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Abstract 
The deformation-induced martensitic transformation observed in specific materials can enhance their 

mechanical properties or result in functional properties. For example, the transformation induced 

plasticity (TRIP) effect results in a good combination of ductility and strength in some stainless steels, 

and the superelasticity in NiTi alloys enables the materials to experience large deformation yet 

recover to the original shape. These unique properties have attracted significant technological 

interests for various structural and functional applications. Since the multiaxial deformation is 

expected during manufacturing and service of these components, it is crucial to understand the 

transformation behavior under complex loading conditions in addition to uniaxial loading. This study 

aims to establish the link between microstructural evolutions and the martensitic transformation 

induced by multiaxial deformation, by combining cruciform multiaxial mechanical tests with in situ X-

ray and neutron diffraction, high-resolution digital image correlation (HRDIC) and electron 

microscopy characterizations. Several alloys exhibiting martensitic transformations are studied: a 

nanostructured superelastic NiTi alloy, a coarse-grained NiTi, and metastable austenitic stainless 

steels 201 and 304.  

In the nanostructured superelastic NiTi, the distinctive transformation characteristics of nanoscaled 

subgrains under different loading directions are revealed, showing the path dependency of the 

martensitic variant selection. Moreover, it is found that multiaxial mechanical cycling leads to faster 

degradation in the superelasticity than the uniaxial cycling. The mechanisms for the material 

degradation, including the dislocation accumulation and the retained martensite, are discussed in 

terms of the crystallographic orientation and the load path.  

In the coarse-grained NiTi, HRDIC captures the activation of high-Schmid-factor martensite variants 

and the contribution of each variant to strain accommodation under uniaxial loading. In addition to 

the Schmid law, it is observed that shear transmission across grain boundaries influences the 

martensite variant selection. A post-mortem transmission electron microscopy (TEM) investigation 

reveals deformation twinning occurring within the martensite as an additional strain accommodation 

mechanism.  

In austenitic stainless steel 201, uniaxial loading is found to facilitate the martensitic transformation 

comparing to equibiaxial loading. However, 304 stainless steel exhibits the opposite trend: equibiaxial 

loading yields more martensite than uniaxial loading. The discrepancy is rationalized by the distinct 

deformation mechanisms depending on the evolving deformation textures under different load paths 

as well as the stacking fault energies of the materials. Furthermore, the HRDIC study on 304 steel 

shows the dependency of the slip activity on the loading direction at the grain level, supporting the 

nucleation mechanism of martensite proposed in literature.  
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Résumé 
La transformation martensitique induite par déformation, pouvant-être observée dans des matériaux 

spécifiques, peut améliorer leurs propriétés mécaniques ou conduire à des propriétés fonctionnelles. 

Par exemple, l’effet de la plasticité induite par transformation (transformation induced plasticity ou 

TRIP) résulte en une bonne combinaison de ductilité et de résistance dans certains aciers inoxydables, 

ainsi qu’en la superélasticité des alliages NiTi, permettant à ces matériaux de subir une déformation 

importante tout en retrouvant leur forme initiale. Ces propriétés uniques ont suscité un intérêt 

technologique important pour diverses applications structurelles et fonctionnelles. Comme une 

déformation multiaxiale est attendue lors de la mise en œuvre et de l’utilisation de tels matériaux, il 

est crucial de comprendre le comportement de transformation dans des conditions de déformation 

complexes en plus d’une sollicitation uniaxiale. Cette étude vise à établir un lien entre les évolutions 

microstructurales et la transformation martensitique induite par une déformation multiaxiale, en 

combinant des essais mécaniques cruciformes multiaxiaux avec des essais in-situ de caractérisations 

par diffraction de rayons X et de neutrons, par de la corrélation d’images numériques de haute 

résolution (high-resolution digital image correlation ou HRDIC) et par microscopie électronique. 

Plusieurs alliages présentant des transformations martensitiques sont étudiés : un alliage NiTi 

superélastique nanostructuré, un alliage NiTi à grain grossier et deux aciers inoxydables austénitiques 

métastables 201 et 304.  

Dans l’alliage NiTi superélastique nanostructuré, les caractéristiques distinctives de transformation 

des sous-grains nanométriques étant soumis à différentes directions de charge sont identifiées, 

montrant ainsi la dépendance entre la variété de martensite retenue et la séquence de déformation. 

De plus, on constate qu’une déformation cyclique multiaxiale entraîne une dégradation plus rapide de 

la superélasticité qu’une déformation cyclique uniaxiale. Les mécanismes de dégradation du matériau, 

y compris l'accumulation de dislocation et la martensite résiduelle, sont discutés en fonction de 

l'orientation cristallographique et du trajet de charge.  

Dans le NiTi à grain grossier, le HRDIC saisit l'activation des variantes de martensite à facteur de 

Schmid élevé et la contribution de chaque variante à l'accommodation de la contrainte sous 

déformation uniaxiale. En plus de la loi de Schmid, il est observé que la transmission du cisaillement 

à travers les joints de grains à une influence sur la variante de martensite retenue. Une étude par 

microscopie électronique en transmission (MET) post-mortem révèle la présence de macles de 

déformation se produisant dans la martensite en guise de mécanisme supplémentaire 

d'accommodation des déformations.  

Dans l'acier inoxydable austénitique 201, la déformation uniaxiale facilite la transformation 

martensitique par rapport à une déformation équibiaxiale. Cependant, l'acier inoxydable 304 présente 

la tendance inverse : la déformation équibiaxiale produit plus de martensite que la déformation 
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uniaxiale. La différence est expliquée par des mécanismes de déformation distincts en fonction de 

l'évolution des textures sous différents chemins de charge ainsi que par les énergies de défaut 

d'empilement des matériaux. De plus, l'étude de HRDIC sur l'acier 304 montre la relation entre le 

glissement et la direction de la contrainte au niveau du grain, soutenant le mécanisme de nucléation 

de la martensite suggéré dans la littérature.  

Mots-clés 

Transformation martensitique, NiTi superélastique, acier inoxydable, TRIP, dégradation des 

matériaux, déformation multiaxiale, essais mécaniques in-situ, diffraction de rayons X, diffraction de 

neutrons, corrélation d'images numériques à haute résolution 

 

 

 

 



Contents 

VI 
 

Contents 

Acknowledgement ....................................................................................................................................................................... I 

Abstract ........................................................................................................................................................................................... II 

Résumé ........................................................................................................................................................................................... IV 

Contents ......................................................................................................................................................................................... VI 

List of Figures .............................................................................................................................................................................. IX 

List of Tables ............................................................................................................................................................................ XVII 

List of abbreviations .............................................................................................................................................................. XIX 

 Introduction ......................................................................................................................................................... 1 

 Overview ..................................................................................................................................................................... 1 

 Deformation-induced martensitic transformation ................................................................................... 3 

 Stress-induced martensitic transformation: NiTi alloys ........................................................................ 5 

 Strain-induced martensitic transformation: austenitic steels .......................................................... 12 

 Objectives and thesis structure ...................................................................................................................... 16 

 Experimental ..................................................................................................................................................... 17 

 Materials .................................................................................................................................................................. 17 

 Biaxial deformation rigs .................................................................................................................................... 20 

 Optimization of cruciform geometries ........................................................................................................ 23 

2.3.1 Flat geometry cruciform .............................................................................................................................. 24 

2.3.2 Geometry optimization using FE simulations ..................................................................................... 26 

2.3.3 Manufacture of mini cruciform samples ............................................................................................... 28 

2.3.4 Design and manufacture of geometries for Macrobiax ................................................................... 30 

 Sample geometries for phase transforming materials ......................................................................... 31 

2.4.1 Cruciform geometries for Minibiax and Mesobiax ........................................................................... 31 

2.4.2 Cruciform geometries for Macrobiax ..................................................................................................... 34 

2.4.3 Uniaxial dogbone samples ........................................................................................................................... 36 

 In-situ characterization techniques ............................................................................................................. 37 

2.5.1 Powder diffraction .......................................................................................................................................... 37 



Contents 

VII 
 

2.5.2 Macroscopic digital image correlation (Macro-DIC) ........................................................................ 40 

2.5.3 High resolution digital image correlation (HRDIC) .......................................................................... 43 

 Summary .................................................................................................................................................................. 47 

 Deformation and degradation of superelastic NiTi .......................................................................... 48 

 Load path change on nanostructured superelastic NiTi ..................................................................... 48 

3.1.1 Introduction ...................................................................................................................................................... 49 

3.1.2 Experimental ..................................................................................................................................................... 50 

3.1.3 Nanostructured microstructure ............................................................................................................... 53 

3.1.4 Localization of martensitic transformation ......................................................................................... 55 

3.1.5 In situ synchrotron-XRD study of the LPC ............................................................................................ 56 

3.1.6 The role of the subgrains in the transformation behavior ............................................................ 59 

3.1.7 Summary ............................................................................................................................................................. 62 

 Degradation of the superelastic NiTi under multiaxial mechanical cycling ............................... 64 

3.2.1 Introduction ...................................................................................................................................................... 65 

3.2.2 Experimental ..................................................................................................................................................... 66 

3.2.3 R-phase martensitic transformation ...................................................................................................... 67 

3.2.4 Martensitic footprints at different loading directions .................................................................... 69 

3.2.5 Degradation in superelasticity after multiaxial mechanical cycles ........................................... 70 

3.2.6 Monotonic load-unload cycles: EQ and UN cycles ............................................................................. 74 

3.2.7 Load-path-change cycles: SQ and TR cycles ........................................................................................ 75 

3.2.8 Summary ............................................................................................................................................................. 77 

 Strain accommodation in the coarse-grained superelastic NiTi ...................................................... 78 

3.3.1 Introduction ...................................................................................................................................................... 79 

3.3.2 Experimental ..................................................................................................................................................... 80 

3.3.3 High strain traces in HRDIC maps ............................................................................................................ 84 

3.3.4 Deformation twinning in martensite ...................................................................................................... 89 

3.3.5 Non Schmid behavior and variant transfer across grain boundaries ....................................... 91 

3.3.6 Summary ............................................................................................................................................................. 92 

 Martensitic transformations in austenitic stainless steels ............................................................ 94 

 Martensitic transformation in SS201 under uniaxial and biaxial deformation ......................... 94 



Contents 

VIII 
 

4.1.1 Introduction ...................................................................................................................................................... 95 

4.1.2 Experimental ..................................................................................................................................................... 96 

4.1.3 Equibiaxial loading suppressed the martensitic transformation ............................................... 97 

4.1.4 The role of the ε transformation and its dependency on the load path ................................... 98 

4.1.5 Summary ...........................................................................................................................................................103 

 Dislocation slips in SS304 under multiaxial deformation ................................................................104 

4.2.1 Introduction ....................................................................................................................................................105 

4.2.2 Experimental ...................................................................................................................................................106 

4.2.3 HRDIC strain maps under uniaxial and equibiaxial loading .......................................................109 

4.2.4 Slip traces in HRDIC strain maps ............................................................................................................111 

4.2.5 Summary ...........................................................................................................................................................115 

 The interplay between deformation mechanisms in SS304 during uniaxial and equibiaxial 

loading. ...................................................................................................................................................................................116 

4.3.1 Introduction ....................................................................................................................................................117 

4.3.2 Experimental ...................................................................................................................................................118 

4.3.3 Martensitic transformation ......................................................................................................................119 

4.3.4 Crystallographic texture ............................................................................................................................121 

4.3.5 Deformation twinning .................................................................................................................................122 

4.3.6 Deformation mechanisms under uniaxial and equibiaxial loading .........................................125 

 Conclusion and outlook ..............................................................................................................................126 

 Discussion and conclusion .............................................................................................................................126 

 Future developments .......................................................................................................................................129 

Bibliography .............................................................................................................................................................................131 

Curriculum vitae .....................................................................................................................................................................146 

 

 



List of Figures 

IX 
 

List of Figures 

Figure 1.1 (a) The geometry of a NiTi stent consists of struts and bridges [9]. (b) The shape change of 

the NiTi stent in the artery near the knee [5]. ................................................................................................................. 1 

Figure 1.2 (a) The chemical free energies of austenite and martensite phases as a function of 

temperature [10]. (b) The plot of critical stress for the martensitic transformation in stress-assisted 

and strain-induced regimes [16]. ......................................................................................................................................... 3 

Figure 1.3 (a) The twinned structure of B19’ martensite in NiTi consists of wide (A) and narrow (B) 

bands [25]. (b) An illustration of the martensitic transformation from austenite to twinned martensite 

NiTi. ................................................................................................................................................................................................... 6 

Figure 1.4 (a) The interrelations between shape memory effect, superelasticity, applied stress and 

temperature  (adapted from [6]). (b) An example stress-strain curve measured at a temperature below 

As (the shape memory effect regime) [29]. (c) A typical stress-strain curve showing superelasticity 

[29]. ................................................................................................................................................................................................... 7 

Figure 1.5 The microstructures of 50.9Ni-49.1Ti before and after 10 mechanical cycles, showing the 

accumulation of dislocations in austenite grains........................................................................................................... 9 

Figure 1.6 (a) An X-shape transformation band with inhomogeneous strain distribution around the 

central hole exhibiting multiaxial stress states [62]. (b) Finite element simulations of the formation of 

martensite under multiaxial stress states [65]. ........................................................................................................... 10 

Figure 1.7 (a) The DIC strain maps for compression-shear and compression loadings [67]. (b) The 

equivalent stress-strain curves of tension followed by torsion tests [68]. (c) Single variant upon 

uniaxial loading and multiple variants under biaxial loading. The grey dots indicate the loading state 

where the micrographs were taken [69]. ....................................................................................................................... 11 

Figure 1.8 The crystal structures of the γ austenite, ε martensite and α’ martensite in stainless steels.

 .......................................................................................................................................................................................................... 12 

Figure 1.9 (a) ε martensite nucleated from the overlapping stacking faults [81]. (b) The intersection 

of a double shear creates the nucleation site for α’ martensite [16]. (c) A bright field TEM micrograph 

showing α’ martensite at the intersection of two shear bands [85]. (d) ε and α’ martensite coexist at a  

grain boundary – shear band intersection. ................................................................................................................... 13 

Figure 1.10 (a) The volume fraction of α’ martensite [91] and (b) the number of shear bands 

intersections [92] as functions of true strain in stainless steel 304. .................................................................. 14 

Figure 2.1 (a) Large austenite grains contain bands. The grain boundary determined by the EBSD 

analysis is delineated with the dashed line. (b) The STEM image of the as-received sheet shows the 

nanoscaled subgrains. ............................................................................................................................................................ 17 



List of Figures 

X 
 

Figure 2.2 The microstructure composed of coarse austenite grains................................................................ 18 

Figure 2.3 The grain orientation maps (parallel to the sample normal direction (ND)) of SS201 and 

SS304. The inverse pole figures demonstrate the mild textures of both materials. .................................... 19 

Figure 2.4 The initial microstructure of the thin-foil SS304 from Goodfellow Cambridge Ltd. ............. 19 

Figure 2.5 The minibiaxial biaxial tensile device. ....................................................................................................... 20 

Figure 2.6 The technical drawings for the Mesobiax. ............................................................................................... 21 

Figure 2.7 The Macrobiax at the Swiss Spallation Neutron Source. ................................................................... 22 

Figure 2.8 The workflow for the design of the cruciform sample geometry. ................................................. 23 

Figure 2.9 (a) The flat geometry and strain distributions in a flat cruciform obtained from Abaqus 

simulation and Macro-DIC analysis under a uniaxial load of 40 N in the vertical direction. (b) 

Simulation and the Macro-DIC strain maps under equibiaxial loading of 40 N. ........................................... 24 

Figure 2.10 The stress distribution in a flat cruciform under an equibiaxial load of 40 N. ...................... 25 

Figure 2.11 The geometry with local thinning in the center. ................................................................................ 26 

Figure 2.12 Different cross-section geometries and the corresponding stress distributions under 

equibiaxial loading. Note that all three designs consist of a circular pocket in the center. ...................... 27 

Figure 2.13 The geometry with a rounded square pocket and the stress distributions under equibiaxial 

loading. .......................................................................................................................................................................................... 27 

Figure 2.14 The bi-material geometry and the stress distributions in the NiTi layer under am 

equibiaxial load. ........................................................................................................................................................................ 28 

Figure 2.15 The bad surface quality of the circular area thinned down by the laser ablation. .............. 28 

Figure 2.16 (a) A pocket in a NiTi sheet fabricated with the ECMM process. (b) A mirror-like surface 

inside the pocket. The bright part is the austenite phase. The NiTi2 precipitates (gray particles in the 

pictures) are readily observed with optical microscope. (c) Grain boundary and band structure are 

readily observed in a secondary electron SEM image. ............................................................................................. 30 

Figure 2.17 The cross section of the pocket introduced by the ECMM process to a NiTi sheet. ............ 30 

Figure 2.18 The drawings of the flat geometry ........................................................................................................... 31 

Figure 2.19 (a) The dimensions of the ncNiTi-mini-TD geometry. (b) The stress distribution under an 

equibiaxial load in FE simulations. (c) DIC strain map showing high strain inside the pocket under 

equibiaxial loading. .................................................................................................................................................................. 32 

Figure 2.20 The drawing of Mini cruciform of SS304. .............................................................................................. 33 



List of Figures 

XI 
 

Figure 2.21 The Mini cruciform of SS304 with ECMM and laser cutting exhibits high surface quality 

inside the pocket. ...................................................................................................................................................................... 33 

Figure 2.22 The drawing of SS304 large cruciform. The FE simulation shows more than 30% strain 

can be reached in the center of this geometry under equibiaxial loading (50 kN on each arm). .......... 34 

Figure 2.23 The drawing of SS201 large cruciform geometry. The FE simulation shows that 0.2 strain 

can be reached in the center of this geometry under equibiaxial loading (50 kN on each arm). .......... 35 

Figure 2.24 The drawing of the uniaxial dogbone sample used in the study of coarse grained NiTi. .. 36 

Figure 2.25 The uniaxial dogbone geometry for the uniaxial load frame. ....................................................... 36 

Figure 2.26 The setup at the MS beamline at SLS for (a) Minibiax and (b) Mesobiax. (c) The setup for 

two detectors at MS beamline. ............................................................................................................................................ 37 

Figure 2.27 The large multiaxial load frame installed inside the bunker of POLDI. A cruciform shaped 

specimen is mounted on the machine. (This figure is adapted from [113].) .................................................. 38 

Figure 2.28 An asymmetric B2 austenite (110) peak fitted with the MATLAB fitting routine using an 

asymmetric Pseudo-Voigt function and a linear background. .............................................................................. 39 

Figure 2.29 (a) The surface roughness of the as-received commercial sheet serves as the pattern for 

Macro-DIC analysis. (b) A strain map obtained from the DIC analysis shows the deformation at the 

center of the cruciform........................................................................................................................................................... 40 

Figure 2.30 The equivalent strain calculated with Eq. 1 from the strain components obtained from 

Macro-DIC at the center of the cruciform, a global strain is averaged over an area of 150 μm x 150 μm 

(global strain ~14%). ............................................................................................................................................................. 41 

Figure 2.31 Comparison between experimental results from Macro-DIC and FE analysis for uniaxial 

(UN) and equibiaxial (EQ) loading. ................................................................................................................................... 42 

Figure 2.32 An example of the DIC strain map during uniaxial loading. The field of view for the DIC 

strain map is 20 x 20 mm2 (red square). The size of the neutron beam is around 4 x 4 mm2 (white 

square) [113]. ............................................................................................................................................................................. 42 

Figure 2.33 (a) The setup for in-situ HRDIC experiment. (b) Minibiax mounted inside the SEM chamber 

[103]. .............................................................................................................................................................................................. 43 

Figure 2.34 Examples of undesired OPS patterns with (a) agglomerations and (b) low density of silica 

particles. ....................................................................................................................................................................................... 43 

Figure 2.35 The OPS pattern used in the HRDIC study on the deformation of coarse-grained NiTi. ... 44 

Figure 2.36 The gold speckle patterns (a) on the surface of a flat-geometry NiTi cruciform and (b) in 

the pocket of a small SS304 cruciform fabricated from ECMM. ........................................................................... 45 



List of Figures 

XII 
 

Figure 2.37 The experimental setup for gold remodeling process [119]. ........................................................ 45 

Figure 2.38 Well separated gold particles on the surface of NiTi. The gold remodeling procedures 

contain a pre-oxidation step. ............................................................................................................................................... 46 

Figure 2.39 The cracks of the oxide layer formed on the surface of NiTi are visible in the SEM image. 

The HRDIC strain map shows only the cracking instead of the deformation of the underlying NiTi. . 46 

Figure 3.1 (a) The geometry of the flat cruciform-shape specimen. (b) FE result showing the 

distribution of martensite upon uniaxial loading vertically. ................................................................................. 50 

Figure 3.2 (a) The loading sequence of the load path change experiment. The forces (F1, F2) at points 

F1max, F1F2, F2max and Unload are (24, 0) N, (24, 27) N, (0, 27) N and (0, 0) N respectively. The 

strains along axes 1 and 2 (averaged over a 100 × 100 μm2 area at the center of the cruciform) are 

given for all loading states. (b) The force-displacement curves for the LPC, the colors and type of the 

lines correspond to the loading sections in (a). .......................................................................................................... 51 

Figure 3.3 Schematic of the experimental setup at the MS beamline showing the two-detector system.

 .......................................................................................................................................................................................................... 53 

Figure 3.4 (a) EBSD out-of-plane IPF map of the as-received material. (b) The IQ map shows complex 

and fine microstructure of the as-received material. (c) One large austenite grain is composed of 

differently oriented bands. The grain boundaries are indicated with dashed lines. (d) At high 

magnification, it can be seen that the bands, within the large austenite grains, consist of substructures 

with similar crystallographic orientations. ................................................................................................................... 54 

Figure 3.5 Macro-DIC results showing the evolution of the X-shaped transformation bands along the 

load path change shown in Figure 3.2. The white squares in the first DIC image indicate the position 

that the XRD and EBSD measurements were undertaken on the cruciform. ................................................. 55 

Figure 3.6 HRDIC strain maps taken under different loading conditions: (a) F1max and (b) F2max. 

Grains A-E are discussed in Section 3.1.6. ..................................................................................................................... 56 

Figure 3.7 (a) Evolution of the X-ray diffraction reflections along the LPC cycle shown in Figure 3.2. (b) 

Evolution of the (110)B2 reflection between loading state F1max and F1F2 (loading axis 2), data from 

Mythen II detector; the legend shows the values of F2. (c) Evolution of the martensite phase fraction 

along the LPC shown in Figure 3.2, data from the MYTHEN II detector parallel to axis 1. ....................... 57 

Figure 3.8 The HRDIC strain maps at F1max and F1F2 states. ............................................................................. 58 

Figure 3.9 (a) HRDIC strain map after one full LPC showing residual strain traces. (b) ECCI of the same 

region as (a) revealed traces corresponding to dense dislocation activity. The dark features 

correspond to brittle NiTi2 precipitates, see the localization of very high strain on the top left of the 

HRDIC maps which corresponds to cracking of the precipitate. .......................................................................... 59 



List of Figures 

XIII 
 

Figure 3.10 Initial austenite microstructures, HRDIC strain maps and Schmid factor maps for grains A, 

B and E in Figure 3.6. .............................................................................................................................................................. 60 

Figure 3.11 Initial austenite microstructures, HRDIC strain maps and Schmid factor maps for grain C 

in Figure 3.6. ............................................................................................................................................................................... 61 

Figure 3.12 Initial austenite microstructures, HRDIC strain maps and Schmid factor maps for grain D 

in Figure 3.6. ............................................................................................................................................................................... 62 

Figure 3.13 The thin-down cruciform geometry. The enlarged SEM picture shows the central pocket 

fabricated with ECMM. The synchrotron X-ray beam probed the center (~70x70 µm2) of the pocket 

indicated by the dashed line. ............................................................................................................................................... 66 

Figure 3.14 The four load paths applied to the cruciform samples. The solid lines represent the loading 

steps; the dashed-lines represent the unloading paths. .......................................................................................... 67 

Figure 3.15 EBSD grain orientation maps of the initial microstructure in parallel to ND, F1 direction 

and F2 direction. The black features in the maps are NiTi2 precipitates. ........................................................ 68 

Figure 3.16 (a) - (c) In-situ XRD spectra upon loading F1 direction showing the evolution of different 

phases. The colors correspond to different measurement points labelled in (d) the force-displacement 

curve............................................................................................................................................................................................... 69 

Figure 3.17 Different martensite peaks (corresponding to different variants) seen under monotonic 

loadings: uniaxial along F1 direction (UN F1), uniaxial along F2 direction (UN F2) and equibiaxial load 

(EQ F1F2). .................................................................................................................................................................................... 70 

Figure 3.18 (a) Comparison of XRD spectra captured at two loading conditions during one TR cycle. 

(b) The evolution of XRD spectra during the load path change from F1max (blue) to F1F2 (red)....... 70 

Figure 3.19 The force-displacement curves of the in-situ uniaxial cycles show typical behavior of 

superelastic NiTi under cycling. ......................................................................................................................................... 71 

Figure 3.20 Evolution of the critical transformation force as a function of the number of cycles. ....... 71 

Figure 3.21 The evolution of the XRD spectra during loading F1 in the (a) - (b) 1st TR cycle, and (c) - 

(d) 10th TR cycles. ..................................................................................................................................................................... 72 

Figure 3.22 The evolution of FWHM of the (1 1 0)B2 with increasing the number of cycles, along two 

diffraction vectors, parallel to F1 (Mythen detector) and parallel to F2 (Pilatus detector) for different 

loading paths. ............................................................................................................................................................................. 72 

Figure 3.23 Diffraction patterns (Mythen detector) showing the evolution of retained marteniste and 

R-phase under different loading paths............................................................................................................................ 73 

Figure 3.24 The microstructure and mechanisms during each loading and unloading step in TR and SQ 

cycles. “A” stands for the austenite phase. “VF1, VF1F2 and VF2” stand for the certain martensite 



List of Figures 

XIV 
 

variants favored in different deformation states. The red arrows indicate the loading/unloading 

direction during each load path (full line for loading, dashed line for unloading). ..................................... 75 

Figure 3.25 The change in the martensite footprint induced by the load path change from F1F2 (blue) 

to F2max (red). .......................................................................................................................................................................... 77 

Figure 3.26 EBSD IPF maps of (a) out of plane projection and (b) loading direction projection. (c) 

Microstructure illustrating the unit cell orientation and the inclination of the traces shown in (d) 

HRDIC map at 10% global strain. (e) Map of residual strains after complete unloading. (f) Map of 

recovered strain. ....................................................................................................................................................................... 85 

Figure 3.27 Local strain maps obtained in grain G1 at (a) 8% and (b) 10% global strains. (c) EBSD map 

(out of plane projection) showing that the “zig-zag” structure comprises of two austenite regions with 

different orientations (“pink”-<3 2 7> and “blue”-<5 4 5>) with respect to the parent grain orientation 

(“purple”-<6 5 8>). A line scan (rainbow line) along the “zig-zag” structure shows 35° and 15° 

misorientation with respect to the parent phase. The traces of the (1 1 2) and 1 2 1 planes are shown 

in (c) and align well with the “zig-zag” bands. ............................................................................................................. 89 

Figure 3.28 (a) Bright field TEM images of the “zig-zag” structure inside a martensite variant (either 

4’(+) or 4’(-)). (b) SADP of the parent grain outside of the “zig-zag” structure. (c) Details of the Area 2 

containing two austenite orientations (d) and (e). (f) Retained martensite as bright structures. The 

selected spot is the {0 1 1}M shown in the (g) SADP. ............................................................................................... 90 

Figure 3.29 Detailed local strain maps of (a) grains G6, G12, G7, (b) G16, G8 and (c) G8, G9 which 

exhibit non-Schmid behavior. The transmission of traces of the habit plane variants are indicated by 

white dashed lines. The loading direction corresponds to the y-axis. ............................................................... 92 

Figure 4.1 The schematic of the experimental setup on POLDI instrument, SINQ Switzerland [ref]. . 96 

Figure 4.2 Neutron diffraction patterns with increasing the applied strain for (a) uniaxial loading and 

(b) equibiaxial loading. (c) Comparison of the diffraction patterns at 20% and 29% equivalent strain 

for the UN sample, showing the increase of α΄-martensite fraction in expense of ε-martensite. (d) 

Comparison of the diffraction patterns from the UN and EQ samples at 16% equivalent strain. ......... 97 

Figure 4.3  Phase maps showing γ-austenite (white) and α′-martensite (red) after: uniaxial tension 

at (a) 21% and (b) 35% and biaxial tension at (c) 22% and (d) 34% equivalent strain. .......................... 98 

Figure 4.4 IPFs of the (a) as-received (b) uniaxialy-deformed (along RD) up to ~13% strain and (c) 

equibiaxially-deformed (along RD and TD) up to ~13% equivalent strain 201 SS material along the 

three principle sample directions. The enclosed regions, with dashed lines, indicate the orientations 

for which the LPDs have higher Schmid factor than the TPDs. The Schmid factor values for the leading 

and trailing partial dislocations (denoted with L and T respectively) are also given. ..............................101 



List of Figures 

XV 
 

Figure 4.5 Phase maps showing the γ-austenite grains which belong to the high Schmid factor 

orientation regime for the LPDs (with blue) and the high Schmid factor orientation regime for the 

TPDs (with red), ε-martensite (with green) and α′-martensite (with yellow) for: (a) uniaxial and 

(b) equibiaxial both at ~ 13% equivalent strains. (c) Magnification of the highlighted area in (a) 

showing significant amount of α′-martensite within the bands of ε-martensite. (d) Magnification 

of the highlighted area in (b) showing that α′-martensite forms at the intersection of ε-martensite. 

The indicated grains A-H and their corresponding position in the IPF are shown in (e) for uniaxial 

tension and (f) equibiaxial tension. ................................................................................................................................102 

Figure 4.6 (a) Schematics of the cruciform shaped sample with a detailed view of the pocket. (b) The 

finite element mesh with C3D8 element used for 1/8 of the cruciform geometry. The arrows indicate 

the direction of the applied load. .....................................................................................................................................106 

Figure 4.7 (a) Optical microscopy image and (b) secondary electron image from SEM showing the 

smooth and high surface quality after the sample preparation by ECMM. (c) High magnification SE 

imaging of the polycrystalline microstructure. .........................................................................................................107 

Figure 4.8 Inverse pole figure color maps parallel to the loading direction of the area of interest 

showing grains 1-21 for the samples under (a) uniaxial load (IPF direction-2) and (b) equibiaxial load 

(IPF direction-3). ....................................................................................................................................................................110 

Figure 4.9 HRDIC maps showing the evolution of slip activity upon uniaxial deformation at equivalent 

strain (a) 2%, (b) 6%, (c) 10% and (d) 14% strain. ................................................................................................110 

Figure 4.10 HRDIC maps showing the evolution of slip activity upon equibiaxial deformation at 

equivalent strain (a) 2%, (b) 6%, (c) 10% and (d) 14% equivalent strain. ..................................................111 

Figure 4.11 Grain 1 under uniaxial loading where the deformation changes from single slip to multiple 

activated slip systems with increasing strain. Superimposed are the {111} traces for the first highest 

(with red lines) and the second highest (with yellow lines) Schmid factor. .................................................114 

Figure 4.12 Statistical analysis showing (a) the fraction of grains obeying the Schmid law for the 

activation of the primary slip system, (b) the fraction of grains in which single or multiple slip system 

activation occurs and (c) the fraction of grains obeying the Schmid law for the activation of the 

secondary/tertiary slip systems, under uniaxial and equibiaxial loading. ....................................................115 

Figure 4.13 IPF map along the ND direction of the as-received 304 sheet. ..................................................118 

Figure 4.14 (a) Force-strain plot of uniaxial loading. The red points indicate the strain values at which 

neutron measurements were conducted. (b) The evolution of the neutron diffraction patterns with 

increasing strain. Parts of the q range are magnified showing no martensite formation under uniaxial 

loading up to 25% strain. ....................................................................................................................................................120 



List of Figures 

XVI 
 

Figure 4.15 (a) Force-strain plot of equibiaxial loading. The red points indicate the strain values at 

which neutron measurements were conducted. (b) The evolution of the neutron diffraction patterns 

with increasing strain. Parts of the q range are magnified showing the appearance of martensite under 

equibiaxial loading at strain higher than 15%. ..........................................................................................................120 

Figure 4.16 Sequence of neutron diffraction patterns under uniaxial loading (at strains from 22.3% to 

41.9%) showing the increasing intensity of the {1 1 0} martensite reflection at higher strains. ........120 

Figure 4.17 IPFs along the 3 principal sample directions showing (a) the relatively random orientation 

of the initial state of the material and the deformation textures after (b) uniaxial (c) equibiaxial loading.

 ........................................................................................................................................................................................................121 

Figure 4.18 Post mortem EBSD maps, color-coded for showing austenite orientations that favor the 

splitting of the SPDs (blue) or not (red) and strain-induced α’-martensite (yellow) for the sample 

deformed a) uniaxially in the direction parallel to the rolling direction, [0 1 0], and b) equibiaxially 

(equivalent to compression in the ND, i.e. [0 0 1] direction). The IPF triangles show which orientation 

favor splitting of the SPDs under uniaxial and equibiaxial loading. .................................................................122 

Figure 4.19 Detailed IPF map of austenite in the direction parallel to the loading direction [010], 

showing grains (labelled A, B, C, D) with deformation twins (shown with red arrows). The orientation 

distribution of these grains is shown in (b). (c) Misorientation plot along the line drawn in (a). The 

yellow subgrains in grains (A), (B) and (D) are martensite. The yellow color does not represent the 

grain orientation of BCC martensite. ..............................................................................................................................123 

Figure 4.20 Detailed IPF map in the direction perpendicular to the sample surface [001], showing a 

grain with deformation twins (twins indicated with blue arrows) under equibiaxial loading. The 

orientation distribution of grain (E) is shown in (b). (c) Misorientation plot along the line drawn in (a). 

