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Abstract: 
The chief scientific object was to investigate the fatigue and fracture mechanisms in NiTi 
shape memory alloys, in the presence of stress concentrating factors such as micro-
pores and notches. In particular, the interactions between structure (factors related to 
the geometry of the specimen, such as holes, pores and notches) and microstructure 
(related to properties of the material such as grains, secondary phases, twins) in 
influencing the inelastic deformation, leading up to fracture in NiTi was examined. 
Primarily, there were two major thrusts. The first thrust focused on fracture behavior in 
Shape Memory Alloys where the high crystal symmetry cubic phase transformed into 
the low symmetry phase during deformation and propagation of cracks. This thrust 
revealed the interplay between size of micro-pores, size of grains and grain orientations 
in determining the resistance to crack growth, during cyclic tensile deformation of 
porous-like NiTi specimens. The role of secondary phases (impurities of Ti, often 
formed during fabrication) were also shown to induce local inelastic deformation 
gradients during tensile deformation and reduce overall extent of deformation. 
       
The second thrust focused on the fatigue and fracture behavior in the low crystal 
symmetry martensite phase. Unlike high symmetry phases, characterization of 
deformation in low symmetry phases such as martensitic NiTi has been challenging, 
due to a hierarchical microstructure spanning from nanoscale twins to the macroscale, a 
highly anisotropic microstructure stemming from the low crystal symmetry and a 
multitude of inelastic mechanisms for deformation. Thus, advanced X-ray techniques 
such as 3D high-energy diffraction microscopy and x-ray micro-Laue diffraction and 
spectroscopy were used in conjunction with traditional techniques such as SEM and 
TEM to understand the inelastic deformation in the martensite phase in NiTi, in the 
presence of notches. This thrust revealed a stark difference in deformation mechanisms 
based on the nature of stress: regions near the notch experience a highly triaxial stress 
while those far away experience a uniaxial stress. Additionally, while regions close to 
the notch were shown to deform locally by amorphization/nanocrystallization, ultimately 
leading to fracture, regions far away from the notch deformed in a more traditional 
manner, with detwinning and twin reorientation the primary mechanisms of deformation. 
More importantly, this thrust revealed that in the presence of structural factors such as 
notches, the traditional picture of reorientation (coalescence) of nanoscale martensite 
twins into increasingly larger domains with increased loading does not hold true, even 
up to fracture of the specimen.    
 
These conclusions will inform the modeling and understanding of deformation behavior 
of specimens, where structure and microstructure coexist and interact.   
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The following research findings were published / are in review as a result of Phase II 
funding: 

1. Paul, P.P. Paranjape, H.M. Nobumichi, T. Chumlyakov, Y.I. Brinson, L.C. “In-situ, 
microscale characterization of heterogeneous deformation around notch in 
martensitic Shape Memory Alloy” 2019, Materials Science and Engineering: A (in 
press). 
 
Materials Science Highlights: 
 
• Deformation characterization of low-symmetry phases such as martensite in 

SMAs is challenging due to a finescale hierarchical microstructure.  
• Using X-ray microLaue diffraction, in-situ deformation of martensite is examined 

in a notched NiTi specimen.  
• The local deformation is influenced by the notch stress field, initial martensite 

microstructure, and interaction between notch stress field and the external load.  
• The microstructure evolves heterogeneously and inelastically, with detwinning 

and twin nucleation occurring simultaneously through loading.  
• These results contrast with the traditional view of martensite deformation that is 

partitioned in three distinct regimes: elasticity, reorientation and de-twinning. 

  



2. Paranjape, H.M., Paul, P.P., Amin-Ahmadi, B., Sharma, H., Dale, D., Ko, J.Y.P., 
Chumlyakov, Y.I., Brinson, L.C., Stebner, A.P. “In Situ 3D Characterization of the 
Deformation Mechanics of a Superelastic NiTi Shape Memory Alloy Single Crystal 
under Multiscale Constraint,” 2018, Acta Materialia, 144:748–757, 
10.1016/j.actamat.2017.11.026. 

