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ABSTRACT 

 

Effects of Constrained Aging on the Shape Memory Response  

of Nickel Rich NiTi Shape Memory Alloys. (December 2009) 

Fatmata Haja Barrie, B.S., Carnegie Mellon University 

Chair of Advisory Committee: Dr. Ibrahim Karaman 

 

 Ni50.6Ti49.4 single and Ni52Ti48 polycrystalline shape memory alloy samples were 

subjected to aging under a uniaxial stress, to form a single Ni4Ti3 precipitate variant and 

to investigate the effects of single versus multi-variant coherent precipitates on the shape 

memory characteristics including two-way shape memory effect (TWSME).  Shape 

memory and superelasticity properties along with the effects of stress and temperature 

on the transformation temperatures, strain, hysteresis, dimensional stability, and R-phase 

formation were investigated.  This was accomplished through the use of isobaric thermal 

cycling and superelasticity experiments and various microscopy techniques that included 

transmission electron microscopy (TEM), scanning electron microscopy, and optical 

microcopy.  

The results showed that it is feasible to use constrained aging to bias R-phase 

martensite variants upon cooling from austenite without any external stress, however, 

accomplishing this with B19’martensite was much harder as complete TWSME was 

only found in the Ni50.6Ti49.4 single crystalline sample oriented along the [112] direction.   

The onset of irrecoverable strain corresponded to the R-phase temperature hysteresis 

- 
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increase in the single crystalline samples regardless of the aging conditions.  Through 

TEM analysis it was discovered that [112] and [114] twins were found in austenite due 

to plastic deformation of martensite during the superelasticity experiments.  Since [112] 

twins are theoretically impossible to form in austenite, and since martensite was 

plastically deformed, [112] austenite twins were attributed to the transformation of 

compound twins in martensite, in particular [113] martensite twins formed during the 

plastic deformation of martensite, into austenite twins.   

In the Ni52Ti48 polycrystalline samples, a compressive R-phase variant was 

biased through constrained aging under 100 and 200 MPa uniaxial tensile stresses at 

400°C and 450°C.  Aging, in all conditions, produced a high density of Ni4Ti3 

precipitates that was most likely responsible for the small transformation strain 

observed, less that 2%, upon transformation to martensite.   

In the future, samples with compositions between 50.8 and 51.5 Ni atomic 

percent, in addition to altered solution and aging heat treatments as compared to those 

used in this study should be investigated as it is believed that samples with these 

compositions will yield better and consistent TWSME responses through constrained 

aging. 
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CHAPTER I 

INTRODUCTION1 

 

Background  

Shape memory alloys (SMAs) are a class of metals first reported in 1932 by Arne 

Ölande who witnessed shape memory behavior in Au-Cd [1].  SMAs differ from 

conventional metals, such as steel and aluminum, by their ability to return to a 

remembered shape after deformation.  However, it was not until 1968, when NiTi was 

discovered by William Buehler of the Naval Ordinance Laboratory, that SMAs really 

became popular.  Today, NiTi is the most common commercially used and investigated 

SMA.   NiTi is widely studied because of its attractive physical and mechanical 

properties that include corrosion and fatigue resistance, biocompatibility, and ductility in 

addition to shape memory and superelasticity.   Applications include eyeglasses frames, 

cellular phone antennas, and a number of actuator uses that include shaping airplane 

wings.   

 

The shape memory mechanism is caused by reversible solid-to-solid structural 

transformations that are temperature and stress dependent.  Multiple phases, each with 

their unique corresponding crystal structure, exist.  The transforming phases are called 

austenite and martensite.  Austenite is the high symmetry high temperature phase and 

has a B2 body centered cubic (BCC) crystal structure in NiTi.  Characteristically, 

                                                 
This thesis follows the style of Scripta Materialia. 
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martensite is a low symmetry low temperature phase.  Martensite can be stress induced, 

per loading of the austenite phase.  Several types of martensite exist.  Those found in 

NiTi include B19’ martensite and R-phase martensite, with monoclinic and 

rhombohedral crystal structures, respectively.  Figure 1 shows each of the unit cells.  The 

temperatures at which each crystal structure begins and ends forming is known as the 

start and finish transformation temperatures, respectively.  In the case of austenite, for 

example, this would be the austenite start, As, and austenite finish, Af, transformation 

temperatures. The actual temperatures vary based on the specific crystal structure and 

thermo-mechanical deformation history.  [2] 

       
 
 
 
 
 
 
 
 
 
  
 

 
 

Figure 1.  The SMA shape recovery mechanism is a result of various solid-to-solid 
phase transformations.  This figure shows NiTi related unit cells for the a) B2 BCC, b) 
monoclinic, and c) rhombohedral crystal structures for the B2 austenite, B19’ martensite, 
and R-phase, respectively. 

a) 

c) 

b) 
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Intrinsic SMA properties include superelasticity and shape memory effect.  An external 

deformation applied in the austenite phase results in superelasticity.  Superelasticity 

occurs when a perceived inelastic strain is fully recovered upon removal of an applied 

external load.  This type of martensite is known as stress induced martensite.    

  

Shape memory effect results in full strain recovery after an apparent inelastic 

deformation, caused by an applied external load, while the SMA is in a martensitic 

phase.  Strain recovery occurs once the SMA is heated above its austenite transformation 

temperature.  When a SMA is cooled without any external deformation, a self 

accommodated martensite forms.  This self accommodated martensite twins in order to 

take the shape of the material in the austenite phase thereby producing no detectable 

macroscopic shape change.  When a significant stress is applied to the SMA this results 

in the detwinning.  Detwinning is the growth of one martensite variant, or configuration, 

at the expense of others.   The detwinning process is fully reversible and is capable of 

producing transformation strains up to 10% depending on the magnitude of external 

stress applied, SMA heat treatment history, and the crystallographic texture of the 

sample tested, upon reverse transformation to austenite.  The amount of detwinning 

increases with applied stress and it is seen during both superelasticity and shape memory 

effect experiments.  [3,4] 

 

A material that experiences two way shape memory effect (TWSME) is capable of 

undergoing a detectable transformation strain under zero applied stress.  This occurs 
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when internal stresses, often caused by the presence of precipitates or oriented 

dislocations, bias one martensite variant enabling the material to remember two different 

shapes, one at low temperatures in the martensite phase in addition to the customary high 

temperature shape in the austenite phase.  [4] 

 

A number of thermo-mechanical treatments can generate necessary internal stresses to 

induce TWSME.  Many involve a combination of numerous temperature, deformation, 

and/or stress cycling to induce specific martensite variants [4].  Fortunately, constrained 

aging, or aging under an applied external stress, serves as an attractive preparation 

technique by reducing the need for time consuming and costly thermo-mechanical 

training in applications.   

 

Aging in NiTi can possibly produce Ti3Ni4, Ti2Ni3, and TiNi3 precipitates, however prior 

research has shown that in its coherent form, Ti3Ni4 is responsible for affecting SMA 

transformation and TWSME behavior [2,5].  The precipitates are non-transformable and 

in their coherent state, the difference between the crystal structures of the precipitates 

and the matrix produce the internal stress fields around them.   

 

The nickel composition of NiTi heavily influences the ability to successfully undergo 

constrained aging to produce TWSME.  NiTi SMAs can be classified into two 

categories, near equi-atomic compositions with compositions near 50 atomic percent 

nickel, and nickel rich compositions, compositions having 50.6 atomic percent or more 
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of nickel.  Nickel composition largely affects the transformation behavior of SMAs by 

changing the temperatures at which the solid-to-solid phase transformations occur.  