The yellow subgrains in grain (E) are martensite. The yellow color does not represent the grain 

orientation of BCC martensite...........................................................................................................................................123 

Figure 4.21 (a) Example of a grain with favorable orientation (before loading) for twinning (via 

splitting of the PDs) under uniaxial loading exhibiting single slip system in the HRDIC map. (b) 

Example of a grain with a non-favorable orientation for twinning under uniaxial loading exhibiting 

two slip systems in the HRDIC map. The IPFs in (a) and (b) are given along the loading direction. (c) 

Statistical analysis (including the grains deformed under both uniaxial and equibiaxial loading) 

showing that more grains non-favorably orientated for splitting of the PDs (red grains in Figure 4.18) 

exhibit multi-slip, whereas favorably-oriented grains exhibit predominantly slip along only one slip 

plane (blue grains in Figure 4.18). ..................................................................................................................................124 

Figure 4.22 The proposed sequence of the dominant deformation mechanisms under uniaxial and 

equibiaxial loading with increasing the applied strain. .........................................................................................125 

 



List of Tables 

XVII 
 

List of Tables 

Table 1.1 The crystal structures [23] of the austenite phase [20], R-phase martensite [21] and B19’ 

martensite [22]. ............................................................................................................................................................................ 5 

Table 1.2 Comparison of the B2-B19’ habit plane between theory and experiment for <0 1 1> Type II 

twinning [27]. ................................................................................................................................................................................ 6 

Table 1.3 The amount of α’ martensite formed under different loading conditions in austenitic 

stainless steels. .......................................................................................................................................................................... 15 

Table 2.1 The chemical compositions and the stacking fault energies of SS201 and SS304 ................... 18 

Table 2.2 Summary of the mechanical testing devices ............................................................................................. 22 

Table 2.3 Parameters for the built-in superelastic model in Abaqus ................................................................. 24 

Table 2.4 Sample geometries for different materials and different tensile devices employed in this 

study ............................................................................................................................................................................................... 31 

Table 2.5 The summary of the diffraction techniques adopted for different materials ............................. 37 

Table 2.6 The summary of the characterizations and experiments performed on different materials

 .......................................................................................................................................................................................................... 47 

Table 3.1 Shear systems for the 24 habit plane variants (also called correspondent variant pairs) using 

the notation introduced in [200] and their habit plane/invariant shear direction. .................................... 83 

Table 3.2 List of the grains and the observed and expected trace inclinations for the slip system {1 1 

0} <1 0 0> with the highest SF. ........................................................................................................................................... 86 

Table 3.3  List of the observed trace inclinations and their correlation with the habit plane variants 

ranked by SF values. The list includes the theoretical transformation strain of the activated variants 

and the experimentally observed recovery strain. * indicates the grains exhibiting non-Schmid 

behavior ........................................................................................................................................................................................ 88 

Table 3.4 List of grains exhibiting non-Schmid behavior and geometric compatibility factors, m’, of the 

habit plane variants which are transmitted across grain boundaries, see Figure 3.29. ............................ 92 

Table 4.1 List of the 12 possible slip systems for the fcc structure and their equivalent pair of partial 

dislocations. LP stands for lead partial and TP stands for trailing partial. ...................................................... 99 

Table 4.2 List of the slip systems with the highest Schmid factor (SF) for slip and Schmid factor of their 

equivalent leading partials (LP) and trailing partial (TP) dislocations for the characteristic orientation 

of the IPFs. The highest value of the SF between the leading and the trailing partial dislocations is 

underlined. ................................................................................................................................................................................100 



List of Tables 

XVIII 
 

Table 4.3 Comparison of the macroscopic equivalent strain (macroscopic DIC) and the equivalent 

strain averaged over the HRDIC field of view. ...........................................................................................................111 

Table 4.4 List of activated {1 1 1} <1 1 0> systems and their Schmid Factor (SF) for each grain under 

uniaxial loading. ......................................................................................................................................................................112 

Table 4.5 List of activated {111}<110> systems and their Schmid Factor (SF) for each grain under 

uniaxial loading. ......................................................................................................................................................................113 

 

 



List of abbreviations 

XIX 
 

List of abbreviations 
BCC  Body center cubic 

BCT  Body centered tetragonal 

Cf.  Confer (Latin), meaning consult or compare 

CT  Computerized tomography 

CVP  Correspondence-variant pair 

DIC  Digital image correlation 

EBSD  Electron backscatter diffraction 

ECM  Electrochemical machining 

ECMM  Electromechanical micromachining 

EMPA  Swiss Federal Laboratories for Materials Science and Technology 

EQ  Equibiaxial 

Eq.  Equation 

FCC  Face center cubic 

FE  Finite element 

FEG  Field emission gun 

FIB  Focus ion beam 

FOV  Field of view 

FWHM  Full-width at half-maximum 

HCP  Hexagonal closed packed 

HPV  Habit plane variant 

HRDIC  High-resolution digital image correlation 

ICP-OES Inductively Coupled Plasma-Optical Emission Spectrometry 

IPF  Inverse pole figure 

IQ  Image quality 

LaB6  Lanthanum hexaboride 

LPC  Load path change 

LPD  Leading partial dislocation 

Macro-DIC Macroscopic digital image correlation 

MS  Materials science 



List of abbreviations 

XX 
 

ND  Normal direction 

NMP  N-Methyl-2-pyrrolidone 

OPS  Oxide polishing suspensions 

POLDI  Pulse overlap diffractometer 

PTMC  Phenomenological crystallographic theory of martensitic transformation 

RD  Rolling direction 

ROI  Region of interest 

RPM  Rotations per minute 

SE  Superelasticity 

SEM  Scanning electron microscope 

SF  Schmid factor 

SFE  Stacking fault energy 

SINQ  Swiss Spallation Neutron Source 

SLS  Swiss light source 

SMA  Shape memory alloy 

SPD  Shockley partial dislocation 

SQ  Square 

SQDP  Selected area diffraction pattern 

SS  Stainless steel 

STEM  Scanning Transmission Electron Microscope 

TD  Transverse direction 

TEM  Transmission electron microscope 

TPD  Trailing partial dislocation 

TR  Triangular 

TRIP  Transformation induced plasticity 

TWIP  Twinning induced plasticity 

TX  Triaxiality 

UN  Uniaxial 

VSG  Virtual Strain Gauge 

WD  Working distance 

XRD  X-ray diffraction  



1.1 Overview 

1 
 

 Introduction 

 Overview 

Metals and alloys exhibit various deformation mechanisms in response to mechanical loading such as 

dislocation slip, deformation twinning and martensitic transformation. The focus of this study is the 

martensitic transformation induced by deformation. The martensitic transformation is a diffusionless 

process, during which the parent lattice, the austenite phase, transforms into the martensite phase 

with another crystal structure. It should be noted that the crystal structures of the austenite phase and 

the martensite phase depends on the alloy system, since the martensitic transformation can occur in 

various alloys other than steels. For example, the austenite in steels has a face-center-cubic (FCC) 

structure, usually denoted as γ austenite. As for NiTi alloys, the austenite phase exhibits an ordered 

body-center-cubic (BCC) structure, denoted as B2 austenite. The martensitic transformations improve 

the mechanical properties in various engineering alloys. The transformation induced plasticity (TRIP) 

in the steels results in a good combination of ductility and strength. The martensitic transformation 

in NiTi alloys gives rise to the superelasticity and a shape memory effect, enabling the material to 

undergo large deformation that is recoverable upon unloading or by heating. These properties have 

attracted significant technological interests and found applications in structural components (e.g. 

automotive components made of TRIP-steels [1-3]), smart structures (e.g. actuators made of NiTi [4, 

5]) and medical devices (e.g. endovascular stents made of NiTi [5-8]).  

Materials experience multiaxial deformation during manufacturing and their services. For example, 

the common sheet forming processes of steels impose complex strain paths, such as in-plane biaxial 

tension to the material, as well as changes in the strain path. As for an endovascular stent made of NiTi, 

the slender struts and bridges (Figure 1.1a) undergoes load path changes due to the systolic and 

diastolic blood pressures as well as the change in the artery geometry alongside body movements 

(Figure 1.1b). 

 

Figure 1.1 (a) The geometry of a NiTi stent consists of struts and bridges [9]. (b) The shape change of the NiTi stent in 
the artery near the knee [5].  
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Despite undergoing multiaxial deformation during manufacturing or in operando, most important 

mechanical properties and transformation behaviors of materials are determined by monotonic 

uniaxial testing. Only few experimental works about martensitic transformations induced by 

multiaxial loading can be found in literature. In addition, the constitutive models based on the results 

of uniaxial testing may not be able to predict accurately the mechanical behavior of the material 

undergoing complex loading conditions in operando. In order to improve the existing models for 

phase transforming materials, it is crucial to understand the deformation-induced martensitic 

transformation under multiaxial loadings.  
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 Deformation-induced martensitic transformation 

The martensitic transformation can be induced thermally as well as by deformation. Figure 1.2a shows 

the chemical free energies as a function of temperature for the austenite and the martensite phases in 

steels [10]. The Ms shown in Figure 1.2a is the martensite start temperature. By quenching the 

austenite phase below Ms, martensite forms spontaneously as the thermodynamically favorable phase. 

The difference in the chemical free energies of austenite and martensite at Ms (∆𝐺𝑀𝑠

𝛾→𝛼′
)is the critical 

energy for martensitic transformation. The γ stands for the austenite phase in steels, and the α’ 

denotes the BCC-martensite phase. At temperatures above Ms, the martensitic transformation can be 

induced by applying a mechanical load to the austenite. For example at the temperature T1 shown in 

Figure 1.2a, martensite can form by providing a mechanical driving force 𝑈′ = ∆𝐺𝑀𝑠

𝛾→𝛼′
− ∆𝐺𝑇1

𝛾→𝛼′
. 

Patel and Cohen observed that martensite forms at temperatures higher than the Ms temperature 

when an external load is applied to the 0.5 wt. % C – 20 wt. % Ni steel [11], validating the concept of 

deformation-induced martensitic transformation. Bolling and Richmann extensively studied the 

deformation of Fe-Ni-C and Fe-Ni-Cr-C alloys [12-15], and they defined a temperature, 𝑀𝑠
𝜎 , to 

characterize the deformation-induced martensitic transformation based on tensile tests at different 

temperatures. At 𝑀𝑠
𝜎, the critical stress to induce martensitic transformation is the same as the yield 

stress of the material. At temperatures below 𝑀𝑠
𝜎 (yet above Ms), the yielding of the material was 

associated with the onset of the martensitic transformation, which was described as “stress-aided 

transformation”. Similar to the concept presented in Figure 1.2a, in this “stress-aided” regime the 

chemical driving force (difference in free energies of austenite and martensite) increases with 

decreasing temperature, therefore the stress required for the transformation decreases with 

decreasing temperature. The regime above 𝑀𝑠
𝜎  was defined as “transformation-aided plasticity”, 

suggesting the formation of martensite accompanies the plastic deformation of austenite.  

  

Figure 1.2 (a) The chemical free energies of austenite and martensite phases as a function of temperature [10]. (b) The 
plot of critical stress for the martensitic transformation in stress-assisted and strain-induced regimes [16]. 
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Based on the results of Bolling and Richman, Olson and Cohen further elaborated the 

interrelationships between the critical stress for martensite formation, the yield stress of austenite 

(σy in Figure 1.2b) and the temperature in the two regimes of transformation mechanisms with the 

illustration in Figure 1.2b [16]. As mentioned above, martensite forms spontaneously below Ms, while 

an external mechanical load can provide sufficient driving force to initiate the transformation above 

Ms. At temperatures between Ms and 𝑀𝑠
𝜎, the critical stress for martensite formation increases with 

increasing temperature, and it is within the elastic regime of austenite. This is the stress-assisted 

transformation regime. The critical stress reaches the yield stress of austenite at 𝑀𝑠
𝜎. The martensite 

formation above 𝑀𝑠
𝜎 is regarded as the strain-induced transformation. In this regime, the plasticity of 

austenite starts to play a role in the transformation mechanism. Figure 1.2b shows that the critical 

stress deviates from the linear relationship extrapolated from the stress-assisted mechanism at 

temperatures above 𝑀𝑠
𝜎, i.e. the critical stresses are lower than the prediction based on the stress-

assisted mechanism. More details about the relationships between the austenite plasticity and the 

strain-induced martensite are given in Section 1.4. Fahr also reported different natures of the stress-

induced martensite and the strain-induced martensite in metastable austenitic steels [17]. The stress-

induced martensitic transformation was reported to result in lower elongation than the strain-

induced mechanism. The strain-induced martensitic transformation was able to reach an optimum 

combination of high ductility and high strength. Maxwell et al. reported the difference in the 

microstructures of stress-induced and strain-induced martensite in Fe-Ni-C alloys [18]. The stress-

induced martensite exhibits the same plate morphology as thermally induced martensite. The strain-

induced martensite was observed in the slip bands of the deformed austenite, suggesting the 

importance of austenite plasticity in the strain-induced mechanism.  

Among the materials investigated in this study, the NiTi alloys exhibit stress-induced martensitic 

transformation, and the metastable 304 and 201 stainless steels show strain-induced martensitic 

transformation. The introductions to the martensitic transformations in NiTi and the stainless steels 

are given in more detail below.  
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 Stress-induced martensitic transformation: NiTi alloys 

The martensitic transformation in NiTi transforms the austenite phase (B2 austenite) into the B19’ 

martensite phase. In addition to B19’ martensite, R-phase martensite has been reported as an 

intermediate phase during the transformation between B2 and B19’ [19]. Table 1.1 shows the crystal 

structures of the B2 austenite, R martensite and B19’ martensite in NiTi [20-22].  

Table 1.1 The crystal structures [23] of the austenite phase [20], R-phase martensite [21] and B19’ martensite [22]. 

 

Based on the “phenomenological crystallographic theory of martensitic transformation” (PTMC), the 

essential parameter in martensitic transformation is that the invariant plane between austenite and 

martensite should remain undistorted and un-rotated during transformation. This interface is 

regarded as the habit plane of martensitic transformation. In order to maintain the habit plane, the 

total shape deformation of the martensitic transformation consists of three components: (1) lattice 

deformation from austenite lattice to martensite lattice, (2) lattice rotation and (3) lattice invariant 

shear. The theory predicts the martensite substructure to be either slip steps or twins. Several electron 

microscopy studies have reported the twinned structure of the martensite in NiTi [24-26]. Figure 1.3a 

shows an example of the twinned martensite composed of wide and narrow regions (designated with 

A and B, respectively, in Figure 1.3a). Knowles and Smith [25] made first calculation based on PTMC 

and reported two possible twinning systems as the lattice invariant shear: {1 1 1̅} Type I twinning and 

<0 1 1> Type II twinning. Figure 1.3b illustrates the shape change from an austenite to a martensite 

plate as well as the habit plane. A martensite plate composed of the martensite matrix and its twin is 

called a habit plane variant (HPV). The pair of a matrix and its twin in a HPV exhibits a specific lattice 

correspondence with the austenite phase [27]. Matsumoto et al. [27] studied the stress-induced 

martensite in single crystal NiTi alloys and observed habit planes in a good agreement with the 
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theoretical predictions for both {1 1 1̅} Type I twinning and <0 1 1> Type II twinning. However, the 

Schmid factor of the HPVs for {1 1 1̅} Type I twinning was too low to be considered as an active system. 

On the other hand, <0 1 1> Type II twinning resulted in highest or second highest Schmid factor. 

Therefore, they concluded that the <0 1 1> Type II twinning is the lattice invariant shear system for 

the B2 to B19’ transformation in NiTi. Table 1.2 shows the good agreement between the theory and 

the experimental observation for <0 1 1> Type II twinning. Since there are two lattice invariant shears 

for the Type II twinning ([0 1 1] and [0 1 1̅]) and 12 lattice correspondences between the B2 and B19’ 

lattices, there are 24 HPVs for the B2 – B19’ transformation [27] .  

 

Figure 1.3 (a) The twinned structure of B19’ martensite in NiTi consists of wide (A) and narrow (B) bands [25]. (b) An 
illustration of the martensitic transformation from austenite to twinned martensite NiTi.   

Table 1.2 Comparison of the B2-B19’ habit plane between theory and experiment for <0 1 1> Type II twinning [27].  

 Theoretical Experimental Deviation 

Habit plane (-0.88888 0.21523 0.40443) (-0.8684 0.26878 0.4138) 3.3° 

Direction of shape strain [0.43448 0.75743 0.48737] [0.4580 0.7706 0.4432] 3.0° 

 

The reversible phase transformation between B2 austenite and B19’ martensite results in two 

important properties of NiTi: the shape memory effect and the superelasticity (also called 

pseudoelasticity) [28-30]. Figure 1.4a shows the regimes of the two properties and their relations with 

the four characteristic temperatures for martensitic transformation: the martensite start temperature 

Ms, the martensite finish temperature Mf, the austenite start temperature As and the austenite finish 

temperature Af. The shape memory effect occurs at temperatures below As, where the martensite 

phase is thermodynamically stable, and formed spontaneously upon cooling. Figure 1.4b shows an 

example of the stress-strain curve obtained in this regime, where the initial phase is thermally induced 

martensite [29]. After unloading, martensite stays deformed and results in the residual strain shown 

in Figure 1.4b. The residual strain can be recovered by inducing the reverse transformation by heating 

to a temperature above Af. The material will then return to its original shape.  
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In the superelasticity regime shown in Figure 1.4a, the critical stress of the martensitic transformation 

is lower than the stress to introduce dislocation slip in the austenite phase. Hence, the martensitic 

transformation is considered stress-induced in the case of superelasticity. Superelasticity appears 

when deforming NiTi at temperatures above Af, and a typical stress-strain curve is shown in Figure 

1.4c [29]. Upon loading the austenite (the initial phase), stress-induced martensite forms and 

contributes to the large increment in strain (from 1% to 5% in Figure 1.4b), resulting in an “upper 

plateau” in the stress-strain curve at a nearly constant stress (~300 MPa in Figure 1.4c). Upon 

unloading, the reverse transformation takes place, resulting in a “lower plateau” in the curve. No 

residual strain is observed after fully unloading. Superelasticity enables the material to sustain large 

deformation without introducing residual strain after unloading. 

 

Figure 1.4 (a) The interrelations between shape memory effect, superelasticity, applied stress and temperature  
(adapted from [6]). (b) An example stress-strain curve measured at a temperature below As (the shape memory effect 
regime) [29]. (c) A typical stress-strain curve showing superelasticity [29].  

The temperature dependency of critical stress for the stress-induced martensitic transformation can 

be expressed by the Clausius-Clapeyron equation [31-33]:  

𝑑𝜎

𝑑𝑇
=

∆𝑆

𝜀
=

𝜌∆𝐻

𝜀𝑇0
 

where ΔS is the entropy of transformation, ε is the transformation strain, ρ is the density of the alloy, 

ΔH is the enthalpy of transformation and T0 is the equilibrium temperature between austenite and 

martensite. Melton and Mercier [33] reported positive values of 
𝑑𝜎

𝑑𝑇
 for NiTi alloys, suggesting the 

critical stress to induce martensitic transformation increases with the increasing temperature. In [33], 

Melton and Mercier further pointed out that the change in the chemical composition could change the 
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transformation behavior of NiTi. The effect of Ni content on the transformation start temperature (Ms) 

has been summarized in [34]. In the range of 50 to 51.5 at. % Ni, the Ms decreases drastically with 

increasing Ni content. The composition dependency offers the possibility to tune the transformation 

behavior by changing the Ni content in NiTi. One good way to adjust the composition is aging 

treatment [35]. During an isothermal aging, the formation of Ni4Ti3 precipitates induce a decrease in 

Ni content of the NiTi matrix, resulting in an increase in the Ms temperature with the increasing aging 

time until a value corresponding to the equilibrium composition at the aging temperature. The control 

of Ni4Ti3 precipitation as well as the introduction of dislocations by cold working are common steps 

in the thermomechanical treatments of NiTi alloys to achieve good superelasticity and shape memory. 

For example, it has been reported that in a Ti-49.8Ni wire, a good superelasticity appears in a wide 

temperature range above Af as a result of cold working followed by 1-hour annealing at 673K [36]. 

Another factor affecting superelasticity is the grain size of B2 austenite [37-40]. For example, Delville 

et al. [37] reported different grain sizes achieved by heat treatments from a pulsed electric current in 

a 50.8Ni - 49.2Ti wire. The wire with austenite grain size in the range of 25 – 50 nm showed the least 

degradation in superelasticity after uniaxial mechanical cycling compared to the wires with larger 

grain sizes. The shape of the superelastic stress-strain curve barely changed, and little residual strain 

was observed after mechanical cycling.  

The stability of superelasticity during uniaxial mechanical cycling has been extensively studied [37, 

41-55]. Degradation in superelasticity manifests itself by (1) the decrease in the critical 

transformation stress as the number of cycles increases, (2) the accumulation of residual strain due 

to dislocations and retained martensite after cycling. The repetition of the forward and reverse 

transformations during mechanical cycling accumulates dislocations, as evidenced by TEM studies [37, 

49-52, 54, 56, 57] (see Figure 1.5). The accumulating dislocations contribute to the residual strain in 

B2 austenite. The stress fields around the dislocations decrease the external work required for the 

stress-induced martensitic transformation, thus decreasing the critical transformation stress. A 

locally high stress due to dislocation accumulation can also impede the reverse transformation, 

resulting in retained martensite after mechanical cycling [53]. In addition to the changes in the B19’ 

martensitic transformation, dislocations introduced by cycling can promote the formation of an 

intermediate R-phase martensite, changing the transformation path from B2 – B19’ to B2 – R – B19’ 

[50, 55, 58-60]. 
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Figure 1.5 The microstructures of 50.9Ni-49.1Ti before and after 10 mechanical cycles, showing the accumulation of 
dislocations in austenite grains.  

In literature, superelasticity in NiTi and its stability were mostly investigated with uniaxial tensile 

testing. Under a uniaxial tensile load, the deformation of superelastic NiTi resembles the evolution of 

Lüders bands in fine-grained steel strips and wires. Shaw et al. [61] observed the appearance of sharp 

Lüders-like bands in NiTi strips at the critical stress for martensitic transformation, suggesting the 

nucleation of the stress-induced martensite. Subsequent loading resulted in the propagation of the 

bands, in which the martensite formed continuously. The Lüders-like transformation bands in NiTi 

under uniaxial tension have been investigated with digital image correlation (DIC) [62-64]. The 

quantitative strain maps provided by DIC shows the inhomogeneous deformation of superelastic NiTi 

under uniaxial tension as high strains localize within the bands upon loading. The stress-induced 

martensitic transformation account for superelasticity depends on the loading direction and the type 

of loading [62, 65-70]. Daly et al. [62] performed a uniaxial tensile test on a thin strip with a hole at 

center, introducing multiaxial stress states around the hole. The transformation bands were found to 

nucleate at the edge of the hole and grow into an X shape, as shown in Figure 1.6a.  

Grossmann et al. [65] studied the similar geometry using finite element simulation (only quarter of 

the geometry). Upon loading, the first martensite domain nucleated at the edge of the hole, as indicated 

by the circle in Figure 1.6b. Upon further straining, a new martensite domain appeared above the one 

at the edge, and it continued to propagate into a full band. The first martensite domain stopped 

growing as soon as the new domain formed. Wang et al. [66] employed finite element simulation to 

study the martensitic transformation under plane strain and plane stress conditions, and reported 

that the high triaxial stress under plane strain suppressed the formation of martensite. These results 

suggest the complex transformation events under multiaxial stress states. 
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Figure 1.6 (a) An X-shape transformation band with inhomogeneous strain distribution around the central hole 
exhibiting multiaxial stress states [62]. (b) Finite element simulations of the formation of martensite under multiaxial 
stress states [65]. 

Elibol et al. [67] characterized the transformation behaviors of the 50.9Ni-49.1Ti under uniaxial 

tension, uniaxial compression and a combined compression-shear load using DIC. Transformation 

bands were observed under uniaxial tension and compression-shear load (Figure 1.7a), showing the 

inhomogeneous deformation. On the contrary, under compression martensite forms homogeneously, 

resulting in the uniform strain distribution shown in Figure 1.7a. McNaney et al. [68] reported lower 

transformation strain under a tension-torsion biaxial load than under uniaxial tension in a 50.8Ni-

49.2Ti tube. In addition to proportional biaxial loading, they performed load-path-change experiments 

in which tension followed by torsion. A second plateau shown in Figure 1.7b appeared when changing 

the loading condition from tension to torsion, suggesting the formation of new martensite variants. 

Niendorf et al. [69] compared the formation of martensite variants under uniaxial tension and a biaxial 

stress state using a notched sample (Figure 1.7c). Only one variant formed in the [1 1 1]-oriented 

austenite grain upon uniaxial loading. In contrast, at least two martensite variants were observed 

under the biaxial state. Few studies have reported the effect of multiaxial mechanical cycling on the 

degradation in superelasticity. Song et al. [71, 72] performed uniaxial tension cycling and tension-

torsion cycling with non-proportional multiaxial paths on a superelastic NiTi. The residual strain 

accumulation was observed to depend on the load paths. Based on the mechanical data, they 

concluded that multiaxial cycling introduces higher residual strains and a shorter fatigue life than 

uniaxial cycling.  

Most multiaxial studies mentioned above investigated the degradation in superelasticity by 

addressing macroscopic parameters such as the decrease in the transformation stress and the 

development of the residual strain based on the mechanical data. However, the details on the 

degradation in the microstructure were not discussed. Khodaei et al. reported that constitutive 

modelling failed to predict the mechanical response under multiaxial loading, as the current models 

do not capture the dependency of the martensitic transformation on the crystallographic orientation 

and the loading path [73]. Detailed experimental data is required to improve the micromechanical 

models. 
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Figure 1.7 (a) The DIC strain maps for compression-shear and compression loadings [67]. (b) The equivalent stress-
strain curves of tension followed by torsion tests [68]. (c) Single variant upon uniaxial loading and multiple variants 
under biaxial loading. The grey dots indicate the loading state where the micrographs were taken [69]. 
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 Strain-induced martensitic transformation: austenitic steels  

In metastable austenitic steels (e.g. stainless steel 304), the TRIP effect enhances both the ductility 

and the strength of the materials [74]. The mechanism behind the TRIP effect is the strain-induced 

martensitic transformation occurring during the plastic deformation of the parent austenite phase. 

Upon mechanical loading, the γ austenite with FCC structure can transform into the ε martensite with 

HCP structure and/or α’ martensite. The crystal structures of these phases are shown in Figure 1.8. It 

has been reported that α’ martensite exhibits BCC or BCT structure depending on the carbon content, 

and the c/a ratio of α’ martensite increases with increasing carbon content [75, 76]. In the stainless 

steels containing lower than 0.5 wt. % carbon, α' martensite is BCC. The orientation relationships 

between the γ austenite and ε martensite are {1 1 1}γ || {0 0 0 1}ε , <1 1 0>γ || <1 1 2̅ 0>ε. As for the α’ 

martensite, there are two commonly reported orientation relationships, i.e. the Kurdjumov-Sachs 

relationship [77]: {1 1 1}γ || {1 1 0}α’ , <1 1 0>γ || <1 1 1>α’ and the Nishiyama-Wassermann relationship 

[78, 79]: {1 1 1}γ || {1 1 0}α’ , <2 1 1>γ || <1 1 0>α’. 

 

Figure 1.8 The crystal structures of the γ austenite, ε martensite and α’ martensite in stainless steels. 

The HCP ε martensite has been reported to be an intermediate phase between γ austenite and α’ 

martensite [80]. From the aspect of the atomic arrangement, a stacking fault introduced by plastic 

deformation locally changes the stacking sequence of FCC into an HCP structure, providing a potential 

nucleation site for the ε martensite. Brooks et al. has observed the formation of the ε martensite in the 

region where multiple stacking faults overlap, as shown in Figure 1.9a [81]. Since the stacking fault is 

a result of a perfect dislocation dissociating into two Shockley partials on every second {1 1 1} plane 

in FCC, the formation of ε is closely related to the movement of the partial dislocations. The 

dissociation has been reported to depend on the Schmid factor of each partial dislocation and the 

direction of the applied stress [82]. The effect of different loading directions on the partial dislocations 

and the formation of ε martensite is discussed in Chapter 4.  

Apart from the γ – ε - α’ transformation path, another commonly observed transformation path is the 

direct transformation from γ austenite (FCC) to α’ martensite (BCC). Bogers and Burgers [83] 

proposed a hard-sphere model for FCC to BCC transition taken into account two shears resulted from 

the Shockley partials movements on {1 1 1} planes in the FCC lattice. A typical shear of 
𝑎𝐹𝐶𝐶

6
 <1 1 2> is 
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regarded as the twinning shear in FCC (hereafter denoted as T shear). The two shears essential for the 

BCC transformation are T/3 shear and T/2 shear. According to the hard-sphere model, a T/3 shear 

attains a near-BCC geometry with an incorrect stacking sequence. The proper stacking is then 

achieved with a T/2 shear, generating a true BCC structure. Based on [83], Olson and Cohen [16] 

further elaborated the mechanism for the nucleation of the BCC martensite, pointing out the 

importance of the double shears,  
𝑎𝐹𝐶𝐶

18
 <1 1 2> (T/3) and 

𝑎𝐹𝐶𝐶

12
 <1 1 2> (T/2), in FCC. Figure 1.9b 

illustrates the doubly faulted area resulted from the intersection in the double shear. Note that the 

array of T/3 consists of partial dislocations on every third {1 1 1}FCC plane, and the array T/2 has 

partial dislocations on every second {1 1 1}FCC. The doubly faulted area can be obtained by the 

intersection of two ε martensite plates. However the formation of the ε martensite is not a necessary 

condition for the nucleation of the α’ martensite. The double shear can also be achieved by the 

intersections of a twin boundary with another twin boundary or a grain boundary, the intersection of 

twinning and slip or the intersection of two slip bands (Figure 1.9c) [16, 84, 85]. Das et al. [85] further 

reported that multiple transformation mechanisms such as γ → α’, γ → ε and γ → ε → α’ can co-exist, 

as shown in Figure 1.9d. 

 

Figure 1.9 (a) ε martensite nucleated from the overlapping stacking faults [81]. (b) The intersection of a double shear 
creates the nucleation site for α’ martensite [16]. (c) A bright field TEM micrograph showing α’ martensite at the 
intersection of two shear bands [85]. (d) ε and α’ martensite coexist at a  grain boundary – shear band intersection. 
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Several factors affect the strain-induced α’ martensitic transformation. Nohara et al. [86] proposed a 

formula showing the effect of the chemical composition and the grain size of the γ austenite, and 

reported that coarse-grained austenite are more susceptible to strain-induced transformation. The 

increasing deformation temperature has been shown to suppress the formation of the α’ martensite 

[87, 88]. Increasing the strain rate of a uniaxial tensile test decreases the amount of the strain-induced 

α’ martensite due to the adiabatic heating [88-90].  

In addition to the deformation temperature and the strain rate, the loading conditions influence the 

formation of the α’ martensite. Hecker et al. [91] reported the effect of deformation mode on the strain-

induced α’ martensitic transformation in stainless steel 304. The equibiaxial tension achieved by 

punch-stretch tests resulted in higher volume fraction of α’ martensite than uniaxial tension (Figure 

1.10a). Murr et al. [92] further investigated the microstructure of the deformed specimens from [91] 

with TEM and reported that α’ embryos were always confined in micro-shear band intersections such 

as stacking faults and deformation twins. More shear-bands intersections serving as the nucleation 

sites for α’ martensite were observed in the case of equibiaxial tension than uniaxial tension, as shown 

in Figure 1.10b.  

 

Figure 1.10 (a) The volume fraction of α’ martensite [91] and (b) the number of shear bands intersections [92] as 
functions of true strain in stainless steel 304.  

Nanga et al. [93] studied the phase transformation in metastable austenitic 301LN stainless steel and 

examined the effect of the stress triaxiality (TX) on the α’ transformation. The stress triaxiality is 

defined as the ration between the hydrostatic stress (σh) and the Von Mises equivalent stress (σVM): 

𝜎ℎ

𝜎𝑉𝑀
=

1
3

(𝜎1 + 𝜎2 + 𝜎3)

1

√2
(√(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎3 − 𝜎1)2)

 

where σ1, σ2 and σ3 are the principal stresses. They reported comparable α’ martensite volume 

fractions under equibiaxial tension (TX = 0.66) and uniaxial tension (TX = 0.33), higher than that under 

plane strain (TX = 0.57), suggesting the transformation does not follow the triaxiality solely. Beese et 

al. [94] studied the α’ transformation in stainless steel 301LN under uniaxial tension and equibiaxial 

tension, yet reported contradictory results to [93]: equibiaxial tension resulted in less α’ martensite 
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than uniaxial tension. They proposed a new model taking into account the Lode angle in addition to 

the stress triaxiality to explain the different transformation kinetics under different loading conditions. 

Chakrabarty also reported lower volume fraction of the α’ martensite under biaxial tension than 

uniaxial tension in stainless steel 201 [95]. Yan et al. [96] studied the effect of different deformation 

modes on the mechanical behavior of TRIP 600 steel. By comparing the amount of retained austenite 

phase measured with X-ray diffraction, they reported that plane strain tension results in the highest 

martensitic transformation rate, followed by biaxial tension and finally uniaxial tension. Kosarchuk et 

al. [97] studied two grades of stainless steels and showed that the transformation under equibiaxial 

tension is less than under uniaxial tension. Table 1.3 summarizes the dependency of α’ martensite 

formation on the loading conditions in metastable austenitic stainless steels, showing the discrepancy 

in the effect of deformation modes on the transformation behavior. It is clear that information on the 

microstructures is required to understand the differences.   

Table 1.3 The amount of α’ martensite formed under different loading conditions in austenitic stainless steels. 

Material α’ martensite volume fraction References 

Stainless steel 304 Biaxial tension > uniaxial tension [91, 92] 

Stainless steel 301LN Biaxial tension ≈ uniaxial tension > plane strain > pure shear [93] 

Biaxial tension < uniaxial tension [94] 

Stainless steel 201 Biaxial tension < uniaxial tension [95] 
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 Objectives and thesis structure 

The aim of this study is to gain insights into deformation-induced martensitic transformations in NiTi 

alloys and metastable austenitic steels under multiaxial loadings, and to link the microstructural 

evolution to the macroscopic mechanical responses under different load paths. For the mechanical 

testing, the cruciform-shaped samples are used, allowing the application of proportional and non-

proportional multiaxial loadings by adjusting the loading conditions in each cruciform arm. The 

combination of the cruciform multiaxial mechanical test with in situ characterization techniques 

offers the possibility to investigate the microstructural evolution and to link this with the macroscopic 

mechanical response. 

The structure of the thesis is as follows: 

Chapter 2 focuses on the experimental aspects: the investigated materials, the tensile devices, the 

development of the cruciform-shaped samples and the setups for different in-situ experiments. 

Chapter 3 presents the studies on superelastic NiTi alloys. Each section corresponds to a publication. 

Section 3.1 shows the transformation behavior of a nanostructured superelastic NiTi under the square 

load path change. Section 3.2 presents more details about the path dependency of the transformation 

and the materials degradation induced by multiaxial mechanical cycling. Section 3.3 focuses on the 

deformation mechanisms of the coarse-grained NiTi alloy under uniaxial loading at the grain level. 

Chapter 4 presents the effects of multiaxial loading on deformation mechanisms and martensitic 

transformations in different metastable austenitic stainless steels. Each section corresponds to a 

publication. Section 4.1 shows that equibiaxial load suppresses the martensitic transformation in 

stainless steel (SS) 201. Section 4.2 compares the slip activities under uniaxial and equibiaxial loads 

in SS304. In Section 4.3, the interrelations between the martensitic transformation, deformation 

twinning and dislocation slip under uniaxial and equibiaxial loadings of SS304 are discussed.  

Lastly, in Chapter 5, conclusions are given and future works are suggested. 
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 Experimental 

 Materials 

The martensitic transformations in NiTi alloys and metastable austenitic 201 and 304 stainless steels 

have been investigated. An overview of the initial microstructure of the investigated materials is given 

below.  

Nanostructured NiTi 

The commercial superelastic NiTi in sheet form is purchased from Memry GmbH (alloy type BB/S). 

The austenite start temperature (As) and the austenite finish temperature (Af) measured by the 

supplier are -10°±10°C and 8°±7°C, indicating superelasticity at room temperature. The chemical 

compositions determined by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) 

are 51.5±1 at% Ni and 48.5±1 at% Ti. The initial phase of the sheet is B2 austenite, as characterized 

by a laboratory diffractometer (D8 ADVANCE, Brucker) using a Cu Kα source. Based on the 

Williamson-Hall method, the estimated crystallite size is 40 nm. Electron backscatter diffraction 

(EBSD) characterization shows a complex microstructure. As shown in Figure 2.1a, large austenite 

grains (average grain size: 27 µm) contain bands. Detailed examinations reveal that the bands consist 

of subgrains. Figure 2.1b displays a micrograph taken with a Scanning Transmission Electron 

Microscope (STEM) detector, showing the subgrained structure. More details about the initial 

microstructure of this alloy can be found in Section 3.1.  