Materials Science Highlight: 

• Load shedding about carbide inclusions, coherent nanoprecipitates, and subgrain 
boundaries was characterized with 3D-xray diffraction and modeling techniques 
and shown to “frustrate” phase transformations in the case of inclusions – leading 
to non-optimal martensite microstructures. Precipitates and subgrains, however, 
do not significantly impede the phase transformations. 

Technique Highlights: 

• 3D X-ray diffraction techniques 
were used to directly study low 
symmetry (monoclinic) crystals 
within a polycrystal. The 
diffraction analysis techniques 
needed for such studies are 
documented in this paper for the 
broader scientific community. 

• A technique for statistically 
comparing effects of inclusions 
using simulations of a simplified 
crystal-scale finite element model 
to interpret more complex signals 
in 3D X-ray diffraction data were 
developed and documented. 

  

 



3. Paul, P.P., Fortman, M., Paranjape, H.M., Anderson, P.M., Stebner, A.P., Brinson, 
C.L. “Influence of Structure and Microstructure on Deformation Localization and 
Crack Growth in NiTi Shape Memory Alloys,” 2018, Shape Memory and 
Superelasticity, 4(2):285–293, 10.1007/s40830-018-0172-1. 

This paper was awarded the “2018 Editor’s Choice Article Award.” 
 
Materials Science Highlights: 

• The initiation and growth of martensite bands about stress concentrations (holes) 
was found to be strongly influenced by polycrystalline texture. Specifically, with 
crystals orientated favorable for transformation about a defect, the martensite 
bands nucleated as expected due to the stress concentration caused by the hold; 
however, crystals oriented unfavorable for transformation cause the bands to 
nucleate and grow in torturous paths despite the macroscopic stress favoring 
transformation. 

• Cracks strongly prefer to grow through grains with [110] crystal lattice directions 
aligned with the loading direction. 

 
 
  



4. Paul, P.P. Paranjape, H.M., Amin-Ahmadi, B., Pagan D.C., Chumlyakov, Y.I. 
Brinson, L.C. “Heterogeneity and Inelasticity of Multiscale Deformation in a Notched 
Martensitic NiTi Shape Memory Alloy Specimen” 2019, Acta Materialia (In review). 
 
Materials Science Highlights: 
 
• We investigate the deformation in a notched martensitic (monoclinic) NiTi shape 

memory alloy specimen using in-situ and ex-situ nano- to macro-scale 
characterization techniques and a macro-scale simulation. 

• At the macroscale, we demonstrate that the deformation of martensite in the 
notched specimen is largely determined by the structural features, and the 
hierarchical nature of the microstructure plays a smaller role. 

• At the micro-scale, the martensite microstructure continuously evolves during 
tensile loading. However, the nano-scale twin laminate structure persists despite 
the large imposed deformation and the presence of stress concentrating features 
such as a notch. 

• At the nanoscale, we show localized amorphization/nanocrystallization as the 
primary mechanism of martensite deformation in the immediate vicinity of the 
notch. Slightly further away, there is a persistence of the twin structure even up 
to fracture. 

• The persistence of a nano-laminate structure at high loads, rather than 
coarsening into large domains of individual martensite variants indicates that the 
deformation field around cracks or notches in martensite may be modeled with 
adequate accuracy using coarse-grained models. 

 
 

Fig: Multiscale characterizations on inelastic deformation leading up to fracture in low-
symmetry martensite phase in NiTi, during tensile loading. The techniques spanning 

across length scales involve macroscale strain measurement (Digital image 
Correlation), microscale orientation (high energy X-ray diffraction) and nanoscale twin 
structure (TEM), showing a heterogeneous and continuously evolving microstructure.   



The support of the grant also enabled L. C. Brinson to collaborate on this related 
research (as acknowledged in the publications): 

 
5. Paul, P.P., Kabirifar, P, Sun, Q.P., Brinson, L.C. “Structure-microstructure 

interactions in compression deformation of NiTi shape memory alloy micropillars,” 
2019, Materials Letters, 257:126693, https://doi.org/10.1016/j.matlet.2019.126693. 
 