Aged, near equi-atomic NiTi SMAs have a lower Ni4Ti3 precipitate density than their 

Ni-rich counterparts. [6,7,8] The low precipitate density results in an insufficient amount 

of internal stress that is incapable of producing TWSME.  When a sample is aged in the 

free condition, four precipitate variants are produced, however, prior research has shown 

that a single variant is created when a compressive or tensile stress between 50 MPa and 

300 MPa is applied to the sample during aging. [6,7,9-11] Figure 2 shows the perceived 

effects of the tensile and compressive bias stresses applied during aging of NiTi SMAs. 

 

 

Figure 2.  This schematic shows the possible effects of aging NiTi SMAs under a) no, b) 
compressive, and c) tensile bias stresses. 

 

 

a) b) c) 
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In addition to influencing transformation temperatures, aging, along with grain boundary 

refinement, texture strengthening, strain hardening, and solid solution strengthening, 

serve as strengthening mechanisms, effectively improving the material’s resistance to 

plastic deformation.  In SMAs, plastic deformation accompanying martensitic 

transformation is manifested as irrecoverable strain that develops during forward and/or 

reverse transformations.  Consequently, the dimensional stability, or the alloy’s ability to 

retain its shape during thermo-mechanical cycling, is vital to avoiding performance 

degradation.  Aging provides the most effective strengthening mechanism in Ni-rich 

NiTi SMAs, pending the Ni4Ti3 precipitates are the precipitate form. 

 

In NiTi, B19’ martensite is capable of producing transformation strains of up to 10% 

depending on the sample condition and texture, and the thermo-mechanical deformation 

history.  R-phase, on the other hand, can only result in transformation strains up to 

approximately 1% [12].  Additionally, the R-phase hysteresis is significantly smaller 

than that of the B19’ hysteresis.  Thus, the R-phase transformation is suited for small 

amplitude actuator and damping applications, especially those requiring a large number 

of cycles and higher efficiency.  R-phase and B19’ martensite can coexist at lower stress 

levels, however, after a critical stress has been applied, the R-phase subsides leaving 

only the B19’ phase.  Not all NiTi SMAs are capable of undergoing R-phase 

transformations.  The R-phase is seen when the B19’ martensite start temperature is 

suppressed.  The R-phase can form under the following conditions: 1) cold working 

followed by annealing at low temperatures, 2) addition of a third element such as iron, 
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and 3) aging samples between 300 and 500°C.  [13, 14] Aging appears to be the most 

promising due to its other benefit as a strengthening mechanism.    

 

Motivation 

As with any material, resistance to plastic deformation is imperative for use in practical 

applications.  Since coherent Ti3Ni4 precipitates can be produced during select aging 

processes, the dimensional stability is increased thus, increasing the stress level at which 

permanent plastic deformation occurs.  The formation of the Ti3Ni4 precipitate during 

aging also allows for customizable transformation temperatures due to the depletion of 

Ni in the matrix.  [15]  Since conventional methods used to produce TWSME in NiTi are 

costly and time consuming, in the present study, experimental work is conducted to 

better understand the effects of different constraint conditions during aging on the 

TWSME, shape memory properties and R-phase formation of Ni-rich NiTi SMA 

samples.   
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Objectives 

The following are the present work’s objectives: 

1)  To determine effective heat treatments that produce TWSME in Ni-rich NiTi SMAs 

2)  To investigate the effects of aging on the shape memory effect and superelasticity  

properties on Ni-rich NiTi SMAs 

3)  To investigate the effects of different heat treatments on the formation of R-phase 

martensite 

4)  To investigate the effect of various heat treatments on the dimensional stability of 

NiTi SMAs.  
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CHAPTER II 

EXPERIMENTAL PROCEDURES 

 

Single Crystalline Sample Preparation 

Single crystalline samples of Ti-50.6 at%Ni (Ti-56 wt%Ni) nominal composition 

oriented along the [112] direction were prepared using the Bridgman method in an inert 

gas atmosphere [9].  The samples were then cut into tensile specimens similar to the one 

shown in Figure 3.  The thicknesses of the samples A, B, and C were 1.22 mm, 0.8 mm, 

and 2.63 mm, respectively. 

 
 

 

Figure 3.  Dog-bone shaped tensile samples were cut from the hot-rolled plate.   
 
 
 
The Bridgman method often leaves the sample compositionally nonuniform; therefore, 

the samples were homogenized at 950°C for 1 hour then water quenched and 

subsequently aged at 400°C for 1.5 hours under no stress, tension, or compression at 150 

MPa producing Ti3Ni4 precipitates.  Table 1 shows the sample heat treatment histories.   
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Table 1.  Different constrained aging treatments applied to the single crystal samples 

with the nominal composition of Ni50.6Ti49.4 used in this study. 

 Homogenization Aging 

Sample 
Temperature Time Temperature Time Stress Stress 

Type (° C) (hr) (° C) (hr) (MPa) 

A 950 1 400 1.5 0 -- 

B 950 1 400 1.5 150 tensile 

C 950 1 400 1.5 150 compressive 

 
 
 
Two different conditions of sample C were tested.  The first was prepared in concurrence 

with samples A and B will be referred to as sample C1.  The second sample was 

prepared independently of samples A, B, and C1.  This sample is oriented along the       

[1͞12] direction, and will be referred to as sample C2. 

 

Single crystals were used due to eliminate grain boundary effects thus allowing for an 

uncomplicated investigation of precipitate effects.  The Ni50.6Ti49.4 composition was 

selected because these samples exhibit more ductility than higher Ni concentrated 

samples.  The aging stress was selected because compressive and tensile stressed 

between 50 MPa and 300 MPa were shown to produce single precipitate variants in NiTi 

[10,15].  For this reason, 150 MPa aging stresses were selected to produce TWSME.  

The [112] orientation was selected based on Li and Chen’s theoretical findings that 

showed only certain oriented aging stresses resulted in single precipitant variants.  The 

[112] direction was in this category. [16]  The aging temperature and time were selected 
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because similar alloy compositions aged at the same temperature and time have been 

shown to produce peak-aged alloys with coherent precipitates.  [16-18] Samples heated 

between 400°C and 500°C for durations between 1 and 1.5 hrs for Ni50.8atTi produce 

peak aged materials.  The peak aged samples possess coherent and/or semi-coherent 

precipitates which create internal stresses within the samples. [19]  These internal 

stresses were expected to produce TWSME. 

 

Polycrystalline Sample Preparation 

Ni52Ti48 polycrystalline plates were initially received in hot-rolled condition.  Samples 

were then EDM cut into standard 1 -1.5 mm thick dog-bone shaped tensile samples, 

shown in Figure 3, with the rolling direction along the tensile axis.  Table 2 shows the 

solution heat treatment and aging conditions used for these polycrystalline tension 

samples. 

 

Solution heat treatment refers to the process of dissolving precipitate phases created 

during the casting and/or hot-rolling process without melting the matrix.  The solution 

heat treatment temperatures were selected based on the binary NiTi phase diagram.   

850°C and 900°C lie in the single TiNi phase region for the Ni52Ti48 composition, or 

above the solvus temperature of 812 ± 22°C. [20]  Solution heat treating the samples at 

these temperatures achieves the desired effects i.e. dissolves the precipitates.   The aging 

temperature was selected based on unpublished results from NASA Glenn Research 
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Center that indicated aging at 450°C for at least 5 hours produced the highest hardness 

from the aging regimes tested indicative of the peak aged condition. 

 
 
Table 2.  Different aging treatments applied to the polycrystalline samples with the 
nominal composition of Ni52Ti48.  All samples were initially hot-rolled.  The two cooling 
rates were either water quenched, WQ, and furnace cooled for 12 hours, FC. 
 