 

Figure 2.1 (a) Large austenite grains contain bands. The grain boundary determined by the EBSD analysis is delineated 
with the dashed line. (b) The STEM image of the as-received sheet shows the nanoscaled subgrains. 
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Coarse-grained NiTi 

The polycrystalline NiTi sheet with the chemical compositions of 51 at. % Ni and 49 at. % Ti is 

provided by Prof. Guillaume Laplanche at the Ruhr-University Bochum. The initial microstructure 

consists of equiaxed austenite grains with an average grain size of 35 µm, as shown in Figure 2.2. 

Different from the nanostructured NiTi, this material does not contain subgrains. More details about 

the manufacture of this material can be found in Section 3.3. 

 

Figure 2.2 The microstructure composed of coarse austenite grains. 

Austenitic stainless steels: SS201 and SS304 

Two types of austenitic stainless, SS201 and SS304, are studied. The as-received SS201 sheet is 4-mm 

thick, and the SS304 is 8-mm thick. The initial microstructures of both steels are in the austenite phase 

with mild textures, as shown in the EBSD maps in Figure 2.3. The average grain sizes for SS201 and 

SS304 are 45 µm and 36 µm respectively. Table 2.1 lists the chemical compositions and the stacking 

fault energies reported in literature for both types of steels [98-102]. SS304 exhibits a higher stacking 

fault energy than SS201. The effect of the stacking fault energy on the deformation-induced 

martensitic transformation is discussed in Chapter 4.  

In addition to the 8-mm sheet, SS304 is also studied in the form of a thin foil. The 150-µm foil is 

purchased from Goodfellow Cambridge Ltd. Figure 2.4 shows an EBSD map of the microstructure of 

the SS304 thin-foil. The average grain size is 19±5 µm, excluding the annealing twins. 

Table 2.1 The chemical compositions and the stacking fault energies of SS201 and SS304 

 

Type Chemical Composition (wt. %) Stacking fault energy (mJ/m2) 

Cr Mn Ni Si C N 

SS201 16-18 5.5-7.5 3.5-5.5 1 0.15 0.25 21.6[99], 20[100] 

SS304 17.5-19.5 2 8-10.5 0.75 0.07 0.1 30[102] , 28-41[98], 30.4[101]  
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Figure 2.3 The grain orientation maps (parallel to the sample normal direction (ND)) of SS201 and SS304. The inverse 
pole figures demonstrate the mild textures of both materials.  

 

Figure 2.4 The initial microstructure of the thin-foil SS304 from Goodfellow Cambridge Ltd. 
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 Biaxial deformation rigs 

Three biaxial deformation rigs were used: the Minibiax, the Mesobiax and the Macrobiax. All rigs use 

cruciform shaped sample geometries. Details about these machines are given below. 

Minibiax   

This novel miniaturized biaxial tensile device (190 mm x 200 mm x 73.2 mm, 2.3 kg) allows uniaxial 

and in-plane biaxial mechanical tests on thin-sheet metals. The main components of the Minibiax are 

shown in Figure 2.5. The four grips connected to load cells with a load capacity of 44 N slide inside a 

guide system. Via the carrier plate, these components are connected to four piezo actuators with a 

travel range of 10 mm each. An in-house LabVIEW steering program written by Dr. Steven Van 

Petegem controls the device. By controlling the movement of each grip, proportional loading (e.g. in-

plane equibiaxial loading) and non-proportional loading can be applied to a cruciform-shaped sample. 

Uniaxial tensile tests using dogbone-shaped samples can also be performed with the Minibiax.  The 

readouts of the mechanical data include force values and piezo steps reached by each axis. An 

additional guide system in the form of a plate can be mounted on the grips. It allows the measurement 

of the grip position with nanometer resolution. More technical information can be found in [103]. The 

Minibiax is optimized for two types of in-situ experiments: it can be mounted inside the chamber of a 

scanning electron microscope (SEM) and on the sample stages of the MS beamline and the MicroXAS 

beamline of the Swiss Light Source for X-ray diffraction (XRD). The setup of the in-situ experiments at 

MS beamline will be presented in Section 2.5.1.  

 

Figure 2.5 The minibiaxial biaxial tensile device. 
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Mesobiax  

Figure 2.6 illustrates the conceptual design of the Mesobiax, which is an upgraded version of the 

Minibiax. The Mesobiax (426 mm x 266 mm x 459 mm, 28 kg) has a higher load capacity (1000N) than 

Minibiax, and therefore allows multiaxial mechanical tests on stronger materials, either in force 

controlled or displacement controlled mode. Uniaxial tensile tests using dogbone samples can also be 

performed. The maximum displacement of the arms is 8 mm, and the minimum step size is 10 nm. The 

Mesobiax is controlled with the same LabVIEW program as the Minibiax. By setting the target 

displacement or the target force for each axis in the LABVIEW program, it is possible to perform cyclic 

loadings. This machine is also optimized for in-situ experiments at synchrotron beamlines. The setup 

for the in-situ experiments at MS beamline will be presented in Section 2.5.1. 

 

Figure 2.6 The technical drawings for the Mesobiax. 

Macrobiax 

The Macrobiax shown in Figure 2.7 is a large multiaxial load frame installed at the Pulse OverLap 

DIffractmeter (POLDI) beamline at the Swiss Spallation Neutron Source (SINQ). It is nearly 1.9 meters 

high and 2.7 meters wide, and it weighs 1.7 tons. The maximum tensile forces reachable along vertical 

and horizontal directions (labeled as Axis 1 and Axis 2 in Figure 2.7) are 100 kN and 50 kN respectively. 

In addition to tension, the vertical direction also allows 100-kN compression and 200-Nm torsion.  The 

Macrobiax is used to perform in-plane proportional and non-proportional deformation tests on 

cruciform-shaped SS201 and SS304 samples. The TestXpert standard control software developed by 

Zwick/Roell, controls the machine. An interface between TestXpert and the control system of POLDI 

beamline has been written for in-situ neutron experiments. The setup of the Macrobiax at the POLDI 

beamline will be presented in Section 2.5.1. 
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Figure 2.7 The Macrobiax at the Swiss Spallation Neutron Source. 

 

Table 2.2 summarizes the specifications of these three mechanical testing devices and the applicable 

combinations with in-situ materials characterization techniques.  

Table 2.2 Summary of the mechanical testing devices 

 Minibiax Mesobiax Macrobiax 

Dimensions 190 x 200 x 73.2 (mm) 426 x 266 x 459 (mm) 1.9 m in height 

2.7 m in width 

Weight 2.3 kg 28 kg 1.7 tons 

Maximum load 44 N 1000 N 100 kN vertically 

50 kN horizontally 

Load path Uniaxial tension 

In-plane multiaxial tension 

Load path change 

Uniaxial tension 

In-plane multiaxial tension 

Load path change 

Uniaxial tension 

In-plane multiaxial tension 

Load path change 

Compression (vertical) 

Torsion (vertical) 

In-situ techniques Macroscopic DIC  

SEM HRDIC  

Synchrotron XRD 

Macroscopic DIC 

Synchrotron XRD 

Macroscopic DIC 

Neutron diffraction 
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 Optimization of cruciform geometries 

The sample geometry is crucial for carrying out multiaxial deformation tests. Depending on the 

material tested and the machine employed, there are different requirements for an optimized 

cruciform geometry. In general, an ideal cruciform geometry should provide a uniform strain 

distribution in the gauge section (i.e. the center of the cruciform sample) and allow significant plastic 

strains before failure  occurring in the center [104, 105]. To investigate martensitic transformations 

in situ in cruciform shaped samples, the SEM electron beam, the synchrotron X-ray beam or the 

neutron beam are positioned at the center of the cruciform and therefore the sample geometry should 

ensure the occurrence of the transformation in the center during multiaxial loading.  

The optimization of the cruciform geometry has been done for each material, following the steps 

shown in Figure 2.8. The first step is to design the experiment and decide which biaxial device will be 

employed for the in-situ measurement, since this determines the maximum load that can be applied 

to induce martensitic transformation in the center of the cruciform during uniaxial and equibiaxial 

loading. Several factors need to be taken into account at this step. For example, the grain size of the 

investigated material is important for choosing the suitable powder diffraction technique as the data 

quality depends on sampling statistics (number of grains in the gauge volume). Another consideration 

is the amount of material available. The design of the cruciform geometry is carried out with finite 

element (FE) simulations (Abaqus 6.14 software). Finally yet importantly, it must be possible to 

manufacture the optimized geometry, which is a major challenge in this workflow. Once the 

fabrication of cruciform samples is completed, mechanical tests are combined with macroscopic 

digital image correlation (Macro-DIC) to verify the simulated mechanical response from the cruciform 

geometry. The details about the optimization for each material are discussed in the following sections. 

 

Figure 2.8 The workflow for the design of the cruciform sample geometry.  
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2.3.1 Flat geometry cruciform 

Initially a flat geometry without reducing the thickness in the central gauge area, was designed for 

testing with the Minibiax and the Mesobiax device. The flat sample is shown in Figure 2.9a. The 

mechanical response of the flat geometry is simulated using the constitutive equations for a 

superelastic NiTi provided in Abaqus. Table 2.3 lists the material parameters used for the simulation. 

These were obtained from preliminary uniaxial tensile tests using dogbone samples. These tests 

revealed also the plateau in the stress-strain curve of the nanostructured NiTi, which is typically for a 

superelastic material. More details about the parameters required for superelasticity simulation of 

NiTi are given in [106]. 

 

Figure 2.9 (a) The flat geometry and strain distributions in a flat cruciform obtained from Abaqus simulation and 
Macro-DIC analysis under a uniaxial load of 40 N in the vertical direction. (b) Simulation and the Macro-DIC strain maps 
under equibiaxial loading of 40 N. 

Table 2.3 Parameters for the built-in superelastic model in Abaqus 

Elastic modulus of austenite 31.2 GPa 

Elastic modulus of martensite 20.7 GPa 

Forward transformation stress 413 MPa 

Reverse transformation stress 245 MPa 

Transformation plateau strain 0.05 
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One eighth of the cruciform geometry is simulated with symmetric boundary conditions. A uniaxial 

load (40N) along the vertical direction is applied to the cruciform. The simulation shows that a strain > 

0.07 can be reached at the center of the cruciform during uniaxial loading, as shown in Figure 2.9a, 

suggesting that martensitic transformation will occur. To verify the simulation, flat cruciform samples 

are manufactured and tested uniaxially while measuring the strain distribution with Macro-DIC. The 

samples are cut from a 90-µm thick sheet (Memry GmbH) using a frequency tripled Nd:YVO 

picosecond pulsed laser (10 picoseconds pulse width and 355 nm wavelength) at the Swiss Federal 

Laboratories for Materials Science and Technology (EMPA, Dübendorf). The power for laser cutting is 

870 mW with 160 kHz pulse frequency. Details about the setup for Macro-DIC measurement are 

provided in Section 2.5.2. The DIC strain map for a uniaxial test shown in Figure 2.9a, evidences an X-

shaped high strain bands in the center, which is in good agreement with the simulation result, 

confirming the occurrence of martensitic transformation.  

On the other hand, the simulation of equibiaxial loading (40N in both vertical and horizontal directions) 

shows that the martensite forms in the arms of the cruciform instead of the center (see Figure 2.9b). 

The DIC strain maps (Figure 2.9b) confirm that high-strain bands appear at the arms. Upon loading, 

the bands propagate along the arms instead of toward the center. The center is hardly deformed since 

the strain is nearly 0, indicating that the material retains the austenite phase in the center.  Figure 2.10 

shows the stress distribution in the simulated sample, confirming that the transformation stress (413 

MPa) is first reached in the arms in both x and y directions, hence triggering the formation of 

martensite in the arms, explaining the high strain observed by Macro-DIC. Based on these results, the 

flat geometry is not suitable for equibiaxial tests. 

 

Figure 2.10 The stress distribution in a flat cruciform under an equibiaxial load of 40 N. 
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2.3.2 Geometry optimization using FE simulations 

Thin-down geometry 

The good match between the FE simulation and experiments shown in Figure 2.9 validates that 

Abaqus can serve as an effective tool for designing and optimizing cruciform geometries. Since the flat 

geometry fails to produce martensite in the center during equibiaxial loading, the geometry has to be 

optimized for equibiaxial loading. It has been reported that locally thinning the center of the cruciform 

can increase the achievable plastic strain [104, 105]. Following this idea, a geometry with a circular 

“pocket” (600 µm diameter) in the center, as illustrated in Figure 2.11, is investigated. 

 

Figure 2.11 The geometry with local thinning in the center. 

Figure 2.12a shows the simulated stress distributions in x and y directions under an equibiaxial load, 

for a sample where the center is thinned down from 80 µm to 50 µm with a sharp transition. In this 

geometry, the stress concentration in the arms is less pronounced than what was observed for the flat 

geometry. The highest stress concentrations are reached near the cross-arm area. It is also worth 

noting that higher stresses are obtained inside the pocket. This geometry serves as the base for further 

optimization. By introducing in our model a gradual thinning from the arm to the edge of the central 

pocket, a higher stress can be reached simultaneously at the cross-arm and inside the pocket, as shown 

in Figure 2.12b. It has been reported that the ratio of gauge thickness to arm thickness influences the 

achievable plasticity in the center [107]. Figure 2.12c shows the simulation for the geometry with 200 

µm-thick arms. Compared to Figure 2.12b, the stress now mostly concentrates in the pocket rather 

than the cross-arm area, suggesting that the martensite can form in the pocket. Amina et al. have 

proposed a promising geometry with a rounded square pocket in the center [107]. Figure 2.13 shows 

the geometry containing a rounded square pocket together with the simulated stress distributions. It 

is clear that the geometry with a rounded square pocket allows reaching sufficiently high and 

homogeneously distributed stress inside the pocket to induce the martensitic transformation.  
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Figure 2.12 Different cross-section geometries and the corresponding stress distributions under equibiaxial loading. 
Note that all three designs consist of a circular pocket in the center. 

 

Figure 2.13 The geometry with a rounded square pocket and the stress distributions under equibiaxial loading. 

Bi-material geometry 

Because the nanostructured NiTi is already a very thin foil, the possibility to create cruciform 

geometry using a “bottom-up” strategy was considered and investigated together with the master 

student Amina Matt [107]. Figure 2.14 illustrates the concept. Instead of removing materials to thin 

down the center of the cruciform, additional layers of materials are applied onto both sides of the NiTi 

sheet while leaving an opening in the center. Figure 2.14 shows the FE simulation results for a bi-

material geometry consisting of electroplated Ni layers on the NiTi sheet showing that a high stress 

can be reached in the center of the NiTi layer, suggesting the formation of martensite in the bi-material 

geometry under equibiaxial loading.  
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Figure 2.14 The bi-material geometry and the stress distributions in the NiTi layer under am equibiaxial load. 

2.3.3 Manufacture of mini cruciform samples 

One of the biggest challenge is to manufacture these two optimized cruciform geometries i.e. the thin-

down geometry and the bi-material geometry. Traditional machining is not applicable for the 

fabrication of the thin-down geometry as the dimensions of the pocket feature is too small. The first 

attempt to thin down the center was done with the picosecond laser at EMPA, which has been 

employed to thin down polycrystalline Cu in [108] and Al cruciform samples. However, this method 

deteriorates drastically the surface quality of the well-polished NiTi sheet, as shown in Figure 2.15. 

Since the surface after laser ablation is no longer mirror-like, it is not suitable anymore for EBSD 

characterization or HRDIC experiments. Other concerns raised by laser ablation is the heat effect that 

can alter the microstructure and local chemical composition. As superelasticity in NiTi is sensitive to 

the chemical composition, it is risky to fabricate the pocket with laser ablation. A better candidate for 

fabricating the pocket feature is electrochemical machining (ECM), i.e. removing material by an 

electrochemical process. ECM is suitable for complex geometries, and it can result in a stress-free, 

smooth and bright surface [109].  

 

Figure 2.15 The bad surface quality of the circular area thinned down by the laser ablation. 

As for the bi-material geometry with electroplated Ni, one crucial step is to develop a mask covering 

the center of the cruciform during the deposition of Ni layer. One difficulty lies in selecting proper 

mask material, which needs to be resistant to sulfuric acid during the electroplating process and 

removable after the deposition of Ni. Furthermore, since both sides of the sample have an opening in 
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the center, a precise alignment during the deposition process is required. One possible solution is to 

employ photolithography microfabrication. However, this requires the development of an adequate 

microfabrication process, which is out of the scope of the aimed research. Therefore we continued 

with ECM to manufacture the thin-down geometry.  

Electromechanical micromachining  

The fabrication of the thin-down geometry is done with an electromechanical micromachining (ECMM) 

process developed and carried out by Micropat SA, Switzerland. The ECMM process employs the same 

principle as traditional ECM to remove metal by electrochemical process, providing a well-polished 

surface, yet it combines a laser lithography system to increase the flexibility in designing the engrave 

shape. The steps in the ECMM process for thinning down the commercial NiTi sheet are:  

1. The epoxy-based resist (KMPR 1010) is applied onto the sheet by spin coating at 3000 rpm. 

2. Soft baking at 100 ⁰C for 20 min and hard baking at 180 ⁰C for 20 min. 

3. The resist layer (~10 μm) is locally exposed to a short-pulse UV laser (Spectra Physics 

Explorer 355 nm) to define the rounded-square openings to the underlying metal surface. 

Multiple openings at different positions can be defined with the laser in this step. 

4. The openings are neatly etched at the rate of 2.79 x 10-2 mm3/C in the 3 M sulphuric acid-

methanol solution at room temperature. 

5. After completion of the electrochemical dissolution, the protective coating is stripped in N-

Methyl-2-pyrrolidone (NMP) at 100 ⁰C. 

6. Flip the sheet and repeat the steps (1) to (5).  

For the pocket shown in Figure 2.16a, the ECMM process was applied directly to the as-received sheet 

without additional grinding and polishing. The ECMM process results in a mirror-like surface inside 

the pocket as shown in Figure Figure 2.16b. Microstructure features such as grain boundary and band 

structure can be observed in secondary electron SEM image shown in Figure 2.16c. The depth profile 

of the pocket is characterized with X-ray computerized tomography (CT) (GE nanotom-m micro-CT 

system) as shown in Figure 2.17. The ECMM process successfully thins down the sheet from both sides 

and a bathtub-like depth profile is obtained. The center of the pocket is rather flat with a thickness of 

65 µm in this case. Figure 2.17 also evidences the good alignment achieved during the thinning process 

for both sides. Another advantage of the ECMM process is that multiple “pockets” with the bathtub-

like depth profile can be fabricated all at once. For example, 32 pockets have been made in a 140 mm 

x 75 mm sheet all at once. More technical information regarding the ECMM can be found in [110-112]. 
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Figure 2.16 (a) A pocket in a NiTi sheet fabricated with the ECMM process. (b) A mirror-like surface inside the pocket. 
The bright part is the austenite phase. The NiTi2 precipitates (gray particles in the pictures) are readily observed with 
optical microscope. (c) Grain boundary and band structure are readily observed in a secondary electron SEM image. 

 

Figure 2.17 The cross section of the pocket introduced by the ECMM process to a NiTi sheet. 

2.3.4 Design and manufacture of geometries for Macrobiax 

The optimization of the large cruciform geometries for the in-situ neutron diffraction experiments 

using the Macrobiax is also done with Abaqus simulations. The cruciform geometry proposed in [113] 

allows more than 0.2 strain reached in the thin-down center, serving as a good design to begin with. 

The geometry is modified according to the thickness of the as-received sheet. The goal is to reach high 

enough plasticity in the center to induce martensitic transformation. The formation of α’ martensite 

in SS304 has been reported to start from about 0.2 strain [91]. Compared to SS304, SS201 requires 

lower strain to induce martensitic transformations: 0.03 strain for ε martensite and 0.13 strain for α’ 

martensite [114]. The optimized geometries are manufactured with mechanical grinding to thin down 

the center and waterjet cutting. More details of the optimized large cruciform geometries for SS304 

and SS201 are given in Section 2.4.2. 
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 Sample geometries for phase transforming materials 

Table 2.4 lists the sample geometries employed in this study. The details of each geometry is given in 

the following sections.  

Table 2.4 Sample geometries for different materials and different tensile devices employed in this study 

Material Tensile device Geometry features Sample name 

Nanostructured NiTi Minibiax/Mesobiax Flat cruciform ncNiTi-mini-flat 

Thin-down center, cruciform ncNiTi-mini-TD 

SS304 (150-µm foil) Minibiax Thin-down center, cruciform SS304-mini-TD 

SS304 (8-mm sheet) Macrobiax Thin-down center , cruciform SS304-macro-TD 

 Uniaxial load frame Dogbone SS304-largeDB 

SS201 Macrobiax Thin-down center , cruciform SS201-macro-TD 

 Uniaxial load frame Dogbone SS201-largeDB 

Coarse-grained NiTi Minibiax Miniaturized dogbone cgNiTi-miniDB 

2.4.1 Cruciform geometries for Minibiax and Mesobiax 

Flat geometry for nanostructured NiTi: ncNiTi-mini-flat 

As discussed in Section 2.3.1, the flat geometry for the nanostructured NiTi (Figure 2.18) allows 

martensite to form at the center upon uniaxial loading. Therefore, the ncNiTi-mini-flat sample 

geometry was used to study how a change in load path affects the martensite formed during the first 

loading sequence (details in Section 3.1).   

 

Figure 2.18 The drawings of the flat geometry 
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Thin-down geometry for nanostructured NiTi: ncNiTi-mini-TD 

Combining the ECMM process with laser cutting, cruciform samples of nanostructured NiTi with thin-

down geometry were manufactured. Figure 2.19a shows the drawing of ncNiTi-mini-TD. The outer 

shape of the cruciform is the same as the flat geometry shown in Figure 2.19. The central pocket has a 

“bathtub-like” depth profile: the thickness is reduced from 150 µm at the arm to 50 µm at the center. 

Based on the FE simulation shown in Figure 2.19b, the sufficiently high stress reached inside the 

pocket will induce the martensitic transformation. After fabricating the pockets following the ECMM 

process mentioned in section 2.3.3, the outer shape of the cruciform sample is cut using the picosecond 

laser at EMPA with a laser power of 870 mW and a pulse frequency of 160 kHz. The Macro-DIC strain 

map in Figure 2.19c shows that ~0.06 equivalent strain is reached at the center of the pocket during 

equibiaxial loading, suggesting the formation of martensite. This geometry is used for studying 

multiaxial deformation and the materials degradation induced by multiaxial mechanical cycles in the 

commercial superelastic NiTi, which is presented in Section 3.2. 

 

Figure 2.19 (a) The dimensions of the ncNiTi-mini-TD geometry. (b) The stress distribution under an equibiaxial load 
in FE simulations. (c) DIC strain map showing high strain inside the pocket under equibiaxial loading.  
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SS304-mini-TD 

In order to study the slip activities in SS304, in-situ HRDIC measurement is combined with multiaxial 

deformation tests using the Minibiax device. The circular openings at the cross-arm regions (see the 

drawings in Figure 2.20a) effectively increase the achievable strain in the pocket. Based on the FE 

simulations, 0.25 strain can be achieved in the center of the pocket under equibiaxial loading, as shown 

in Figure 2.20b. The samples were manufactured with the combination of laser cutting and the ECMM 

process. The optimized dissolution rate in the ECMM process of SS304 is 2.08 x 10-2 mm3/C. The ECMM 

process ensures that the materials inside the pocket retains the austenitic phase, i.e. avoiding the 

martensitic transformation induced by the deformation during mechanical surface preparation. 

Furthermore, no recrystallization, carbide formation or surface oxidation is to be expected at the 

temperatures used (i.e. maximum temperature of 180 ⁰C). Figure 2.21 shows the high surface quality 

in the pocket fabricated with the ECMM process. The light micrograph shows a smooth surface in the 

pocket. Furthermore, the polycrystalline microstructure is visible by secondary electron imaging with 

SEM. The HRDIC study of the multiaxial deformation of SS304 using SS304-mini-td samples is 

discussed in Section 4.2. 

 

Figure 2.20 The drawing of Mini cruciform of SS304. 

 

Figure 2.21 The Mini cruciform of SS304 with ECMM and laser cutting exhibits high surface quality inside the pocket. 
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2.4.2 Cruciform geometries for Macrobiax 

SS304-macro-TD 

The requirement for SS304 large cruciform geometry is that the strain reached in the center of the 

cruciform being high enough to induce martensitic transformation, which is around 0.2 strain. The 

geometry reported in [113] is adapted for SS304 by changing the arm thickness and gauge thickness 

to 8 mm and 2 mm, since the thickness of the purchased SS304 sheet is 8 mm. Figure 2.22 shows the 

drawings of SS304 large cruciform. The simulation shows that more than 0.3 strain can be reached in 

the center under an equibiaxial load. The resulting force shown in the plot is calculated from 

√𝐹𝑎𝑥𝑖𝑠 1
2 + 𝐹𝑎𝑥𝑖𝑠 2

2  where Faxis1 and Faxis2 are the forces reached in the two axes of Macrobiax. 

AEROTECH GmbH carried out the fabrication of SS304 large cruciform. The center of the cruciform 

was thinned down by mechanical grinding. The outer shape of the sample was cut using waterjet 

cutting.  

 

Figure 2.22 The drawing of SS304 large cruciform. The FE simulation shows more than 30% strain can be reached in 
the center of this geometry under equibiaxial loading (50 kN on each arm).  
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SS201-macro-TD 

The deformation and martensitic transformation in SS201under uniaxial and equibiaxial loading are 

also investigated during in-situ neutron diffraction using Macrobiax. Since the thickness of the as-

received SS201 sheet is 4 mm, a new geometry shown in Figure 2.23 is designed. Different from SS304, 

the martensitic transformation in SS201 does not require high strain. It has been observed that ε 

martensite forms after 0.03 strain, and α’ martensite form after 0.13 strain [114]. The FE simulations 

show that ~ 0.2 strain can be reached in the center during equibiaxial loading, suggesting the 

formation of martensite in this geometry. AEROTECH GmbH carried out the manufacture of SS201 

large cruciform with mechanical grinding to thin down the center and water jet to cut the outer shape.  

 

Figure 2.23 The drawing of SS201 large cruciform geometry. The FE simulation shows that 0.2 strain can be reached in 
the center of this geometry under equibiaxial loading (50 kN on each arm). 
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2.4.3 Uniaxial dogbone samples 

Coarse-grained NiTi: cgNiTi-miniDB 

In addition to cruciform multiaxial deformation test, uniaxial tensile tests can be performed with 

dogbone-shaped sample mounted on Minibiax. Figure 2.24 shows the dogbone geometry compatible 

with the grips system of Minibiax. In the cgNiTi-miniDB geometry (thickness around 80 µm), a 

maximum stress of 750 MPa can be reached in the gauge section, which is well above the 

transformation stress characterized in a preliminary test (450 MPa). This geometry is employed to 

study uniaxial deformation mechanisms of the coarse-grained NiTi with in-situ HRDIC. The dogbone 

samples are cut using the picosecond laser at EMPA.  

 

Figure 2.24 The drawing of the uniaxial dogbone sample used in the study of coarse grained NiTi. 

Large dogbone samples for neutron diffraction 

Uniaxial tensile tests of SS304 and SS201 combining in-situ neutron diffraction are performed with 

the uniaxial load frame at POLDI beamline [8]. The dogbone geometry shown in Figure 2.25 is 

employed. With the load capacity of 10 kN, 1000-MPa stress can be reached in the gauge section in the 

flat dogbone. This geometry allows SS201 and SS304 to reach about 0.25 and 0.4 strain respectively 

in the gauge section, forming substantial amount of martensite in both cases.  

 

Figure 2.25 The uniaxial dogbone geometry for the uniaxial load frame.  
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 In-situ characterization techniques 

2.5.1 Powder diffraction 

The microstructural evolution during uniaxial and multiaxial deformation is investigated with in-situ 

powder diffraction. The diffraction peak profile analysis provides information about the phase 

transformation, the accumulation of defects and the deformation of the different phases. Table 2.5 

summarizes the diffraction experiments performed on different materials.  

Table 2.5 The summary of the diffraction techniques adopted for different materials 

Material Diffraction technique Facility 

Nanostructured NiTi Synchrotron X-ray powder diffraction MS beamline at SLS 

SS201 Neutron diffraction POLDI beamline at SINQ 

SS304 

 

The setups of the Minibiax and the Mesobiax at the MS beamline are shown in Figure 2.26a and Figure 

2.26b respectively. For the diffraction (XRD) experiments at MS beamline, the Minibiax and the 

Mesobiax are mounted on the goniometer of the powder diffraction station. A translational stage with 

three degrees of freedom allows us to move the machine and place the center of the sample at the 

position of the synchrotron X-ray beam. All the in-situ XRD measurements are performed in 

transmission mode, using two detectors (Mythen II microstrip detector and Pilatus 6M detector) 

simultaneously. The maximum frame rates of the Mythen II and Pilatus are 20 Hz and 25 Hz 

respectively. For the in-situ measurements done in this study, the counting time is 20s. The setup of 

the two detectors is illustrated by Figure 2.26c. The Mythen detector records diffraction data along 

the scattering vector parallel to the F1 direction. The Pilatus detector captures 2D images, showing 

part of the Debye-Scherrer rings. The diffraction data along the F2 direction is obtained by caking and 

integrating a 2D image along an azimuthal range of 175° - 185° using the software FIT2D.  

 

Figure 2.26 The setup at the MS beamline at SLS for (a) Minibiax and (b) Mesobiax. (c) The setup for two detectors at 
MS beamline.  
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The martensitic transformation induced by multiaxial deformation in SS201 and SS304 are 

investigated with neutron powder diffraction at the POLDI beamline at SINQ. Figure 2.27a shows the 

experimental setup with the Macrobiax. A DIC system by GOM Aramis is implemented in the 

experimental setup in order to measure the macroscopic strain at the center of the cruciform sample. 

The incoming neutron beam probes the center of the cruciform. The neutron diffraction data with a 

scattering vector Q parallel to the F2 direction is collected with the detector, as shown in Figure 2.27b. 

In the elastic regime during loading, the neutron spectra are accumulated for 30 min. As for the plastic 

regime, the neutron spectra are accumulated for 60 min.  

 

Figure 2.27 The large multiaxial load frame installed inside the bunker of POLDI. A cruciform shaped specimen is 
mounted on the machine. (This figure is adapted from [113].)  

XRD data analysis of nanostructured NiTi 

The X-ray powder diffraction spectra are analyzed with single-peak fitting routines. Diffraction 

patterns of the NiTi are analyzed with the software WinPLOTR using Pseudo-Voigt functions. More 

details about the fitting procedure and the algorithms in WinPLTOR can be found in [115]. The 

quantitative results obtained from WinPLTOR are peak position, full-width at half-maximum (FWHM), 

integrated intensity and maximum intensity. The peak positions allow the calculation of lattice spacing 

of (h k l) planes, i.e. dhkl. The indexing of diffraction pattern is done by comparing the dhkl obtained 

from experiments with the theoretical lattice spacing calculated from the crystal structure reported 

in literature. The references used for the B2 austenite phase, the R-phase martensite and the B19’ 

martensite in NiTi are respectively [21, 22, 116]. The integrated intensity is utilized to calculate the 

martensite volume fraction (fM): 

𝑓𝑀 =
∑ 𝐼(ℎ𝑘𝑙)𝑀

∑ 𝐼(ℎ𝑘𝑙)𝑀+ ∑ 𝐼(ℎ𝑘𝑙)𝐴
  

Where ∑ 𝐼(ℎ𝑘𝑙)𝑀 is the sum of the integrated intensities of the B19’ martensite reflections and ∑ 𝐼(ℎ𝑘𝑙)𝐴 

is the sum of the integrated intensities of the austenite reflections. Note that in the volume fraction 

analysis, only B2 austenite and B19’ martensite are taken into account. As the intensity of the observed 
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R-phase martensite peak is significantly lower than B2 and B19’ peaks, the low contribution of R-

phase is thus neglected in the phase fraction analysis. 

The diffraction spectra recorded during the multiaxial mechanical tests for the commercial NiTi are 

analyzed with an in-house fitting procedure written by Dr. Steven Van Petegem using MATLAB. This 

fitting routine includes Pseudo-Voigt functions, allowing the fitting of asymmetric peak shapes as 

observed in diffraction spectra after several mechanical cycles. An example of such an asymmetric 

peak shape is shown in Figure 2.28.  

 

Figure 2.28 An asymmetric B2 austenite (110) peak fitted with the MATLAB fitting routine using an asymmetric 
Pseudo-Voigt function and a linear background.  

Neutron diffraction data of austenitic stainless steels 

The neutron diffraction data are analyzed with the POLDI standard fitting routine implemented in the 

software Mantid [117]. For the indexation of diffraction spectra of austenitic stainless steels, three 

phases are considered: FCC γ austenite, HCP ε martensite and BCC α’ martensite. Note that when the 

carbon content is lower than 0.6 wt. %, the α’ martensite exhibits a BCC structure rather than a body-

centered-tetragonal structure [76]. The in-situ data captures the appearance of different phases and 

allows us to characterize the transformation sequences in SS201 and SS304.  
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2.5.2 Macroscopic digital image correlation (Macro-DIC) 

In order to study the macroscopic force-strain response of cruciform samples under multiaxial 

deformation and load path changes, mechanical tests employing the Minibiax/Mesobiax are combined 

with Macro-DIC analysis. By comparing images of the test pieces at different deformation stages and 

tracking subsets of pixels, the DIC algorithm measures the displacement and calculates the strain. The 

Macro-DIC measurement is performed by placing a PixeLINK camera in front of the center of a 

cruciform sample mounted on Minibiax/Mesobiax. Digital images with a resolution of 2484 x 3840 

pixels are taken during the mechanical test. The data analysis is undertaken with the open-source 2D-

DIC software Ncorr implemented in MATLAB [118]. Different surface patterns prepared for Macro-

DIC analysis are presented in the following section.  

Macro-DIC of NiTi flat cruciform 

The surface roughness of the as-received commercial superelastic NiTi sheet serves as the pattern for 

the Macro-DIC, as shown in the Figure 2.29a. The center of the cruciform highlighted by red lines is 

the region of interest (ROI) for the strain calculation. Figure 2.29b demonstrates a strain map obtained 

upon uniaxial loading along the y direction. The magnitude of strain is presented in terms of colors. 

The mechanical responses of NiTi flat cruciform to a uniaxial load followed by a load path change are 

discussed in Chapter 3. 

 

Figure 2.29 (a) The surface roughness of the as-received commercial sheet serves as the pattern for Macro-DIC analysis. 
(b) A strain map obtained from the DIC analysis shows the deformation at the center of the cruciform.  

Macro-DIC of SS304 mini cruciform 

The ECMM thinning process produces a mirror-like surface. The low surface roughness cannot serve 

as DIC pattern. Therefore, the surface obtained from ECMM is slightly etched with a solution of 170 ml 

H2O, 230 ml HCl and 20 ml HNO3 for 5 minutes in order to introduce surface roughness, which serves 

as the surface features to be tracked for the Macro-DIC analysis. Figure 2.30 shows an example of the 

DIC-strain map obtained from equibiaxial loading. The average equivalent strain is calculated from an 

area of 150 μm x 150 μm at the center of the pocket using the relationship: 
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𝜀𝑒𝑞 =
2

3
×

1

√2
√(𝜀𝑥 −𝜀𝑦)

2
+ (𝜀𝑦 −𝜀𝑧)2 + (𝜀𝑧 −𝜀𝑥)2 + 6𝜀𝑦𝑧

2 + 6𝜀𝑧𝑥
2 + 6𝜀𝑥𝑦

2  

where εx, εy are the two in-plane strain components and εxy is the shear strain obtained by DIC analysis. 

εyz and εzx are taken as zero and εz is taken as 𝜀𝑧 = −(𝜀𝑥 + 𝜀𝑦). 

