], micromechanics 

[77], martensite variant selection in the bulk of polycrystalline materials 

from sub-zero to elevated temperatures [10,78,79]. Torsional loading and 

complex loading could also be performed for similar types of analysis [80]. 

For example, Blondé et al. [81] investigated the stability of metastable γ 

in low-alloyed TRIP steel during shear loading and compared with normal 

tensile loading. 
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Apart from the deformation work, the temperature environment has been 

widely applied to the experiments at beamlines as well. Vandijk et al. [82] 

performed in situ cooling experiments to evaluate the thermal stability of 

retained γ in TRIP steels from grain-averaged perspective. Jimenez-

Melero et al. [83] investigated the influence of Al and P on the thermal 

stability of individual γ grains in low-alloyed TRIP steels by cooling the 

alloys from room temperature down to -173 oC. 

Two in situ environments were used in the current study. In Paper Ⅰ, an in 

situ cooling environment was used for the investigation of martensite 

formation in Fe-Cr-Ni model alloys. In Paper Ⅳ, the micromechanics and 

microstructure evolution of TDSS were studied during in situ uniaxial 

tensile loading. 

3.3.3 Experimental setup 

 

Fig. 3.8 Schematic illustration of the in situ X-ray diffraction study during 
tensile test with additional temperature environment, performed at CHESS, U.S. 

Fig. 3.8 is an example of a setup in F2 beamline of CHESS. The X-rays 

are generated from the storage ring and further selected by a 

monochromator where the energy can be adjusted. The beam size is 

defined by a pair of slits perpendicular to each other. When X-ray 

irradiates the sample, the incident beam is diffracted into specific angles 

due to the lattice structure and interplanar spacing of the material. 
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3.3.4 Data analysis 

The basic calibration and processing of the data could be performed using 

the GSAS-II software [84]. The 2D diffraction patterns as shown in Fig. 

3.9a are integrated over 360o in the azimuthal direction (η) to obtain the 

1D profiles with grain-averaged information as shown in Fig. 3.9b. The 

1D profiles can be fitted using the OriginLab software and a pseudo-Voigt 

function. In the current study, all peaks including low intensity ε peaks 

were fitted well using this procedure as shown in Fig. 3.9c. 

 

Fig. 3.9 Illustration of the data processing procedure for phase quantification, 

(a) 2D diffraction pattern of FDX27@RT at 0.26 true strain; (b) 1D diffraction 

profiles for different load conditions of FDX27@RT; (c) Goodness of fit for the 

indicated zoomed-in area of the 1D profile in (b), i.e. FDX27@RT deformed at 

0.26 true strain. 

3.3.4.1 Volume fraction 

The volume fractions of the constituent phases could be calculated using 

the direct comparison method [85]. This method is intended for powder 

diffraction analysis for random textures. The texture effect could be 

minimized by measuring multiple orientations and peaks for each phase 

[86]. The following equation can be used for the description of volume 

fraction: 
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where ��  is the volume fraction of phase-i; ��
�
(  ��

��� ) is the integrated 

intensity for the {hkl} plane of phase-i; ��
�
(��

���) is the scattering factor. 

Details can be found in Paper Ⅳ. 

3.3.4.2 Lattice strain 

The lattice strains along the tensile direction (integration over 5o η sectors) 

could be measured based on the following equation: 

0
hkl hkl

hkl 0
hkl

d d

d



         (5) 

where ���� represents the measured lattice spacing at a given deformation, 

and ����
�  is the strain-free lattice spacing. 

3.3.4.3 Stress partitioning between phases 

The stress partitioning to a specific phase (������) could be obtained by 

measuring ����  values and ���� -shifts accurately. Micro-mechanical 
models can be used to estimate the σ����� values [87,88]. However, the 

accurate determination of ����-shift in fcc alloys is challenging due to the 

contribution from the formation of stacking faults as shown in Fig. 3.10  

[89]. 