  
Solution Heat Treatment Aging 

Sample 
Temperature Time Cooling Temperature Time Stress Stress 

(°C) (hr) Rate (°C) (hr) (MPa) Type 

1 -- -- -- -- 0 0 -- 

2 -- -- -- 450 5 0 -- 

3 850 1 FC -- 0 0 -- 

4 850 1 FC 450 5 0 -- 

5 900 1 WQ 450 5 0 -- 

6 -- -- -- 450 5 200 tensile 

7 900 1 WQ 450 5 200 tensile 

8 900 1 WQ 450 5 100 tensile 

9 900 1 WQ 400 24 200 tensile 

 
 
 
The 200 MPa tensile stress was selected because it falls within the 50 MPa to 300 MPa 

tensile or compressive stress range shown to produce a single precipitant variant.  The 

polycrystalline samples were used because they are more practical and much less 

expensive than single crystalline samples.  

 

Isobaric Thermal Cycling Experiments 

The isobaric thermal cycling experiments were performed on a MTS servo-hydraulic 

load frame.  Each sample was cycled once between approximately 100° C and -60°C at 
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constant uniaxial tensile stress levels at a heating/cooling rate of 10°C per minute.  For a 

certain number of tests, the samples were cycled between 100 and 20°C to selectively 

observe the R-phase characteristics.  The stress levels were increased incrementally as 

follows 0, 25, 50, 75, 100, 150, 200, 250, 300, 350, 400, 450, and 500 MPa, or until the 

sample showed significant irrecoverable strain, to have a good understanding of the 

transformation behaviors.  The stress was increased at the 100°C maximum temperature 

of each cycle.  The strain was measured using an extensometer with a 0.5 inch gage 

length.  The sample temperature was measure using a type K thermocouple attached to 

the center of the gage section of the sample.    

 

From resulting data, strain versus temperature plots were produced.  Austenite, R-phase, 

and martensite start and finish temperatures were derived to produce stress versus 

temperature phase diagrams.  The precise start and finish temperature of each 

transformation are unknown, however by using the Tangent method, an accepted method 

for determining the temperatures in SMA literature, transformation temperatures were 

found.  The temperature hysteresis was determined by taking the temperature difference 

at the point of 50% transformation completion.  The transformation strain was 

determined by taking the strain difference between a point prior to and following 

transformation during cooling.   The irrecoverable strain was found by taking the 

difference between the finish and start strain values.   Figure 4 shows how the start and 

finish temperatures, temperature hysteresis, total transformation strain, and irrecoverable 

strain values were found. 
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Figure 4.  This schematic shows how the start and finish transformation temperatures 
were determined as well as the temperature hysteresis, and total transformation strain.   
 
 
 
Superelasticity Experiments 

The superelasticity experiments were also performed on the same MTS servo-hydraulic 

load frame with the strain being measured with a 0.5 inch gage length extensometer.  

The phase diagram derived from the isobaric thermal cycling experiments was used to 

determine the minimum temperature at which austenite existed.  The sample was loaded 

in increments or either 1% or 2% of the original strain, at a 6 x 10-3 s-1 at various 

temperatures above the minimum austenite temperature until the plastic deformation 

Total  
Transformation  
Strain 
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region of the sample was captured.  This was repeated at various temperatures until 

sample failure.  From the stress-strain results, the irrecoverable strain was found by 

taking the difference between the finish and start strain values.   The results were then 

correlated to the optical microscopy and TEM images.   

 

Optical Microscopy and Transmission Electron Microscopy 

Following the isobaric thermal cycling and superelasticity experiments, a digital 

Keyence VH-Z100 optical microscope and JEOL JEM-2010 TEM operated at 200 kV 

accelerating voltage were used to examine the microstructural characteristics of the 

samples.  To prepare the samples for optical microscopy, the sample surfaces were 

mechanically polished using SiC polishing paper and alumina powder mixtures down to 

a 0.5 µm final polish.  The samples were then chemically etched in a 3 HNO3 + 2 H2O + 

1 HF, in part, solution.   

 

Thin films were prepared from the deformed and un-deformed regions of the etched 

samples for TEM preparation.  The deformed region refers to the part of the sample that 

was externally stressed during the isobaric thermal experiments, or the gage section.  

The un-deformed region refers to the part of the sample unstressed by an external load 

during the isobaric tests.  Figure 3, above, shows the deformed and un-deformed regions 

of the tensile sample.  The thin films were electro-polished using a 20 vol.% H2SO4 and 

80 vol.% methanol electro-polishing solution.   TEM images were taken of different 

areas of the samples, at room temperature. 
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CHAPTER III 

EFFECT OF AGING ON SINGLE CRYSTALLINE Ni50.6Ti49.4 SMAs 

 

Isobaric Thermal Cycling Experimental Results and Analysis 

Figure 5 shows the results of the isobaric thermal cycling experiments.  The figure 

shows that temperature cycling caused each sample to undergo B2 to R-phase and 

followed by an R-phase to B19’ martensite transformations during the forward 

transformation.  During the reverse transformation, R-phase was only seen in samples A 

and C1, in samples B and C2 B19’ martensite transformed directly to B2 austenite.  It is 

likely that samples, under low stress levels, transforms to the R-phase but the 

transformations occur very close to one another, making them appear indistinguishable.   
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Figure 5.  Isobaric thermal cycling experimental results for the single crystalline 
Ni50.6Ti49.4 samples aged under a) no constraint, b) tension, and c) compression.  

a) Ni50.6Ti49.4 aged under no 

constraint, sample A 
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Figure 5.  Continued 

b) Ni50.6Ti49.4 aged under tension, sample B 

c) Ni50.6Ti49.4 aged under compression, sample C1 
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Figure 5.  Continued 
 
 
 
In each sample, the extent of the B2 austenite to B19’ martensite transformation 

decreased as the applied stress increased for all samples.  The extent of the B2 austenite 

to B19’ martensite transformation is associated with the material’s stored energy [8].  At 

higher stress levels, the transformation was virtually instantaneous, occurring at 

approximately the same temperature, before continuing with a secondary transformation.    

 

There appears to be two distinct types of transformations occurring during the B19’ 

martensitic transformation.  At low temperatures, T<Mf, transformation occurs at 

increasingly smaller strain rates.  This can possibly be attributed to a continuing 

transformation of regions left untransformed due to precipitate location and 

inhomogeneous microstructure.  Since regions immediately surrounding the precipitates 

d) Ni50.6Ti49.4 aged under compression, sample C2 
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are more highly stressed and likely have a lower Ni content, the first transformation 

could consist of this area followed by a subsequent transformation of the regions 

unstressed by the precipitates.  This occurrence was shown by Khalil-Allafi et al. 

through TEM investigation of temperature dependent transformation characteristics.  

Khalil-Allafi noticed that the R-phase nucleates around precipitates.  Upon completion 

of the B19’ martensite transformation, R-phase still remains.  The remnant R-phase 

began to transform to B19’ martensite only after decreasing the temperature further [21].   

A second potential reason could be the detwinning of martensite in the absence of a 

solid-to-solid phase transformation [3].   

 

The results of the isobaric thermal cycling experiments show that a temperature decrease 

occurred during the back transformation to austenite.  The temperature decrease 

occurred after differing stress levels dependent upon the sample aging history.  This is 

especially noticeable at the 450 MPa and 500 MPa stress levels in Figure 5.  This 

temperature decrease appears to correspond to the non-distinct regions of the R-phase as 

shown in the figures.  In other words, above certain stress levels, the reverse 

transformation occurs as a single stage B19’ to B2 austenite transformation instead of 

B19’ to R-phase to B2 transformation.  Distinct R-phase refers to stress levels of the 

isobaric thermal cycling experiments where the R-phase hysteresis either decreased or 

remained constant.  This is consistent with 300 MPa, 200 MPa, 50 MPa, and 100 MPa 

for samples A, B, C1, and C2 respectively, as shown in Figure 6.  Since the martensite to 

austenite transformation is an endothermic process, upon transformation, additional 
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energy is spent during the reverse transformation causing a reduction in the specimen 

temperature.  The degree of energy release is correlated to the amount of material 

transforming, therefore, the more stress that is applied, the larger the energy release will 

be.  This is consistent with the results of the isobaric thermal cycling experiments. 
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Figure 6.  Resulting R-phase and martensite temperature hysteresis response from the 
isobaric thermal cycling experiments for the Ni50.6Ti49.4 single crystalline samples. 
 