 

Figure 2.30 The equivalent strain calculated with Eq. 1 from the strain components obtained from Macro-DIC at the 
center of the cruciform, a global strain is averaged over an area of 150 μm x 150 μm (global strain ~14%). 

The Macro-DIC analysis reveals the force-strain response from the center of the cruciform sample, 

thus it serves a tool to verify the geometry of cruciform sample designed with FE simulations. Figure 

2.31 compares the force-strain curves obtained from simulations (dashed lines) and from Macro-DIC 

analysis (solid lines) for both load paths confirming the capability of reaching high strain levels. The 

resulting force in the case of equibiaxial load is taken as √𝐹𝑎𝑥𝑖𝑠 1
2 + 𝐹𝑎𝑥𝑖𝑠 2

2  from the corresponding 

force readings on the two axes. The FE simulation is able to capture the experimental data relatively 

well. Small deviations may occur due to: (1) the development of texture during plastic deformation, 

whereas the simulation considers isotropic mechanical properties, (2) small differences in sample 

geometry between the model and the experiment due to tolerances in ECCM and laser-cutting and (3) 

the DIC providing only strain components εxx, εyy and εxy to calculate the equivalent strain. It is worth 

noting that a force-strain curve instead of a stress-strain curve is plotted for the mechanical response 

from a cruciform-shaped sample. Calculation of stresses requires FE simulations that takes the 

anisotropy of the material into account and a very accurate definition of the gauge cross-section area. 

It is reported that the effective cross-section changes during the cruciform deformation test. An in-

depth study on converting the applied forces to the local stress state in a cruciform shape is however 

beyond the scope of this thesis.  

 



2.5 In-situ characterization techniques 

42 
 

 

Figure 2.31 Comparison between experimental results from Macro-DIC and FE analysis for uniaxial (UN) and 
equibiaxial (EQ) loading. 

Macro-DIC combined with in-situ neutron diffraction 

As mentioned above, a DIC system (GOM Aramis) is implemented to the setup of the in-situ neutron 

diffraction experiment to measure the strain at the center of the cruciform sample. The details about 

the optical system can be found in [113]. Following the setup proposed in [113], the sprayed speckle 

pattern is applied to SS201 and SS304 large cruciform samples for DIC analysis. Figure 2.32 

demonstrates the sprayed speckle pattern and a strain map with a field of view of 20 x 20 mm2. 

 

Figure 2.32 An example of the DIC strain map during uniaxial loading. The field of view for the DIC strain map is 20 x 
20 mm2 (red square). The size of the neutron beam is around 4 x 4 mm2 (white square) [113].  
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2.5.3 High resolution digital image correlation (HRDIC) 

The Minibiax can be mounted inside a Zeiss Ultra 55 SEM to perform in-situ HRDIC measurements. 

Figure 2.33 shows the illustration of the HRDIC experimental setup and a picture of the Minibiax 

mounted on the stage inside the SEM chamber. In order to study the deformation at a microscopic 

scale, a suitable pattern for HRDIC analysis should consist of fine and dense features. Various methods 

for achieving a sufficiently high-quality pattern for HRDIC analysis have been proposed in literature 

[119-121]. Two types of patterns have been adopted: colloidal silica oxide polishing suspensions (OPS) 

pattern and gold remodeling pattern. For the SEM image acquisition, an in-lens detector was utilized 

as it minimizes the topographic contrast by gathering low energy electrons, and it provides sufficiently 

good signal/noise for the working distance (WD) of 7.5 mm with the combination of an acceleration 

voltage of 3 kV and an aperture size of 20 μm. 

 

Figure 2.33 (a) The setup for in-situ HRDIC experiment. (b) Minibiax mounted inside the SEM chamber [103]. 

HRDIC: Colloidal silica OPS pattern  

Spreading the silica particles onto the sample surface by polishing the surface with OPS can achieve a 

dense speckle pattern for HRDIC measurement [120]. In this study, the OPS from Microdiamant GmbH 

with particle size of 50 nm is used. Simply following the procedures proposed for dual phase steels in 

[120] does not yield a suitable pattern on the surface of NiTi. As Figure 2.34a shows, silica particles 

are not well spread on the surface, agglomerations of silica is observed. It is clear that the procedures 

need to be adapted for each material. 

 

Figure 2.34 Examples of undesired OPS patterns with (a) agglomerations and (b) low density of silica particles. 
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By optimizing the polishing time, agglomerations can be minimized and particles can be more evenly 

distributed. The usage of deionized water instead of tap water effectively improves the quality of the 

pattern. The way to dry the sample is also found to be crucial. By blowing the surface with an air fan, 

there is a risk that some droplets blow across the region of interest. The passage of a droplet can 

remove the silica particles and results in a pattern with loosely distributed particles, as demonstrated 

in Figure 2.34b.  

The optimized procedure for applying the speckle pattern on the surface of coarse-grained NiTi is 

described as follows:   

1. Grind and polish the sample surface until it is mirror-like 

2. Place OPS drops on a clean polishing cloth. The ChemoMet polishing cloth from Buehler is 

used in this study.  

3. Polish the sample with a plate speed of 50 rotations per minute (RPM) for 30 seconds.  

4. Flush the cloth with deionized water using a wash bottle meanwhile continue polishing for 5 

seconds with 50 RPM plate speed.  

5. Rinse the sample in ethanol for 1 second.  

6. Rinse the sample in deionized water for 1 second.  

7. Leave the sample to dry in air at room temperature.  

With the OPS speckle pattern shown in Figure 2.35, the uniaxial deformation of the coarse-grained 

NiTi is studied with HRDIC, which is presented in Chapter 3.  

 

Figure 2.35 The OPS pattern used in the HRDIC study on the deformation of coarse-grained NiTi. 

HRDIC: Gold remodeling pattern 

The remodeling of a gold film can produce nanoscale aggregates of gold particles, which can serve as 

the speckle pattern for HRDIC analysis, resulting in strain mapping with sub-micron resolution. By 

adapting the method proposed in [119], sufficiently good speckle patterns have been obtained for the 

nanostructured NiTi and for SS304, as shown in Figure 2.36a and Figure 2.36b. With the gold speckle 
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patterns, the load path change on commercial NiTi and the slip activity in SS304 under multiaxial 

deformation have been studied, and the results are presented in Chapter 3 and Chapter 4 respectively. 

 

Figure 2.36 The gold speckle patterns (a) on the surface of a flat-geometry NiTi cruciform and (b) in the pocket of a 
small SS304 cruciform fabricated from ECMM.  

The optimized procedures for gold patterns are listed below. 

1. Prepare the sample surface as mirror-like. For NiTi flat cruciform, grinding and mechanical 

polishing was employed. For SS304 mini cruciform, the high quality surface was achieved with 

the ECMM process. 

2. Deposit a thin layer of gold using the SPI-Module sputter coater, with the plasma current of 

20 mA. The thickness of the gold layer (d) is calculated based on the empirical equation 

d=0.07IVt provided by SPI Supplies. In the equation, I is the plasma current, V is the voltage 

applied in kilovolts and t is the sputtering time in seconds. The deposition time of 90 seconds 

for NiTi results in a gold film of 13 nm thick. As for SS304, the thickness of the gold film after 

120-seconds deposition is ~17 nm. 

3. The setup of gold remodeling is shown in Figure 2.37. The temperature of the hot plate is kept 

at around 230°C. 

4. Gold remodeling time for commercial NiTi: 30 minutes; for SS304: 60 minutes.  

 

Figure 2.37 The experimental setup for gold remodeling process [119]. 
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Throughout our trails of gold remodeling, we have found that pre-oxidation of the sample at 200 °C 

before depositing gold film can improve the gold remodeling pattern. As demonstrated by Figure 2.38, 

the remodeling process with the pre-oxidation step results in well-separated gold particles.  

 

Figure 2.38 Well separated gold particles on the surface of NiTi. The gold remodeling procedures contain a pre-
oxidation step. 

The remodeling procedures with the pre-oxidation step were applied to some NiTi cruciform samples. 

However, cracks were observed in the SEM images taken during in-situ HRDIC experiments. This was 

not the case for samples without pre-oxidation treatment. The appearance of cracks is rationalized as 

follows: the additional pre-oxidation step applied before depositing the gold layer results in the 

growth of an oxide layer between the material surface and the gold layer. The oxide layer is prone to 

crack upon loading. These cracks result in local high strains and severely disturb the DIC analysis, as 

Figure 2.39 shows.  

 

Figure 2.39 The cracks of the oxide layer formed on the surface of NiTi are visible in the SEM image. The HRDIC strain 
map shows only the cracking instead of the deformation of the underlying NiTi.  

Orozco-Caballero et al. have proposed a setup with a controlled argon flow containing styrene vapor 

for gold remodeling at 150°C on materials susceptible to oxidation such as magnesium alloy AZ31 

[122], resulting in finer speckles than patterns obtained using water vapor remodeling. This system 

could serve as an alternative to generate suitable speckle pattern on NiTi for HRDIC experiments.   
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 Summary 

The deformation-induced martensitic transformation in various engineering alloys have been studied 

by combining different in-situ characterization methods with multiaxial deformation tests. Table 2.6 

lists all the studies including the type of characterization applied, the sample geometries used, and the 

corresponding chapters where results are presented. 

Table 2.6 The summary of the characterizations and experiments performed on different materials 

Material Sample geometry Tensile 

machine 

In-situ 

characterization 

Load path Section 

 

Nanostructured 

NiTi 

ncNiTi-mini-flat Minibiax HRDIC 

Synchrotron XRD 

Uniaxial 

Load path change 

3.1 

ncNiTi-mini-TD Mesobiax Synchrotron XRD Uniaxial 

Equibiaxial 

Load path change 

Multiaxial mechanical cycle 

3.2 

Coarse-grained 

NiTi 

cgNiTi-miniDB Minibiax HRDIC Uniaxial load 3.3 

 

SS201 

SS201-macro-TD Macrobiax Neutron 

diffraction 

Uniaxial load 

Equibiaxial load 

 

 

4.1 SS201-largeDB Uniaxial load 

frame at POLDI 

Neutron 

diffraction 

Uniaxial load 

 

 

SS304 

SS304-mini-TD Minibiax HRDIC Uniaxial load 

Equibiaxial load 

4.2 

SS304-macro-TD Macrobiax Neutron 

diffraction 

Uniaxial load 

Equibiaxial load 

 

 

4.3 SS304-lareDB Uniaxial load 

frame at POLDI 

Neutron 

diffraction 

Uniaxial load 
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 Deformation and degradation of 

superelastic NiTi 

 Load path change on nanostructured superelastic NiTi 

This section is adapted from the published paper: 

“Load path change on superelastic NiTi alloys: in situ synchrotron XRD and SEM DIC” 

Wei-Neng Hsu, Efthymios Polatidis, Miroslav Šmíd, Nicola Casati, Steven Van Petegem and Helena 

Van Swygenhoven 

Acta Materialia, Volume 144, 2018, Pages 874 – 883, DOI: 10.1016/j.actamat.2017.11.035 

 

Abstract 

The transformation behavior of commercial superelastic NiTi material was studied during uniaxial 

tension and load path changes, by employing a novel miniaturized biaxial stage and cruciform shaped 

specimens. EBSD and X-rays are used to characterize the initial and final microstructure, in situ digital 

image correlation at the macro and micro length-scales and in situ X-ray diffraction are used to follow 

the transformation characteristics. The results reveal an initial microstructure where large austenitic 

grains are subdivided in bands containing nanoscaled subgrains. The link between the microstructure 

and strain accommodation during transformation is detailed and discussed in terms of Schmid 

behavior and strain path. 

 

In this work, the contributions from the doctoral candidate are: 

 Designed and fabricated the cruciform samples  

 Optimized the procedure for applying OPS particles as speckle pattern for HRDIC  

 Performed the Macro-DIC, in-situ HRDIC and in-situ XRD measurements  

 Analyzed the data and summarized the results 

 Wrote the first draft together with Dr. Polatidis and finalized the manuscript for submission 
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3.1.1 Introduction 

Superelastic NiTi alloys have attracted significant attention for biomedical applications due to their 

property of absorbing large amounts of (deformation) energy and sustaining large strains [123, 124]. 

These materials have successfully been implemented, amongst others, as structural material in 

orthodontic arc wires, vascular stents and orthopedic devices [8, 123]. During operational conditions 

superelastic NiTi alloys can undergo sharp load path changes [113], which can lead to faster 

degradation of the superelastic properties upon repeated deformation cycles, as shown for simple 

uniaxial fatigue [44, 45, 48, 125]. 

Being able to model the superelastic behavior of components subjected to complex stress-states and 

load paths is particularly important, however the experimental data which are used to fit the models 

should not be solely obtained from simple uniaxial tension or compression tests [126, 127]. It has been 

shown for polycrystalline NiTi sheets that the shape of the superelastic stress–strain curve strongly 

depends on the orientation of the loading direction relative to the rolling direction [128]. This study 

showed that the magnitude of the plateau-strain is determined by the most favorably oriented 

martensite variants, whereas the magnitude of shape recovery strain is independent of the plateau-

strain but depends on the reverse transformation of both favorably and less-favorably oriented 

martensite variants. Therefore, in order to allow for the development of reliable models, which can be 

used for complex structures and load path changes, it is important to have experimental data from 

complex loading experiments in order to justify the material models.  

Different transformation behaviors with respect to different loading states have been reported [62, 

65, 67-70, 129-132]. Unlike uniaxial tension, where the localization of the transformation has been 

observed optically [62, 133, 134], the application of shear loading or compression lead to a nearly 

uniform transformation [67, 68]. A uniform transformation accompanied with strain-hardening has 

been observed under equibiaxial tension in NiTi tubes [129]. Multiaxial stress states have also been 

applied by performing uniaxial tension on dogbone specimens with geometric defects (holes or 

notches) at the gauge area [62, 65, 69]. These studies revealed a dependence on martensite variant 

selection: at least two variants have been observed in one austenite grain in the biaxial loading, 

whereas only one variant appeared under uniaxial loading [69].  

Despite the efforts to experimentally study NiTi under multiaxial loadings, there are only few 

experimental studies on the transformation behavior under load path changes [68, 70], and they are 

limited to the case of combining tension and torsion. Upon changing the load path on superelastic NiTi 

tubes, the stress-strain curve exhibited two distinct plateau regions, which was attributed to different 

martensite variants associated with tension and torsion loading [68]. The combined tension-torsion 

experiments also suggested the importance of the pre-loading [70], e.g. the amount of rotation induced 

by uniaxial displacement and the generation of martensitic variants were strongly affected by the 
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amount of pre-torsion. Among most studies mentioned above, the martensitic transformation has 

been examined only at the macroscopic length scale. The association between the transformation 

behavior under different loading conditions and the microstructure is still lacking.  

The aim of the present work is to fully characterize the microstructure of a commercial superelastic 

NiTi alloy and to investigate its role in accommodating the strain during uniaxial loading and load path 

change. For this purposes a novel miniaturized biaxial device [103] is used to perform in situ 

experiments on cruciform-shaped samples during synchrotron X-ray diffraction and to perform 

digital image correlation (DIC) inside a scanning electron microscope.  

3.1.2 Experimental 

Materials 

A superelastic NiTi sheet (50.8 at. % Ni and 49.2 at. % Ti) with a thickness of 90 μm was purchased 

from Memry GmbH. This material has been cold rolled and annealed in the temperature range of 400-

600 °C by Memry GmbH [5, 6]. Figure 3.1a shows the “flat geometry” of the cruciform-shape specimen. 

Examined by Finite element simulations (FE) with the built-in model for superelasticity of shape 

memory alloys in ABAQUS software, the martensitic transformation is shown to occur at the center 

(see Figure 3.1b) when subjecting to the Load Path Change (LPC) experiment. The experimental 

samples were cut using a picosecond laser at the Swiss Federal Laboratories for Materials Science and 

Technology (EMPA). 

 

Figure 3.1 (a) The geometry of the flat cruciform-shape specimen. (b) FE result showing the distribution of martensite 
upon uniaxial loading vertically. 

 

Load path change experiment 

The LPC experiment was performed with the cruciform-shape specimen mounted on the mini-biaxial 

machine with a displacement rate of 200 nm/s for both loading/unloading [103]. Figure 3.2a shows 
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the loading sequence and the resulting force-displacement curves (for F1 and F2) in Figure 3.2b. The 

specimen was first subjected to a tensile loading along axis 1 until F1 = 24 N, this loading state is 

denoted as F1max. During the second loading along axis 2, the two arms along axis 1 were held at the 

same positions while F1 only decreased 1% in magnitude. After reaching F2 = 27 N (denoted as F1F2 

in Figure 3.2a), the force applied to axis 1 was released and the loading state F2max was reached. 

Finally, the force applied along axis 2 was released, i.e. the specimen was fully unloaded and a full cycle 

of LPC was completed. 

 

Figure 3.2 (a) The loading sequence of the load path change experiment. The forces (F1, F2) at points F1max, F1F2, 
F2max and Unload are (24, 0) N, (24, 27) N, (0, 27) N and (0, 0) N respectively. The strains along axes 1 and 2 (averaged 
over a 100 × 100 μm2 area at the center of the cruciform) are given for all loading states. (b) The force-displacement 
curves for the LPC, the colors and type of the lines correspond to the loading sections in (a). 

EBSD characterization 

In order to obtain a well-polished surface, suitable for electron backscatter diffraction (EBSD), 

microstructural characterization and high-resolution DIC (HRDIC), the cruciform-shaped samples 

were glued onto a Struers AccuStop holder, carefully ground from both sides with SiC sandpapers with 

descending roughness (600, 800, 1200, 2400, 4000 grit) and then polished with 3 μm and 1 μm 

diamond suspension. Finally, vibration polishing was performed for 24 hours using a Buehler 

Mastermet2 suspension on a Buehler VibroMet2 instrument. The entire polishing procedure reduced 

the sample thickness to approximately 80 μm. 

EBSD investigation was undertaken using a field emission gun scanning electron microscope (FEG 

SEM) Zeiss ULTRA 55 equipped with EDAX Hikari Camera operated at 20kV in high current mode with 

120 µm aperture. The patterns were acquired by TEAM software with 4x4 pixels binning and a 

condition of 8 bands for pattern recognition. The step size of the mapping varied according to the size 

of the region of interest from 150 to 60 nm. The EBSD raw data were post-processed using the EDAX 

OIM Analysis 7.3 software. For high resolution EBSD a FEG SEM FEI Helios G3 equipped with an EDAX 

EBSD system was used at the University of Poitiers. This instrument enables to perform mapping with 

a step size of 30 nm. 
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Digital image correlation 

Digital Image Correlation (DIC) analysis was undertaken in order to study the deformation and the 

distribution of the transformation strain during the LPC. A PixeLINK camera with in-line 2× telecentric 

lens from Edmund Optics was used to perform the macroscopic DIC (Macro-DIC) investigation at the 

center of the cruciform. The surface roughness of the as-received material exhibited features that were 

tracked for performing Macro-DIC. The DIC analysis was undertaken using the Ncorr open source 2D-

DIC software, implemented in MATLAB [118], using subset radius of 20 pixels, subset spacing of 2 

pixels and 5-pixels strain radius. This combination of parameters was found to give a good 

compromise between resolution and noise. 

For the in situ HRDIC measurements, the mini-biaxial machine was installed inside the chamber of 

FEG SEM Zeiss ULTRA 55 to study the microstructural evolution and deformation at a smaller length 

scale [103]. The speckles for HRDIC were prepared by the remodeling of a thin gold film deposited on 

the polished surface of the cruciform [119]. To obtain high contrast images for HRDIC analysis, the 

method proposed by Yan et al. [120] was adopted. An in-lens detector was utilized as it minimizes the 

topographic contrast by gathering low energy electrons, and it provides sufficiently good signal/noise 

for the working distance (WD) of 7.5 mm with the combination of an acceleration voltage of 3kV and 

an aperture size of 20 μm. A series of SEM images with a resolution of 3072×2304 were taken slightly 

offset the center (~40 μm, see Figure 3.5) of the cruciform because of an optimal speckle pattern at 

this location. Slightly overlapping images at ×4000 magnification with dwell time of 25 µsec. (~5 μm 

overlap) were taken after reaching each loading state (Figure 3.2a) in order to create strain maps of 

65 μm x 43 μm. The HRDIC analysis was undertaken using the Ncorr MATLAB code [118], using a 

subset radius of 30 pixels, a subset spacing of 4 pixels and a strain radius of 5 pixels. This combination 

of parameters was found to give a good compromise between resolution and noise due to drift and 

lens distortions [119]. 

In situ synchrotron XRD 

The mini-biaxial machine was mounted on the goniometer of the powder diffraction station at the 

Materials Science (MS) beam line at the Swiss Light Source (SLS) [135]. The XRD measurements were 

performed during loading/unloading and while keeping the displacement at different loading state: 

F1max, F1F2, F2max and after full cycle of the LPC (see Figure 3.2a).  

The experiment was carried out in transmission with a 20 keV beam with 100×100 μm2 spot size at 

the center of the cruciform (see Figure 3.5 for the position). Two-detectors, a Mythen II microstrip 

detector and a Pilatus M6 2D detector, were employed to simultaneously record diffraction data along 

the scattering vectors parallel to the two in-plane directions of the cruciform specimen (see Figure 

3.3). The Mythen II microstrip detector was positioned such to record data in a range of 2θ of ~ -55° 

to + 55° parallel to the loading direction F1 with 30 s counting time (see Figure 3.3). The 2D diffraction 
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images were recorded with the Pilatus 6M 2D detector with counting time of 30 s. The 2D images were 

then caked and integrated  using FIT2D [136] along an azimuthal range of 175°-185° that corresponds 

to the direction parallel to F2 (see Figure 3.3). The detector position, the tilt and rotation angles and 

the beam center were calibrated using a LaB6 reference powder material. 

The diffraction-line profiles were fitted with a pseudo-Voight profile-shape function using the 

software WinPLOTR [137]. The martensite volume fraction was calculated from the integrated 

intensities of the austenite and martensite reflections [138]:  

𝑓𝑀 =
∑ 𝐼(ℎ𝑘𝑙),𝑀

∑ 𝐼(ℎ𝑘𝑙),𝑀+∑ 𝐼(ℎ𝑘𝑙),𝐴
 (Eq. 3-1) 

Where ∑ 𝐼(ℎ𝑘𝑙),𝑀 is the sum of the integrated intensities of the martensite reflections and ∑ 𝐼(ℎ𝑘𝑙),𝐴 is 

the sum of the integrated intensities of the austenite reflections. 

 

Figure 3.3 Schematic of the experimental setup at the MS beamline showing the two-detector system. 

3.1.3 Nanostructured microstructure 

EBSD and XRD measurements were performed on the as-received material in order to characterize 

the initial microstructure and to determine the area for the HRDIC measurements. The average B2 

austenite grain size was determined by EBSD to be 27±12 µm and the austenite phase exhibits strong 

out-of-plane texture, i.e. the majority of the austenite grains are <1 1 1> -oriented (see Figure 3.4a). 

The initial microstructure is complex as shown by the inverse pole figure (IPF) and the image quality 

(IQ) maps obtained from the EBSD analysis (see Figure 3.4a and Figure 3.4b). In Figure 3.4a, bands 

with crystallographic orientations different from the <1 1 1> -orientation are found within the 
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majority of the large austenite grains. The contrast in the IQ map in Figure 3.4b originates from the 

variations in the quality of the electron backscattered patterns and enables to reveal additional 

microstructural details when compared to the IPF maps. The darker bands correspond to regions 

where the multiple boundaries of the subgrains interact with the electron beam [139]. Comparing 

Figure 3.4a and Figure 3.4b, it is clear that each large grain contains several bands. These bands vary 

in width, direction and crystallographic orientation and agree with the {1 1 2} and {1 1 4} twinning 

systems of the austenite phase [140, 141]. The particular grain in Figure 3.4c shows two types of bands 

with high misorientation relative to each other (crystallographic orientations corresponding to green 

and blue colors of the IPF); the grain boundary is given with a dashed line. Figure 3.4d shows that a 

band is usually composed of agglomerations of subgrains having lower crystallographic 

misorientation relative to the each other; e.g., the band with crystallographic orientation close to <1 0 

1> in Figure 3.4d consists of numerous subgrains (variation of green color of the IPF).  

The XRD pattern of the as-received material exhibits only B2 austenite reflections. Williamson-Hall 

analysis [142] revealed that the crystallite size is 40 nm, which corresponds to approximately the size 

of the subgrains in a band, as observed by EBSD. The initial microstructure is hence characterized as 

a B2 austenite phase with large grains containing bands with different orientation (corresponding to 

{1 1 2} and {1 1 4} twinning systems) and populated by nanoscaled subgrains. 

 

Figure 3.4 (a) EBSD out-of-plane IPF map of the as-received material. (b) The IQ map shows complex and fine 
microstructure of the as-received material. (c) One large austenite grain is composed of differently oriented bands. The 
grain boundaries are indicated with dashed lines. (d) At high magnification, it can be seen that the bands, within the 
large austenite grains, consist of substructures with similar crystallographic orientations. 
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3.1.4 Localization of martensitic transformation 

Figure 3.5 shows the strain maps from the Macro-DIC analysis at the four loading states (specified in 

Figure 3.2). The strain magnitudes along axis 1 and axis 2 are denoted as ε11 and ε22 respectively. 

Macro-DIC revealed the localization of the strain, which is associated with the martensitic 

transformation. Upon loading axis 1 up to F1max, an X-shape band with high ε11 strain forms at the 

center of the cruciform. After loading axis 2 until F1F2 (cf. Figure 3.2), the width of the transformation 

band in Figure 3.5b decreases as well as the strain ε11 magnitude inside the band. A further strain 

reduction of ε11 is observed during unloading axis 1, from F1F2 to F2max (cf. Figure 3.2). The strain 

map at F2max reveals the formation of a new X-shape band at the center of the cruciform. This band 

appears as strain concentration of ε22, and has a different inclination from the one formed under 

F1max (cf. Figure 3.5). The strain magnitude at both loading states F1max and F2max is equal to 7%. 

After a full cycle of the LPC, the strains ε11 and ε22 are within the uncertainty of the measurement fully 

recovered.  

In summary, Macro-DIC reveals forward and reverse martensitic transformations during one LPC 

cycle. The formation of different X-shape bands (strain localization along either ε11 or ε22) reflects the 

way the martensitic transformation accommodates the applied strain along either axis 1 or axis 2 (i.e. 

at either loading state F1max or F2max in Figure 3.2). 

 

Figure 3.5 Macro-DIC results showing the evolution of the X-shaped transformation bands along the load path change 
shown in Figure 3.2. The white squares in the first DIC image indicate the position that the XRD and EBSD 
measurements were undertaken on the cruciform. 

To investigate the transformation bands microscopically, HRDIC was performed close to the center of 

the cruciform. Figure 3.6a and Figure 3.6b show the in-plane strain maps at F1max and F2max 

respectively: the strain ε11 at F1max and the strain ε22 at F2max. The grain boundaries are designated 

with dashed lines based on the EBSD IPF map of the same area (see Figure 3.4a). The grains A – E in 

Figure 3.6 are discussed in more details in Section 3.1.6. Note that the left bottom part of Figure 3.6b 
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exhibits almost no transformation strain, which has to be ascribed to the change in shape of the X-

shape transformation band: i.e. this part of the field of view is probably outside of the X-shaped band 

observed at F2max. This is confirmed by the average strain calculated from HRDIC under F2max which 

results in ~ 3% instead of the expected ~ 7% calculated from Macro-DIC close to the center of the 

cruciform. Locally it was however observed that on the right hand side of Figure 3.6b some grains 

generate higher transformation strains at F2max than at F1max (see e.g. grains B and E). The vertical 

lines appearing periodically throughout the whole map are artifacts originating from the drift 

distortions relating to the scanning motion of the electron beam in SEM [143].  

Figure 3.6a and Figure 3.6b show that the strain accommodated by the phase transformation is 

microscopically heterogeneous. Under both loading states (F1max and F2max), high strains develop 

locally and form bands inside the large grains. Localized high-strain bands are oriented similarly to 

the microstructural bands observed in the IPF map (cf. Figure 3.4a), underlining the important role of 

the microstructural features of the as-received material in the transformation behavior. Furthermore, 

the localization of these high strain bands differs under different loading states as will be discussed in 

more details in Section 3.1.6. 

 

Figure 3.6 HRDIC strain maps taken under different loading conditions: (a) F1max and (b) F2max. Grains A-E are 
discussed in Section 3.1.6. 

3.1.5 In situ synchrotron-XRD study of the LPC 

Figure 3.7a shows the evolutions of the diffraction reflections in a selected 2θ range from both Mythen 

II and 6M Pilatus detectors during the LPC. At the beginning of the first loading, the strong reflection 

corresponds to the (1 1 0)B2 reflection. During loading along axis 1, the position of the (1 1 0)B2 

reflection shifts towards a lower 2θ angle for the Mythen II detector and towards higher 2θ angle for 

the 6M Pilatus detector. When F1 reaches ~ 24N, the intensity of the (1 1 0)B2 reflection drops 

suddenly, meanwhile reflections of B19’ martensite appear. Two strong martensite reflections are 

observed at F1max: the (0 0 2)B19’ and the (0 1 2)B19’ reflections. Upon loading axis 2, no new 

martensite reflection emerges. The position of the (0 0 2)B19’ and the (0 1 2)B19’ reflections move 

slightly to higher 2θ values (see Figure 3.7a), reflecting the action of F2 on the existing martensite.  
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Figure 3.7 (a) Evolution of the X-ray diffraction reflections along the LPC cycle shown in Figure 3.2. (b) Evolution of the 
(110)B2 reflection between loading state F1max and F1F2 (loading axis 2), data from Mythen II detector; the legend 
shows the values of F2. (c) Evolution of the martensite phase fraction along the LPC shown in Figure 3.2, data from the 
MYTHEN II detector parallel to axis 1. 

This effect can be also observed in the (1 1 0)B2 reflection, suggesting stress relaxation in the austenite 

(Figure 3.7b). This plot also shows that the intensity of the (1 1 0)B2 reflection slightly increases during 

this loading path. Figure 3.7c shows the evolution of the martensite phase fraction obtained from 

Mythen II during the full LPC. Between F1max and F1F2 a slight decrease in the martensite phase 

fraction is observed. The reverse transformation from martensite back to austenite phase has been 

proposed as a possible deformation process under multiaxial loading as suggested in the 

micromechanical modeling of superelastic NiTi during the biaxial loading of tension and shear [144]. 

The present XRD results seem to confirm that upon changing loading path from uniaxial to biaxial, 

reverse transformation can occur. This is also evidenced by the decrease in the strain magnitude 

within the transformation band in Macro-DIC. At the microscopic level, a reduction in the intensity of 

some high-strained bands is observed. A preliminary HRDIC test, performed on another cruciform 
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with the same geometry shown in Figure 3.1, captured the decreasing strain upon this load path 

change at a microscopic level. Figure 3.8 clearly shows that the decrease in the strain magnitude and 

the number of the high-strain bands formed at F1max after reaching F1F2, which agrees with the 

observations from Macro-DIC (cf. Figure 3.5).  

 

Figure 3.8 The HRDIC strain maps at F1max and F1F2 states. 

If this reduction in strain magnitude can be related to local reverse transformation of some nanoscaled 

subgrains is a matter of further research. The above results furthermore show that the martensite 

variants in the F1F2 loading state are the same as in the loading state F1max, which is not necessary 

in agreement with the Schmid law. This observation suggests that the variants at F1F2 depend on the 

path followed to reach this stress state.  

Between F1F2 and F2max, first the intensity of the austenite reflections continues to increase but is 

then followed by an abrupt decrease. During this loading path, the intensity of the (1 1 0)B2 reflection 

increases (Figure 3.7a), while the intensities of the martensite reflections decrease. The position of 

the (1 1 0)B2 reflection shifts back to the initial position (unloaded state), moving further towards 

higher 2θ angle for the Mythen II detector and towards lower 2θ angle for the 6M Pilatus detector (as 

expected for this loading path). When axis 1 is nearly completely unloaded (5N), a new set of 

martensite reflections appear together with the abrupt loss in intensity of the austenite reflections. 

Figure 3.7c shows that the martensite phase fraction decreases drastically and then increases again 

during loading between F1F2 and F2max. The set of martensite reflections formed under F1 disappear 

and a new set forms corresponding to the applied load F2, suggesting that different martensite 

variants appear upon the load path change. During the final unloading of axis 2, the martensite 

reflections disappear and the initial intense austenite reflections appear again. The (1 1 0)B2 reflection 

in Figure 3.7a shifts back to the initial position after one full LPC cycle, suggesting full recovery of the 

deformation and therefore good superelasticity within one LPC cycle.  

The full-width-half-maximum (FWHM) of the (1 1 0)B2 reflection increases from 0.072⁰ to 0.076⁰ for 

the diffraction pattern obtained from Mythen II and from 0.115⁰ to 0.122⁰ from Pilatus 6M after a full 

LPC cycle. The two FWHM in the perpendicular directions are different, even before the loading, due 

to the different instrument resolution function in the two directions and in the two detectors. The 
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broadening of the peak profile indicates the accumulation of dislocations after a full LPC cycle and the 

accumulation of residual strain as previously observed for this material in simple tension [6]. This is 

confirmed in Figure 3.9, where (a) shows residual strain traces after full unloading and (b) the 

corresponding Electron Channeling Contrast Image (ECCI) of the same area. The narrow strain traces 

can be correlated to the sharp contrast features from retained dislocation bundles in the transformed 

areas.  

 

Figure 3.9 (a) HRDIC strain map after one full LPC showing residual strain traces. (b) ECCI of the same region as (a) 
revealed traces corresponding to dense dislocation activity. The dark features correspond to brittle NiTi2 precipitates, 
see the localization of very high strain on the top left of the HRDIC maps which corresponds to cracking of the 
precipitate. 

3.1.6 The role of the subgrains in the transformation behavior 

Combining the results from synchrotron XRD, HRDIC and EBSD, the role of the microstructure of a 

commercial superelastic NiTi alloy in accommodating strain during uniaxial tension and LPC is 

revealed. The initial microstructure is composed of large austenite grains with an out-of-plane <1 1 1> 

texture. The grains contain narrow bands which can have a relative high misorientation with respect 

to the hosting austenitic grain. Each band is composed of numerous nanoscaled subgrains having 

small crystallographic misorientations with respect to each other, as previously observed by TEM [45]. 

The 2D diffraction images evidence continuous parts of the Debye-Scherrer rings rather than 

discontinuous diffracted spots, confirming that the diffraction data are issuing from the subgrains. 

Note that the microstructure has no in-plane texture, as shown in Figure 3.10, Figure 3.11 and Figure 

3.12.  

To verify the role of the bands and subgrains in the transformation behavior, details of EBSD and 

HRDIC results are presented for a few grains. Since the martensitic transformation in NiTi has been 

reported to follow the Schmid law [128, 145], (Schmid factor) SF maps were additionally calculated. 

These maps show the maximum values of the SF among the 24 possible variants for a given 

crystallographic orientation by considering different macroscopic tensor matrices under F1max and 

F2max respectively. For this purpose, the shear system { 0.8684̅̅ ̅̅ ̅̅ ̅̅ ̅  0.2688 0.4138} 〈0.4580 0.7706 

0.4432〉 for <0 1 1> Type II twinning observed by Matsumoto et al. [27] was considered. It was adapted 
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to rational indexes {4̅  1 2} 〈1 2 1〉 for the SF analysis with OIM software. The misorientation between 

the rational indexes and the exact shear system is within 5°. Figure 3.10, Figure 3.11 and Figure 3.12 

show for a few grains (contained in Figure 3.6) the EBSD IPF maps for out-of-plane and in-plane 

orientations, the HRDIC strain maps and SF maps for F1max and F2max. In general, the SF of the most 

favorable variant is relatively high for all grains in both loading states (F1max or F2max) which 

explain the 90% volume fraction of martensite observed by XRD. The different maps shown in Figure 

3.10, Figure 3.11 and Figure 3.12 indicate that the transformation is strongly correlated to the complex 

austenite microstructure. The high-strain bands observed by HRDIC correspond to microstructural 

bands observed in IPFs. Which microstructural band will create a high strain bands depends on the 

loading state as will be discussed below.  

