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Mr. Paul Bakke 
U. S. Department of Energy 
Golden Field Office 
1617 Cole Blvd. 
Golden CO  80401 
 
RE:   Final Technical Report for DOE Grant # DE-FC36-01GO11055   
 
 
Dear Paul, 
 
I have attached a copy of the Final Technical Report of the Nanostructured Shape 
Memory Alloys project (Award #DE-FC36-01GO11055) funded by the Energy Efficiency 
Science Initiative of the Department of Energy. 
 
I also want to mention some key accomplishments of the co-PIs and their co-workers 
that occurred during the course of this project:  
 

 Prof. John Perepezko was elected to the National Academy of Engineering.  He 
was cited by the academy for his innovative work in solidification processing to 
obtain useful micro-structured, nano-structured, and amorphous materials.   

 Prof. Walter Drugan received an award for distinguished researchers sponsored 
by the Italian government.  

 Prof. Arthur Ellis maintained his active involvement in the research while serving 
as Director of the Chemistry Division  of the National Science Foundation.   

 Prof. Wendy Crone received an NSF CAREER award and was tenured and 
promoted to the rank of Associate Professor.  

 Dr. Gordon Shaw earned his Ph.D. degree and was awarded a NRC postdoctoral 
fellowship, which he is using to pursue nanotechnology research at NIST. 

 Dr. Anne Bentley earned her Ph.D. and was partially supported by a NSF 
graduate fellowship award.  She has received a NSF postdoctoral fellowship to 
continue nanotechnology studies at Purdue University.   

 
Please let me know if you have any questions concerning the Final Technical Report. 
 
Yours, 

 
Wendy C. Crone 
Associate Professor 
Department of Engineering Physics 
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Executive Summary 
 
With this grant we explored the properties that result from combining the effects of 
nanostructuring and shape memory using both experimental and theoretical approaches.  
We developed new methods to make nanostructured NiTi by melt-spinning and cold 
rolling fabrication strategies, which elicited significantly different behavior.   A template 
synthesis method was also used to created nanoparticles.  In order to characterize the 
particles we created, we developed a new magnetically-assisted particle manipulation 
technique to manipulate and position nanoscale samples for testing.  Beyond 
characterization, this technique has broader implications for assembly of nanoscale 
devices and we demonstrated promising applications for optical switching through 
magnetically-controlled scattering and polarization capabilities.  Nanoparticles of nickel-
titanium (NiTi) shape memory alloy were also produced using thin film deposition 
technology and nanosphere lithography. Our work revealed the first direct evidence that 
the thermally-induced martensitic transformation of these films allows for partial indent 
recovery on the nanoscale.  In addition to thoroughly characterizing and modeling the 
nanoindention behavior in NiTi thin films, we demonstrated the feasibility of using 
nanoindention on an SMA film for write-read-erase schemes for data storage. This 
research has resulted in six journal publications, seven conference proceedings, two 
masters degrees, and two Ph.D. degrees. 
 
Research Accomplishments 
 
This section provides a comparison of accomplishments with actual goals/objectives for 
each task area defined in the original proposal.   
 

Task A - Synthesis and fabrication  
 
We explored synthetic methods for creating nanoscale particles and porous 
nanostructures using chemical and electrochemical reduction methods and corrosion 
reactions of bulk materials.   We had sufficient success with these methods that 
dendrimeric polymer hosts and electrides/alkalides in aprotic media were not 
investigated.  In addition to the original goals, we explored the use of thin film deposition 
in combination with nanosphere lithography and successfully produced shape memory 
nanoparticles with this method.  However, we did not pursue synthesis of nanoscale 
alloy particles by co-dissolution in hot liquid mercury  and vacuum distillation due to the  



hazards associated with this technique and the low likelihood that it would be adopted in 
an industrial setting.    
 
We fabricated bulk samples of nanoscale material by the repeated cold rolling of 
sandwich arrays of alloy components.   The nanocrystalline powders created by this 
method were fabricated into bulk samples that retained a nano-scale grain size.  In 
addition to the original goals, we utilized melt-spinning and cold rolling.   We  were able 
to control the starting layer thickness and overall sample composition in the cold rolling 
fabrication process to create a single intermediate phase product.  
 

Task B - Material characterization 
 
We performed structural characterization to identify the size, composition, 
crystallographic structure, and transformation temperatures of nanoscale particles and 
nanoscale grain size materials. We used a variety of characterization techniques 
relevant to the material created, including x-ray diffraction, scanning electron 
microscopy, transmission electron microscopy, and atomic force microscopy. 
 