 
 
Figure 7 shows the strain-temperature results from the isobaric load bias experiments for 

each single crystalline sample under zero applied stress.  Samples B and C were 

expected to show TWSME, while sample A was not.  Only sample C2 showed TWSME, 

while samples A, B and C1 each underwent dissimilar transformations indicative of 

limited TWSME.  The samples displayed different transformation behaviors and 

produced varying transformation strains.    

Martensite Hysteresis 

R-phase Hysteresis 
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Figure 7.  Strain-temperature curve response from the isobaric load bias experiments for 
Ni50.6Ti49.4 single crystal samples under 0 MPa.  a) aged under no constraint, b) aged 
under tensile stress, c) aged under compressive stress: sample C1, and d) aged under 
compressive stress: sample C2. 

a)  Ni50.6Ti49.4 aged under no constraint, sample A 
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Figure 7.  Continued 

b) Ni50.6Ti49.4 aged under tension, sample B 

c) Ni50.6Ti49.4 aged under compression, sample C1 
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Figure 7.  Continued    

 
 
 
Sample C2 produced a 1.7% total TWSME strain and 0% irrecoverable strain.  The 

strain continuously increased once transformation began during cooling, and 

continuously decreased during heating.  The sample completely transformed to R-phase, 

however, did not completely transformed to the B19’ martensite phase because the Mf 

was below the cooling capabilities of the isobaric thermal cycling setup.  During the 

reverse transformation the sample appears to have transformed directly from the B19’ 

martensite phase, with remnants of R-phase, to the B2 austenite phase.   

 

Sample A initially underwent a 0.83% transformation strain followed by a 0.13% strain 

decrease during cooling.  Throughout the heating of sample A, the strain initially 

d) Ni50.6Ti49.4 aged under compression, sample C2 
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decreased slightly followed by a slight increase for a net change of approximately 

+0.06% change followed by the subsequent 0.56% strain decrease leading to complete 

recovery of the shape change during cooling. 

 

Sample B initially underwent a positive strain transformation of approximately 0.2% in 

magnitude.  Upon further cooling the sample exhibited a -0.41% transformation strain 

followed by a +0.3% transformation strain.  At the start of heating, the sample continued 

to increase in strain by 0.11%.  At the end of the heating cycle the shape change is over 

recovered by approximately 0.39% strain. 

 

Sample C1 continuously increased in strain during cooling, and decreased during 

heating.   The sample appears to have underwent two separate transformations in the 

forward transformation because the strain rate changed abruptly at approximately 0°C.   

Upon heating, the sample again appears to exhibit two transformations with a change in 

strain rate occurring at 39°C.   In all, the sample achieved a 0.41% transformation strain, 

however, did not completely recover as there was a 0.1% irrecoverable strain.     

While samples C1 and C2 appear to have produced dissimilar results, each underwent a 

continuous tensile strain transformation in the forward transformation and a continuous 

compressive strain transformation in the reverse transformation.  The different results 

could have been caused by compositional discrepancies between the samples themselves 

which would indeed cause the differing results.  Even a 0.3at% Ni change can cause 

TWSME to disappear as shown by Nishida et al. [6] 
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Figure 8 shows the stress versus temperature phase diagrams for each of the single 

crystalline samples.  The start temperature of each sample’s transformation varied with 

sample A having the lowest temperature and sample B having the highest.  This is the 

same behavioral pattern shown by the martensite start temperatures, Ms.  Miyazaki et al. 

determined using the electrical resistance method that the Mf, Ms, As, and Af 

temperatures of a Ni50.6Ti49.4 sample were -145°C, -83°C, -85°C, and -52°C, 

respectively.  That particular sample was swaged and then drawn at room temperature 

followed by a 1000°C solution heat treatment. [22]  An increase in the transformation 

temperatures was expected due to aging.   
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Figure 8.  Stress vs. temperature phase diagram of Ni50.6Ti49.4 single crystal along the 
[112] orientation.  a) sample A forward transformation, b) sample A reverse 
transformation, c) sample B forward transformation, d) sample B reverse transformation, 
e) sample C1 forward transformation,  f) sample C1 reverse transformation, g) sample 
C2 forward transformation, and h) sample C2 reverse transformation. 

a) Forward transformation phase diagram for   

    Ni50.6Ti49.4 aged no constraint, sample A  
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Figure 8  Continued 

 

b) Cooling phase diagram for Ni50.6Ti49.4 aged  

     no constraint, sample A  

c) Cooling phase diagram for Ni50.6Ti49.4 aged  

     under tension, sample B  
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Figure 8.  Continued 

 

e) Cooling phase diagram for Ni50.6Ti49.4 aged  

     under compression, sample C1  

d) Heating phase diagram for Ni50.6Ti49.4 aged  

     under tension, sample B  
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Figure 8.  Continued 
 

f) Reverse transformation phase diagram for Ni50.6Ti49.4  

    aged under compression, sample C1 

g) Forward transformation phase diagram for Ni50.6Ti49.4  

      aged under compression, sample C2  
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Figure 8. Continued. 
 
 
 
According to Ren, aging temperature largely affects the R-phase transformation start 

temperature, Rs, while aging time and alloy composition minimally affect Rs. [2] The Rs 

for individual stress levels was relatively constant between samples A, B, and C1, with a 

maximum standard deviation of 3.8°C.  However, when C2 was factored in, the 

maximum standard of deviation increased by a factor of approximately 2 to about 6.3°C.  

Therefore, it appears that sample C2 was likely aged at a different temperature and the 

aging stress type and orientation minimally affect Rs. 

 

In regards to the R-phase formation in Figure 7, while samples A and B exhibited 

multiple strain expansions and contractions, all the samples initially produced tensile 

strain transformation.  This appears to be consistent with the R-phase formation.  

Possibly to some degree, the R-phase was successfully biased to induce the R-phase 

h) Reverse transformation phase diagram for Ni50.6Ti49.4  

       aged under compression, sample C2  
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transformation, although the B19’ variants were unsuccessfully biased in samples A, B, 

and C1. 

 

Figure 9 a and b show the temperature-strain response for each of the Ni50.6Ti49.4 single 

crystalline samples at 100 MPa and 300 MPa respectively.  From the figure we clearly 

see the varying transformation and irrecoverable strains, hystereses, and transformation 

temperatures.  In Figure 9a, it is clear that sample C2 had higher transformation strains 

than the rest of the samples.  Sample C2 also had a comparable, but slightly smaller, 

total transformaton strain when compared with sample C2.  At 100 MPa, sample B 

produced a noticalbly higher transformation strain when compared with each of the other 

samples.  This difference is likely due to the precipate morphology activation of a 

specific martensite variant that yeilds a higher martensitic transformation strain.  At 100 

MPa, none of the samples produced any irrecoverable strain.  At 300 MPa, the 

transformaton strain of sample C2 decreased noticably when compared with each of the 

other samples.  Additionally the transformation temperatures for sample C2 are higher 

than the other samples.  The strain associated with the secondary transformation that 

occurs at temperatures lower than Mf is much lower for sample C2 than each of the other 

samples.  Samples A, B, and C1 also show no signs of irrecoverable strain, whereas, 

sample C2 shows a noticable irrecoverable strain.  Sample A produced the highest 

martensitic transformation strain. 
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Figure 9.  Strain-temperature response for the Ni50.6Ti49.4 single crystalline samples at a) 
100 MPa and b) 300 MPa. 
 