Figure 3.10 shows the details for grain A. The IPF shows narrow bands alternated with broader bands 

distinguished by out-of-plane and in-plane misorientations. Under F1max the narrow bands have high 

SF values and correspond with high-strain bands in the HRDIC map. Under F2max, the 

correspondence is not so clear, although the highly strained locations in the HRDIC seem to coincide 

with an area where the SF is higher than its surrounding. Similar observations can be made for grain 

B and grain E. In grain B the strain bands are a bit less pronounced, they can however also be 

correlated to microstructural bands observed in the IPF maps. In the SF maps there are no bands 

recognizable and high SF variants are available under F1 and F2 for the entire grain. This is not the 

case for grain E. There, the microstructural bands are also recognizable in the SF maps and the strain 

bands are very pronounced under F2max.  

 

Figure 3.10 Initial austenite microstructures, HRDIC strain maps and Schmid factor maps for grains A, B and E in Figure 
3.6. 
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Figure 3.11 shows the details for grain C. Besides the narrow bands as discussed above, this grain has 

a central area (dashed circle) where “clouds” of clustered subgrains are recognizable in the IPF maps. 

The in-plane and out-of-plane IPFs show that the clusters are misoriented relative to each other. Each 

cluster seems to contain nanograins with similar crystallographic orientations, as was also observed 

in the high magnification EBSD maps in Figure 3.4. The central area exhibits considerable scatter of 

the SF values under F1max. Nevertheless, high strain bands are observed in HRDIC under F1max 

suggesting that clusters of differently oriented subgrains transform collectively choosing a single 

martensite variant and thus resulting in similar (high) values of transformation strain. The latter 

implies that the transformation is affected by the intergranular interaction between the subgrains, 

which obstructs the absolute obedience to the Schmid law. Non-Schmid behavior as a result of 

intergranular strains was also observed in equiaxed polycrystalline NiTi with either relatively small 

[146] or relatively large grain size [147]. At the loading state F2max, the transformation strain in grain 

C is relatively low and concentrates at different locations. As discussed previously, grain C is probably 

situated out of the center of the transformation band which moved when changing load path from F1 

to F2. 

 

Figure 3.11 Initial austenite microstructures, HRDIC strain maps and Schmid factor maps for grain C in Figure 3.6. 

Grain D in Figure 3.12 is another interesting example underlining the role of subgrained bands within 

an austenitic grain. According to the IPF maps, three types of bands a-c with different orientations are 

observed, marked with dashed lines. Type-b bands have well-defined interfaces, and they consist of 

subgrains having all a distinct crystallographic misorientation relative to the subgrains outside the 
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band. On the other hand, the crystallographic orientations of type-a and type-c are more similar to 

each other, and the boundaries between these two types of bands are more diffuse. Interestingly, 

under F1max, the locations of high strain in the HRDIC map correspond to the orientation of type-a 

and -b bands, whereas, under F2max, the transformation bands correspond to the type-c bands. 

Careful inspection reveals that the SF maps reflect the three types of bands in both loading states.  

In summary, the results show the strong correlation of the transformation with the Schmid law at the 

loading states F1max and F2max. However, evidence of non Schmid behavior is obtained by the 

appearance of the same variants at F1max and F1F2 and the collective transformation of differently 

orientated subgrains. 

 

Figure 3.12 Initial austenite microstructures, HRDIC strain maps and Schmid factor maps for grain D in Figure 3.6. 

3.1.7 Summary 

Combining EBSD, Macro-DIC, in situ HRDIC and in situ synchrotron XRD, the localization of the stress 

induced martensitic transformation during uniaxial tension and load path changes was studied at the 

macroscopic and microscopic level for a commercial superelastic NiTi alloy (Memry GmbH). The 

relationship between the austenitic multi-length scale microstructure and the transformation is 

revealed.  

The following conclusions have been reached: 
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 The microstructure of the superelastic NiTi alloy has a strong out-of-plane texture at the 

macroscale with austenite grains of several tens of microns. At the nanoscale, the material 

contains bands with subgrains. The misorientation among these bands is mostly higher than 

the misorientation among the nanograins within a band. This complex microstructure makes 

the material capable to sustain large strains and exhibit good superelasticity during one LPC 

cycle. 

 Bands of nanograins transform collectively and produce high-strain bands suggesting the 

importance of grain interactions at the nano-length scale. 

 The localization of the strain bands is different under F1max and F2max, in situ XRD confirms 

that martensite variants change upon changing the load path between them. However, at the 

loading state F1F2 no significant change of the martensite variants is observed. Instead, the 

variants already formed at the loading state F1max are preserved, suggesting a non Schmid 

behavior. 
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 Degradation of the superelastic NiTi under multiaxial 

mechanical cycling 

The section is adapted from the published paper: 

“Deformation and degradation of superelastic NiTi under multiaxial loading” 

Wei-Neng Hsu, Efthymios Polatidis, Miroslav Šmíd, Steven Van Petegem, Nicola Casati and Helena 

Van Swygenhoven 

Acta Materialia, Volume 167, 2019, Pages 149 – 158, DOI: 10.1016/j.actamat.2019.01.047 

 

Abstract 

The degradation of the superelastic properties of a commercial NiTi alloy are studied during uniaxial, 

biaxial and load-path-change cycling performed in-situ with synchrotron X-ray diffraction. Careful 

examination of the diffraction pattern during uniaxial loading shows the R-phase as a transition 

between the austenite and the B19’ martensite. Degradation of the superelasticity is found to depend 

strongly on the loading and unloading path followed, and it is discussed in terms the B19’ martensitic 

variant selection, the accumulation of dislocations, and the residual R-Phase and B19’ martensite. 

Cycling biaxially leads to faster degradation than uniaxially due to a larger accumulation of 

dislocations. If the deformation cycle contains a load path change, dislocation accumulation increases 

further and more martensite is retained. 

 

In this work, the contributions from the doctoral candidate are: 

 Designed and fabricated the cruciform samples  

 Developed the thin-down geometry cruciform in collaboration with Micropat SA 

 Performed the in-situ XRD measurements  

 Analyzed the data and summarized the results 

 Wrote the entire draft and finalized the manuscript for submission 
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3.2.1 Introduction 

The superelasticity (SE) of NiTi alloys enables the material to sustain large strains thanks to the 

reversible deformation-induced martensitic transformation. Under an external load, the material 

transforms from the austenite B2 crystal structure to the B19’ martensite phase [22, 28]. Once the 

load is removed, the material returns to its original shape as martensite fully transforms back to 

austenite. This unique property has found applications in biomedical engineering such as in 

endovascular stents, cardiovascular stents and orthopedic devices [8]. These components made of SE 

NiTi experience multiaxial deformation in vivo [148, 149]. Hence, it is important to study the 

martensitic transformation under multiaxial deformation or load path changes. It has been shown that 

uniaxial compression exhibits a smaller recoverable strain than uniaxial tension, a steeper 

transformation stress-strain slope and a higher critical stress for martensitic transformation [150-

152]. A limited number of studies on the effect of load path changes can be found. Upon changing the 

loading path from tension to torsion, McNaney et al. reported two distinct plateau regions in the 

stress-strain curve, which was attributed to different martensite variants associated with different 

load paths [68].  Combining high-resolution digital image correlation (HRDIC) and in-situ X-ray 

diffraction (XRD) during one loading cycle, it was shown how strain was accommodated by selecting 

different martensitic variants [153].  

Structural and functional stability upon cyclic deformation are required for biomedical applications, 

i.e. structural fatigue leads to mechanical failure, and functional fatigue results in the degradation of 

the SE properties [154, 155]. Fatigue has been shown to lead to a reduction of the critical stress 

required for the transformation from austenite to martensite, accumulation of permanent 

deformation [41-45], appearance of the intermediate rhombohedral R-phase martensite [50, 59] and 

decrease in the dissipated energy of the transformation cycle [42, 45, 156-161]. The resistance of the 

SE NiTi to functional fatigue depends on the crystallographic texture and the presence of precipitates 

[49], the austenite grain size [48, 125, 162], the loading rate [163, 164] and the testing temperature 

[161]. To date, there are only few studies addressing the effect of multiaxial or load-path-change 

cycling on the degradation of SE NiTi. Song et al. performed non-proportional tension-torsion cyclic 

tests on SE NiTi tubes and reported that multiaxial stress states lead to faster accumulation of residual 

strain, compared to uniaxial loading [71]. Among most multiaxial studies mentioned above, the 

transformation behavior and the material degradation were examined only at the macroscopic length 

scale. Khodaei et al showed that constitutive modelling failed to predict the mechanical response 

under multiaxial loads, because the model does not capture the anisotropic transformation behavior 

related to the crystallographic orientation and the loading path [73]. Detailed experimental data is 

required to improve the micromechanical models.  

Combining cruciform multiaxial mechanical tests with in-situ synchrotron XRD, employing a 

miniaturized biaxial device for application of in-plane biaxial loads and load path changes, the 
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microstructural evolution of a commercial SE NiTi during multiple cycling is studied. Microstructural 

degradation induced by multiaxial and load-path-change cycling are reported.  

3.2.2 Experimental 

A superelastic NiTi sheet with a thickness of 150 μm was purchased from Memry GmbH. The 

optimized cruciform geometry with a central pocket is shown in Figure 3.13. The gradual thinning 

from 150 μm (arm) down to 50 μm (central pocket) allows the martensitic transformation to occur at 

the center of the cruciform where the synchrotron X-ray investigation is positioned. The rounded-

square pockets were fabricated by electrochemical micromachining (ECMM), carried out at micropat 

SA, Switzerland. After introducing the pockets to both sides of the sheet by ECMM, the outline of the 

cruciform was cut with an Nd:YVO picosecond pulsed laser at the Swiss Federal Laboratories for 

Materials Science and Technology (EMPA). A detailed description regarding the cruciform sample 

preparation can be found in [165]. The microstructure at the center of the cruciform was investigated 

with Electron Backscatter Diffraction (EBSD) using a field emission gun scanning electron microscope 

(FEG SEM) Zeiss ULTRA 55 equipped with EDAX Hikari Camera operated at 20 kV in high current 

mode with the 120-µm aperture and a step size of 90 nm. The post processing of the EBSD data was 

done with the EDAX OIM Analysis 7.3 software.  

 

 

Figure 3.13 The thin-down cruciform geometry. The enlarged SEM picture shows the central pocket fabricated with 
ECMM. The synchrotron X-ray beam probed the center (~70x70 µm2) of the pocket indicated by the dashed line. 

The four load paths studied in this work are illustrated in Figure 3.14: uniaxial (UN), equibiaxial (EQ), 

triangular (TR) and square (SQ). The deformation tests were performed on the cruciform samples 

employing an upscale version of the minibiax tensile machine [103], hereafter called the meso biaxial 

tensile machine. The device has a very similar setup as the minibiax but a higher load capacity up to 

1000 N. For each load path, 100 displacement-controlled mechanical cycles were performed, 9 cycles 

(1st, 5th, 10th, 15th, 20th, 30th, 40th, 60th and 100th) were followed with in-situ XRD measurements. The 

in-situ cycles were performed with a displacement rate of 0.2 μm/s; the cycles in between (non-in-

situ cycles) were done with a displacement rate of 2 μm/s. Preliminary tests showed that the 

transformation occurs at different displacements upon loading along the two in-plane directions of 
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the cruciform i.e. the F1 and F2 direction. For all the load paths shown in Figure 3.14, the 

displacements reached along the F1 and F2 direction were 131 µm and 150 µm, ensuring the 

occurrence of martensitic transformation.  

 

Figure 3.14 The four load paths applied to the cruciform samples. The solid lines represent the loading steps; the 
dashed-lines represent the unloading paths. 

The meso biaxial tensile machine was mounted on the goniometer at the Materials Science (MS) X04SA 

beam line at the Swiss Light Source (SLS) [135]. Similar to the experimental setup in [153], the 

experiments were carried out in transmission with a 20 keV beam and a 70 x 70 μm2 spot size probing 

the center of the cruciform. The diffraction data along the scattering vectors parallel to the two in-

plane F1 and F2 directions of the cruciform were recorded by two detectors with 30 s counting time. 

The Mythen II microstrip detector recorded the diffraction data parallel to F1 in a range of 2θ of ~ -

55° to +55°. The 2D data from Pilatus was caked and integrated using FIT2D [136] along an azimuthal 

range of 175°-185°, corresponding to the direction parallel to F2. LaB6 was used as the reference 

material for the calibration of the detector position, the tilt and rotation angles and the beam center. 

The single peak fitting of the diffraction data was done with pseudo-Voigt functions using an in-house 

code in MATLAB.  

3.2.3 R-phase martensitic transformation 

Figure 3.15 shows EBSD orientation maps of the center of the cruciform (field of view of 72 µm x 57 

µm) taken parallel to the sample normal (ND), F1 and F2 respectively. The majority of the grain 

orientations in the field of view shows a strong <1 1 1> texture parallel to ND and <1 0 1> parallel to 

F1. Section 3.1 has shown that the grains consist of fine austenite subgrains (~40 nm) which transform 

collectively into the B19’ martensite phase upon mechanical loading. Figure 3.16 presents the in-situ 

XRD spectra for different 2θ ranges and the force-displacement curve upon loading (Figure 3.16d). As 

shown in Figure 3.16b and Figure 3.16c, (2 -2 2)R and (0 1 -2)R peaks appear when the sample is loaded 

up to 9.4 N. These peaks continue to grow as the loading proceeds. The R-phase peaks reach maximum 
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intensities at 15.3 N after which they start to decrease in intensity upon further loading. Meanwhile, a 

drastic intensity drop of the (1 1 0)B2 peak accompanied with the growth of the (0 0 2)B19’ peak can be 

seen in Figure 3.16a. Figure 3.16b shows the decreasing intensity of the (2 -2 2)R peak and the growth 

of the (0 1 2)B19’/(1 1 1)B19’ peaks (two nearly overlapping B19’ peaks) at forces larger than 15.3 N. 

The decrease in the slope of the force-displacement curve, as shown in Figure 3.16d, is due to the 

formation of the B19’ martensite. The material predominantly transforms into the B19’ martensite 

when the force reaches 20.9 N, at which the (1 1 0)B2 peak becomes weak and the R-phase peaks nearly 

disappear. In other words the material transforms from B2 to B19’ via an intermediate R-phase. The 

transformation via R-phase was not reported in [153]; however, careful examination made us 

realizing that we overlooked the presence, probably because no remaining R-phase is observed after 

unloading of one cycle. 

 

Figure 3.15 EBSD grain orientation maps of the initial microstructure in parallel to ND, F1 direction and F2 direction. 
The black features in the maps are NiTi2 precipitates. 
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Figure 3.16 (a) - (c) In-situ XRD spectra upon loading F1 direction showing the evolution of different phases. The colors 
correspond to different measurement points labelled in (d) the force-displacement curve. 

3.2.4 Martensitic footprints at different loading directions 

The formation and selection of the B19’ martensite variants depend strongly on the loading direction. 

Figure 3.17 shows the diffraction spectra captured at the maximum load of three different monotonic 

loadings: uniaxial along F1 (UN F1), uniaxial along F2 (UN F2) and equibiaxial (EQ F1F2). The highest 

intensities are observed for (0 0 2)B19’ during UN F1, for (0 1 2)B19’/(1 1 1)B19’ during UN F2 and for (1 

1 -1)B19’ during EQ F1F2. Additionally, the (1 1 0)B19’ peak is observed in UN F2 whereas not in UN F1. 

These results demonstrate that different sets of martensite variants form when the cruciform is 

loaded along different directions. The different sets of martensite variants are hereafter denoted as 

VF1, VF1F2 and VF2.  

We now look at the effect of a load path change. Figure 3.18a compares the diffraction spectra captured 

at two loading conditions during the first TR cycle: at F1max (F1: 27N) and after the load path change 

to F1F2 (F1: 33N, F2: 42N). When the loading condition is changed from F1max to F1F2, the intensity 

of the (0 0 2)B19’ peak decreases meanwhile the (1 1 -1)B19’ and (0 1 2)B19’/(1 1 1)B19’ peaks grow. Figure 

3.18b focuses on the formation of the (1 1 -1)B19’ when going from F1max to F1F2 and demonstrates 

the growth of (1 1 0)B2 peak during the load path change. In other words, changing the load path from 

uniaxial to biaxial induces changes in martensite variants as well as the reverse transformation from 

martensite back to austenite, as already suggested in [153]. 
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Figure 3.17 Different martensite peaks (corresponding to different variants) seen under monotonic loadings: uniaxial 
along F1 direction (UN F1), uniaxial along F2 direction (UN F2) and equibiaxial load (EQ F1F2). 

 

Figure 3.18 (a) Comparison of XRD spectra captured at two loading conditions during one TR cycle. (b) The evolution 
of XRD spectra during the load path change from F1max (blue) to F1F2 (red). 

3.2.5 Degradation in superelasticity after multiaxial mechanical cycles 

Figure 3.19 plots the force-displacement curves for the uniaxial cycles and particularly those that were 

performed in-situ (i.e. cycle 1, 5, 10 …100). The critical force for transformation decreases with the 

increasing number of cycles, as apparent from the change of the slope of the force-displacement curve 

and the force drop. Figure 3.19 also shows the development of residual displacement and the decrease 

in the dissipated energy (area enclosed by the superelastic loop in Figure 3.19) after uniaxial cycling. 

It has to be noted that the interpretation of the mechanical data from the cruciform  tests are not as 

straightforward as from the uniaxial dogbone tests since stress concentration and martensitic 

transformation occur also outside the thinned cruciform area. Therefore, the macroscopic mechanical 

data represents a convolution of deformation inside and outside the thinned area probed by X-rays. 
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Figure 3.19 The force-displacement curves of the in-situ uniaxial cycles show typical behavior of superelastic NiTi 
under cycling. 

We define a critical transformation force as the force corresponding to a reduction of 80% of the 

maximum intensity of the (1 1 0)B2 peak, and for which meanwhile, the martensite peaks start to 

become apparent in the diffraction patterns. Figure 3.20 shows that multiaxial cycling (SQ, TR and EQ) 

decreases the critical transformation force faster than UN cycling. SQ and TR result in larger reduction 

in the critical transformation force compared to the monotonic EQ cycling.  

 

Figure 3.20 Evolution of the critical transformation force as a function of the number of cycles. 

Figure 3.21 compares the in-situ XRD spectra of loading in the F1 direction during the TR cycle 1 and 

10. It clearly shows that the B19’ martensitic transformation occurs at lower force as the cycling 

advances. Furthermore, the (0 0 2)B19’ peak appears after 16.2 N during cycle 1 (see Figure 3.21a), 

whereas during cycle 10, the (0 0 2)B19’ peak can be observed already at 12.5 N (see Figure 3.21c). 

Apart from the B19’ martensitic transformation, the mechanical cycles also facilitate the formation of 

R-phase martensite. During the first cycle, the (1 -2 4)R peak does not appear. However at cycle 10 

shown in Figure 3.21d, the (1 -2 4)R peak becomes apparent next to the (2 1 1)B2 after reaching 8.5 N. 
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As the loading continues, both (1 -2 4)R and (2 1 1)B2 peaks decrease in intensity, meanwhile the (0 0 

2)B19’ peak grows significantly.  

 

Figure 3.21 The evolution of the XRD spectra during loading F1 in the (a) - (b) 1st TR cycle, and (c) - (d) 10th TR cycles. 

The degradation induced by mechanical cycles is also manifested by the broadening of the XRD peaks 

due to accumulation of dislocations. Figure 3.22 compares the broadening of the (1 1 0)B2 peak during 

different types of cycles. The full-width-at-half-maximum (FWHM) of (1 1 0)B2 increases significantly 

more under multiaxial cycling than uniaxial cycling. The strongest austenite peak, (1 1 0)B2, broadens 

the most after the SQ cycles, followed by the TR cycles and the EQ cycles. Although the data from the 

Pilatus detector is available only until the 40th SQ cycle, it is evident that SQ produces the most 

pronounced broadening. The broadening of the second strongest austenite peak, (2 1 1)B2, follows the 

same trend albeit not shown here. These findings imply that multiaxial cycling accumulates more 

dislocations than uniaxial cycling. 

 

Figure 3.22 The evolution of FWHM of the (1 1 0)B2 with increasing the number of cycles, along two diffraction vectors, 
parallel to F1 (Mythen detector) and parallel to F2 (Pilatus detector) for different loading paths. 
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Another characteristic of SE degradation induced by mechanical cycling is the accumulation of 

retained martensite since the material is no longer able to transform fully back to austenite when 

removing the external load. The retained martensite found after mechanical cycling also contributes 

to the accumulation of residual strain. Figure 3.23 presents the evolutions of the retained martensite 

after different types of cycling. The retained (2 -2 2)R peak can be observed in all loadings after 100 

cycles, but is less pronounced in the monotonic loadings UN and EQ. TR results in the growth of 

retained (0 0 2)B19’ peak. As for SQ, the (0 0 2)B19’ and (1 1 -1)B19’ peak present in the diffraction 

patterns after cycling and unloading. Figure 3.23 highlights the importance of both loading and 

unloading paths in the development of retained martensite. Reaching F1F2 via a load path change (TR 

cycles) results in more retained martensite than monotonic equibiaxial loading (EQ cycles). Despite 

the same loading sequence for TR and SQ, the different unloading sequences develop different 

retained martensite peaks. 

 

Figure 3.23 Diffraction patterns (Mythen detector) showing the evolution of retained marteniste and R-phase under 
different loading paths. 

The degradation in the superelasticity i.e. the decrease in the critical transformation force can be 

attributed to the increasing dislocation density as cycling proceeds, as witnessed by the broadening 

of the B2 austenite peaks. Transmission electron microscope (TEM) studies have reported that the 

forward martensitic transformation accompanies the creation of the dislocations, which retain in the 

austenite phase after reverse transformation [54, 56, 57]. The accumulation of dislocations induced 

by mechanical cycling, as evidenced by TEM in [49-52, 125], contribute to the residual strain in the 
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austenite phase. In addition, the dislocations retained in the austenite phase facilitate the nucleation 

of B19’ martensite:  the stress fields around dislocations decrease the external work required for the 

stress-induced martensitic transformation [45], i.e. decreasing the required transformation force as 

observed in Figure 3.20. The dislocations introduced by cycling are also essential for promoting the 

R-phase transformation [55, 58, 60]. Consequently, the mechanical cycling lowers the transformation 

force for R-phase martensite, as exemplified by Figure 3.21b and Figure 3.21d.  

It is worth noting that both the decrease in the transformation force and the peak broadening slow 

down after 20 cycles, i.e. the degradation in SE properties tends to reach a saturation with increasing 

number of cycles. Such saturation has also been reported in the literature, and it is due to the steady-

state dislocation structure which is difficult to change with further cycling [45, 53, 166].  

3.2.6 Monotonic load-unload cycles: EQ and UN cycles 

The present study shows the dependency of SE degradation on the loading path. Multiaxial mechanical 

cycling (SQ, TR and EQ) is found to degrade the SE NiTi faster than uniaxial cycling. One question that 

comes up from these results is: why does EQ cycling degrade the material more than UN cycling?  The 

UN cycles were conducted by loading the cruciform along the F1 direction. As for the EQ cycles, two 

in-plane loads along the directions F1 and F2 were simultaneously applied to the cruciform. Since in-

plane equibiaxial loading has the same normalized strain tensor as uniaxial compression along the 

direction perpendicular to the sample surface, i.e. ND [113], the comparison is now between uniaxial 

compression along ND and uniaxial tension along the F1 direction. The martensitic transformation in 

NiTi depends on both the loading state (tension or compression) and the austenite crystallographic 

orientation, showing large anisotropy in the transformation strain. Lattice deformation calculations 

for single crystals have shown that uniaxial compression along [1 1 1]-oriented austenite generates 

the lowest transformation strain [167, 168], implying that this crystallographic orientation exhibits 

poor SE properties and the imposed strain is accommodated by transformation but also by 

dislocations multiplication and slip. Poor SE with large irreversible strain and the high cyclic 

instability due to a significant increase in dislocation density have been observed in [1 1 1]-oriented 

austenite grains under uniaxial compression [169]. The same calculations showed that uniaxial 

tension along [1 0 1] can result in more than 8% transformation strain [168], suggesting that solely 

the martensitic transformation is able to accommodate high strains induced by the applied load. 

Assuming that the crystallographic responses of a single crystal and a highly textured polycrystalline 

NiTi are comparable [170], the difference in EQ and UN can be explained by the texture shown in 

Figure 3.15. Owing to the strong <1 0 1> // F1 direction texture, UN exhibits better superelasticity as 

large strain could be accommodated solely by the formation of martensite. On the other hand, EQ 

(uniaxial compression along the <1 1 1> texture) would exhibit more dislocation slip activity in 

addition to the martensitic transformation. This explains also the difference in residual peak 

broadening in the austenite: more dislocations accumulate during the EQ cycling compared to the UN 
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cycling. These results demonstrate that the initial austenite texture and the load path influence SE 

degradation. Avoiding <1 1 1> out-of-plane texture would reduce microstructural degradation during 

in-plane-equibiaxial cycling.  

3.2.7 Load-path-change cycles: SQ and TR cycles 

The load-path-change cycles SQ and TR degrade the material faster than the monotonic load-unload 

cycling EQ and UN. Both loading and unloading paths affect the degradation. Figure 3.24 summarizes 

the possible deformation mechanisms during each load path for both TR and SQ cycles.  

 

Figure 3.24 The microstructure and mechanisms during each loading and unloading step in TR and SQ cycles. “A” stands 
for the austenite phase. “VF1, VF1F2 and VF2” stand for the certain martensite variants favored in different deformation 
states. The red arrows indicate the loading/unloading direction during each load path (full line for loading, dashed line 
for unloading). 

For the TR load path, the majority of the austenite grains (denoted as A in Figure 3.24) transform into 

a set of martensite variants (VF1) upon loading F1. There are still untransformed austenite grains 

after reaching F1max, as reported in [153]. Additionally, the change in loading condition from F1max 

to F1F2 can induce the reverse transformation as evidenced by the growth of the (1 1 0)B2 peak in 

Figure 3.18b. Since the material is mostly in the martensite phase (VF1) at F1max, the subsequent 

loading along the F2 direction deforms the pre-existing VF1 martensite. In [171, 172], it is seen that 

martensite can exhibit reorientation/detwinning and formation of dislocations depending on the 

loading direction. Taking these mechanisms into account, the VF1 martensite undergoing loading 

along F2 (towards F1F2) can exhibit simultaneously: (1) reorientation/detwinning into VF1F2 

variants (denoted as VF1 -> VF1F2 in Figure 3.24), (2) plastic deformation generating dislocations 

(denoted as VF1+dislocations in Figure 3.24), and (3) reverse transformation (denoted as VF1 -> A in 

Figure 3.24). Note that VF1 likely contains more dislocations than VF1F2 since it undergoes plastic 
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deformation. Moreover, some of the untransformed austenite at F1max can transform into VF1F2 

upon loading F2 (denoted as A -> VF1F2 in Figure 3.24), contributing to the VF1F2 footprint. It is 

possible that some austenite grains still stay untransformed. The last step in one TR cycle is unloading 

the material along F1 and F2 directions simultaneously. For a low number of cycles, the full reverse 

transformation is observed. The dislocations created upon the load path change remain in the material 

and result in the broadening of the austenite peaks. For a high number of cycles, the accumulation of 

dislocations creates local stress fields that stabilize the martensite, seen as the retained martensite in 

Figure 3.23. Based on the deformation mechanisms proposed above, VF1 accumulates more 

dislocations than VF1F2 after cycling, resulting in more retained VF1 martensite. As shown in Figure 

3.23, the TR cycles result in a strong retained (0 0 2)B19’ peak, which agrees with the martensite 

footprint VF1 shown in Figure 3.17.  

In contrast to TR, SQ contains two unloading paths: F1 is unloaded before unloading F2. The first 

unloading along the F1 direction changes the deformation from the F1F2 state to the F2max state. As 

the cruciform is still loaded in the F2 direction, the center of the cruciform that contains both VF1 and 

VF1F2 continues to experience additional deformation as witnessed by the shift in the peak position. 

Similar to the above discussion, VF1 may reorient into the VF2 martensite favored by the F2max state 

or accommodate the deformation by creating dislocations.  In order to investigate the effect of 

unloading along the F1 direction on the VF1F2 martensite, an additional load-path-change experiment 

has been done: a cruciform was directly loaded to F1F2 condition, followed by unloading along the F1 

direction. Figure 3.25 shows the evolution of the diffraction peaks during unloading F1. The intensities 

of the martensitic peaks (0 0 2)B19’ and (1 1 -1)B19’ reduce and the peak positions change to higher 2θ 

values, demonstrating that the unloading changes VF1F2 variants to VF2 and put the remaining VF1F2 

under strain. Based on [171, 172], one can assume that during this process: (1) VF1F2 

reorients/detwins into VF2 (denoted as VF1F2 -> VF2 in Figure 3.24) and (2) the remaining VF1F2 

deformed by dislocations (denoted as VF1F2 + dislocations in Figure 3.24). Furthermore, during this 

unloading, it is also observed that the (1 1 0)B2 peak reduces its intensity, implying that VF2 variants 

are formed from the austenite retained at F1F2. The cruciform is fully unloaded after unloading F2. As 

Figure 3.23 shows, the material transforms fully back into the austenite phase after a low number of 

cycles. Based on Figure 3.24, SQ cycling involves more steps where dislocations can accumulate, 

therefore the chance of retaining VF1 and VF1F2 variants increases. After higher number of cycles, the 

retained martensite peaks, (0 0 2)B19’ and (1 1 -1)B19’, are a combination of VF1 and VF1F2 footprints 

(see Figure 3.23).  



3.2 Degradation of the superelastic NiTi under multiaxial mechanical cycling 

77 
 

 

Figure 3.25 The change in the martensite footprint induced by the load path change from F1F2 (blue) to F2max (red). 

Compared to the load-path-change cycling (TR and SQ), the monotonic UN cycling proceeds mainly 

with the forward and backward transformation of the favorable variants (VF1) and results in 

significantly lower broadening as shown in Figure 3.22. This result suggests that the accumulation of 

dislocations solely from the forward and backward martensitic transformation is much less than the 

deformation of the martensite during load path changes.  

3.2.8 Summary 

Combining the cruciform multiaxial mechanical tests and in-situ synchrotron X-ray diffraction, the 

deformation and degradation of a commercial superelastic NiTi alloy (Memry GmbH) under multiaxial 

mechanical cycling are studied. The decrease in the critical force for both R-phase and B19’ martensitic 

transformation, the austenite peak broadening and the retained martensite are discussed in terms of 

the accumulation of dislocations induced by mechanical cycling. Multiaxial cycling (SQ, TR and EQ) 

leads to significantly more accumulation of dislocations and faster degradation than uniaxial cycling 

(UN). Degradation of the material properties shows a strong dependency on the load path. Due to the 

strong crystallographic texture (<1 1 1> // ND) of the austenite phase, EQ cycling accumulates more 

dislocations than UN cycling. Comparing to monotonic loading, SQ and TR create more dislocations 

due to the deformation of the martensitic variants upon changing the load path. In summary, texture, 

loading and unloading path play important roles in the degradation of the microstructure. Since 

medical devices are made of wires and tubes, tuning microstructural texture to the design of the device 

could offer a path for optimization.  
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 Strain accommodation in the coarse-grained superelastic NiTi  

This section is adapted from the paper currently under review in Acta Materialia: 

“Strain accommodation in a superelastic NiTi alloy: a high resolution digital image 

correlation and transmission electron microscopy study” 

Efthymios Polatidis, Miroslav Šmíd, Ivo Kubena, Wei-Neng Hsu, Guillaume Laplanche and Helena Van 

Swygenhoven 

under review in Acta Materialia 

 

Abstract 

An in-situ high resolution digital image correlation (HRDIC) investigation during uniaxial tensile 

deformation reveals the activated martensite variants and the contribution of each variant to strain 

accommodation in a coarse-grained NiTi alloy with a mean grain size of ~35 µm. The results show 

that more than one variant can be activated per grain and the majority of the activated variants exhibit 

a high Schmid factor (SF). The variant selection can be influenced by shear transmission across grain 

boundaries, when the geometrical compatibility between the neighboring habit plane variants is 

favorable; in these cases variants that do not have the highest SF, with respect to the macroscopically 

applied load, may be activated. The experimentally determined transformation strains agree relatively 

well with theoretical calculations for single crystals. A post-mortem transmission electron microscopy 

(TEM) investigation reveals deformation twinning occurring within the stress-induced martensite as 

an additional strain accommodation mechanism. In addition to phase transformation and twinning in 

martensite, slip in austenite is observed. 

 

In this work, the contributions from the doctoral candidate are:  

 Designed and fabricated the dogbone and cruciform-shape samples 

 Prepared the OPS speckle pattern for HRDIC 

 Performed the in-situ HRDIC experiment and analyzed the HRDIC data 

 Participated in the FIB sessions (FIB operated by Dr. Kubena) to select the positions to extract 

TEM lamellae  

 Summarized the results together with Dr. Polatidis, Dr. Šmíd and Dr. Kubena 

 Revised and edited the draft of the paper (first draft written by Dr. Polatidis)  
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3.3.1 Introduction 

NiTi alloys in near-equiatomic compositions are well known for their superelasticity which derives 

from the reversible austenite-martensite transformation. These alloys can be found amongst various 

applications for the biomedical industry [8] and in actuators and robotics [4]. The anisotropic 

behavior of NiTi has been correlated with the crystallographic orientation-dependence of the 

martensitic transformation in NiTi single crystals [167, 173], and to the texture in polycrystalline NiTi 

alloys [128, 173]. The martensitic transformation has been studied by EBSD in austenitic superelastic  

NiTi and martensitic shape memory alloys (SMAs) [174]. The characterization of the activated 

variants has been successfully conducted with EBSD under tension, compression [145, 175] and 

nanoindentation [176]. While several self-accommodation twinning modes are predicted by the 

phenomenological theory of martensitic transformation [177], type II twinning has been found 

experimentally to be the main twinning mode in SE NiTi alloys [25, 27, 54, 145, 175-180] and have 

been extensively used in simulations. Liu in [128] has described the orientation-dependent 

mechanical properties in strongly textured NiTi alloys assuming the activation of a single variant with 

the highest Schmid factor (SF) in each austenite grain and by considering the theoretical 

transformation strain that each variant can accommodate. However, such an approach neglects the 

material behaviors at the microscopic level:  

1. The activated variants may not strictly obey the Schmid law. 

2. More than one martensite variants may form in each austenite grain. 

3. There are additional strain accommodation mechanisms other than martensitic 

transformation e.g. slip and/or twinning.  

4. The theoretical transformation strain has not been experimentally verified at the microscopic 

level.  