 
Fig. 3.10 Simulation results schematically showing the effect of stacking fault 

formation on the shift, broadening and asymmetry of diffraction peaks of γ [90]. 
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Therefore, an alternative methodology could be applied. The MAUD 

software with Rietveld analysis can be used to refine the 2D diffraction 
patterns directly [91,92]. The ������, root mean square (r.m.s.) microstrain, 

stacking fault probability, texture etc. can be obtained simultaneously from 

the refinement with the built-in models [88,93]. Fig. 3.11 shows an 

example of the measured and fitted diffraction patterns for FDX27@RT at 

0.26 true strain obtained from MAUD. The details of individual models 

can be found in Paper Ⅳ. 

 

Fig. 3.11 2D representation of the diffraction data with 2-theta versus η and the 
color indicating the intensity of diffraction spots from black to red for specimen 
FDX27@RT at 0.26 true strain. (Top: Fitted results. Bottom: Measured results) 

3.3.5 Three-dimensional X-ray diffraction (3DXRD) 

Three-dimensional X-ray diffraction (3DXRD) is a promising method for 

the 3D mapping of individual grains within bulk materials in terms of 

center-of-mass position, orientation, lattice strain and even grain shape. It 

is a nondestructive method that enables even in situ investigations. This 

method usually makes use of high energy X-rays due to their high 

penetration power and short wavelength [94]. The experimental setup of 

3DXRD is shown in Fig. 3.12. The idea is to acquire diffraction patterns 

for most of the grains within the intersected volume by rotating the sample 

along the vertical axis [94]. The diffraction patterns from a far-field 

detector (Fig. 3.12a) provide information of the grain position, orientation 

and strain with the help of a combination of FABLE and FitAllB packages 
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[95,96]. Then this information could be used as seeds for the following 

grain reconstruction using GrainSweeper.3d package, which is mainly 

based on the data acquired from a near-field detector as shown in Fig. 

3.12b. 

 

Fig. 3.12 The experimental setup of 3DXRD, (a) far-field diffraction, (b) near-

field diffraction [97]. 
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4 SUMMARY OF APPENDED PAPERS 

4.1 Fe-Cr-Ni model alloys 

4.1.1 Martensite formation during in situ cooling experiments 

(Paper Ⅰ) 

In situ grain-averaged and single-grain investigations of metastable 

austenitic Fe-18Cr-(10-11.5)Ni model alloys have been carried out during 

incremental cooling using HEXRD. The transformation sequence is found 

to be γ→stacking faults→ε→α’, in which stacking faults act as precursors 

for ε formation. The transient faulting is seen by the decrease of lattice d-

spacing of {222}γ based on single-grain analysis. The role of ε is crucial 

for the formation of α’ as observed from grain-average analysis due to the 

indistinguishable difference between Ms(ε) and Ms(α’). A parallel can be 

made to the deformation of low SFE alloys that the formation of potent 

defects is effective to facilitate DIMT. Fig. 4.1 is the graphical abstract of 

Paper Ⅰ, which shows the setup of the in situ cooling experiment, the 

procedure of data analysis and the figure showing the collapse of lattice d-

spacing of {222}γ together with the volume fraction evolution. 

 

Fig. 4.1 The graphical abstract of Paper Ⅰ, (a) the setup of in situ cooling 

experiment using HEXRD, (b) X-ray diffraction pattern of Fe-18Cr-10.5Ni at 

−65 °C, (c) Volume fraction evolution based on integrated area for an 

individual grain and the collapse of lattice d-spacing of {222}γ. 
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4.1.2 The deformation microstructure and deformation-induced 

martensite depending on SFE (Paper Ⅱ) 

The deformation microstructure of γ and the formation of martensite in Fe-

18Cr-(10-12)Ni model alloys are characterized using ECCI and EBSD. 