 
 
 

a) Ni50.6Ti49.4 single crystalline 

samples at 100 MPa 

b) Ni50.6Ti49.4 single crystalline 

samples at 300 MPa 
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Figure 10a shows that as stress was applied to each sample, regardless of the aging 

history, the austenite, R-phase, and martensite transformation temperatures increased.  

Each sample underwent different transformation strains at each applied stress level.  This 

can be attributed to the varying precipitate morphology of each sample.  The 

transformation strains increased with increasing applied stress but did not saturate.   

 

The irrecoverable strain associated with each sample’s isobaric thermal cycling 

experimental results is plotted in Figure 10b.  From Figure 5, it is clear that the onset of 

irrecoverable strain is connected to the disappearance of the R-phase.  The critical stress 

level, stress level at which slip occurs, is approximately 400 MPa for both samples A 

and C1.  It was not possible to determine the critical stress level for sample B due to the 

incomplete experimental results.  In a study by Ishida and Miyazaki, it was found that a 

Ti-51.3at%Ni thin film sample aged at 400°C for 1 hr produced a similar critical slip 

value that was found in this study, for samples A, B, and C1. [23]  The Ishida and 

Miyazaki sample displayed the same R-phase irrecoverable strain trend that was found 

in the present study.  Although it is uncertain as to exactly why the disappearance of R-

phase coincides with the onset of irrecoverable strain, Ishida and Miyazaki found that 

there is an empirical relationship between the precipitate size of aged Ni-rich NiTi 

SMAs and the critical slip level.  If the R-phase disappears at stress values greater than 

the critical stress level then perhaps the R-phase disappearance is also correlated to the 

precipitate size in aged Ni-rich NiTi SMAs.   
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Figure 10.  Resulting a) R-phase transformation, total transformation and b) 
irrecoverable strains from the Ni50.6Ti49.4 single crystal samples from the isobaric thermal 
cycling experiments. 
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Lattice invariant shears could also explain the R-phase–irrecoverable strain trend.  

Zhang et al., using the energy minimization theory, showed that only 4 twin types 

qualify as lattice invariant shears in the single step transformation 

(austenite→martensite) whereas in the 2 step transformation (austenite→R-

phase→martensite), 8 twin types qualify.  Lattice invariant shears can possibly be used 

to describe strain recoverability behavior in Ni-rich NiTi SMAs. [24]  According to 

Otsuka and Ren, the precipitates add energy to the NiTi matrix, that in turn affects the 

stability of the R-phase and Martensite.  Martensite is more easily affected than the R-

phase by precipitates.  This is what allows the R-phase to serve as the transformation 

path of minimum energy.  [2] 

 

Sample C2 displayed a different dimensional stability, R-phase and total transformation 

behavior as compared to samples A, B, and C1.  The R-phase transformation strain 

appeared to increase with increasing applied external strain.  Also, upon completion of 

the R-phase transformation, there was a continued transformation at a smaller strain rate.  

Also, the total transformation strain of sample C2 was higher that of samples A and C1 

at stress levels below 100 MPa, after which the sample displayed the lowest total 

transformation strain of all the samples, Figure 10a.  It is worth noting that sample C2 

was cooled to approximately -60°C.     

 

The onset of irrecoverable strain, in sample C2, occurred at a lower stress level than the 

other samples, approximately 100 MPa.  This is shown in Figure 10b.  Although the only 



 35

reported developmental difference stems from the sample orientation, [-112] instead of 

[112], there appear be other differences although it is not certain where these may come 

from.  Possibilities include sample composition, and/or aging temperature or time.    

 

Superelasticity Experimental Results and Analysis 

Figure 11 shows the stress-strain response of the superelasticity test performed at 50°C 

for sample A.  The stress-strain response can be divided into four stages.  During stage I, 

elastic deformation occurs.  In this region, the sample remains in the austenite phase.  

During stage II the nucleation and propagation of stress induced martensite occurs.  The 

sample, at a relatively constant stress, appears to undergo a Lüders like deformation.  

During stage III martensite deforms elastically.  While the SMA matrix 

microstructurally is a single crystal and precipitates themselves do not transform, they 

can often hinder the transformation of the matrix immediately surrounding the 

precipitates.  Therefore, during stage III, pockets of austenite previously left 

untransformed due to their relative location to the precipitates may continue to transform 

to stress induced martensite.  This is comparable to Tan et al. findings that show that 

non-transformable inclusions can isolate areas of austenite thereby requiring more stress 

to induce a martensitic transformation [25].  During stage IV appreciable irrecoverable 

strain occurred due to the plastic deformation of martensite.  This region is also known 

as the second plateau region. [26] 
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Figure 11.  Sample A, aged under no constraint, single crystal Ni50.6Ti49.4 stretched at 
incremental strains up to 17% at 50°C. 
 
 
 
Table 3 shows the strain produced in the stage IV region and the irrecoverable strain 

experienced by the sample at different experimental strain levels during the 50°C 

superelasticity experiment.  Clearly, there is a direct correlation between how much 

additional plastic strain was applied and how much irrecoverable strain was observed.  

This indicates that the plastic deformation in martensite occurs very locally, and that 

plasticity does not affect the back transformation to austenite in other regions of the 

sample, but influences only the back transformation of that particular plastically 
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deformed region.  This behavior has not been reported before in any SMA.  The reason 

for such a unique behavior will be explained with the help of TEM images. 

 

Table 3.  During stage IV of the 50°C superelasticity test, sample A began to experience 
significant irrecoverable strain.  The table shows the associated irrecoverable strain and 
inelastic strain associated with martensitic slip that occurs in the second plateau region. 
 

strain Stage IV strain Irrecoverable strain 

(%) (%) (%) 

11 1.93 2.55 

13 1.83 2.48 

15 1.8 2.42 

17 1.64 2.33 

 
 
 
In Figure 11, the sample appears to remember the deformation experienced by previous 

experimental cycles.  The deformation memory is manifested differently in stages II and 

IV.  In stage II, the deformation memory is shown by the appearance of reductions in the 

stress levels up to the strain level that the previous loading cycle was interrupted at.  

Additionally, indentations occur at the strain levels at which the previous loading cycle 

was interrupted.   In stage IV, the material shows a decreased flow stress until the 

sample reaches the level of deformation from previous experimental strain cycles.  

Duerig suggests that the deformation memory is caused by either the formation of 

dislocation networks that guide the formation of internal stresses.  The second theory is 

that martensite embryos are left behind after superelasticity recovery that act like 

“seeds” encouraging the same martensite variants to form during subsequent 
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superelasticity cycles. [27] This second theory seems plausible after looking at a set of 

TEM and OM images taken upon fracture of the sample during the superelasticity 

experiments. 

 

The OM and TEM images in Figure 12 and Figure 13  show [112] and [114] twins in 

austenite.  The images themselves were taken at room temperature.  Theoretically, [112] 

twins in austenite are impossible to form since dislocations associated with twinning 

have to destroy the order in B2 austenite to be able to form these twins. [28] Considering 

the unusual response upon loading and unloading in stage IV as summarized in Table 3, 

we believe that these twins in austenite are a consequence of deformation twins (also 

known as compound twins) in martensite.  Our hypothesis is that plastic deformation in 

Stage IV is due to mainly to compound twins in martensite.   