A unique method that can reveal all this information is high-resolution digital image correlation 

(HRDIC) performed in a scanning electron microscopes (SEM), in combination with EBSD. DIC is a 

non-destructive, non-contact technique used to observe full-field displacements on the surface of a 

test sample during mechanical testing. By employing high magnifications, achieved by SEM, HRDIC 

has recently become a powerful tool to study the deformation behavior with a sub-micron resolution 

in various steels [119, 128, 181-184], Ti-alloy [185], Mg alloys [122], and oxide layers [186]. In most 

of the studies mentioned above, HRDIC in combination with EBSD is used to study the activation of 

slip systems and to correlate these with the corresponding SF. The determination of the active slip 

systems by combining trace analysis and SF analysis can however also lead to misinterpretations, 

especially when multiple slip systems are operational and more than one can result in similar slip 

traces or when the material exhibits non-Schmid behavior [187]. In addition, when grain-grain 

interactions and/or precipitates alter the stress state locally, this may result in the activation of slip 

systems not expected from the SF analysis based on the macroscopic stress state. Recently, new 
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approaches have been proposed to increase the confidence of identification of the active slip trace 

analysis based on the geometric compatibility of neighboring grains, as applied to Ti-7Al alloy [187]. 

Similar to the study of slip trace analysis, HRDIC can be applied to investigate the transformation 

mechanisms via variant selection analysis in phase-transforming materials [188]. Recently HRDIC and 

EBSD have been combined to study the martensitic transformation during multiaxial loading and 

strain path changes in a superelastic nanostructured NiTi alloy [153]. In this latter study, it was found 

that the strain path change induces the martensitic transformation in different families of sub-grains. 

However, due to the nanometer-sized grain structure of this particular material, HRDIC was not able 

to resolve the activated martensite variants within each nanometer-sized grain. Therefore, to 

overcome this issue, a SE NiTi with a mean grain size in the micrometer range was used in the present 

study. 

An additional asset of HRDIC is that it shows the location where martensitic transformation occurs, 

and it provides the transformation strain magnitude. The recoverable strain upon unloading in 

superelastic NiTi alloys can be determined from HRDIC strain maps. Therefore, HRDIC enables the use 

of the recoverable strain criterion to identify phase transformations from other possible deformation 

mechanisms that do not recover strain, such as slip or deformation twinning which can co-exist [125]. 

Additionally, the obtained strain magnitude is essential for understanding the strain accommodation 

mechanisms and the residual strain after unloading. Such information will foster improvement of the 

existing models used to predict the strain accommodation in single crystals [167] and polycrystalline 

materials [128].  

The alloy chosen in the present study is a coarse-grained polycrystalline superelastic NiTi that exhibits 

the forward B2 to B19’ phase transformation upon loading and the reverse transformation upon 

unloading [189]. It will be shown that the recoverable strain obtained by HRDIC facilitates the 

distinction between slip and phase transformation. SF analysis and the inclination of the trace on the 

sample surface are then performed by combining EBSD with HRDIC results that can resolve the 

martensite variants in each grains. The results are discussed in terms of variant activation and the 

appearance of additional strain accommodation mechanisms. Finally, complementary TEM 

investigations are carried out revealing deformation twinning in martensite as an additional strain 

accommodation mechanism. 

3.3.2 Experimental 

Experimental procedures 

A rectangular ingot (20 × 76 × 90 mm3) with nominal composition Ni51Ti49 (in at. %) was produced by 

vacuum induction melting using nickel (Ni purity > 99.98 wt. %) and titanium (Ti purity > 99.995 

wt. %) at the Ruhr-University Bochum (Germany). Melting was performed in a graphite crucible using 
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a VSG 010 furnace from PVA TePla AG in a high-purity Ar Atmosphere (99.998 vol.%) under a pressure 

of 500 mbar. The melt was then poured into a pre-heated mould (500°C) that had been coated with 

an yttria slurry. The ingot was solution heat treated for 5 h at 1000 °C under an argon atmosphere 

with a constant flow rate of 4 dm3/min. The thickness of the cast ingot was then reduced in 22 steps 

from 20 mm to 1.8 mm by hot rolling at 800 °C (thickness reduction: 90 %). Prior to each step, the 

Ni51Ti49 sheet was annealed for 10 min at 800°C. The 1.8 mm sheet was further rolled at room 

temperature in three steps into a thinner sheet (thickness: 1.2 mm, thickness reduction: 30%). 

Between each cold rolling step, the Ni51Ti49 sheet was annealed for 10 min at 800 °C followed by water 

quenching. After cold rolling, the 1.2 mm Ni51Ti49 sheet was recrystallized for 10 min at 800 °C and 

water quenched. More details about the microstructure and texture of the recrystallized Ni51Ti49 sheet 

can be found in Ref. [190]. 

The dog-bone shaped tensile specimens were cut parallel to the rolling direction of the sheet, using a 

picosecond laser at the Swiss Federal Laboratories for Materials Science and Technology (EMPA). The 

surfaces of the tensile specimens were mechanically ground (with 600, 1200, 2500, 4000 grid SiC 

papers) and one of the surface was further polished with diamond-suspension (3 μm and 1 μm) 

followed by final polishing using a vibratory polisher (Buehler Vibro-Met2 using a suspension Buehler 

Mastermet2 with a particle size of 0.02 µm for 24 h). The final thickness of the tensile specimen is ~80 

µm. Based on the average grain size and the sheet thickness, two to four grains are contained within 

the thickness of the tensile specimen. 

EBSD investigations were performed using a field emission gun scanning electron microscope (FEG 

SEM) Zeiss ULTRA 55 equipped with EDAX Hikari Camera. The microscope was operated at 20 kV in 

high current mode with 120 µm aperture. The electron backscatter patterns were acquired by the 

TEAM software with 4 × 4 pixels binning and the crystal orientation was determined by 8 indexed 

Kikuchi bands for each pattern. The step size of the mapping varied from 150 to 60 nm, according to 

the size of the region of interest. The EBSD raw data were post-processed using the EDAX OIM Analysis 

7.3 software. 

Patterns for HRDIC were applied by rotating the samples on a polishing cloth with a few droplets of 

an OPS suspension from Microdiamant GmbH (particle size ~0.04 μm) and subsequently cleaned with 

deionized water, as introduced in [120]. The tensile sample was deformed up to a maximal 

engineering stress of ~450 MPa using a mini-biaxial machine mounted on a SEM stage [103]. During 

the tensile deformation, a macroscopic Lüders band was found to propagate at a constant stress of 

450 MPa in good agreement with results reported in literature for superelastic [44, 45, 191-194] and 

shape memory alloys [174, 195, 196]. 

HRDIC measurements were performed at the centre of the gauge length of the tensile specimen at two 

loading states. (1) When the Lüders band reached the area of interest corresponding to an average 
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strain in the field of view (FOV) of ~8%, and (2) when the Lüders band had passed through the area 

of interest corresponding to an average strain in the FOV of ~10%. The average strain of 8% is not 

significantly different compared to the macroscopic strain obtained by low resolution DIC within the 

macroscopic strain (Lüders) band, while the average strain of 10% represents a deformation beyond 

the transformation plateau where irreversible deformation of martensite through dislocation slip and 

deformation twinning may have occurred. The images for HRDIC were acquired with a Zeiss ULTRA 

55 FEG-SEM using an in-lens secondary electron detector at 6.9 mm working distance with 3 kV 

acceleration voltage and an aperture size of 30 μm. A series of SEM images with a resolution of 3072 

× 2304 pixels were taken at ×2000 magnification with 25 µsec dwell time. The Ncorr MATLAB code 

[118] was used for the HRDIC analysis using a subset size of 15 pixels and subset spacing of 1 pixel. 

Previous HRDIC measurements [165] have shown that the error due to drift and lens distortion is 

insignificant, compared to the magnitude of strains in slip and transformation bands and therefore no 

corrections have been applied. 

After the in situ HRDIC measurements, the sample surface was re-polished using diamond pastes (1 

μm down to 0.25 μm) followed by a final vibration polishing for 24 hours in order to smoothen the 

deformation-induced surface relief and to achieve better surface quality for post-mortem EBSD 

investigations. Even after removal of material from the surface, the same grains as investigated by 

HRDIC could be observed post-mortem in EBSD. Note that vibration polishing did not induced 

deformation and did not changed the grain morphology. 

TEM was undertaken by milling a rectangular lamella in the surface plane of the sample using a 

focused ion beam (FIB) on a Zeiss NVision-SEM/FIB equipped by an EDS system. The FIB-milling was 

undertaken using a 30 kV and 3 nA FIB. After the lift-out, the lamella was thinned by FIB using 30 kV 

and successively 700 pA, 300pA and 80 pA current as the thickness was reducing. The final surface 

cleaning was done using a 5 kV and 100 pA FIB. 

Habit plane traces analysis  

Upon loading, the austenite (cubic B2 phase, ordered BCC) transforms into twinned martensite 

(monoclinic B19’ phase) bands where the interface between the austenite and the twinned martensite 

is an invariant plane also called the habit plane. The habit-plane variants (HPV), also called 

correspondence-variant pair (CVP), of type II twinning {0.8684 0.2688 0.4138} <-0.4580 0.7706 

0.4432>  are listed in Table 3.1. Note that indices of the habit plane and those of the twinning shear 

direction were normalized and that they are all expressed in the coordinate system of the B2 austenite. 

The inclination of the habit plane trace with respect to the loading direction can be calculated as 

follows [145]: The habit plane m and the transformation shear direction b of the shape strain is given 

in the form: (h k l)α[u v w]α  (where α = 0, 1, 2,…24), for the 24 possible habit plane variants. The 

orientation of the parent B2 phase is given in the form: (H K L)β [U V W]β for the β-th grain of a 
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polycrystal where (H K L) and [U V W] are parallel to the grain surface and tensile axis, respectively. 

The habit plane trace direction of the α-th variant in the β-th grain is then given by the following cross 

product [197]: 

[𝑅𝛽
𝛼𝑆𝛽

𝛼𝑇𝑏
𝛼] = [ℎ𝑘𝑙]𝛼  × [𝐻𝐾𝐿]𝛽  (Eq. 3-2) 

where R, S, T are the indices of the habit plane trace direction. The angle 𝜑𝛽
𝛼 between the habit plane 

trace of the α-th variant and the loading direction in the β-th grain is given by [145]: 

𝜑𝛽
𝛼 = cos−1 𝑅𝛽

𝛼𝑈𝛽+𝑆𝛽
𝛼𝑉𝛽+𝑇𝛽

𝑎𝑊𝛽

√([𝑅𝛽
𝛼]

2
+[𝑆𝛽

𝛼]
2

+[𝑇𝛽
𝛼]

2
)(𝑈𝛽

2+𝑉𝛽
2+𝑊𝛽

2)

 (Eq. 3-3) 

The same approach can be used to calculate the trace inclination of a slip system where instead of the 

habit plane the slip plane is used in Equation (3-2).  

Table 3.1 Shear systems for the 24 habit plane variants (also called correspondent variant pairs) using the notation 
introduced in [200] and their habit plane/invariant shear direction. 

 

Maximum transformation strain analysis 

Transformation strains associated with Type II twinning can be calculated and have been shown to be 

in good agreement with experimentally observed transformation strains in single crystals [157, 167]. 

Knowing the habit plane normal m (with miller indices (h k l)α) and the transformation shear direction 

b (with Miller indices [u v w]α) of the activated α variant, it is possible to calculate the strain matrix 

associated to the habit plane variant as: 

𝐸𝛼 =
1

2
(𝑏 ⊗ 𝑚 + 𝑚 ⊗ 𝑏 + (𝑏 ∙ 𝑏)𝑚 ⊗ 𝑚) (Eq. 3-4) 

HPV Habit plane Invariant shear direction HPV Habit plane Invariant shear direction 

1(+) (0.8684  0.2688  -0.4138) [-0.458  0.7706  -0.4432] 4(+) (0.4138  0.8684  0.2688) [0.4432  -0.458  0.7706] 

1(-) (0.8684  0.4138  -0.2688) [-0.458  0.4432  -0.7706] 4(-) (0.2688  0.8684  0.4138) [0.7706  -0.458  0.4432] 

1‘(+) (-0.8684  0.4138  -0.2688) [0.458  0.4432  -0.7706] 4‘(+) (0.2688  -0.8684  0.4138) [0.7706  0.458  0.4432] 

1‘(-) (-0.8684  0.2688  -0.4138) [0.458  0.7706  -0.4432] 4‘(-) (0.4138  -0.8684  0.2688) [0.4432  0.458  0.7706] 

2(+) (0.8684  0.2688  0.4138) [-0.458  0.7706  0.4432] 5(+) (0.2688  -0.4138  0.8684) [0.7706  -0.4432  -0.458] 

2(-) (0.8684  0.4138  0.2688) [-0.458  0.4432  0.7706] 5(-) (0.4138  -0.2688  0.8684) [0.4432  -0.7706  -0.458] 

2‘(+) (-0.8684  0.4138  0.2688) [0.458  0.4432  0.7706] 5‘(+) (0.4138  -0.2688  -0.8684) [0.4432  -0.7706  0.458] 

2‘(-) (-0.8684  0.2688  0.4138) [0.458  0.776  0.4432] 5‘(-) (-0.2688  0.4138  0.8684) [-0.7706  0.4432  -0.458] 

3(+) (-0.4138  0.8684  0.2688) [-0.4432 -0.458  0.77706] 6(+) (0.2688  0.4138  0.8684) [0.7706  0.4432  -0.458] 

3(-) (0.2688  -0.8684  -0.4138) [0.7706  0.458  -0.4432] 6(-) (0.4138  0.2688  0.8684) [0.4432  0.7706  -0.458] 

3‘(+) (0.2688  0.8684  -0.4138) [0.7706  -0.458  -0.4432] 6‘(+) (0.4138  0.2688  -0.8684) [0.4432  0.7706  0.458] 

3‘(-) (0.4138  0.8684  -0.2688) [0.4432  -0.458  -0.7706] 6‘(-) (0.2688  0.4138  -0.8684) [0.7706  0.4432  0.458] 
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where m is the normal to the habit plane with indices (h k l)α and b with indices [u v w]α is the 

transformation shear direction (including the magnitude of shear of 0.13) of the activated variant α. 

Under a certain uniaxial loading, the deformation along the loading direction is then given by: 

𝜀𝛽
𝛼 = 𝑒𝛽 ∙ 𝐸𝛼 ∙ 𝑒𝛽 (Eq. 3-5) 

where 𝑒𝛽 is the crystallographic direction of the loading axis in the β-th grain [198]. Eq. (3-5) has been 

applied to each grain, β, to calculate the transformations strain that can be produced for each habit 

plane variant α. It is also worth noting that, as a first order approximation, neglecting the volume 

change associated with the austenite to martensite transformation, the transformation strain is 

directly proportional to the SF [199], i.e., 𝜀 = 𝑆𝐹 ∙ |𝑏| where |𝑏| is the magnitude of the transformation 

shear which is equal to 0.13 for type II twinning.  

3.3.3 High strain traces in HRDIC maps 

The initial microstructure with equiaxed grains with an average grain size of ~35 μm is shown in 

Figure 3.26. The grain orientation maps (Figure 3.26a and Figure 3.26b) reveal a strong <1 1 1> out-

of-plane texture, as also reported in [190]. Additionally there is a strong alignment of the <1 0 1> 

direction parallel to the loading direction, see Figure 3.26b. Figure 3.26d shows the HRDIC map of the 

deformed material at 10% strain averaged over the field of view (beyond the stress plateau). The grain 

boundaries are delineated with white lines for clarity. The observed traces in each labelled grain is 

illustrated in Figure 3.26c with red lines. The traces with a high local strain magnitude correspond to 

either traces of activated slip systems in B2 austenite or traces of habit plane variants of B19’ 

martensite. Besides strain traces in the grains, some amount of strain is accommodated close to the 

grain boundaries, see e.g. the boundary between grains G4, G8, G10 and G11 (compare Figure 3.26c 

and Figure 3.26d). 
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Figure 3.26 EBSD IPF maps of (a) out of plane projection and (b) loading direction projection. (c) Microstructure 
illustrating the unit cell orientation and the inclination of the traces shown in (d) HRDIC map at 10% global strain. (e) 
Map of residual strains after complete unloading. (f) Map of recovered strain. 

Traces due to austenite slip 

Table 3.2 lists for each austenite grain the observed trace inclinations with respect to the loading 

direction and the expected trace inclinations for the {1 1 0} <1 0 0> B2 slip system with the highest SF  

[201]. For example, grain G1 exhibits traces at 151±2° with respect to the loading direction. The slip 

system with the highest SF (SF≈0.40) would give a trace of 148° with respect to the loading direction. 

The second highest SF slip system (SF≈0.38) has a trace of 123° with respect to the loading direction. 

Therefore, the HRDIC traces observed in G1 with an inclination of 151±2° can correspond to 

dislocation slip of the system with highest SF. In grains G1, G2, G3, G4, G8 and G13 the observed trace 

inclinations can be correlated with those belonging to the two potential slip systems with the highest 

SF with a tolerance of ±5°, but no correlation can be found for the traces seen in grains G6, G7, G9, G10, 

G11, G12. 
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Table 3.2 List of the grains and the observed and expected trace inclinations for the slip system {1 1 0} <1 0 0> with 
the highest SF. 

 

  

Grain 

Angle of trace with 
respect to loading 

direction from 
HRDIC 

Slip systems and SF values 
Theoretical trace 
angle of highest 

SF 

Possible activated 
variant rank of SF 

G1 151±2 (0-11)[100], SF=0.399 148 1st 

G2 143±2 
(011)[-100], SF=0.377 135   

(1-10)[00-1], SF=0.374 144 2nd 

G3 153±3 (0-11)[100], SF=0.336 154 1st 

G4 37±1 
(0-11)[-100], SF=0.399 54   

(110)[00-1], SF=0.388 39 2nd 

G5 155±2 (1-10)[00-1], SF=0.193 164 1st 

G6 50±1 (011)[-100], SF=0.348 101 No correlation 

G7 141±3, 46±3 

(0-11)[100], SF=0.334 156   

(101)[0-10], SF=0.327 98 
No correlation for the 

46±3 trace 

(-101)[010], SF=0.298 141 3rd 

G8 29±4 (0-11)[100], SF=0.354 27 1st 

G9 42±1, 160±3 

(011)[100], SF=0.437 36   

(110)[001], SF=0.416 66 
No correlation for the 

42±1 trace 

(0-11)[100], SF=0.248 156 3rd 

G10 45±2 (011)[100], SF=0.439 34 No correlation 

G11 33±4, 150±2 (0-11)[100], SF=0.345 146 
1st, no correlation for the 

33±4 trace 

G12 127±1, 37±3 (0-11)[100], SF=0.372 23 No correlation for either 

G13 34±2, 133±2 
(011)[100], SF=0.417 34 1st 

 (0-11)[100], SF=0.271 133 4th 

G14 32±3, 147±4 

(0-11)[-100], SF=0.382 137   

 (1-10)[00-1], SF=0.381 35 2nd 

(1-10)[00-1], SF=0.324 143 3rd 

G15 33±1 
(011)[100], SF=0.408 39 3rd 

(1-10)[001], SF=0.290 29   

G16 27±1, 148±3 

(011)[-100], SF=0.376 124   

(1-10)[00-1], SF=0.369 143 2nd 

(0-11)[-100], SF=0.307 23 4th 
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Traces due to martensite formation  

Table 3.3 lists the observed trace inclinations and the theoretical trace inclinations for the potentially 

activated habit plane variants (HPVs). The theoretical transformation strains are also given in Table 

3.3 and will be discussed in the following paragraphs. As an example, grain G3 exhibits traces with an 

inclination of 153±3° with respect to the loading direction. The HPV 4’(+) with the highest positive SF 

(SF≈0.41) would result in a trace with an inclination of 152° with respect to the loading direction and 

a theoretical transformation strain of 5.2%. The experimentally determined transformation strain is 

5.6%, calculated by subtracting the strain value at maximum load (Figure 3.26d) minus the strain in 

the unloaded state (Figure 3.26e and discussion below). Note that the variant with the highest positive 

SF should form under tension, whereas the variant with the most negative SF should form during 

compression [202]. It can be thus concluded with confidence that even though dislocation slip may 

play a role to some extent, some of the traces observed in grain G3 may be attributed to the HPV 4’(+). 

There are two reasons for that: (1) the theoretical trace inclination of HPV 4’(+) agrees well with the 

observed one (by HRDIC) and more importantly (2) its theoretical transformation strain agrees very 

well with that determined by HRDIC, see Table 3.3. If the specific trace would be ascribed to slip only, 

criterion (2) would not be fulfilled. In the majority of the grains, since a strain recovery could be 

detected by HRDIC, some traces can be safely attributed to the stress-induced formation of martensite. 

Interestingly, it is seen that the traces indicated by red arrows in Figure 3.26d almost completely 

vanished after unloading (Figure 3.26e), indicating complete reversible transformation. As shown in 

Table 3.3, the locally recovered strains determined by HRDIC are in good agreement with the 

theoretical transformation strains calculated for the formation of habit plane variants in single 

crystals. It should be noted that in the present study the grain size of 35 μm is large compared to the 

thickness of the sample (80 μm) and therefore constraints normally occurring in a polycrystal might 

be relaxed to some extent [203]. In other words, it is not too surprising that the behavior of each 

individual grain approaches the behavior of a single crystal. However, it has to be pointed out that 

dislocation slip may also has played a role during deformation since some traces are still visible in G3 

even after unloading (see Figure 3.26e).  

In grain G5, the traces are hardly recovered (see Figure 3.26 d-f) and the trace inclination agrees 

relatively well with (1 1̅ 0) [0 0 1̅]  dislocation slip. Grain G5 has a significantly different 

crystallographic orientation compared to the rest of the grains. Its orientation, along the loading 

direction is close to <001>, which is not a favourable orientation for the formation of stress induced 

martensite [202], thus slip seems to be a dominant mechanism in this specific grain. In grains G3, G4, 

G5, G10 and G15, only the variant with the highest SF is found to be activated. In contrast, other grains 

(G1, G2, G7, G11, G13, G14) exhibit two or more variants and always include the highest-Schmid-factor 

HPVs. The activation of multiple HPVs in the same grain is in contrast with previous analytical studies 

[128, 204] where the existence of only one martensite variant (with the highest SF) led to an 
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overestimation of the macroscopic transformation strain, since variants with highest SF exhibit the 

highest transformation strain.  

Table 3.3  List of the observed trace inclinations and their correlation with the habit plane variants ranked by SF values. 
The list includes the theoretical transformation strain of the activated variants and the experimentally observed 
recovery strain. * indicates the grains exhibiting non-Schmid behavior 

Grain 

Angle of trace 
with respect 

to loading 
direction 

Highest SF variants 
Theoretical 
trace angle 

Possible 
activated 
variant 

rank of SF 

Theoretical 
transformation 
strain [variant] 

Recoverable 
strain  

G1 
151±2 4’(+),  SF=0.460 or 145 or 1st 6.0 % [4’(+)] or 

4.6% 
  4’(-),  SF=0.448 141 or 2nd 5.8% [4’(-)] 

G2 
143±2 3(-),  SF=0.439 145 1st 5.7% [3(-)] 

5.5% 
  3(+),  SF=0.434 147   5.7% [3(+)] 

G3 153±3 4’(+),  SF=0.407 152 1st 5.2% [4’(+)] 5.6% 

G4 37±1 3’(+),  SF=0.463 39 1st 5.9% [3’(+)] 5.8% 

G5 155±2 3(-), SF=0.355 154 1st 4.5% [3(-)] 3.7% 

G6* 
  5(+), SF=0.412 38     

5.9% 
50±1 5(-), SF=0.406 48 2nd 5.2% [5(-)] 

G7 
141±3 5(+), SF=0.416 145 1st 5.3% [5(+)] 

6.2% 
46±3 5(-),  SF=0.400 46 2nd 5.1% [5(-)] 

G8 
  4’(+), SF=0.412 147   5.3% [4’(+)] 

2.6% 
29±4 4(-), SF=0.412 28 1st 5.3% [4(-)] 

G9* 

42±1 4(-), SF=0.486 40 1st 6.3% [4(-)] 

3.4% 

  4(+), SF=0.470 134     

  4’(-), SF=0.406 91     

  6(+), SF=0.323 59     

160±3 4’(+), SF=0.279 157 5th 3.6% [4’(+)] 

G10 45±2 4(-), SF=0.468 41 1st 6.2% [4(-)] 5.3% 

G11 
33±4 4’(+), SF=0.424 31 1st 5.2% [4’(+)] 

5.2% 
150±2 4’(-), SF=0.406 147 2nd 5.4% [4’(-)] 

G12* 

  6(+), SF=0.477 61     

5.6% 127±1 6(-),  SF=0.476 129 2nd 6.1% [6(-)] 

37±3 6’(+), SF=0.315 38 3rd 4.1% [6’(+)] 

G13 
34±2 4(-),  SF=0.472 39 1st 6.0% [4(-)] 

5.2% 
133±2 4(+),  SF=0.464 134 2nd 5.9% [4(+)] 

G14 
32±3 3’(+), SF=0.446 33 1st 5.7% [3’(+)] 

6.8% 
147±4 3’(-), SF=0.444 147 2nd 5.7% [3’(-)] 

G15 33±1 4(-), SF=0.463 34 1st 5.9% [4(-)] 6.8% 

G16* 

  3(-), SF=0.447 38     

3.8% 148±3 3(+), SF=0.439 144 2nd 5.7% [3(+)] 

27±1 3’(-), SF=0.369 30 3rd 4.8% [3’(-)] 
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3.3.4 Deformation twinning in martensite  

The HRDIC maps in Figure 3.27a and Figure 3.27b reveal the evolution of the trace morphology in G1 

upon straining between 8% and 10% average strain. The initially straight habit plane variant (Figure 

3.27a) splits into sub-bands which form a “zig-zag” structure (Figure 3.27b) when the strain increases 

from 8% (end of the stress plateau) to 10% (beyond the stress plateau). Similar “zig-zag” structures 

were also observed in grains G2 and G9. EBSD allows two regions within the “zig-zag” structure to be 

indexed as austenitic phase with high confident indexes. These regions within the “zig-zag” have 

crystallographic orientations which differ from that of the initial parent grain, see Figure 3.27c. A 

twinned B2 austenite structure can be obtained through stress-induced martensitic transformation 

(reversible accommodation process) followed by {1 1 3} twinning in the martensite (irreversible 

deformation process), which upon reverse transformation results in a microstructure of twin-related 

austenite bands having twin planes of {1 1 2}-type [141]. Assuming this scenario, the theoretical angle 

between the two planes bounding the “zig-zag”, i.e. (1 ̅ 1 ̅ 2) and (1 ̅ 2 ̅ 1), should be ~33.6° and the 

projection of this angle on sample surface should be ~20°. This latter value agrees with the inclination 

of the traces observed on the EBSD map (see Figure 3.27c). Besides, the misorientations measured 

along the line drawn across the “zig-zag” bands in Figure 3.27c correspond to 35° and 15° 

misorientation with respect to the parent grain. This results in a misorientation of ~20° between the 

two regions forming the “zig-zag”. As shown in the next paragraph, this misorientation agrees well 

with that observed by TEM (see Figure 3.28d and Figure 3.28e).  

 

Figure 3.27 Local strain maps obtained in grain G1 at (a) 8% and (b) 10% global strains. (c) EBSD map (out of plane 
projection) showing that the “zig-zag” structure comprises of two austenite regions with different orientations (“pink”-
<3 2 7> and “blue”-<5 4 5>) with respect to the parent grain orientation (“purple”-<6 5 8>). A line scan (rainbow line) 
along the “zig-zag” structure shows 35° and 15° misorientation with respect to the parent phase. The traces of the 
(1 ̅1 ̅2) and (1̅ 2̅ 1) planes are shown in (c) and align well with the “zig-zag” bands. 
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Figure 3.28a shows a collection of bright field TEM images of the twin-related austenite 

microstructure within the previously transformed zone. The red dashed lines indicate the inclination 

of the possible HPV traces (4’(+) or 4’(-)). Selected area diffraction patterns (SADPs) taken outside 

and inside the twinned area (Figure 3.28 b-e) show three different austenitic orientations. Figure 

3.28b is a SADP of the parent grain in a [1 1 3]-type zone axis. While moving on the “zig-zag” bands 

without tilting, the SADP is no longer in a [1 1 3]-type zone axis, indicating misorientation with respect 

to the parent grain. Figure 3.28d-e show the SADPs of the two observed new orientations, which are 

~21 degrees misorientated to each other. The misorientation is in good agreement with the 

misorientation obtained by EBSD (see above). Finally, TEM reveals the presence of small fractions of 

retained martensite. Figure 3.28 is a dark-field TEM image using the spot indexed as (0 1 1) martensite 

in Figure 3.28g. Martensite appears to be locked in the microstructure at the intercepts of the “zig-zag” 

bands, which is another mechanism for accumulating residual strain. The small fraction of residual 

martensite is below the EBSD detection limit and therefore the “zig-zag” bands where indexed as fully 

austenitic. In the diffraction pattern in Figure 3.28g, it can be seen that austenite within the selected 

area for diffraction (including both “zig-zag” and parent grain) has a misorientation ranging from ~20-

40 degrees, this range agrees with the above mentioned misorientations that appear between the 

twin-related austenite bands and the parent grain. In summary, it has been shown that the applied 

strain is accommodated by (1) reversible martensitic transformation, (2) irreversible deformation 

twinning in martensite and (3) slip in austenite. 

   

Figure 3.28 (a) Bright field TEM images of the “zig-zag” structure inside a martensite variant (either 4’(+) or 4’(-)). (b) 
SADP of the parent grain outside of the “zig-zag” structure. (c) Details of the Area 2 containing two austenite 
orientations (d) and (e). (f) Retained martensite as bright structures. The selected spot is the {0 1 1}M shown in the (g) 
SADP.  



3.3 Strain accommodation in the coarse-grained superelastic NiTi 

91 
 

3.3.5 Non Schmid behavior and variant transfer across grain boundaries 

Grains G6, G9, G12 and G16 exhibit a deviation from the Schmid law, as the activated variants do not 

have the highest Schmid factors (see Table 3.3). As illustrated in Figure 3.29, the non-Schmid variants 

are a result of shear transmission across the grain boundaries. For example the HPV 4’(+) in G8 is 

transmitted across the grain boundary to G9 where it has the 5th highest SF (deviation to the Schmid 

law), see Table 3.4. The formation of these variants can be rationalized with a geometrical 

compatibility factor, which predicts the transfer of slip between adjacent grains meanwhile 

maintaining coherency at grain boundaries during homogeneous deformation of polycrystalline 

materials [205]. This approach has been used to understand the transfer of slip systems or twin 

variants in Mg alloys [206, 207] across grain boundaries in Mg alloys [206, 207]. This factor, 

designated as m', can be calculated from the knowledge of two angles: the angle, θ, between the slip 

directions in grains I and II, and the angle, ψ, between the normal to the slip planes. 

m'=cosθ cosψ  (Eq. 3-6) 

Table 3.4 lists the active variants of the neighbouring grains, and the compatibility factor between the 

activated habit plane variants for the grains that show variants deviating from Schmid law. For 

comparison, the compatibility factor between the highest SF variants and the active variants of the 

neighbouring grains are given. It is observed that in two cases (grains G6 and G9) the variant 

transmitted through the boundary from the neighbouring grain results in perfect compatibility, i.e., m’ 

is equal to 1. The activated “non Schmid” variant and the variant of the neighbouring grain in G12 and 

G16 (two last lines in Table 3.4) exhibit higher compatibility than the non-activated variants with the 

highest SF. In all cases however the SF values of the activated variants is relatively high (3rd or 5th 

highest out of the 24), as the resolved shear stress on the habit plane needs to be high enough.  

The transmitted variants in G8-G16 are examples of variants with relatively low geometrical 

compatibility. The HPV pair 4’(+) and 3(+) in grains G8-G16 exhibits lower geometrical compatibility 

(m’=0.16) than the HPV pair with the highest SF, i.e. 4’(+) and 3(-) (m’=0.4). It should be noted that 

the behavior of the grains is described in terms of the Schmid law with respect to the macroscopically 

applied uniaxial loading. The analysis neglects grain interactions which can locally alter the stress 

state so that other than the expected HPVs are activated, which can explain the discrepancy seen in 

G8-G16. Despite the grain interactions that locally affect the stress state, it was seen that 90-95% of 

the activated slip systems in TRIP steels follow the Schmid law when calculated using the macroscopic 

stress state [165]. 
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Figure 3.29 Detailed local strain maps of (a) grains G6, G12, G7, (b) G16, G8 and (c) G8, G9 which exhibit non-Schmid 
behavior. The transmission of traces of the habit plane variants are indicated by white dashed lines. The loading 
direction corresponds to the y-axis. 

Table 3.4 List of grains exhibiting non-Schmid behavior and geometric compatibility factors, m’, of the habit plane 
variants which are transmitted across grain boundaries, see Figure 3.29. 

Grain 
Activated 

variant [rank 
in SF value] 

Transmitted 
variant 

[neighboring 
grain] 

m‘ of the activated 
variant and the 

neighboring variant 

m‘ of [highest SF 
variant] and the 

neighboring variant  

G6 5(-) [2nd] 5(-) [G7] 1 [5(+)] 0.87  

G9 4’(+) [5th] 4’(+) [G8] 1 [4(+)] -0.25  

G12 6’(+) [3rd] 5(-) [G6 and G7] 0.4 [6(+)] 0.16  

G16 3’(-) [3rd] 4(-) [G8] 0.16 [3(-)] -0.16  

G16 3(+) [2nd] 4’(+) [G8] 0.16 [3(-)] 0.4  

 

3.3.6 Summary 

The uniaxial deformation behavior of a superelastic NiTi alloy with recrystallized microstructure was 

investigated with in-situ high-resolution DIC in combination with EBSD and TEM. Analysis based on 

the reversible strain (due to the reversible martensite transformation strain) and trace inclination 

shows that the majority of the high-strain traces correspond to the activation of habit plane variants 

of martensite upon loading which revert to austenite after unloading. In more than half of the grains, 

two habit plane variants are observed. In the majority of the observed grains, the activated habit plane 

variants are consistent with expectations based on the macroscopic Schmid law, i.e., the habit plane 

variant with the highest SF is activated. When “non-Schmid” habit plane variants are observed, their 

occurrence can be rationalized based on a simple transmission criterion across the grain boundary, 

namely, transmission occurs when the best compromise between the following two conditions is 

achieved:  

(1) The angle between the habit planes and the shear directions of the two variants activated on 

each side of the grain boundary have to be small (geometrical compatibility). 

(2) The SF of the activated variants has to be high.  
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The observed transformation strains correlate relatively well with the theoretical estimates in single 

crystals. Besides the martensitic transformation, significant strain is accommodated by dislocation 

slip in the austenite as well as deformation twinning in the stress-induced martensite, which 

transform back into twin-related austenite structures upon unloading as revealed by TEM 

investigations. Finally, small amounts of retained martensite are detected close to the twinning planes. 
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metastable austenite steels” 

Efthymios Polatidis, Wei-Neng Hsu, Miroslav Šmíd, Tobias Panzner, Shanta Chakrabarty, Prita Pant 

and Helena Van Swygenhoven 

Scripta Materialia, Volume 147, 2018, Pages 27 – 32  

DOI: 10.1016/j.scriptamat.2017.12.026 

 

Abstract 

The effect of uniaxial/biaxial loading on the martensitic transformation of a low stacking fault 

metastable austenitic stainless steel was studied by in-situ neutron diffraction on cruciform-

shaped/dogbone samples. Uniaxial loading favors the martensitic transformation following the 

sequence γ → ε → α’, where at low strains ε-martensite is the precursor of α΄. During equibiaxial-

loading, the evolving texture suppresses the formation of ε-martensite and considerably less α΄-

martensite is observed at high strains. The results are discussed with respect to the deformation 

textures, the loading direction and the mechanism of the ε-martensite transformation. 

 

In this work, the contributions from the doctoral candidate are: 

 Participated in the cruciform sample geometry design using Abaqus together with Dr. 