Materials Science Highlights: 
• Micromechanical simulations elucidate structure-microstructure interactions in 

SMAs. 
• Deformation is suppressed when grain size(G) ~ specimen size(D) in SMA 

micropillars. 
• Structure: Specimen geometry interaction with grain size is strongest when G~D. 
• Microstructure: Texture and neighboring grains’ interaction is weaker when G~D. 
• Strong structural and weak microstructural effects cause lower overall 

deformation.    
 

 
 

 
 

  



 
Finally, the support of the grant also enabled A.P. Stebner to collaborate on this related 
research (as acknowledged in the publications): 

 
6. Amin-Ahmadi, B., Noebe, R.D., Stebner, A.P. “Crack Propagation Mechanisms of an 

Aged Nickel-Titanium-Hafnium Shape Memory Alloy,” 2019, Scripta Materialia, 
159:85–88, 10.1016/j.scriptamat.2018.09.019. 

 
Materials Science Highlights: 

• A crack growing through stress-induced 
martensite prefers to grow along <011> 
type II twin planes, but coherent H-Phase 
nanoprecipitates act as obstacles, causing 
cracks to jog around them, between twin 
planes. Hence, a microstructure with a 
more dense precipitate network is 
expected to exhibit higher toughness. 

• About the crack tip, NiTiHf is amorphous. 
Slightly further away, nanocrystals are 
stabilized in the amorphous phase. Then 
longer range, the expected 
austenite/martensite structures and 
interfaces are present. Ni-enrichment is 
found in the amorphous region. 

  

 



7. Amin-Ahmadi, B., Pauza, J., Shamimi, A., Duerig, T.W., Noebe, R.D., Stebner, 
A.P. “Coherency Strains of H-Phase Precipitates and Their Influence on Functional 
Properties of Nickel-Titanium-Hafnium Shape Memory Alloys,” 2018 Scripta 
Materialia, 147: 83–87, 10.1016/j.scriptamat.2018.01.00. 

Materials Science Highlights: 

• Growth of H-phase nanoprecipitates 
from 1nm to 10 nm is found to 
increase transformation 
temperatures primarily through a 
Clausius-Clapeyron driven 
mechanism of increasing coherency 
strain field magnitudes. Then, as the 
precipitates are further coarsened, 
their interfaces become less 
coherent and misfit dislocations form 
on the interfaces, relaxing the 
coherency strains, which is 
accompanied by a drop in 
transformation temperatures. 

  

 



8. Amin-Ahmadi, B., Gallmeyer, T., Pauza, J., Duerig, T., Noebe, R.D., Stebner, 
A.P. “Effect of a Pre-Aging Treatment on the Mechanical Behaviors of 
Ni50.3Ti49.7 − xHfx (x ≤ 9 at.%) Shape Memory Alloys,” 2018, Scripta Materialia, 
147:11–15, 10.1016/j.scriptamat.2017.12.024 

Materials Science Highlights: 

• A diffusional “pre-aging” heat treatment, at a temperature just below the 
precipitation temperature of H-phase nanoprecipitates, is found to promote more 
homogenous nucleation and growth of the nanoprecipitates upon subsequent 
aging. Specifically, Hf clusters within the matrix as a result of pre-aging, and 
those clusters then serve as nanoprecipitate nuclei upon aging. 

 

  



9. Casalena, L., Bucsek, A.N., Pagan, D.C., Hommer, G.M., Bigelow, G.S., Obstalecki, 
M., Noebe, R.D., Mills, M.J., Stebner, A.P. “Structure-Property Relationships of a 
High Strength Superelastic NiTi–1Hf Alloy,” 2018, Advanced Engineering Materials, 
20(9):1800046, 10.1002/adem.201800046. 

Materials Science Highlights: 

• A new NiTiHf alloy is found to exhibit near-zero hysteresis and higher strength 
than comparable binary NiTi alloys despite having austenite/martensite crystal 
structures that are not compatible with each other. Interfacial dislocations 
stabilize the formation of interfaces between single austenite and martensite 
domains, and enable these remarkable superelastic properties. 

 

 