They have been correlated to the Ni composition and SFE as summarized 

in Fig. 4.2. It was found that blocky α’ forms in between different sets of 

shear bands in unstable γ with quite low SFE (6.6 mJ m-2). In this case, a 

lot of α’ units form within individual shear bands, and the intersections of 

shear bands are not the necessary precursors. For the more stable γ with 

larger SFE (9.6 to 9.8 mJ m-2), the formation of mechanical twins is 

becoming thermodynamically preferred. Nucleation of α’ units within 

individual shear bands is less frequent, and the nucleation sites of α’ are 

usually adjacent to ε. The role of ε here has been attributed to reducing the 

activation energy for α’ nucleation. For the most stable γ with the highest 

SFE (12.4 mJ m-2), only mechanical twins and irregular stacking faults are 

inside individual shear bands. The formation of α’ within this type of shear 

bands cannot be observed at the early stage of deformation. Further 

deformation is required to facilitate the α’ formation within highly 

distorted areas. 

 

Fig. 4.2 The graphical abstract of Paper Ⅱ showing the correlation between 

deformation microstructure and SFE in Fe-Cr-Ni alloys with Ni variation. SB: 

Shear band, SF: Stacking fault. 



                                                                                                                             Chapter 4  

31 
 

4.1.3 Comparing the deformation-induced martensitic 

transformation with the athermal martensitic transformation 

in Fe-Cr-Ni alloys (Paper Ⅲ) 

The microstructure and related crystallography of athermal and 

deformation-induced martensite in Fe-Cr-Ni alloys have been investigated. 

LOM, ECCI and EBSD were used for the characterization. The 

comparison between athermal and deformation-induced martensite with 

different γ stability leads to the new detailed correlation between 

deformation microstructure and SFE/γ stability as shown in Fig. 4.3. Two 

different types of structure are observed, viz. blocky and banded structure. 

The formation of blocky α’ takes places when the γ stability is low (stage 

1 and 2); whereas the banded structure, consisting of shear bands and α’, 

is related to the formation of ε (stage 2 and 3). The formation of twin-

related variants in deformed state could be attributed to the 

accommodation of the transformation shape strain. Hence, these variants 

will contribute little to the global plastic strain. Individual α’ variants form 

within individual shear bands adjacent to ε when the stress condition is 

favorable, and therefore contribute to the global plastic strain. The 

Schmid’s law and the double shear mechanism are found to be applicable 

to estimate the variant selection behavior. When the γ becomes less stable 

(stage 4), the α’ mainly forms at the intersections and can be additionally 

supported by surrounding dislocations (stage 5). 

 

Fig. 4.3 The schematic diagram of the relationship between deformation 

microstructure and mechanical stability of γ. 
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4.2 TRIP-assisted duplex stainless steels 

4.2.1 Micromechanics and microstructure evolution during in situ 

uniaxial tensile loading of TRIP-assisted duplex stainless 

steels (Paper Ⅳ) 

Two TDSS, with three different stabilities of the γ phase, were investigated 

by HEXRD during in situ uniaxial tensile loading. The micromechanics 

and the DIMT in the bulk of the alloys were tracked and analyzed. Electron 

microscopy was used to supplement the HEXRD study providing the 

localized deformation structure analysis. The correlation between SFE and 

deformation structure assembles that of single-phase austenitic model 

alloys as described in Paper Ⅱ. The blocky α’ is only frequent when the γ 

stability is low, and the formation of α’ comes together with the formation 

of shear bands. The formation of the microstructural features, i.e. defects 

and deformation-induced α’, gives rise to additional influence on the initial 

load partitioning and following redistribution due to the elastoplastic 

anisotropy and martensitic transformation. The major redistribution takes 

place at the point where maximum martensitic transformation rate is 

reached. A clear work-hardening behavior is seen in the TDSS with the 

least stable γ. 
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4.2.2 Mechanical stability of austenite grains towards martensitic 

transformation in a TRIP-assisted duplex stainless steel 

(Paper Ⅴ) 

Slow uniaxial tensile loading experiment was carried out to investigate the 

mechanical behavior of γ in the TDSS, especially the orientation 

dependence of γ stability. The loading axis is parallel to the lamellas, i.e. 