Polatidis and Dr. Panzner 

 Performed the in-situ neutron diffraction measurements with Dr. Polatidis and Dr. Panzner  

 Analyzed the neutron diffraction data and summarized the results 

 Revised and edited the draft of the paper (first draft written by Dr. Polatidis) 

https://doi.org/10.1016/j.scriptamat.2017.12.026
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4.1.1 Introduction 

In metastable austenitic stainless steels martensite forms upon deformation, the so-called 

transformation induced plasticity or TRIP effect, and this transformation is responsible for a good 

combination of strength and ductility that these materials exhibit. Two types of martensite can form 

during deformation: the hexagonal-closed-packed (HCP) ε-phase and the body-centered-

cubic/tetragonal (BCC or BCT) α΄-phase. For some steels, it has been reported that ε-martensite is a 

precursor of α’-martensite as it forms at early stages of plastic deformation and that α’ forms at later 

stages of deformation in expense of ε-martensite [208-211]. For other steels the direct formation of γ 

(the face-centered-cubic austenite phase) → α΄has been reported [212]. Generally, it is believed that 

the prevalence of γ → ε → α΄or γ → α΄ depends on the stacking-fault-energy (SFE) of the austenitic 

phase: for low SFE steels (<20 mJ/m2) the sequence γ → ε → α΄ is favorable whereas for high SFE steels 

(>20 mJ/m2) the direct γ → α΄ is often observed [210, 212]. Twinning-Induced Plasticity (TWIP) in 

combination with TRIP occurs in higher SFE steels [213]. The general trend is that with increasing SFE 

the following sequence of predominant deformation mechanism is observed: TRIP γ → ε → α΄, TRIP γ 

→ α΄, TWIP and slip [210, 212-214]. 

The amount of α΄-martensite formed during straining has important implications on the formability 

during cold forming processes [215, 216]. During forming, parts of the component are subjected to 

uniaxial strain paths or more complex loading states. How the loading state influences the 

transformation characteristics has been addressed in a few studies but remains inconclusive. It has 

been reported for 304 steels that a biaxial tension enhances the martensitic transformation [91, 92]. 

However, other reports on 201, Fe18Cr10Ni (at low temperature) and 301LN steels show that uniaxial 

loading produces more martensite than biaxial loading [95, 217-219]. The majority of the above-

mentioned studies were conducted on punched sheet samples where different locations exhibit 

different loading states, including uniaxial and equibiaxial tension. Microscopic observations have 

suggested that an increased density of dislocations under biaxial loading results in higher amount of 

martensite [218]. A detailed understanding of the role of the loading state is however missing.  

Transformation kinetic models have helped in understanding the matter, but several points remain 

unclear. Some models suggest that a higher triaxiality (TX), i.e. the ratio of hydrostatic stress and the 

Von Mises stress, leads to a higher amount of formed martensite [220, 221]. Such models predict that 

when e.g. loading equibiaxialy (i.e. TX=0.67) will result in a higher amount of martensite than when 

loading uniaxialy (i.e. TX =0.33). On the other hand, a recent kinetic model suggests that the fraction 

of strain-induced martensite does not only depend on the triaxiality factor but also on the Lode angle 

parameter: if this is the case, uniaxial loading produces more martensite than equibiaxial, as is for 

example observed for 301LN steel [219]. The above-mentioned kinetic models consider solely the 

mechanics of plasticity and phase transformations, do not consider microstructural properties such 

as the evolving crystallographic texture during loading and cannot explain the dependence of the 
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intermediate ε-martensite on the strain path. In the present study, we address the effect of loading 

state on the transformation behavior of a low SFE austenitic stainless steel exhibiting the γ → ε → α΄ 

transformation sequence.  

4.1.2 Experimental 

A commercial 201 stainless steel is employed having a mean grain size of 45 μm and a nominal 

composition of Fe-16-18Cr-5.5-7.5Mn-3.5-5.5Ni-max1Si-max0.15C (wt. %), which according to the 

empirical relationships of Ref. [99, 222] has a SFE ~20±3 mJ/m2. Cruciform-shaped and dogbone 

samples where deformed (both uniaxially and cruciforms equibiaxially) during neutron diffraction 

allowing the observation of ε- and α΄-martensite evolution. The cruciform geometry was optimized 

with the aid of finite-element (FE) analysis using ABAQUS, the employed geometry is shown in FFigure 

2.23 in Section 2.4.2. In situ neutron diffraction tests were carried out at the POLDI beamline of the 

Swiss neutron spallation source SINQ which can be equipped with a biaxial machine and a tensile 

machine [113, 223]. A schematic of the experimental setup is shown in Figure 4.1. The in-plane strain 

was measured with a 2-camera digital image correlation (DIC) system (GOM, Aramis 5M). Uniaxial 

loading (hereafter referred as UN) and equibiaxial loading (hereafter referred as EQ) were performed 

with a loading rate of 80 N/s. The uniaxial loading direction F2 was parallel to the rolling direction 

(RD) of the sheet. The equibiaxial load was performed along RD and the transverse direction (TD). A 

uniaxial test was performed on a dogbone-shaped specimen (see Section 2.4.3) and the results were 

consistent with the cruciform sample. Neutron diffraction measurements were carried out in 

predefined force intervals upon interrupting the loading and holding the displacement that led to 

fracture of the sample. The maximum equivalent strain that could be reached during the equibiaxial 

test was ~16%, a limitation caused by the stress concentrations at the cross-arms of the cruciform 

specimen. The maximum strain reached under uniaxial tension was 29%. The neutron diffraction data 

were analyzed with the open source software Mantid [117]. 

 

Figure 4.1 The schematic of the experimental setup on POLDI instrument, SINQ Switzerland [ref]. 



4.1 Martensitic transformation in SS201 under uniaxial and biaxial deformation 

97 
 

EBSD studies were carried out on the as-received and on the deformed material. For the latter, 

additional samples were deformed uniaxially (dogbone) and equibiaxially (cruciform) up to 13% 

equivalent strain in order to obtain samples at comparable strains. The samples were ground with 

1200 grit SiC paper and then electropolished for 5s with a 16:3:1 (by volume) methanol, glycerol and 

perchloric acid solution. A field emission gun scanning electron microscope (FEG SEM) Zeiss ULTRA 

55 equipped with EDAX Hikari Camera operated at 20kV in high current mode with 120 µm aperture 

was used. The EBSD raw data were post-processed using the EDAX OIM Analysis 7.3 software. 

4.1.3 Equibiaxial loading suppressed the martensitic transformation 

The evolution of the neutron diffraction patterns during deformation is shown in Figure 4.2a and 

Figure 4.2b for the UN and EQ samples respectively. Initially only austenite reflections are observed. 

After ~10% strain (which corresponds to a true stress value of ~645 MPa, obtained from the dogbone 

sample) a reflection corresponding to (1 0 1̅ 1)ε from ε-martensite appears in the UN sample. The (1 

1 0)α΄ reflection from α΄-martensite appears only after 23% strain, which corresponds to a true stress 

value of ~1000 MPa, obtained from the dogbone sample. The increase in the α΄ peak intensity is 

accompanied by a decrease in the intensity of ε, as can be observed in Figure 4.2c where both 

reflections are compared at 20% and 29% strain.  

 

Figure 4.2 Neutron diffraction patterns with increasing the applied strain for (a) uniaxial loading and (b) equibiaxial 
loading. (c) Comparison of the diffraction patterns at 20% and 29% equivalent strain for the UN sample, showing the 
increase of α΄-martensite fraction in expense of ε-martensite. (d) Comparison of the diffraction patterns from the UN 
and EQ samples at 16% equivalent strain. 
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On the other hand, no reflections corresponding to ε- or α΄-martensite are observed for the EQ sample 

up to 16% equivalent strain. A comparison of the neutron diffraction patterns at ~16% equivalent 

strain is given in Figure 4.2d; showing the absence of any martensite reflection in the EQ sample, as 

opposed to the UN sample having a pronounced reflection. To verify whether transformation occurs 

under equibiaxial loading, a sample was deformed by a hemispherical punch allowing reaching much 

larger biaxial strains than the in-situ tests [95]. Figure 4.3 shows the phase maps from EBSD analysis 

taken from areas deformed up to 21% and 35% uniaxial strain (Figure 4.3a and Figure 4.3b)and from 

areas deformed to 22% and 34% (Figure 4.3c and Figure 4.3d) equivalent biaxial strain. These 

observations confirm that the formation of α΄-martensite occurs also under biaxial loading state; 

however, the transformation is significantly less abundant than the uniaxial loading. 

 

Figure 4.3  Phase maps showing γ-austenite (white) and α′-martensite (red) after: uniaxial tension at (a) 21% and (b) 
35% and biaxial tension at (c) 22% and (d) 34% equivalent strain. 

4.1.4 The role of the ε transformation and its dependency on the load path 

The question arises why the martensitic transformation is suppressed during equibiaxial loading. To 

understand this, the mechanism of ε-martensite formation needs to be considered. According to the 

theory of Olson and Cohen [224], the deformation-induced hexagonal domains are formed by the 
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arrangement of stacking faults, resulting from the dissociation of perfect dislocations, into two partials 

on every second {1 1 1} plane. The separation between the Leading Partial Dislocations (LPDs) and 

the Trailing Partial Dislocations (TPDs) can be altered by local or external applied stresses: a typical 

equilibrium separation of ~10 nm can increase up to ~1 μm [225]. This is for instance the case when 

the LPD has a higher Schmid factor than the TPD: the large separation between the partials results in 

the local appearance of the hexagonal ε-martensite phase [225, 226]. In the opposite case, when the 

TPD has a higher Schmid factor, the system becomes unfavorable to the formation of ε-martensite and 

hence conventional dislocation slip occurs. During uniaxial and equibiaxial loadings, different 

deformation textures are formed which in turn would influence the Schmid factors of the partial 

dislocations under the different loading conditions. The Schmid factors of the partial dislocations 

corresponding to the slip system with the highest Schmid factor were calculated under uniaxial 

loading along RD and in-plane equibiaxial loading for the <1 1 1>, <0 0 1>, <1 0 1>, <1 0 2> and <1 1 

3> orientations (see Table 4.1and Table 4.2). For the equibiaxial case it should be noted that for the 

Schmid factor calculation, the in-plane equibiaxial loading is equivalent to uniaxial compression along 

the normal direction (ND). Moreover, in the case of compressive loading  the situation is reversed 

since changing the direction of the applied stress changes the sense of glide motion of the partial 

dislocations, such that the LPD becomes TPD and vice versa [82].  

Table 4.1 List of the 12 possible slip systems for the fcc structure and their equivalent pair of partial dislocations. LP 
stands for lead partial and TP stands for trailing partial. 

Slip system Partial dislocations 

 Slip plane Burgers vector LP Burgers vector TP Burgers vector 

1 (1 1 1) [1 0 1̅] [1 1 2̅] [2 1̅ 1̅] 

2 (1 1 1) [0 1̅ 1] [1 2̅ 1] [1̅ 1̅ 2] 

3 (1 1 1) [1̅ 1 0] [2̅ 1 1] [1̅ 2 1̅] 

4 (1̅ 1 1) [1 1 0] [2 1 1] [1 2 1̅] 

5 (1̅ 1 1) [0 1̅ 1] [1̅ 2̅ 1] [1 1̅ 2] 

6 (1̅ 1 1) [1̅ 0 1̅] [1̅ 1 2̅] [2̅ 1̅ 1̅] 

7 (1 1̅ 1) [1 1 0] [1 2 1] [2 1 1̅] 

8 (1 1̅ 1) [0 1̅ 1̅] [1 1̅ 2̅] [1̅ 2̅ 1̅] 

9 (1 1̅ 1) [1̅ 0 1] [2̅ 1̅ 1] [1̅ 1 2] 

10 (1 1 1̅) [1 0 1] [2 1̅ 1] [1 1 2] 

11 (1 1 1̅) [0 1̅ 1̅] [1 2̅ 1̅] [1̅ 1̅ 2̅] 

12 (1 1 1̅) [1̅ 1 0] [1̅ 2 1] [2̅ 1 1̅] 
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Table 4.2 List of the slip systems with the highest Schmid factor (SF) for slip and Schmid factor of their equivalent 
leading partials (LP) and trailing partial (TP) dislocations for the characteristic orientation of the IPFs. The highest 
value of the SF between the leading and the trailing partial dislocations is underlined. 

Orientation 

Slip 

systems 

with 

highest SF 

SF for 

perfect 

dislocation 

Uniaxial Equibiaxial 

SF for LP SF for TP SF for LP SF for TP 

<0 0 1> 
1, 2, 5, 6, 8, 

9, 10,11 
0.408 0.236 0.471 0.471 0.236 

<1 0 1> 2, 3, 7, 8 0.408 0.471 0.236 0.236 0.471 

<1 1 1> 
4, 6, 7, 8, 

10, 11 
0.272 0.314 0.157 0.157 0.314 

<1 1 3> 6, 8 0.445 0.386 0.386 0.386 0.386 

<1 0 2> 3, 8 0.490 0.424 0.424 0.424 0.424 

 

The inverse pole figures (IPFs) for RD, TD and ND of the material before deformation (Figure 4.4a) 

and after uniaxial (Figure 4.4b) and biaxial deformation (Figure 4.4c), both at 13% equivalent strain 

are shown in Figure 4.4. For uniaxial deformation along RD (Figure 4.4b for the IPF along RD) the LPDs 

have a higher Schmid factor on the right hand side of the boundary, as indicated by area enclosed by 

the dashed line. For these grains, the formation of ε-martensite is possible. For grains with 

orientations on the left side of the boundary, the LPDs have lower Schmid factor than the TPDs and 

therefore ε-martensite is not likely to form. For equibiaxial deformation the grains that will facilitate 

the formation of ε-martensite are contained in the dashed area on the left hand side of the <1 1 3> - 

<1 0 2> boundary as shown in Figure 4.4c for the IPF along ND. In both cases, the closer to the <1 1 3> 

- <1 0 2> boundary an orientation is, the smallest the difference of the Schmid factors between the two 

partial dislocations is. 

The above results indicate that the deformation textures formed during uniaxial and equibiaxial 

loading play a significant role on the appearance/absence of ε-martensite. The as-received material 

exhibits only a very mild texture as shown in the IPFs of Figure 4.4a. However, as shown in the IPF 

maps along RD, TD and ND shown in Figure 4.4b and Figure 4.4c, the textures formed after 13% strain 

during uniaxial and equibiaxial deformation are already different. In the uniaxial deformed sample a 

bimodal texture exhibiting a strong <1 1 1> and a less pronounced <0 0 1> pole parallel to the RD 

direction (loading direction) is obtained. The strongest pole in the UN sample is lying in the area for 

which the LPDs have higher Schmid factor than the TPDs. In contrast, under equibiaxial loading, a <1 

1 0> texture forms parallel to the ND direction: the strongest pole belongs to that part of the IPF where 

the TPDs have higher Schmid factor than the LPDs and these grain orientations are not favorable for 
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the formation of ε-martensite. Quantitatively, by integrating the IPFs, weighted by grain area, it is 

obtained that ~81% of the EBSD scanned area favors the formation of ε-martensite in the uniaxial 

loading case, whereas only ~49% in the equibiaxial loading case.  

 

Figure 4.4 IPFs of the (a) as-received (b) uniaxialy-deformed (along RD) up to ~13% strain and (c) equibiaxially-
deformed (along RD and TD) up to ~13% equivalent strain 201 SS material along the three principle sample directions. 
The enclosed regions, with dashed lines, indicate the orientations for which the LPDs have higher Schmid factor than 
the TPDs. The Schmid factor values for the leading and trailing partial dislocations (denoted with L and T respectively) 
are also given. 

Figure 4.5 illustrates parts of these areas where these differences are shown in a more detailed 

microstructural view after 13% strain.  In these figures, the grains that belong to the orientations for 

which the LPDs have a higher Schmid factor are colored blue, the grains for which the TPDs have a 

higher Schmid factor are red, the ε-martensite is green and the α΄-martensite is yellow. After uniaxial 

deformation (Figure 4.5a and Figure 4.5c), the majority of the grains are blue and most of them contain 

significant amounts of martensite. After equibiaxial deformation (Figure 4.5b and Figure 4.5d), there 

are less blue grains with little martensite. Interestingly, the blue grains in the EQ sample contain very 

little ε-martensite compared to the blue grains in the UN sample. To understand this, the orientation 

of the grains containing most martensite which are the blue grains A-D in the UN sample and the blue 

grains H-G in the EQ sample are shown in Figure 4.5e and Figure 4.5f.  
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Figure 4.5 Phase maps showing the γ-austenite grains which belong to the high Schmid factor orientation regime for 
the LPDs (with blue) and the high Schmid factor orientation regime for the TPDs (with red), ε-martensite (with green) 
and α′-martensite (with yellow) for: (a) uniaxial and (b) equibiaxial both at ~ 13% equivalent strains. (c) Magnification 
of the highlighted area in (a) showing significant amount of α′-martensite within the bands of ε-martensite. (d) 
Magnification of the highlighted area in (b) showing that α′-martensite forms at the intersection of ε-martensite. The 
indicated grains A-H and their corresponding position in the IPF are shown in (e) for uniaxial tension and (f) equibiaxial 
tension. 

In the UN sample, the orientation of grains A - D lies close to the <1 1 1> orientation for which the 

difference between the Schmid factor of the LPDs and the TPDs is the highest (see Figure 4.5e). In 

contrast, the grains that exhibit transformation under equibiaxial loading have orientations close to 

the “neutral” <1 1 3> - <1 0 2> boundary (see grains E, F, and G in Figure 4.5f). Because the difference 

between the Schmid factor of LPDs and TPDs is not very high, the transformation here is limited. This 

is confirmed by the absence of visible martensite in grain D in the UN sample and grain H in the EQ 

sample, both having their orientation close to the “neutral” <1 1 3> - <1 0 2> line. Furthermore it can 
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be noted that, since α’-martensite appears at the intersections of the ε-martensite bands in the EQ 

sample, the EBSD measurements confirm that ε-martensite is a precursor for α’-martensite during 

uniaxial and equibiaxial deformation, as was also demonstrated in the neutron diffraction results for 

uniaxial deformation. The fact that ε-martensite is not observed by the neutron measurement, during 

equibiaxial deformation, has to be ascribed to a combination of the suppression of formation, the 

limited equivalent strain reached with the cruciform geometry and the detection limit of the method. 

4.1.5 Summary 

In summary, in-situ neutron diffraction studies performed on metastable 201 stainless steel combined 

with EBSD measurements confirm that ε-martensite is a precursor for α’-martensite during uniaxial 

and equibiaxial deformation at the same loading rate. In both loading states, the grains that contain 

martensite belong to orientations for which the LPDs have higher Schmid factor than the TPDs. The 

martensitic transformation is suppressed during equibiaxial loading as a consequence of the different 

textures formed during deformation. 
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 Dislocation slips in SS304 under multiaxial deformation 

This chapter is adapted from the published paper: 

“A High Resolution Digital Image Correlation Study under Multiaxial Loading” 

Efthymios Polatidis, Wei-Neng Hsu, Miroslav Šmíd and Helena Van Swygenhoven 

Experimental Mechanics, Volume 59, Issue 3, 2019, Pages 309 – 317  

DOI: 10.1007/s11340-018-00443-6 

 

Abstract 

In this study, a miniaturized cruciform-shaped sample geometry which allows reaching high plastic 

strain under equibiaxial loading with reduced thickness at the test section is presented. The thinning 

method results in excellent surface quality that can be used for Electron backscatter diffraction and 

high-resolution digital image correlation investigations (HRDIC). The new cruciform geometry is used 

to study with HRDIC the slip activity in metastable austenitic stainless steel 304 during uniaxial and 

equibiaxial deformation. The results are discussed with respect to the Schmid law and the effect of 

multiple slip activity on the nucleation of martensitic transformations. 

 

In this work, the contributions from the doctoral candidate are: 

 Designed and optimized the geometry using FE simulations 

 Fabricated the cruciform-shaped samples 

 Performed Macro-DIC experiments and in-situ HRDIC experiments 

 Analyzed the HRDIC data and summarized the results 

 Wrote the first draft together with Dr. Polatidis, revised and edited the draft of the paper   



4.2 Dislocation slips in SS304 under multiaxial deformation 

105 
 

4.2.1 Introduction 

Metals and alloys are subjected to biaxial stresses and strain path changes during sheet forming, 

drawing processes and under service conditions. Under these complex loading conditions, the 

deformation behavior and the mechanical properties can differ from those obtained under uniaxial 

loading conditions [89, 227]. The origin of such strain path dependence has to be found at the inter- 

and intra-granular level and hence understanding the materials deformation behavior requires a 

thorough characterization at these length scales [228]. Dislocation slip is an inherent anisotropic 

mechanism and upon strain path changes anisotropic dislocation substructures develop. Moreover, 

other deformation mechanisms such as twinning and/or deformation-induced phase transformations 

occur e.g. in Transformation Induced Plasticity (TRIP) steels [100, 226, 227, 229-232]. Since these 

mechanisms depend not only on materials parameters but also on the resolved shear stress, their 

activation depends on the strain path. 

To gain insight into the dependence of the mechanical behavior on the strain paths, several biaxial 

deformation devices, using cruciform-shaped samples, have been employed in combination with 

microscopy, X-ray and neutron diffraction methods [100, 103, 113, 153, 233-237]. Significant work 

has been done to optimize the cruciform geometries in order to reach high plasticity at the center, 

avoid fracture at the cruciform arms, reduce the stress heterogeneity in the center of the cruciform 

and prevent shear loading in the cruciform arms [105]. It is commonly accepted that in order to reach 

high enough plasticity (i.e. >5% equivalent von Mises strain) at the place of observation, the center of 

a cruciform sample has to be thinned. This can be achieved by machining or laser ablation.  The surface 

quality which can be reached by these methods is good enough for e.g. X-ray diffraction techniques 

but not sufficiently good for being used in microscopy studies such as Electron Backscatter Diffraction 

(EBSD).  

Recently a miniaturized biaxial tensile device that can be installed on synchrotron beamlines and 

inside scanning electron microscopes (SEMs) had been developed [103]. The implementation in an 

SEM allows performing in-situ deformation studies while undertaking high-resolution digital image 

correlation (HRDIC). The latter provides full-field displacement maps at high magnification upon 

deformation and has been successfully employed for studying deformation mechanisms, strain 

partitioning and crack propagation under uniaxial loading tests using dogbone-shaped samples [119, 

122, 143, 181, 184-187, 238]. A flat cruciform geometry has been used in combination with HRDIC to 

investigate the martensitic transformation of superelastic NiTi in [153], where it was seen that the flat 

geometry can be used for performing uniaxial and strain path changes, but it does not allow reaching 

high plastic strains at the center of the sample under equibiaxial loading. 

Here we present an optimized cruciform shape geometry which enables performing in-situ SEM 

biaxial tests coupled with HRDIC analysis. The sample is fabricated using electrochemical 
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micromachining (ECMM), a micromachining method providing high surface quality which can be 

readily used for metallography characterization [111], and a picosecond laser for cutting the outline 

of the sample. The novel sample preparation method employed on a foil of austenitic stainless steel 

304 (SS304) gives the possibility to reach high plastic deformation strains under uniaxial and 

equibiaxial load paths. The localization of plastic strain at the microstructural scale under uniaxial and 

biaxial strain conditions are discussed with respect to the obedience to the Schmid law for the 

activation of the slip systems within individual grains. 

4.2.2 Experimental 

Cruciform samples 

The optimization of the cruciform sample geometry is carried out with finite element simulations 

using the commercial ABAQUS/Standard software [239]. The stress-strain curve and isotropic elastic 

properties of SS304 obtained from uniaxial loading of a dogbone sample are used as materials 

properties input to the built-in model based on the Von Mises yield criterion and the associated flow 

rule [105]. Figure 4.6a shows the optimized geometry and a close view of the central pocket exhibiting 

a gradual thinning from 150 μm (arm) down to 40 μm (center). In order to improve the computational 

efficiency, only 1/8 of the entire cruciform geometry is simulated with symmetric boundary 

conditions being applied on the appropriate surfaces. A structured hexahedron mesh is employed with 

linear 8-node C3D8 elements as shown in Figure 4.6b. The simulations are done with a linear loading 

(surface traction mode) to a target force of 35N on each arm along 500-time steps. The forces are 

applied on the inside area of the holes at the arms; the arrows in Figure 4.6b indicate the loading 

directions.  

 

Figure 4.6 (a) Schematics of the cruciform shaped sample with a detailed view of the pocket. (b) The finite element 
mesh with C3D8 element used for 1/8 of the cruciform geometry. The arrows indicate the direction of the applied load. 

A SS304 foil of 0.150 mm thickness in annealed state with a mean grain size of 19±5 μm, excluding the 

annealing twins, was purchased from Goodfellow, UK. The rounded-square pockets are fabricated 

with ECMM carried out at Micropat SA, Switzerland on both surfaces of the foil. First, an epoxy-based 

resist (KMPR 1010) is applied onto the foil by spin coating at 3000 rpm, followed by soft baking at 100 
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⁰C for 20 min and hard baking at 180 ⁰C for 20 min. After curing, this layer (~10 μm) is locally exposed 

to a short-pulse UV laser (Spectra Physics Explorer 355 nm) to define the rounded-square openings 

to the underlying metal surface. The unprotected areas are neatly etched at the rate of 2.08 x 10-2 

mm3/C in the 3 M sulphuric acid-methanol solution at room temperature. A “bathtub-like” depth 

profile in the pocket (Figure 4.6a) and a smooth surface are obtained with high dimensional accuracy 

and good top-bottom pocket alignment. More details on the technique and its limitations can be found 

in [110, 112]. After completion of the electrochemical dissolution, the protective coating is stripped in 

N-Methyl-2-pyrrolidone (NMP) at 100 ⁰C. Once the pockets are introduced to the foil, the outline of 

the cruciform is cut using a frequency tripled Nd:YVO picosecond pulsed laser at the Swiss Federal 

Laboratories for Materials Science and Technology (EMPA). The power of the laser for cutting is 870 

mW with 160 kHz pulse frequency, a pulse width of 10 picoseconds and wavelength of 355 nm is used. 

The above described sample preparation method ensures the material to retain the austenitic phase, 

i.e. avoiding the martensitic transformation induced by the deformation during mechanical surface 

preparation. Furthermore, no recrystallization, carbide formation or surface oxidation is to be 

expected at the temperatures used (i.e. maximum temperature of 180 ⁰C). Figure 4.7 shows the high 

surface quality achieved by the ECMM process, the polycrystalline microstructure can be clearly 

revealed by secondary electron imaging with SEM. 

 

Figure 4.7 (a) Optical microscopy image and (b) secondary electron image from SEM showing the smooth and high 
surface quality after the sample preparation by ECMM. (c) High magnification SE imaging of the polycrystalline 
microstructure. 
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Macroscopic digital image correlation 

In order to study the force-strain response of cruciform samples under uniaxial and equibiaxial load 

paths, deformation tests using a mini-biaxial machine developed at Paul Scherrer Institute [103] are 

performed in combination with macroscopic Digital Image Correlation (Macro-DIC) analysis. The 

ECMM thinning process produces a mirror-like surface that does not give reflections to serve as DIC 

pattern. Therefore, the surface obtained from ECMM is slightly etched with solution of 170 ml H2O, 

230 ml HCl and 20 ml HNO3 for 5 minutes in order to introduce surface roughness, which serves as 

the surface features to be tracked for the Macro-DIC analysis. During the displacement-controlled 

deformation (displacement rate 0.4 μm/s), series of images (with resolution of 2484 x 3840 pixels) 

are taken at the center of the cruciform (field of view, FOV of 0.9 × 1.38 mm2) using a PixeLINK camera. 

The analysis of the DIC data is undertaken using the open source 2D-DIC software Ncorr [118]. The 

average equivalent strain is calculated from an area of 150 μm x 150 μm at the center of the pocket 

using the relationship: 

𝜀𝑒𝑞 =
2

3
×

1

√2
√(𝜀𝑥 −𝜀𝑦)

2
+ (𝜀𝑦 −𝜀𝑧)2 + (𝜀𝑧 −𝜀𝑥)2 + 6𝜀𝑦𝑧

2 + 6𝜀𝑧𝑥
2 + 6𝜀𝑥𝑦

2     (Eq. 4-1) 

where εx, εy are the two in-plane strain components and εxy is the shear strain obtained by DIC analysis. 

εyz and εzx are taken as zero and εz is taken as: 

𝜀𝑧 = −(𝜀𝑥 + 𝜀𝑦)          (Eq. 4-2) 

EBSD 

The high surface quality of the pocket after ECMM makes it suitable for EBSD mapping without further 

preparation. EBSD studies of the initial microstructure (undeformed) were undertaken at the center 

of the cruciform pocket. The area of interest for the HRDIC study is mapped for two samples, one that 

will be deformed under uniaxial and the other under equibiaxial load paths. The EBSD maps are 

acquired with a field emission gun (FEG) SEM Zeiss ULTRA 55 equipped with an EDAX Hikari Camera, 

at 20 kV in high current mode with a 120 μm aperture. The EDAX OIM Analysis 7.3 software is used 

for post-processing the EBSD raw data and plotting the {1 1 1} traces in each grain and to reveal the 

average Schmid factor of all slip systems under uniaxial or equibiaxial loading. 

HRDIC 

The fine gold speckle pattern for HRDIC is obtained by the remodeling process of a thin gold layer 

[119] deposited on the mirror-like surface obtained from ECMM. For the in-situ HRDIC measurements, 

the mini-biaxial machine is installed inside the chamber of a FEG SEM Zeiss ULTRA 55. The 

deformation tests are performed in displacement control with a displacement rate of 0.4 μm/s. The 

electron beam with acceleration voltage of 3 kV in combination with a 20 µm aperture is used for the 
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image acquisition. The images are acquired with an in-lens detector at a working distance (WD) of 7.5 

mm in order to minimize the topographic contrast by gathering low energy electrons, providing a good 

signal/noise ratio.  

The force-strain response obtained from Macro-DIC is used to decide the force values at which HRDIC 

is performed. Hence both in-situ uniaxial and equibiaxial tests with SEM can be monitored at the same 

equivalent strains. SEM images are taken at 2500x magnification with a resolution of 3072×2304 

pixels (the FOV is 41 × 30.8 μm2) at the center of the cruciform after reaching global equivalent strains 

of 2%, 6%, 10% and 14%. The total FOV consists of 4, slightly overlapping, images (2 x 2 grid) that 

cover an area of 78x55 μm2. The HRDIC data is analyzed with Ncorr [118], using a subset radius of 15 

pixels, 0 subset spacing and a strain radius of 3 pixels. These settings give a virtual strain gauge (VSG) 

of 1 pixel according to Ref. [240].  

Thermal drifts and lens distortions in SEM imaging have been found to cause pseudo-strains in SEM 

DIC studies, methods for removing these artifacts and obtaining reliable strain magnitudes have been 

suggested [241-246].  In order to investigate the drift distortions under the conditions of the HRDIC 

measurements, tests using a G-1 Si calibration grid from Pelcotec™ are performed before the cruciform 

tests. Two SEM images with a 10 min time gap between them are captured and analyzed with Ncorr 

following the guide and parameters in Ref. [241]. The analysis shows an average equivalent pseudo-

strain of 0.11% due to thermal drifts within a 10 min time gap. This magnitude of pseudo-strain is low 

compared to the strain concentrations that are observed due to slip (typically in the range of ~10-

35%), and do not affect the qualitative characterization of the activated slip systems which is based 

on the inclination of the slip traces. Hence, correcting the strain magnitude for the present analysis is 

not crucial. 

4.2.3 HRDIC strain maps under uniaxial and equibiaxial loading 

Figure 4.8 shows the EBSD map of the initially random texture of the fully austenitic microstructure. 

Figure 4.8a shows the area for which HRDIC images are taken under uniaxial deformation and Figure 

4.8b the area examined under biaxial deformation. The IPF maps are shown with respect to the loading 

direction (see the inset with the axes labels in Figure 4.8), i.e. along direction-2 under uniaxial loading 

and along direction-3 for equibiaxial (equibiaxial loading along directions-1 and -2 is equivalent with 

compression along direction-3). In both areas the grains are labeled to facilitate further discussion 

related to the deformation mechanism. Figure 4.9 and Figure 4.10 show the HRDIC maps obtained at 

2%, 6%, 10% and 14% global strains under uniaxial and equibiaxial loads respectively.  The above 

equivalent strain values correspond to respectively 355, 456, 543 and 624 MPa equivalent stress at 

the center of the cruciform, as calculated from the FE simulation of the corresponding load paths. 

Table 4.3 summarizes a relatively good agreement between the microscopic strain obtained from 
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averaging equivalent strain within the FOV of the HRDIC map and the macroscopic strain obtained 

from the Macro-DIC.  

 

Figure 4.8 Inverse pole figure color maps parallel to the loading direction of the area of interest showing grains 1-21 
for the samples under (a) uniaxial load (IPF direction-2) and (b) equibiaxial load (IPF direction-3). 

 

Figure 4.9 HRDIC maps showing the evolution of slip activity upon uniaxial deformation at equivalent strain (a) 2%, (b) 
6%, (c) 10% and (d) 14% strain. 
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Figure 4.10 HRDIC maps showing the evolution of slip activity upon equibiaxial deformation at equivalent strain (a) 
2%, (b) 6%, (c) 10% and (d) 14% equivalent strain. 

Table 4.3 Comparison of the macroscopic equivalent strain (macroscopic DIC) and the equivalent strain averaged over 
the HRDIC field of view. 

Equivalent strain (%) 
Global (Macro-DIC) Uniaxial HRDIC Equibiaxial HRDIC 

2 1.6 2 

6 4.8 5.8 

10 9.5 9.8 

14 13.8 13.1 

 

4.2.4 Slip traces in HRDIC strain maps 

The evolution of the plastic deformation within the FOV of HRDIC is evidenced by the increasing 

density and strain magnitude of the slip traces. Each grain exhibits its own slip traces with a 

characteristic trace inclination which corresponds to one of the possible {1 1 1} slip-plane traces. 

Table 4.4 and Table 4.5 list the observed slip traces, the corresponding Schmid factor and the 

equivalent macro strain at which each slip trace is observed for the first time for the grains marked in 

Figures 4.8a and 4.8b (uniaxial and equibiaxial loading respectively). Figure 4.11 shows an example 

of grain 1 under uniaxial loading for which the slip system (1 -1 1)[0 -1 -1] with the highest SF (0.3858) 
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is first observed at 2% global strain and the secondary slip system (1 1 1)[-1 1 0] becomes pronounced 

only after 10% global strain. In some grains slip traces of two systems are already present at 2% strain.  

Table 4.4 List of activated {1 1 1} <1 1 0> systems and their Schmid Factor (SF) for each grain under uniaxial loading. 

Grain Activated Rank of SF 
Equivalent 

strain seen (%) 

1 
(1-11)[0-1-1] 
(111)[-110] 

1 (0.3858) 
2 (0.3630) 

2 

10 

2 (-11 1)[01-1] 1 (0.4842) 2 

3 (1-1 1)[-1-10] 1 (0.4263) 2 

4 (111)[01-1] 1(0.471) 2 

5 (-111)[01-1] 1(0.4472) 2 

6 
(1-11)[-1-10] 
(11-1)[1-10] 

1(0.4942) 
2(0.4331) 

2 

2 

7 
(-111)[01-1] 
(1-11)[0-1-1] 

1(0.4821) 
2(0.3934) 

2 

2 

8 (111)[01-1] 1(0.4376) 2 

9 (1-11)[0-1-1] 1(0.4501) 2 

10 (1-11)[0-11] 1(0.4908) 2 

11 (1-11)[0-1-1] 1(0.4879) 2 

12 (1-11)[-1-10] 2(0.4493) 2 

13 
(1-11)[0-1-1] 
(-111)[01-1] 

1(0.4944) 
2(0.4597) 

2 

10 

14 (-111)[01-1] 1(0.4842) 2 

15 
(-111)[110] 

(-1-11)[0-1-1] 
1(0.4207) 

2(0.3369) 
2 

10 

16 
(-1-11)[0-1-1] 

(111)[01-1] 
1(0.4927) 

2(0.4760) 
2 

2 

17 
(1-11)[-1-10] 

(111)[01-1] 
(-111)[01-1] 

1(0.4615) 

2(0.3935) 
3(0.3837) 

2 

6 

10 

18 
(-1-11)[1-10] 

(1-11)[-1-10] 
1(0.4979) 
2(0.4799) 

2 

2 

19 (-111)[01-1] 1(0.4748) 2 

20 (1-11)[10-1] 1(0.4088) 2 

21 (111)[0-11] 2(0.3319) 2 
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Table 4.5 List of activated {111}<110> systems and their Schmid Factor (SF) for each grain under uniaxial loading. 