 Task C - Micromechanical testing 
 
We characterized the shape memory behavior of nanostructured product materials. We 
made progress in further developing an empirical relationship between transformation 
behavior and grain size.The structural integrity of fabricated material was determined 
using mechanical testing techniques although we did not conduct in situ optical 
observation of the transformation front during micromechanical testing. Instead, in 
addition to the original goals, we made extensive use of nanoindentation for mechanical 
characterization. We investigated shape memory recovery of indentations in NiTi thin 
films and NiTi nanoparticles, the latter  prepared using nanosphere lithography.  This 
research may have substantial impact in the area of memory storage. 
 
In addition to the original goals, we also develop new techniques to manipulate and 
position nanoscale samples using magnetic end caps on nanowires.  This technique 
allows for particle manipulation and placement for nanindenation testing purposes.  
Additionally, it has broader implications for assembly of nanoscale devices and optical 
switching.  
 
 

Task D - Theoretical modeling 
 
Although we did not use Taylor and Hill models to analyze wedge-shaped martensite 
twin and banded twinned martensite joined across planar boundary microstructures, as 
originally envisioned in the proposal, we did develop two theoretical models that were 
able to describe and predict behavior in NiTi shape memory alloy during nanoindentation 
successfully.  A simple hemispherical cavity model was developed that predicted an 
upper limit to shape memory recovery of sharp indentations.  Additionally, a more 
sophisticated model using a Hertzian stress field and the von Mises yield criterion was 
created.  This model was able to provide information about the size of the transformation 
around the indenter on the film surface as well as the volume of transformed material 
under the indentation that compared extremely well with our experimental findings.   
 



Summary of Project Activities 
 
With this grant we explored the properties that result from combining the effects of 
nanostructuring and shape memory.   At the onset of this research there were several 
open questions that were fundamental to the understanding of shape memory behavior.  
It was not known whether the transformation microstructures observed in single crystals 
and large grained materials would persist to nano-sized grains, or whether other 
transformation microstructures occur at these size scales.  The objectives of this 
research have been to create nanostructured shape memory alloys in bulk and particle 
form; explore the effect of grain constraint on the nucleation and propagation of phase 
transformation; investigate scaling effects on shape memory behavior; and improve 
material behavior through grain refinement.  
 
Over the course of the grant we made substantial progress on all four general task areas 
proposed in the original Statement of Work:  A) synthesis and fabrication, B) material 
characterization, C) micromechanical testing and microscopic strain field analysis, D) 
theoretical modeling.  The work to date has resulted in six journal publications and seven 
conference proceedings.  
 

Synthesis, Fabrication, and Material Characterization 
 

We developed new techniques for synthesizing nanostructured materials and we 
characterized these materials with micromechanical and nanomechanical techniques.  A 
variety of synthesis and fabrication strategies are being explored, including new methods 
to make nanostructured NiTi by melt-spinning and cold rolling fabrication strategies that 
yield nanocrystalline product structures. These bulk shape memory alloys with 
nanoscale grain size exhibit extremely low hysteresis stress compared to the standard 
commercial alloy.    
 
Nanoparticles of nickel-titanium (NiTi) shape memory alloy were also produced using 
thin film deposition technology and nanosphere lithography. We employed several 
characterization techniques to identify the resulting size, composition, crystallographic 
structure, and mechanical properties of the thin film alloys with exciting results.   We 
extended prior published work - which had focused on microscale phenomena in bulk 
NiTi - into the nanoscale regime; and revealed the first direct evidence that the 
thermally-induced martensitic transformation of these films allows for partial indent 
recovery on the nanoscale.  Moreover, we showed that this recovery becomes nearly 
complete at indentation depths of less than 100 nm.  
 

Micromechanical Testing and Microscopic Strain Field Analysis 
 
We have created two classes of samples with nanoscale dimension that require 
mechanical characterization:  nanowires produced by template synthesis and thin films 
with nanoscale grain size.  We encountered significant technological hurdles in the 
testing of these materials because we needed to create new methods for their 
characterization.  For example, placement of a nanowire for testing as a bend structure 
required the development of a new nanomanipulation technique that would allow the 
nanowire to be positioned as a cantilever beam or simply as a supported beam over a 
trench into which it could be bent by a nanoindenter.  Mechanical characterization of the 



thin film material with controlled nanoscale grain size required the adaptation of 
lithographic mask/etch techniques for sample preparation.  
 