 

Since the material is very strong due to precipitates, we believe that negligible 

dislocation slip accompanies the twin formation.  The twins are quite small (on the order 

of 200 nm and below in thickness) and due to very small precipitates, there is an elastic 

energy storage even though these compound twins form, as evidenced by the significant 

superelasticity even after 17% applied strain.  Therefore, upon unloading, these 

compound twins transform back to austenite as twins in austenite instead of as single 

crystal of austenite.  For this theory to be true, from lattice correspondence between 

austenite and martensite, the twins, in martensite, corresponding to [112] and [114] twins 

of austenite must be compound twins.  [114] austenite twins correspond to [201] twins in 
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martensite.  Indeed, Nishida et al. demonstrated using in-situ TEM that [201] martensite 

twins transform to [114] twins in austenite upon heating.   [112] austenite twins 

corresponds to [113] twins in martensite. [29] Ishida et al. reported [113] twins in Ni-

rich NiTi SMAs in thin films in the second plateau region. [30] These support our 

argument on the transformation of twins in martensite to twins in austenite upon 

unloading.  Such observation opens a new possibility of twinning induced grain 

boundary engineering in SMAs. 

 

     

Figure 12.  OM images of deformation twins produced during the superelasticity 
experiments.  The images were taken at room temperature.  The [112] direction is the 
horizontal direction. 
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Figure 13.  A compilation of TEM images of the deformation twins produced during the 
superelasticity experiments.  The images were taken at room temperature in the B2 
austenite structure with no B19’ martensite present.  The zone axis for the TEM image is 
[111]B2. 
 
 
 
Figure 14 shows bright field TEM images of sample A and C1 with their corresponding 

diffraction patterns.  The diffraction patterns show that precipitates are indeed present 

within the microstructure.  It was not possible to distinguish the orientation of different 

precipitate variants due to the coherency stress field produced by the presence of the 

precipitates.  However, the volume fraction of the precipitates are relatively significant.  

5 1/nm 

200 nm 
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From TEM images it was determined that the precipitates were approximately 30 nm or 

less in length. 

 

 

 

Figure 14.  TEM images from a) sample A and b) sample B showing the coherency 
stresses produced by the presence of Ni4Ti3 precipitates.  The images were taken at room 
temperature. 
 

a) 

b) 
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Figure 15 shows a bright field TEM image of sample B and the corresponding 

diffraction pattern.  The figure shows aligned R-phase variants which mean that the 

microstructural morphology of sample B was able to at least in part bias R-phase 

martensite variants.  Therefore, the initial 0.2% increase in strain, shown in Figure 7, is 

most likely the result of R-phase transformation.   

 

The constrained aging of Ni-rich Ni50.6Ti49.4 single crystalline SMA samples lead to the 

appearance of TWSME in sample C2 that was aged under a 200 MPa compressive stress 

for 1.5 hours at 400°C after being homogenized at 1000°C for 1 hour.  Mechanically this 

sample did not behave like the others as it showed irrecoverable strain at 100 MPa.  

Upon investigation of sample A, the sample that was aged under no constraint, through 

TEM analysis it was discovered that [112] and [114] twins were found in austenite as a 

result of plastic deformation during the superelasticity experiment.  Since theoretically 

[112] and [114] twins cannot form in austenite, it is believed that [112] twins in austenite 

form as [113] twins in martensite, and [114] twins in austenite form as [201] twins in 

martensite. 
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Figure 15.  Bright field TEM image and corresponding diffraction pattern of sample B 
showing aligned R-phase variants.  The image was taken at room temperature with a 
[111]B2 zone axis.  The diffraction pattern also indicated the presence of precipitates. 
   

200 nm 
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CHAPTER IV 

EFFECT OF AGING ON POLYCRYSTALLINE Ni52Ti48 SMAs 

 

Isobaric Thermal Cycling Experimental Results and Analysis 

Polycrystalline SMAs behave slightly different as compared to single crystalline SMAs.  

Grain boundaries affect martensitic transformations, transformation strain levels, the 

critical stress level, and behavior of precipitate formation.  Each grain is not necessarily 

oriented along the same direction; therefore, not necessarily the same precipitant variant 

is biased within each individual grain when stress is applied during aging.  It still is 

expected, however, that 4 precipitate variants will form when aging is performed free of 

any applied stress.  Sample composition, has been found to affect the homogeneity of 

Ni4Ti3 precipitates within individual grains. [31,32]  In the Ni52Ti48 polycrystalline 

SMAs investigated in this work, it is expected that the precipitates will be dispersed 

homogeneously throughout the matrix, not clustered at the grain boundaries based on 

previous work by Khalil-Allafi et al. that showed that NiTi SMAs with Ni compositions 

of at least 50.6 atomic percent do not have a nucleation bias at the grain boundary. 

 

Figures 16-18 show the results of the isobaric thermal cycling experiments for the 

polycrystalline samples 1-6, Table 2.  These were tested incrementally either until 500 

MPa or sample fracture.  It is worth noting that sample 5 broke in the pin hole region, 

not in the gage section.  For each of these samples, the transformation strains, R-phase 
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formation, irrecoverable strain, transformation temperatures, and thermal hysteresis 

varied.   
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Figure 16.  Isobaric thermal cycling experimental results for the polycrystalline Ni52Ti48 
samples that were aged under no constraint.  The results include a) sample 1: hot-rolled 
(as-received) b) sample 2: hot-rolled then aged at 450°C for 5 hrs, and c) sample 5: hot-
rolled, solution heat treated at 900°C for 1 hr followed by aging at 450°C for 5 hrs. 
 

a) Ni52Ti48; hot-rolled (as-received), sample 1 
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Figure 16.  Continued 

 

c)  Ni52Ti48; hot-rolled, sol: 900°C, 1 hr aged: 450°C, 5 hrs, 0 MPa, 

     sample 5 

 

b)  Ni52Ti48; hot-rolled, aged: 450°C, 5 hrs, 0 MPa, sample 2 
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Figure 17.  Isobaric thermal cycling experimental results for the polycrystalline Ni52Ti48 
samples that were solution treated at 850°C for 1 hr then furnace cooled for 12 hrs.  The 
results include a) sample 3: hot-rolled, solution heat treated and b) sample 4: hot-rolled, 
solution heat treated at 850°C for 1 hr then furnace cooled for 12 hrs, followed by aging 
at 450°C for 5 hrs. 
 

b) Ni52Ti48; hot-rolled, sol: 850°C, 1 hr, FC-12hrs aged: 450°C, 5 

hrs, 0 MPa, sample 4 

a) Ni52Ti48; hot-rolled, sol: 850°C, 1 hr, FC-12hrs, sample 3 
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Figure 18b shows the strain-temperature response of sample 6 while the sample was 

subjected to a 50 MPa tensile stress.  An R-phase martensitic variant that resulted in a 

compressive transformation strain was biased even though an external tensile stress was 

applied.  Upon completion of the R-phase transformation, a thermal contraction of R-

phase took place.  At Ms, the R-phase to B19’ transformation begins.  The sample does 

not appear to have transformed to the R-phase during the reverse transformation.  The 

transformation strains, which will be discussed in detail later, were -0.06% and 0.15%, 

for the R-phase and B19’ martensite phases, respectively.  While the overall 

transformation strains were rather small it is evident that different types of variants, 

resulting in compressive or tensile transformation strains form independently of one 

another.  Aging under 0 MPa leads to the formation of R-phase variants yielding to 

overall tensile strains, under relatively low external tensile stresses, however, aging 

under tensile stresses cause the formation of R-phase variants that result in compressive 

transformation strains under relatively low external tensile stresses. 
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Figure 18.  Isobaric thermal cycling experimental results for the polycrystalline Ni52Ti48 
sample that was hot-rolled then aged at 450°C for 5hrs under a 200 MPa tensile stress.  
a)  all experimental results.  b)  50 MPa experimental result. 
 