Grain 
Activated 

system 

Rank of SF 

(value) 

Equivalent 

strain seen (%) 

1 
(-1-11)[011] 

(111)[-101] 

1(0.4296) 

3(0.2208) 

2 

6 

2 
(-1-11)[101] 

(1-11)[-101] 

1(0.4300) 

2(0.4284) 

2 

2 

3 (-1-11)[101] 1(0.4196) 2 

4 
(111)[-101] 

(-111)[101] 

1(0.4596) 

3(0.4235) 

2 

2 

5 
(-111)[101] 

(1-11)[011] 

1(0.3650) 

2(0.3003) 

2 

2 

6 
(-1-11)[101] 

(1-11)[-101] 

1(0.4653) 

2(0.4599) 

2 

2 

7 (1-11)[-101] 2(0.4575) 2 

8 
(-111)[101] 

(111)[-101] 

1(0.4811) 

2(0.4608) 

2 

2 

9 (111)[0-11] 1(0.3696) 2 

10 
(-111)[0-11] 

(-1-11)[011] 

1(0.4651) 

3(0.3838) 

2 

2 

11 
(-1-11)[011] 

(111)[-101] 

1(0.4659) 

2(0.4150) 

2 

2 

12 (-111)[101] 1(0.4814) 2 

13 (-111)[0-11] 2(0.4749) 2 

14 (111)[-101] 1(0.4580) 2 

15 
(111)[-101] 

(-111)[101] 

1(0.4708) 

2(0.4649) 

2 

6 

16 
(-111)[101] 

(111)[-101] 

1(0.4873) 

2(0.4541) 

2 

2 

17 (-1-11)[101] 1(0.3751) 2 

18 
(-111)[101] 

(111)[-101] 
1(0.4631) 

3(0.4039) 
2 

10 

19 (111)[0-11] 1(0.4522) 2 

20 
(-111)[0-11] 

(-1-11)[011] 
1(0.4733) 

2(0.4695) 
2 

10 

21 (111)[-101] 1(0.4991) 2 
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Figure 4.11 Grain 1 under uniaxial loading where the deformation changes from single slip to multiple activated slip 
systems with increasing strain. Superimposed are the {111} traces for the first highest (with red lines) and the second 
highest (with yellow lines) Schmid factor. 

The Schmid law is mostly respected during uniaxial and equibiaxial loading as previously reported for 

uniaxial deformation on SS301 and SS304 [181, 184]. Figure 4.12 shows a statistical analysis of the 

obedience to the Schmid law. More than 80% of the grains in the field of view exhibit primary activated 

slip systems with the highest SFs for both load paths (see Figure 4.12a). Secondary or tertiary slip 

systems are observed in some grains; however, under equibiaxial loading multiple slip is observed in 

more grains than under uniaxial loading (see Figure 4.12b). Under uniaxial loading, the second and 

third slip system follow the Schmid ranking (see Figure 4.12c), e.g. in grain 6 under uniaxial loading, 

two slip systems are observed: (1 -1 1) [-1 -1 0] with the highest SF (0.4942) and (1 1 -1) [1 -1 0] with 

the second highest SF (0.4331). Under equibiaxial load there are however a few grains for which this 

ranking is not followed as for instance grains 1, 4, 10 and 18 (see Table 4.4 for details on the ranking). 

It should be noted that in the present analysis, grain interactions which can locally alter the stress 

state and activate other slip systems are neglected. Therefore, the behavior of the grains is described 

in terms of the Schmid law with respect to the macroscopic stress state. 

Equibiaxial load is found to enhance the activation of multiple slip systems at the same equivalent 

strain as uniaxial load. Nearly 57% of the grains contain secondary or tertiary slip systems when 

subjected to equibiaxial load, whereas, under uniaxial loading, only 38% of the grains exhibit multiple 

slip systems (see Figure 4.12b). This result is in good agreement with a previous study of 304L 

austenitic stainless steel, where 10 out of 26 studied grains (38%) exhibit multiple slip system under 

uniaxial tension [181]. The 304 steel studied here is known to partially transform into martensite at 

equivalent strains larger than 20% [91]. It has been observed that the transformation occurs earlier 

under equibiaxial deformation than under uniaxial [91]. The activation of more slip systems suggests 

the existence of more shear band intercepts during equibiaxial deformation, hence providing more 

nucleation sites for martensite [16, 92, 209]. The present study supports well this explanation and 

shows that in-situ HRDIC provides statistically relevant information at the grain level for the observed 

difference in the martensite formation under uniaxial and equibiaxial loading at large strains. Further 
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quantitative investigation of the deformation-induced martensite and of the dominant deformation 

mechanisms under different load paths is the scope of another study.  

 

Figure 4.12 Statistical analysis showing (a) the fraction of grains obeying the Schmid law for the activation of the 
primary slip system, (b) the fraction of grains in which single or multiple slip system activation occurs and (c) the 
fraction of grains obeying the Schmid law for the activation of the secondary/tertiary slip systems, under uniaxial and 
equibiaxial loading. 

4.2.5 Summary 

A miniaturized biaxial cruciform geometry is presented that allows combining HRDIC in-situ during 

uniaxial and biaxial deformation. Utilizing electrochemical micromachining for preparing the sample 

geometry offers:  

1. Thickness reduction at the center of the cruciform and concentration of uniform deformation 

at the center.  

2. Excellent surface quality allowing EBSD characterization and HRDIC studies after deposition 

of gold particles.  

The experimental mechanical results are in good agreement with FE simulations, allowing for 

estimating the stress values at the center of the cruciform sample for the strain values at which HRDIC 

was performed. Application of this new geometry combined with HRDIC on SS304 shows that after 

yielding, the activated {1 1 1} <1 1 0> slip systems are in good agreement with the Schmid law for the 

majority of the grains. For similar equivalent strain values, equibiaxial loading activates more slip 

systems compared to uniaxial loading, which according to the martensite nucleation theory would 

increase deformation-induced martensite nucleation sites. 
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 The interplay between deformation mechanisms in SS304 

during uniaxial and equibiaxial loading. 

This chapter is adapted from the published paper: 

“The interplay between deformation mechanisms in austenitic 304 steel during uniaxial and 

equibiaxial loading” 

Efthymios Polatidis, Miroslav Šmíd, Wei-Neng Hsu, Monika Kubenova, Jan Capek, Tobias Panzner and 

Helena Van Swygenhoven 

Materials Science & Engineering: A, available online 26 July 2019 

DOI: 10.1016/j.msea.2019.138222 

 

Abstract 

The preferred deformation mechanisms with respect to the load path are studied in a medium 

stacking fault energy 304 austenitic stainless steel that exhibits both transformation-induced 

plasticity and twinning induced plasticity. In situ neutron diffraction and post-mortem EBSD show 

that the transformation from γ-austenite to α’-martensite is facilitated by equibiaxial loading rather 

than uniaxial loading. The results are discussed with respect to the evolving crystallographic texture, 

the presence of deformation twins and martensite under different load paths. The evolving 

crystallographic texture under uniaxial loading favors the deformation twinning and delays the 

martensitic transformation. In contrast, under equibiaxial loading the strain is accommodated by slip 

along multiple slip planes, which provide nucleation sites for martensitic transformation. It is found 

that the preferred deformation mechanism is not only an inherent property related to the stacking 

fault energy, but it also greatly depends on the load path and the deformation texture. 

 

In this work, the contributions from the doctoral candidate are: 

 Optimized the large cruciform geometry using FE simulations 

 Wrote the proposals for the neutron diffraction beam times 

 Performed the in-situ neutron diffraction measurements with Dr. Polatidis and Dr. Panzner  

 Analyzed the neutron diffraction data and summarized the results 

 Revised and edited the draft of the paper (first draft written by Dr. Polatidis) 
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4.3.1 Introduction 

Contradicting reports have been published on the influence of the loading state on the martensitic 

transformation. Some studies reported that uniaxial loading facilitates the deformation-induced 

martensitic transformation [100, 219], others showed that the martensitic transformation is favored 

under biaxial loading [91, 96]. The loading state has been taken into account in martensite kinetic 

models by scalar variables [219, 221]. A more recent physically-driven model implemented in a elasto-

plastic framework accounts for the effect of load path by modeling the splitting of the Shockley partial 

dislocations (SPDs) as a precursor for phase transformations [247]. However, the above mentioned 

kinetic models neglect the interaction of several co-existing deformation mechanisms, such as 

transformation induced plasticity (TRIP) and/or twinning induced plasticity (TWIP), and assume a 

single deformation mechanism regardless the load path (i.e. only martensitic transformation). 

The stacking fault energy (SFE) of an austenitic stainless steel strongly influences the preferred 

deformation mechanisms [230]. It has been generally observed that with increasing SFE, deformation 

mechanisms gradually change from martensitic phase transformations (TRIP) [100, 210, 231] to 

mechanical twinning (TWIP) [212, 231] and plasticity by dislocation slip [231]. 

The effect of uniaxial/biaxial loading on the martensitic transformation of a low SFE was studied by 

in-situ neutron diffraction [100]. It was shown that uniaxial loading favors the martensitic 

transformation following the sequence γ → ε → α′, where at low strains ε- martensite is the precursor 

of α′. During equibiaxial-loading however, the evolving texture suppresses the formation of ε-

martensite and considerably less α′-martensite is observed at high strains. It was shown that the 

grains containing martensite belong to orientations for which the leading partial dislocation (LPD) has 

a higher Schmid factor than the trailing partial dislocation (TPD). The martensitic transformation is 

suppressed during equibiaxial loading as a consequence of the different textures formed during 

deformation. 

In materials with higher SFE, for which nucleation and growth of twins is observed [224, 248], several 

models have been proposed for the nucleation of twins as a result of dislocation interactions [249-

251]. As the growth of twins is described by the glide of Shockley partial dislocations (SPD)s, the 

precursor for twin growth is the separation of the SPDs under an external load [225, 252] and the 

difference in the stress between LPD and TPD has been also applied to explain the growth of twins 

[253].  

Some steels with appropriate compositions/SFEs exhibit a combination of TWIP/TRIP effects [231, 

253-255]. It has been observed experimentally that twins form at lower strains than α’-martensite 

[253, 256, 257], and the intercepts of twins with other planar defects can act as nucleation sites for α’-

martensite as the imposed strain increases [256]. A study on medium-Mn maraging steels [258] 
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reported the competition between twinning and martensite formation: large grains exhibited only 

twinning whereas smaller grains only the martensitic transformation.  

The aim of this study is to compare the interplay of the deformation mechanisms in a non-textured 

austenitic SS304 with medium SFE under monotonic uniaxial and equibiaxial loading. The 

deformation mechanisms (TWIP and TRIP effects) are discussed with respect to the load path and the 

evolving crystallographic texture. 

4.3.2 Experimental 

A commercial 304 stainless steel with nominal composition of Fe18Cr8Ni (wt. %) in sheet form of 8 

mm thickness was used for this study. The inverse pole figure (IPF) map along the normal direction 

(ND) in Figure 4.13 shows the initial microstructure exhibiting a relatively random crystallographic 

texture. The average grain size (excluding the annealing twins) is 35 μm. In situ neutron diffraction 

studies were carried out at the POLDI instrument of the Swiss neutron spallation source SINQ (Paul 

Scherrer Institute, Switzerland) using the biaxial deformation rig [100, 113]. Cruciform-shaped 

samples with the geometry proposed in [113] were employed for the equibiaxial tests.  

 

Figure 4.13 IPF map along the ND direction of the as-received 304 sheet. 

For the uniaxial loading, dog-bone shaped samples with the geometry given in Ref. [105] were used. 

The biaxial deformation system is equipped with a 2-camera digital image correlation (DIC) system 

(GOM, Aramis 5M) for measuring the in-plane strain at the center of the cruciform sample. Uniaxial 

loading and equibiaxial loading were performed with a loading rate of 80 N/s. The uniaxial loading 

direction was parallel to the rolling direction of the sheet (RD), and the equibiaxial load was applied 

along the RD and the transverse direction (TD). The neutron diffraction measurements were carried 

out in predefined force intervals after interrupting the loading and holding the displacement. The 

maximum equivalent strain reached during the equibiaxial and uniaxial tests were ~28% and ~26% 
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respectively. For studying the uniaxial deformation under high strain, an additional dogbone sample 

was deformed up to 41.9% true strain with the uniaxial test rig of the POLDI instrument. The neutron 

diffraction data were reduced and fitted using the open source software Mantid [117].  

EBSD studies were carried out on the as-received and on the deformed material by extracting samples 

from the center of the deformed cruciform and dogbone samples. The samples were ground with 1200 

grit SiC paper and then electropolished for 12 s with a 16:3:1 (by volume) ethanol, glycerol and 

perchloric acid solution at 42 V. A field emission gun scanning electron microscope (FEG SEM) Zeiss 

ULTRA 55 equipped with EDAX Hikari Camera operated at 20 kV in high current mode with 120 μm 

aperture was used. The EBSD raw data was post-processed using the EDAX OIM Analysis 7.3 software. 

High-resolution digital image correlation (HR-DIC) was performed in an SEM on miniaturized 

cruciform samples under uniaxial and equibiaxial load paths. A detailed description of the sample 

preparation, experimental and analysis of the HR-DIC data is given in ref. [165]. 

4.3.3 Martensitic transformation  

The mechanical data from both uniaxial and equibiaxial load paths are given in Figure 4.14a and Figure 

4.15a, the resulting force is calculated as √𝐹𝑎𝑥𝑖𝑠 1
2 + 𝐹𝑎𝑥𝑖𝑠 2

2  from the corresponding force readings on 

the two axes of the Macrobiax device. The neutron data are collected while keeping the displacement 

fixed and letting the sample to relax, as shown by the red points on the force-strain curve. Martensite 

reflections do not appear in the neutron diffraction patterns during uniaxial deformation up to 25% 

strain, as shown in Figure 4.14b. By continuing straining the uniaxial loaded sample to 41.9% strain, 

α’-martensite appears at strains above approximately 25%. Figure 4.16 shows the increasing intensity 

of the {1 1 0}α’ as the strain increases. In contrast to uniaxial loading, new reflections corresponding 

to the α’-martensite phase, i.e. {1 1 0}α’ and {2 1 1}α’, appear already at approximately 16% of 

equivalent strain under equibiaxial loading, as shown in Figure 4.15b.  The equibiaxial loading 

facilitates the formation of α’-martensite and the transformation is seen to occur from austenite 

directly to α’-martensite, i.e. γ → α’.  
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Figure 4.14 (a) Force-strain plot of uniaxial loading. The red points indicate the strain values at which neutron 
measurements were conducted. (b) The evolution of the neutron diffraction patterns with increasing strain. Parts of 
the q range are magnified showing no martensite formation under uniaxial loading up to 25% strain. 

 

Figure 4.15 (a) Force-strain plot of equibiaxial loading. The red points indicate the strain values at which neutron 
measurements were conducted. (b) The evolution of the neutron diffraction patterns with increasing strain. Parts of 
the q range are magnified showing the appearance of martensite under equibiaxial loading at strain higher than 15%. 

 

Figure 4.16 Sequence of neutron diffraction patterns under uniaxial loading (at strains from 22.3% to 41.9%) showing 
the increasing intensity of the {1 1 0} martensite reflection at higher strains. 
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4.3.4 Crystallographic texture 

Different crystallographic textures develop during uniaxial and equibiaxial deformation [100]. The 

almost random crystallographic texture of the as-received material (Figure 4.17a) evolves to a strong 

<1 1 1>-texture along the loading direction (LD) that is parallel to RD during uniaxial loading, as shown 

in Figure 4.17b. The in-plane equibiaxial loading has the same normalized strain tensor as uniaxial 

compression along ND [113] and it results in the typical <1 1 0>-texture along the out-of-plane 

direction (Figure 4.17c) [100, 234, 259, 260]. 

 

Figure 4.17 IPFs along the 3 principal sample directions showing (a) the relatively random orientation of the initial 
state of the material and the deformation textures after (b) uniaxial (c) equibiaxial loading. 

Figure 4.18 shows the grain orientation maps after uniaxial (the IPF is given along the loading 

direction) and equibiaxial loading (the IPF is given along ND in compression, which is equivalent to 

in-plane equibiaxial tension). The austenite grains with crystallographic orientations for which the 

LDPs experience higher stress than the TDPs i.e. the splitting distance between the partials increases, 

are colored blue, while the rest of the orientations are colored red and α’-martensite is shown in 

yellow. It is observed that after uniaxial deformation (Figure 4.18a) most grains favor the splitting of 

the SPDs (most grains are blue), however a very small fraction of martensite forms and it appears in 

both the red and the blue grains. The low volume fraction of martensite under uniaxial loading 

explains why martensite is not detected by neutron diffraction before 30% strain is reached (shown 

in Figure 4.16). Under equibiaxial load, the majority of α’-martensite forms in the grains which do not 

favor the splitting of the SPDs (red grains) as shown in Figure 4.18b. The difference in martensitic 

transformation between uniaxial and biaxial deformation in this medium SFE material cannot be 



4.3 The interplay between deformation mechanisms in SS304 during uniaxial and equibiaxial loading. 

122 
 

explained by the difference in stress experienced by LPT and TPD, as was the case for the low SFE 

material where ε-martensite was formed upon deformation [100].   

 

Figure 4.18 Post mortem EBSD maps, color-coded for showing austenite orientations that favor the splitting of the SPDs 
(blue) or not (red) and strain-induced α’-martensite (yellow) for the sample deformed a) uniaxially in the direction 
parallel to the rolling direction, [0 1 0], and b) equibiaxially (equivalent to compression in the ND, i.e. [0 0 1] direction). 
The IPF triangles show which orientation favor splitting of the SPDs under uniaxial and equibiaxial loading. 

4.3.5 Deformation twinning 

Twinning, as another possible deformation mechanism in medium SFE steels, is also influenced by the 

stresses experienced by the SPDs. In the EBSD map shown in Figure 4.19a, grains favorably oriented 

for splitting of the SPDs under uniaxial loading are marked as A, B, C, D. The orientation of these grains 

is given in Figure 4.19b. Twins are in these grains. For instance in grain D, a characteristic 

misorientation of 60° relative to the parent grain is measured along the dashed line shown in Figure 

4.19c. Figure 4.20 shows a similar analysis for a grain favorably oriented for twinning in the sample 

deformed under equibiaxial loading. The EBSD map (Figure 4.20a) collected at high magnification 

shows several twins in grain (E); martensite is given in yellow. As these maps (Figure 4.19 and Figure 

4.20) are taken after deformation, a significant gradient in orientation is seen within each grain. The 

orientation distribution of the chosen grains given in Figure 4.19b and Figure 4.20b, is however within 

the range of favorable orientation for twinning in both loading cases.  
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Figure 4.19 Detailed IPF map of austenite in the direction parallel to the loading direction [010], showing grains 
(labelled A, B, C, D) with deformation twins (shown with red arrows). The orientation distribution of these grains is 
shown in (b). (c) Misorientation plot along the line drawn in (a). The yellow subgrains in grains (A), (B) and (D) are 
martensite. The yellow color does not represent the grain orientation of BCC martensite. 

 

Figure 4.20 Detailed IPF map in the direction perpendicular to the sample surface [001], showing a grain with 
deformation twins (twins indicated with blue arrows) under equibiaxial loading. The orientation distribution of grain 
(E) is shown in (b). (c) Misorientation plot along the line drawn in (a). The yellow subgrains in grain (E) are martensite. 
The yellow color does not represent the grain orientation of BCC martensite. 

The majority of the grains in the sample deformed under uniaxial loading favor the formation of 

deformation twins. Some grains with both favorable and non-favorable orientations for twinning 

contain martensite showing that the deformation twinning does not suppress the formation of 

martensite but rather retards it. Figure 4.19a illustrates that α’-martensite can form at twin 

boundaries and/or intercepts with other planar defects, such martensite is seen in grains (A) and (B). 
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In Section 4.2 we demonstrated that HRDIC can distinguish the slip activities under uniaxial and 

equibiaxial loading. A more detailed examination of the crystallographic orientations of the grains 

within the field of view presented Section 4.2 shows that the activation of slip in multiple slip planes 

is observed more frequently in the grains that do not favor twinning than those favorably oriented for 

twinning. In contrast, the grains with crystallographic orientations favorable for twinning, exhibit 

mostly slip on a single plane. Figure 4.21a shows a grain, favorably orientated for splitting of the SPDs 

(favorable for twinning), where only one slip system is activated under uniaxial loading; Figure 4.21b 

shows a grain, non-favorably orientated for splitting of the SPDs, where two slip systems are activated 

under uniaxial loading. The statistical analysis of the slip behavior under both uniaxial and equibiaxial 

loading is plotted in Figure 4.21c for grains favorably and non-favorably for twinning. This result 

suggests that twinning suppresses the activation of slip on secondary slip planes, thus it suppresses 

the formation of shear band intercepts which are potential nucleation sites for martensite. The above-

explained theory is valid for approximately 60 - 65% of the grains, whereas the observed discrepancy 

for the rest of the grains can be explained as follows. At the strain level (14% macroscopic strain) 

reached in [165], grain interactions and grain rotations can cause local stress variations so that the 

local stress state may not coincide with the macroscopically applied load [261]. This can locally affect 

the activation/suppression of secondary planes for slip. 

 

Figure 4.21 (a) Example of a grain with favorable orientation (before loading) for twinning (via splitting of the PDs) 
under uniaxial loading exhibiting single slip system in the HRDIC map. (b) Example of a grain with a non-favorable 
orientation for twinning under uniaxial loading exhibiting two slip systems in the HRDIC map. The IPFs in (a) and (b) 
are given along the loading direction. (c) Statistical analysis (including the grains deformed under both uniaxial and 
equibiaxial loading) showing that more grains non-favorably orientated for splitting of the PDs (red grains in Figure 
4.18) exhibit multi-slip, whereas favorably-oriented grains exhibit predominantly slip along only one slip plane (blue 
grains in Figure 4.18). 
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4.3.6 Deformation mechanisms under uniaxial and equibiaxial loading 

The metastable austenitic 304 stainless steel was studied under uniaxial and equibiaxial load paths in 

situ with neutron diffraction. Equibiaxial loading facilitates the martensitic transformation following 

a direct path of γ-austenite to α’-martensite, whereas under uniaxial deformation the phase 

transformation is delayed. The sequence of the deformation mechanism are schematically 

summarized in Figure 4.22. Under both strain paths, the deformation starts with single slip but after 

enough straining a <1 1 1> texture is formed under uniaxial deformation whereas a <1 1 0> texture 

under equibiaxial deformation. Under an evolving <1 1 1> texture, the majority of the grains become 

favorably oriented for splitting of the partial dislocations and extended stacking faults and mechanical 

twinning form (steps 2-3), restricting the activation of second slip systems. The lack of intersections 

of slip systems, which can serve as potential nucleation sites for α’-martensite form, retards the phase 

transformation. Under biaxial loading, the forming <1 1 0> texture does not result in grain orientations 

that favor twinning, therefore multiple slip starts allowing an early formation of α’-martensite at the 

slip intersections (steps 2-3).  These results suggest that the TRIP/TWIP effects are not only 

dependent on the SFE, but they can be favored/suppressed under specific combinations of load 

path/crystallographic texture. 

 

Figure 4.22 The proposed sequence of the dominant deformation mechanisms under uniaxial and equibiaxial loading 
with increasing the applied strain.    
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 Conclusion and outlook 

 Discussion and conclusion 

Martensitic transformations induced by multiaxial loadings in NiTi alloys and austenitic steels have 

been studied by combining cruciform multiaxial mechanical testing with in-situ HRDIC in SEM, in-situ 

X-ray and neutron diffraction. The link between the microstructural evolution the transformation 

behavior under multiaxial deformation has been established. The achieved results are summarized 

and discussed in this section. 

Optimization of cruciform sample geometry 

The cruciform geometry has been optimized for each material investigated, and a novel sample 

manufacturing process for small-scale cruciform has been developed. In order to reach sufficiently 

high stress/strain to induce martensitic transformation at the center of the small-scale cruciform, the 

center is gradually thinned down by a novel electrochemical micromachining (ECMM) process. After 

thinning down the center, the outer shape of the cruciform sample is cut with picosecond laser. The 

optimized geometry is capable of introducing the martensitic transformation at the center of 

cruciform under monotonic loadings (uniaxial and equibiaxial) as well as load path changes. Moreover, 

the ECMM process results in a well-polished surface, and it is ready for electron microscopy 

inspections such as EBSD without additional metallography sample preparation. Thus the initial 

microstructure before deformation can be obtained, and it serves as an essential information for the 

trace analysis with HRDIC data. 

Nanostructured superelastic NiTi under multiaxial loading 

This study shows that the austenite microstructure consists of nanoscaled subgrains plays an 

important role in the transformation behavior and superelasticity. As revealed with HRDIC, bands of 

subgrains transform collectively to accommodate the strain, resulting in heterogeneous strain 

distribution within coarse grains. When changing the loading direction, different groups of subgrains 

transform into different martensite variants, as witnessed by HRDIC and XRD. The correlations 

between strain traces due to martensitic transformations and the bands/clusters of subgrains 

suggests the important role of this complex austenite microstructure for obtaining good 

superelasticity during one load-path-change cycle. The austenite microstructure composed of 

nanoscaled subgrains is able to accommodate the load path change by transforming into different 

martensite variants. Additionally, the nanoscaled subgrains can increase the yield strength of the 

austenite phase, thus ensuring the strain is accommodated by the reversible martensitic 

transformation instead of austenite slip.  
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Unfortunately, the superelasticity degrades upon mechanical cycling, which results in failure of stents 

in particular areas such as nodes between two struts. The degradation strongly depends on the load 

path. Multiaxial mechanical cycles degrade the superelasticity faster than uniaxial cycling in terms of 

the decrease in the critical transformation force and the accumulation of dislocations. 

Equibiaxial cycling accumulates more dislocations than uniaxial cycling due to the strong 

crystallographic texture <1 1 1>//ND in the investigated material. In such crystallographic grain 

orientations, large strain under the in-plane equibiaxial load must be accommodated with both 

martensitic transformation and austenitic slip. On the other hand, under uniaxial cycling, the 

reversible martensitic transformation is able to accommodate the strain resulting in lower 

accumulation of dislocations than the equibiaxial cycling. This result suggests that tuning the 

microstructural texture to the design of the medical devices could offer a path for optimization. For a 

component which will experience an in-plane equibiaxial load, avoiding the <1 1 1>//ND 

crystallography could provide better cyclic stability in superelasticity. 

The load-path-change cycles (triangular and square paths) result in more peak broadening than the 

monotonic cycling, suggesting higher accumulation of dislocations. In order to adapt to the load path 

change, the martensite formed during first loading path accommodates the strain by reorientation 

and/or plastic deformation, resulting in the formation of dislocations. The accumulation of the 

dislocations after load-path-change cycling retains both R-phase and B19’ martensite. The load-path-

change cycling results in a larger amount of retained martensite than the monotonic cycling. More 

importantly, different loading and unloading sequences result in different retained martensite 

variants as well as different peak broadening. These results underline the strong dependency of 

materials degradation on the load path.  

Coarse-grained NiTi under uniaxial tension 

Under uniaxial tension, the activation of different habit plane variants have been observed with HRDIC 

in the coarse-grained NiTi. After unloading, some of the strain-traces disappear (i.e. recoverable strain) 

while residual strain traces are also visible in the HRDIC map.  

The recoverable strain corresponds to the reversible B19’ martensitic transformation. In the majority 

of the investigated grains, the transformation follows the Schmid law with respect to the 

macroscopically applied uniaxial loading: the habit plane variant with the highest Schmid factor is 

activated upon loading. The appearance of non-Schmid variants is due to the high geometrical 

compatibility between two neighboring grains. When the angles between two habit planes and the 

angel between the shear directions of the two variants are small, a high geometrical compatibility is 

achieved, which favors the transmission of two variants across the grain boundary. Some traces are 

found to disagree with neither the macroscopic Schmid law nor the high geometrical compatibility, 
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suggesting the local stress state due to grain interactions in the polycrystalline microstructure plays a 

role on the martensitic variant selection.  

One of the contributions to the non-recoverable strain traces is the austenite slip, as evidenced by the 

correlation found between trace inclinations and austenite slip systems. In addition, the uniaxial strain 

is also accommodated with {1 1 3} deformation twinning in the B19’ martensite. The twin relationship 

is retained after the reverse transformation upon unloading, resulting in {1 1 2} deformation twins in 

the B2 austenite. Other mechanisms for the residual strain include the formation of dislocations at the 

interface between the austenite matrix and the martensite habit plane variant and residual martensite. 

The development of residual strain after only one cycle of uniaxial loading in the coarse-grained NiTi 

implies that the coarse-grained austenite microstructure is infeasible for good superelasticity.  

Austenitic stainless steels 

The results from the austenitic stainless steels show that the preferred deformation mechanism is not 

only determined by the stacking fault energy, but also greatly influenced by the crystallographic 

texture developed from the applied load path. 

The observed transformation path in the SS201 with a low stacking fault energy is γ austenite – ε 

martensite – α’ martensite, with the ε martensite being the precursor of α’ martensite. Equibiaxial 

loading introduces a strong out-of-plane <1 0 1> deformation texture, in which the majority of the 

grain orientations does not favor the separation of the Shockley partial dislocations, thus suppressing 

the formation of ε martensite and delaying the subsequent transformation to α’ martensite.  On the 

other hand, with the deformation texture (<1 1 1> || loading direction) developed upon uniaxial 

loading, the separation of the Shockley partial dislocations is favored in most of the grains, thus 

facilitating the formation of ε martensite and eventually a large amount of α’ martensite at higher 

strains.  

With a medium stacking fault energy, the separation of Shockley partials result in deformation 

twinning instead of the ε martensitic transformation in SS304. The observed transformation path is 

from γ austenite directly to α’ martensite. In SS304, uniaxial loading results in less α’ martensitic than 

equibiaxial loading. The deformation texture introduced by uniaxial loading (<1 1 1> || loading 

direction) facilitates the separation of Shockley partials, formation of deformation twins in the 

majority of the grains. In this case, deformation twinning is the dominating deformation mechanism 

and delays α’ martensitic transformation. The out-of-plane <1 0 1> texture developed during 

equibiaxial loading does not favor the deformation twinning. The majority of the grains accommodate 

the strain by dislocations slip. HRDIC shows that the activation of multiple slip systems is facilitated 

by equibiaxial loading. The interceptions of different slip systems serve as nucleation sites, allowing 

the formation of α’ martensite.  
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Since the martensitic transformation can alter the mechanical behaviors of the materials, a better 

prediction for the mechanical response of TRIP steels could be achieved by taking into account the 

relationship between the stacking fault energy, the crystallographic texture and the load path. 

 Future developments 

Our studies on NiTi alloys and austenitic stainless steels have shown the potential of combining the 

cruciform multiaxial mechanical testing with in-situ microstructure characterization techniques to 

capture the microstructural evolution of the phase transforming materials and identify the 

corresponded to the deformation mechanisms. The comprehensive experimental data of multiaxial 

deformation can serve for validating or further development of the constitutive models for phase 

transformation alloys. Some further works that could improve the interpretation of the results 

presented in this study are suggested below. 

A new gold remodeling process for the HRDIC pattern on NiTi alloys 

As reported in Section 2.5.3, the pre-oxidation step for improving the quality of the gold speckle 

pattern on NiTi surface resulted in the formation of the oxide layer that is prone to crack during 

mechanical testing. A new gold remodeling process proposed in [122] that minimizes the surface 

oxidation in the material and produces good pattern could serve as a solution to the issue of cracking 

observed in our experiments. With the application of such gold speckle pattern on the optimized thin-

down geometry cruciform, HRDIC could be performed under load paths in addition to the uniaxial 

loading and the square path presented in Section 3.1. For the nanostructured NiTi, the strain maps 

obtained from equibiaxial loading and triangular load path change could provide more insights into 

the role of the austenite subgrains. 

Multiaxial cycling on nanostructured NiTi combined with HRDIC 

HRDIC could also be employed for studying the materials degradation introduced by mechanical 

cycling, by comparing the strain maps obtained during the first cycle with the maps obtained after 

several mechanical cycles. Correlating the HRDIC strain map with EBSD grain orientation map could 

reveal the interrelation between the residual strain accumulation and certain crystallographic 

orientation. For example, with HRDIC study, one could verify if the <1 1 1> oriented grains accumulate 

higher residual strains under equibiaxial loading, as proposed in Section 3.2.6. HRDIC data could also 

be used for verifying the mechanisms for the dislocation accumulation and retained martensite under 

different load-path-change cycles, as proposed in Section 3.2.7.  

Equibiaxial loading and load path changes on coarse-grained NiTi 

In Section 3.3, it is shown that in-situ HRDIC is able to capture the formation of martensitic variants 

within the grains. By performing HRDIC study on the coarse-grained NiTi under equibiaxial loading 
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and load path, one could investigate whether the martensitic variant selection under multiaxial 

deformation follows Schmid law. Besides, the effect of changing the load path on a single HPV formed 

during the first loading sequence could also be studied with HRDIC in the coarse-grained NiTi.  

Load path changes on austenitic stainless steels 

In Chapter 4, we have reported the path dependencies of the slip activity and the martensitic 

transformation under monotonic loading. As reported in Section 4.3, the interaction between different 

deformation mechanisms also shows a strong path dependency on the load path, a more complicated 

scenario may occur upon load path change. Since these materials often experience a sudden change in 

the load path during manufacturing, in-situ load-path-change experiments will provide valuable 

mechanical data and the corresponded microstructural evolutions for better understanding of the 

multiaxial deformation mechanisms. The HRDIC strain maps could show the effect of load path change 

on the slip systems activated during the prestrain. The in-situ diffraction techniques could provide the 

evolution of the martensite upon load path changes. The data could be exploited for the improvement 

of the existing constitutive models to include the complex interactions between different deformation 

mechanisms.  

Physical kinetic model for martensitic transformation in SS304 

In Section 4.3, we have shown the interplay between different deformation mechanisms including 

dislocations slip, deformation twinning and martensitic transformation. Our data would be valuable 

for the development of the kinetic model that takes into account other deformation mechanisms such 

as deformation twinning and dislocations in addition to the martensitic transformation.  

Crystal plasticity study 

As mentioned in Section 2.5.2, it is not possible to convert the applied forces into the local stress state 

in the cruciform sample directly. The crystal plasticity finite element simulation could be used to gain 

information about the local stresses at a grain level resulted from the complex sample geometry, 

anisotropy of the material and the grain-grain interaction. By implementing the microstructure of the 

field of view of the HRDIC map presented in Section 4.2 into crystal plasticity modeling, the simulation 

under different loading conditions could be helpful for interpreting the experimental data, for example 

the non-Schmid slip traces observed in SS304.  
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