In order to characterize the particles we created, we also had to develop new techniques 
to manipulate and position nanoscale samples for mechanical testing with a 
nanoindenter.  Not only will the technique we developed play a key role in  
characterization, it also has broader implications for assembly of nanoscale devices.  
Our paper on this new nanoparticle manipulation technique, which appeared in Nano 
Letters (4(3) 487-49, 2004), garnered a great deal of interest (http://www.nanotech-
now.com/news.cgi?story_id=08430; http://nanotechweb.org/articles/news/3/2/1/1). 
 
The magnetically-assisted particle manipulation techniques that were developed, also 
resulted in unanticipated outcomes.  We recently submitted a paper to Nanotechnology  
that describes our  investigation of the optical properties of nanowires capped with nickel 
ends (or pure nickel nanowires) in solution.  These results show promising applications 
for optical switching due to the orientation behavior of the wires in solution, which can 
produce magnetically-controlled scattering and polarization capabilities.  In particular, 
fields on the order of 100 Gauss cause the intensity of light scattered in the forward 
direction to vary by as much as a factor of thirty-five simply by changing the direction of 
the magnetic field applied to the suspension of wires.  These results suggest that nickel 
and other magnetic nanowires may find use in a variety of magneto-optical applications.   
 
In response to the exciting findings we produced concerning recovery of indentations in 
NiTi thin films, we conducted experiments that allowed us to understand the nanoscale 
effects of indentation in shape memory alloys relative to transformation properties, 
particle size, proximity of other indentations, and substrate interactions.  This research 
may have substantial impact in the area of memory storage. Based on our work in shape 
memory recovery of nanoindentations in NiTi.thin films, we demonstrated the feasibility 
of using indention on an SMA film for write-read-erase schemes akin to the IBM 
Millipede project.  This work has recently appeared in Advanced Materials (17, 1123-
1127, 2005). 
 

Theoretical Modeling 
 
Theoretical modeling became more tractable and critical as our systems became better 
characterized.  We made substantial progress in this area by first developing a simple 
model that could predict the indentation behavior we observed experimentally at both the 
micro- and nanoscale.  The initial simplistic model was a hemispherical cavity model 
designed to predict an upper limit to shape memory recovery of sharp indentations.  An 
elastic-perfectly plastic indentation was examined using the methods of Johnson and 
Hill.  The loading of NiTi was treated as two separate indentation processes 
approximated by the elastic-perfectly plastic model. In one process, deformation occurs 
though martensitic rearrangement, and in the other process, it occurs through plastic 
yielding.  As is detailed in our Applied Physics Letters paper (83(2), 257-259, 2003), this 
model predicted a theoretical recovery ratio of 0.37, which agrees well with our 
experimental indentation data at higher loads.  At indentation depths less than about 100 
nm, however, a much greater fraction of the deformation was recovered, which is 
consistent with the spherical character of the indenter tip at this size scale.   

Later, we developed a more sophisticated model using a three-dimensional Hertzian 
stress field solution and the von Mises yield criterion.  This model involves an important 



improvement over the approximate indentation modeling of Johnson and co-workers, 
since it rigorously meets the free-surface boundary conditions (which the Johnson model 
does not).  This improvement is particularly important to our research since we desired 
to predict theoretically the transformation zone size on the film surface, and doing so 
accurately demands use of a model that correctly satisfies the boundary conditions on 
the surface (i.e., that it is free of loading outside the indenter contact region).  This 
approximate theoretical treatment models Hertzian loading of an isotropic elastic half 
space; it requires only a few input parameters: nanoindentation loading information 
(maximum load, indent depth, and indenter geometry) obtained experimentally, and 
NiTi’s mechanical properties (modulus, Poisson’s ratio, twin rearrangement stress, and 
yield stress) taken from the literature.  Reducing the three-dimensional nature of an SMA 
phase transformation to a threshold value of a composite von Mises stress is a 
significant simplification.  However, we have shown that this approach yields reasonably 
accurate predictions. The details of this model and its comparison to our experimental 
findings are given in our paper published in Advanced Materials (17, 1123-1127, 2005).  
This model was able to provide information about the size of the transformation zone on 
the film surface around the indenter as well as the volume of transformed material under 
the indentation that compared extremely well with our experimental findings.   



Publications 
Our research has led to the following peer-reviewed publications: 

 

Papers 

A. K. Bentley, A. B. Ellis, G. C. Lisensky, W. C. Crone, “Suspensions of Nickel 
Nanowires as Magneto-Optical Switches,” Submitted to Nanotechnology. 

G.A. Shaw, J.S. Trethewey, A.D. Johnson, W.J. Drugan, W.C. Crone, 
“Thermomechanical High-Density Data Storage in a Metallic Material via the Shape-
Memory Effect,” Advanced Materials, 17, 1123-1127 (2005). 