 

a) Ni52Ti48 hot-rolled, aged: 450°C, 5 hrs, 200 MPa, sample 6 

b)  

Ni52Ti48 hot-rolled,  

aged: 450°C, 5 hrs, 200 MPa,  

sample 6;   

50 MPa experimental results 
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For the TWSME comparison, samples 6 – 8 were also investigated in addition to the 

samples introduced above that were subjected to the incrementally increasing tensile 

stresses.  Figure 19 shows the strain-temperature response from the isobaric load bias 

experiments for each polycrystalline sample under 0 MPa.  The results confirm that 

samples 1 and 3 show no clear signs of transformation.  This was expected because these 

samples were not subjected to any training or constrained aging processes.  Samples 2, 4, 

and 5 showed very minimal signs of transformation.  Since these samples were not aged 

under a bias stress, it was expected that four precipitate variants would be present within 

the SMA microstructure.  The internal stress of these precipitant variants would negate 

each other producing insufficient oriented internal stress in order to bias a specific 

martensite variant.  This was not entirely the case.  Sample 2 produced a -0.11% 

transformation strain. Sample 4 underwent a series of tensile and compressive 

transformation strains during the reverse transformation.  Sample 5 produced a -0.04% 

transformation strain.  However in this group of samples, the temperature hysteresis was 

either very large, approximately 20°C, or there was no real corresponding back 

transformation to correspond to the forward transformation.  The back transformation 

occurred gradually over a temperature range.   

 

Samples 6-9, under 0 MPA, first thermally contracted, and then underwent an R-phase 

transformation that resulted in a compressive transformation strain.  Upon completion of 

the R-phase transformation, samples 6 and 8, continued to thermally contract, whereas 

samples 7 and 9 either began to detwin or continued the transformation of previously 
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untransformed portions of the matrix, likely in addition to thermal contraction.  The 

magnitude of the transformation strains increased with decreasing temperature.  The 

stress required to create a macroscopic strain transformation stems from internal stresses 

caused by precipitates, dislocations, and other internal defects.  From this, we can 

assume that sample 8 experienced the greatest amount of internal stress, followed by 

samples 7, 9 then 6.    

 

Samples 6-9 showed partial TWSME by consistently transforming to the R-phase, 

however these samples did not transform to the B19’ martensite phase as expected or the 

B19’ transformation did not result in any external strain.  Figure 20 shows samples 6-9 

superimposed for a better comparison.  The oriented internal stress fields were able to 

bias a single R-phase variant to varying degrees.  Samples 7 and 9 behaved very 

similarly during the forward and reverse transformation.  Each underwent comparable 

strain transformations but had varying transformation start and finish temperatures, with 

sample 9 having the higher start and finish temperatures.  This can be expected because 

the samples were aged at different aging temperatures.  As mentioned in the previous 

chapter, Rs is only affected by aging temperature, not sample composition or aging time.  

Sample 8 showed a lower transformation temperature when compared to samples 7 and 

9.  The precise reason for this is unclear as samples 6, 7, and 8 were aged at the same 

temperature thus, we would expect for Rs to be the same in each of these samples.  A 

possible reason for the delayed transformations in both the forward and reverse 

transformations could be how the 100 MPa applied stress during aging affected the 
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precipitate formation.  Therefore, another method of further controlling the 

transformation temperatures could be through the application of varying external stresses 

during aging.  However, further research is needed before this can truly be confirmed. 

 

The thermal hysteresis of samples 7 and 9 were both less than 1.5°C.  The thermal 

hysteresis of sample 6 and 8 were 3.3°C and 6.5°C, respectively.  Since the magnitude of 

thermal hysteresis is a qualitative measure of frictional resistance to interfacial motion 

and stored elastic energy dissipation, samples 7 and 9 have a smaller resistance to 

interfacial motion.  It appears that the hysteresis levels are closely related to the order in 

the microstructural features. One would expect for the higher aging stresses to produce a 

more aligned precipitates.  If a stress is too high it is likely that no precipitates will form 

as the local stress throughout the entire matrix would have increased significantly.    
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Figure 19.  Strain-temperature curve results from the isobaric load bias experiments for Ni52Ti48 polycrystalline samples under 0 MPa.  a) 
sample1: hot-rolled (as-received) b) sample 2:hot-rolled then aged at 450°C for 5 hrs, c) sample 3: hot-rolled, solution heat treated at 
850°C for 1 hr , FC-12 hrs, d) sample 4: hot-rolled, solution heat treated at 850°C for 1 hr followed by aging at 450°C for 5 hrs, e) sample 
5: hot-rolled, solution heat treated at 900°C for 1 hr followed by aging at 450°C for 5 hrs , f) sample 6: hot-rolled followed by aging at 
450°C for 5 hrs under 200 MPa, g) sample 7: hot-rolled, solution heat treated at 900°C for 1 hr followed by aging at 450°C for 5 hrs under 
200 MPa, h) sample 8: hot-rolled, solution heat treated at 900°C for 1 hr followed by aging at 450°C for 5 hrs under 100 MPa, and i) 
sample 9: hot-rolled, solution heat treated at 900°C for 1 hr followed by aging at 400°C for 24 hrs. 
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Figure 20.  Strain-temperature curve results from the isobaric load bias experiments for 
Ni52Ti48 polycrystalline samples under 0 MPa with samples 6-9 superimposed for easier 
comparison.  
 
 
 
Figure 21-Figure 23 show the phase diagrams for samples 1-6.  The R-phase was 

expected to be seen in each aged sample; however, this was not the case.  The R-phase 

was found in only samples 2, 5, and 6, the samples that were solution heat treated.  The 

R-phase transformation strain increased with increasing applied stress, as shown in 

Figure 24.  The R-phase appears to present in Sample 4 at 50 MPa.  Since all the 

conditions except for the solution heat treatment were the same, it can be presumed that 

this is what brought about the R-phase differences, among others, between sample 4 and 

5.  From unpublished results from NASA Glenn Research Center it was expected for the 

transformation temperatures of sample 4 to be approximately 37°C, 27°C, 12°C, 38°C, 

and 45°C for Rs, Ms, Mf, As, and Af respectively.  From these results it was apparent that 
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R-phase was present in both the forward and reverse transformation, however, the R-

phase transformations occurred close to the B19’ transformation temperature, with the Rf 

and Ms transformation temperatures being indistinguishable.  Therefore, it is likely that 

at low stress levels, less than 100 MPa, the R-phase is present in the material.  
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Figure 21.  Stress vs. temperature phase diagram of Ni52Ti48 polycrystalline samples 1, 
2, and 5. a) sample 1 forward transformation, b) sample 1 reverse transformation, c) 
sample 2 forward transformation, d) sample 2 reverse transformation, e) sample 5 
forward transformation, and f) sample 5 reverse transformation. 
 

a) Forward transformation phase diagram for Ni52Ti48,   

     hot-rolled, sample 1 
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Figure 21.  Continued 

b) Reverse transformation phase diagram for Ni52Ti48,   

     hot-rolled, sample 1 

c) Forward transformation phase diagram for Ni52Ti48,   

     hot-rolled, aged: 450°C, 5 hrs, 0 MPa, sample 2 
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Figure 21.  Continued 

 

d) Reverse transformation phase diagram for Ni52Ti48,   

     hot-rolled, aged: 450°C, 5 hrs, 0 MPa, sample 2 

e) Forward transformation phase diagram for Ni52Ti48,   

     hot-rolled; sol: 900°C, 1 hr; aged: 450°C, 5 hrs, 0 MPa,  

     sample 5 
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Figure 21.  Continued 
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Figure 22.  Stress vs. temperature phase diagram of Ni52Ti48 polycrystalline samples 3 
and 4.  a) sample 3 forward transformation, b) sample 3 reverse transformation, c) 
sample 4 forward transformation, and d) sample 4 reverse transformation. 
 