rolling direction. The deformation microstructure was characterized using 

EBSD, and the orientation dependence was further analyzed based on the 

Schmid’s law and double shear mechanism. It is found that γ grains, with 

multiple activated slip planes, typically transform preferentially at a 

certain applied stress. It can be attributed to the fact that more α’ variants 

could form due to the double shear mechanism, and therefore they can 

easily accommodate themselves to the global plastic strain. 
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5 CONCLUDING REMARKS AND 
FUTURE WORK 

5.1 Concluding remarks 

This thesis aims to investigate the nature of DIMT in stainless steels. The 

focus is on: (1) The exploration of the state-of-the-art techniques that can 

be used for the characterization of deformation structures and deformation-

induced martensite. (2) The microstructural investigation of Fe-Cr-Ni 

model alloys with different γ stabilities and SFEs. (3) The study of DIMT 

and related micromechanics of defects and constituent phases in TDSS. 

From the systematic investigation of both model alloys and commercial 

grades, the main conclusions are as follows: 

 The HEXRD is proven to be valuable for the characterization of 

micromechanics and structures. ECCI combined with EBSD is 

powerful for deformation structures and defect characterization. 

 ε is found to act as preferred nucleation sites for α’ from grain-

average analysis, and a transient faulting state before ε formation 

is seen from single grain analysis. This indicates that the generation 

of potent nucleation sites is critical for deformation-induced α’ 

formation. 

 The deformation microstructure of both Fe-Cr-Ni model alloys and 

TDSS can be correlated with SFE. The presence of ε makes the 

nucleation of α’ within individual shear bands possible. The 

appearance of blocky α’ at early stages of deformation indicates a 

rather unstable γ with low SFE. 

 The formation of twin-related variants in deformed samples is 

similar to that in quenched samples, and it can be attributed to the 

accommodation behavior for the transformation shape strain. 
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Hence, these variants would contribute little to the global plastic 

strain. While individual α’ variants formed in a selective manner 

would influence the global plastic flow of the alloys. The formation 

of this variant selection could be rationalized by the Schmid’s law 

and double shear mechanism. 

 The microstructural features and the micromechanics of TDSS 

have been correlated with the γ stability. A pronounced TRIP effect 

with elastoplastic load transfer is observed in alloys with the least 

stable γ. The load transfer from the weaker phases to the stronger 

α’ takes place especially close to the point of maximum rate of α’ 

formation. 

 The grain-orientation-dependent γ stability could be correlated to 

the number of active slip planes. The Schmid’s law is proven to be 

useful to estimate the active slip planes. More active slip planes 

would facilitate the formation of more selective α’ variants which 

could easily accommodate themselves to the global plastic strain. 

5.2 Future work 

In the present work, only the Ni content was tailored for the different γ 

stability/SFE of the model alloys in terms of the microstructure correlation 

and comparison. In fact, other contents, such as C, N, Mn, etc., are also 

important from an industrial perspective, and the evaluation of the 

correlation between deformation structure and γ stability/SFE in general 

would be of great interest. 

In the investigation of TDSS, the main focuses were the micromechanics 

and microstructure evolution with the variation of γ stability. However, 

grain sizes of constituent phases and the thermomechanical history are of 

great interest as the morphology and relative strength of the phases differ 

a lot. 

The current study mainly focuses on the conventional microstructure 

characterization techniques like ECCI and EBSD. Information of localized 

areas around the defects and deformation-induced martensite is still 
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lacking. Although HEXRD, especially 3DXRD, has been used for the 

grain position, crystallography and stress/strain analysis. The information 

is still limited to a more averaged sense, i.e. over many grains (grain-

averaged analysis) or a whole individual grain (single-grain analysis), 

instead of site-specific areas adjacent to defects. With the new 

development of transmission Kikuchi diffraction in SEM [98], the 

deformation microstructure could be investigated with much higher 

resolution for the site-specific areas prepared by FIB. Using high 

resolution EBSD [99], the localized stress/strain field could be measured 

and further compared with the simulation results based on crystal plasticity 

finite element method. Furthermore, in situ SEM measurements are 

desirable for an exhaustive study. 
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