A.K. Bentley, J.S. Trethewey, A.B. Ellis, W.C. Crone, “Magnetic Manipulation of Copper-
Tin Nanowires Capped with Nickel Ends,” Nano Letters, 4(3) 487-490 (2004). 

W.C. Crone, D. Wu, J.H. Perepezko, "Pseudoelastic Behavior of Nickel-Titanium Melt-
Spun Ribbon," Materials Science and Engineering A – Structural Materials 
Properties Microstructure and Processing, 375-377C, 1177-1181 (2004). 

G.A. Shaw, D. S. Stone, A.D. Johnson, A.B. Ellis, and W. C. Crone, “The shape memory 
effect in nanoindentation of nickel-titanium thin films” Applied Physics Letters, 83(2), 
257-259 (2003).   

W.C. Crone, A.N. Yahya, and J.H. Perepezko, "Bulk Shape Memory NiTi with Refined 
Grain Size Synthesized by Mechanical Alloying," Materials Science Forum, 386-388, 
597-602 (2002). 

 
Proceedings 
A.K. Bentley, A.B. Ellis , and W.C. Crone, Magnetic Manipulations of Nanowires, 

Proceedings of the 2005 SEM Annual Conference and Exposition on Experimental 
and Applied Mechanics, Portland, OR. Portland, OR, 75:380, 1-4 (2005). 

W.C. Crone, G.A. Shaw “Applying NiTi Shape-Memory Thin Films to Thermomechanical 
Data Storage Technology,” Materials Research Society 2004 Fall Meeting 
Proceedings, Boston, MA, W1.7.1:  1-6 (2004). 

G.A. Shaw, W.C. Crone, “Nanoscale Mechanical Properties of Ni-Ti Shape Memory 
Alloy,” 15th International Invitational Symposium on the Unification of Analytical, 
Computational, and Experimental Solution Methodologies (UACEM): UACEM in 
MEMS and Nanotechnology, Springfield, MA, 1-3 (2004) 

G.A. Shaw, W.C. Crone, “Direct Measurement of the Nanoscale Mechanical Properties 
of NiTi Shape Memory Alloy,” Materials Research Society 2003 Fall Meeting 
Proceedings, Boston, MA, Q7.11: 1-6  (2003). 

W. C. Crone, G.A. Shaw, D. S. Stone, A. D. Johnson, and A.B. Ellis, “Shape Recovery 
after Nanoindentation of NiTi Thin Films,” Proceedings of the SEM Annual 
Conference on Experimental Mechanics, Charlotte, NC, 127: 1-6 (2003). 

W. C. Crone, G.A. Shaw, D. S. Stone, A. D. Johnson, and A.B. Ellis, “Shape Recovery 
after Nanoindentation of NiTi Thin Films,” Proceedings of the SEM Annual 
Conference on Experimental Mechanics, Charlotte, NC, 127: 1-6 (2003). 



D. Wu, W.C. Crone and J.H. Perepezko, " Mechanical Behavior of Nanostructured Melt 
Spun NiTi Shape Memory Alloy," Proceedings of the SEM Annual Conference on 
Experimental Mechanics, Milwaukee, WI, 130: 1-4 (2002). 

Masters and PhD Theses 
D. Wu, “Mechanical Behavior of NiTi with Refined and Nanostructured Grain Size 

Synthesized by Melt Spinning and Cold Rolling,” M.S. Thesis in Materials Science, 
University of Wisconsin - Madison 2002. 

J.S. Trethewey, “Modeling Shape Memory Alloy Indentation,” M.S. Thesis in Materials 
Science, University of Wisconsin - Madison 2004. 

G. Shaw, “Nanoscale Mechanical Properties of Nickel-Titanium Shape Memory Alloy,” 
Ph.D. Thesis in Chemistry, University of Wisconsin - Madison 2004. 

A.K. Bentley, “Synthesis and Manipulation of Metallic Nanowires,”  Ph.D. Thesis in 
Chemistry, University of Wisconsin - Madison 2005. 

Talks/Posters 
A.K. Bentley, A.B. Ellis, and W.C. Crone, “Magnetic Manipulations of Nanowires,” SEM 

Annual Conference and Exposition on Experimental and Applied Mechanics, 
Portland, OR (2005). 

G.A. Shaw, W.C. Crone, “Nanoscale Mechanical Properties of Ni-Ti Shape Memory 
Alloy,”  15th International Invitational Symposium on the Unification of Analytical, 
Computational, and Experimental Solution Methodologies (UACEM): UACEM in 
MEMS and Nanotechnology, Springfield, MA (2004). 

W.C. Crone, G.A. Shaw “Applying NiTi Shape-Memory Thin Films to Thermomechanical 
Data Storage Technology,” Materials Research Society 2004 Fall Meeting 
Proceedings, Boston, MA (2004). 

A.K. Bentley, J.S. Trethewey, A.B. Ellis, W. C. Crone,  “Manipulation of Non-Magnetic 
Nanowires Using Magnetic Ends,” Materials Research Society Fall Meeting, Boston, 
MA (2003). 

G.A. Shaw, A.B. Ellis, W. C. Crone,  “Direct measurement of the nanoscale mechanical 
properties of NiTi shape memory alloy,” Materials Research Society Fall Meeting, 
Boston, MA (2003). 

A. Bentley, W.C. Crone, A.B. Ellis, "Electrodeposition and Manipulation of CuSn 
Nanorods,"   Worldwide University Network Electrochemistry Division Internet Poster 
Session (2003). 

A. Bentley, "CuSn Alloy Nanorods - Synthesis, Manipulation, and Patterning,"  University 
of Bristol (2003). 

W.C. Crone, A.B. Ellis, A. Bentley, N. Smith, and J. Trethewey, “Nanostructured Shape 
Memory Alloy Constituents,” SEM Annual Conference on Experimental Mechanics, 
Charlotte, NC (2003). 

W. C. Crone, G.A. Shaw, D. S. Stone, A. D. Johnson, and A.B. Ellis, “Shape Recovery 
after Nanoindentation of NiTi Thin Films,” SEM Annual Conference on Experimental 
Mechanics, Charlotte, NC (2003). 



W. C. Crone, D. Wu , and J.H. Perepezko, " Pseudoelastic Behavior of Nickel-Titanium 
Melt Spun Ribbon," U.S. National Congress of Theoretical and Applied Mechanics, 
Blacksburg, VA (2002). 

W. C. Crone, D. Wu, and J.H. Perepezko, "Pseudoelastic behavior of Nickel-Titanium 
Melt Spun Ribbon," Rapidly Quenched and Metastable Materials, Oxford University, 
UK (2002). 

A. Bentley and N. Smith, "Chemical Synthesis of Nanostructured Copper-Tin Shape 
Memory Alloys," joint presentation, Mechanics and Materials Seminar, University of 
Wisconsin (2002). 

A. Bentley, "Synthesis of Shape Memory Alloy Nanorods by Electrodeposition,” 
Electrochemical Science Meeting of the Worldwide Universities Network (2002).  

D. Wu, "Melt-Spun NiTi Ribbons," Mechanics and Materials Seminar, University of 
Wisconsin (2001). 

J.H. Perepezko, "Bulk Shape Memory NiTi with Refined Grain Size Synthesized by 
Mechanical Alloying,"  International Symposium on Metastable, Mechanically Alloyed 
and Nanocrystalline Materials, Ann Arbor, MI (2001). 

 
Other Products 
Education Papers and Talks Related to the Research 
A laboratory based on this research has been adapted for the undergraduate classroom 

by Anne Bentley with the help of an undergraduate research assistant, Mohammed 
Farhoud, and disseminated in a video-based lab manual available at 
http://www.mrsec.wisc.edu/edetc/cineplex/nickel/index.html.  This lab has been 
implemented in Materials Science, Chemistry and Physics courses at the University 
of Wisconsin – Madison, Beloit College, Lawrence University?, and Milwaukee 
School of Engineering.  

Education talks related to the nanoSMA projects include presentations at the Leadership 
in Nanotechnology Education:  6th Annual Conference of the Pennsylvania NMT 
Partnership (2003), Nanoscale Science and Engineering Education Workshop 
(2003), International Video-Conference Seminar of the Advanced Materials 
Exemplar, Worldwide Universities Network (2003), SEM Annual Conference on 
Experimental Mechanics (2003), National Nanotechnology Initiative: From Vision to 
Commercialization Conference, Washington DC (2003), Nanotech 2003 + Future, 
International Congress and Exhibition on Nanotechnology, Chiba, Japan (2003), 
Materials Research Society Fall Meeting Boston, MA (2002), American Society for 
Engineering Education Annual Conference (2002, 2003). 

Outreach talks on the nanoSMA project include presentations at the Women in Science 
and Engineering Residential Program (November 2001) and the Alpha Chi Sigma 
undergraduate chemistry fraternity (September 2001), Internships in Public Science 
Education Program (July 2002) by Anne Bentley; Women in Science and 
Engineering Residential Program (February 2004) by Wendy Crone. 

 