a) Forward transformation phase diagram for Ni52Ti48   

     hot-rolled, sol: 850°C, 1 hr, FC-12 hrs, sample 3 

f) Reverse transformation phase diagram for Ni52Ti48,   

     hot-rolled; sol: 900°C, 1 hr; aged: 450°C, 5 hrs, 0 MPa,  

     sample 5 
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Figure 22.  Continued 
 

c) Forward transformation phase diagram for Ni52Ti48   

     hot-rolled, sol: 850°C, 1 hr, FC-12 hrs; aged: 450°C, 5 hrs, 

     sample 4  

b) Reverse transformation phase diagram for Ni52Ti48   

     hot-rolled, sol: 850°C, 1 hr, FC-12 hrs, sample 3 
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Figure 22.  Continued 
 
 
 

600

500

400

300

200

100

0

S
tr

e
s
s
, 

M
P

a

100806040200-20-40-60

Temperature, °C

martensite

R-phase

austenite

30.9 MPa/°C

15.9 MPa/°C

43.4 MPa/°C

6.3 MPa/°C

12.9 MPa/°C

18.3 MPa/°C

 Rs
 Rf
 Ms
 Mf

 

Figure 23.  Stress vs. temperature phase diagram of Ni52Ti48 polycrystalline sample 6.   
a) sample 6 forward transformation, b) sample 6 reverse transformation. 
 

d) Reverse transformation phase diagram for Ni52Ti48   

     hot-rolled, sol: 850°C, 1 hr, FC-12 hrs; aged: 450°C, 5 hrs, 

     sample 4  

a) Forward transformation phase diagram for Ni52Ti48,   

     hot-rolled, aged: 450°C, 5 hrs, 200 MPa, sample 6 
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Figure 23.  Continued 

 
 
 
The various solution and aging heat treatments had varying effects on the transformation 

temperatures of each of the samples. Samples 1 and 5 had the lowest martensite 

transformation temperatures.  The transformation temperatures of sample 4 increased by 

approximately 20°C with aging, over sample 3.  For this reason, the hot-rolled then 

solution heat treated sample at 900°C sample was not tested, because it was expected 

that the transformation temperatures of the sample would be lower than sample 5.  

Sample 4, in Figure 22e shows two different Mf transformation rates.  This type of 

behavior was typically seen when R-phase was present, however, from the isobaric 

thermal cycling results, R-phase did not appear to be present.  The transformation rate 

changed at approximately 300 MPa. 

 

b) Reverse transformation phase diagram for Ni52Ti48,   

     hot-rolled, aged: 450°C, 5 hrs, 200 MPa, sample 6 
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The R-phase transformation temperatures decreased with increasing applied stress for 

sample 5 as shown in Figure 21e.  This was the only sample that behaved in this manner.  

The martensite transformation temperatures increased with increasing applied 

temperature.     
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Figure 24.   R-phase transformation strains for samples 2, 5, and 6 of the Ni52Ti48 
polycrystalline samples. 
 
 
 
Figure 25 shows the thermal hysteresis response for samples 1-6.  Sample 5 showed the 

highest thermal hysteresis when compared to samples 1-6, approximately 20-30°C 

higher depending on the applied stress level.  Possible reasons for the large temperature 

hysteresis increase include sample 5 being peak aged thus yielding higher coherency 

strains in the expected 4 precipitate variants produced during aging.  The strain-

temperature loops are quite asymmetric in sample 5 as compared to that of the other 

 sample 2: aged: 450C, 5 hrs, 0 MPa
 sample 5: sol: 900°C, 1 hr, aged: 450°C, 5 hrs, 0 MPa
 sample 6: sol: 900°C, 1 hr, aged: 450°C, 5 hrs, 200 MPa
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samples indicating that the nucleation of austenite is quite difficult.  Although the exact 

reason for this is not known at this point it is likely to be related to the necessity of 

geometrically necessary martensite twins that needs to form between coherent 

precipitates before transformation back to austenite which requires additional 

overheating.  Considering that this is the only sample that was water quenched directly 

after being subjected to the solution heat treatment, this is likely causing the delayed 

martensitic transformation.  According to Hamilton et al., a large temperature hysteresis 

is associated with increased frictional resistance to interfacial motion.  [8]  The solution 

heat treatments will be correlated to the sample microstructures later in the chapter.  
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Figure 25.  Temperature hysteresis values for samples 1-6 of the Ni52Ti48 polycrystalline 
samples. 
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Recall that two different solution heat-treatments were used throughout the study of the 

polycrystalline samples.  These solution heat treatments affected the samples differently.  

  

Microstructural Investigation 

First, considering the microstructural effects of the furnace cooling samples over 

quenching immediately upon completion of the solution heat treatment allows various 

precipitates with different sizes to form with the sample microstructure as the sample 

cools.  Samples that are water quenched immediately stop the treatment process and no 

precipitates are expected.  Therefore, the samples that were furnace cooled formed new 

precipitates whereas the sample samples that were water quenched were able to dissolve 

much of the prior Ni4Ti3 precipitates.  The main difference in selecting solution heat 

treatment temperatures is the that there is a direct relationship between the solution heat 

treatment time, temperature, grain size, and precipitate state.  The longer that sample is 

allowed to solution heat treated, the larger the grains will be.   

 

Sample 1, the as received hot-rolled sample, underwent the largest transformation strain, 

as can be seen in Figure 26, and was able to resist irrecoverable strain until higher 

stresses, Figure 27, when compared to samples 2 – 6 except for samples 3 and 6.   
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Figure 26.  Total transformation strains for samples 1-6 of the Ni52Ti48 polycrystalline 
samples. 
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Figure 27.  Irrecoverable strains experienced by samples 1-6 of the Ni52Ti48 
polycrystalline samples. 
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After looking at Figure 28a and b it is clear that the grain size increased after the sample 

was subjected to the 900°C, 1 hr solution heat treatment.  The grain sizes were 

approximately 100 µm and 130 µm for sample 1 and the 900°C solution heat treated 

sample, respectively.  From the Hall-Petch relation that relates the size of the grain 

boundary to the yield strength of a material, solution heat treating the polycrystalline 

samples decreases the yield stress of said samples.  Therefore, in a number of the 

solution and aging heat treatment cases studied in this study, there was a decrease in the 

stress level at which irrecoverable strain was observed, which can be correlated to the 

grain size. 

 

    
Figure 28. SEM images taken of the a) hot-rolled (as-received) sample and b) 900°C 
solution heat treated water quenched sample.   
 
 
 
Also present in Figure 28 a and b are stringers that are oriented along the rolling 

direction.  The stringers, or inclusions, were formed during the casting process and 

consist of oxides such as Ni4Ni2Ox and TiO2.  While these stringers are secondary 

a) b

200 µm BSE1    15kV 10 nA 200 µm BSE1    15kV 10 nA 

Stringers Stringers 
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phases, they do not provide the necessary internal stresses required to produce TWSME 

because they are incoherent and quite large.  These secondary phases also do not take 

part in the solid-to-solid phase transformation.  The Ni4Ti3 precipitate formation was 

locally unaffected by the presence of stringers.   

 

Figure 29 a and b shows the microstructure of samples 1 and 2, respectively.  The 

dominant plate like phase in Figure 29 a and b are the Ni4Ti3 precipitates.  It is clear that 

the precipitate is homogeneously distributed throughout the grains.  Multiple precipitate 

variants are present, however the precipitates appear coarse.  Ni3Ti precipitates were 

present along the grain boundaries and within grain boundaries.  As mentioned in the 

introduction, Ni3Ti typically form when Ni-rich NiTi has been aging for a long period of 

time, therefore, although samples 3 and 4 were aged for 1 hour at 850°C, they continued 

to be aged during the 12 hour furnace cooling time period.  The area immediately 

surrounding the Ni3Ti precipitates appears to be void of Ni4Ti3 precipitates.  This is most 

likely attributed to a compositional change surrounding Ni3Ti precipitates.  Upon further 

aging, Ni4Ti3 precipitates eventually formed, however, these precipitates were much 

smaller in size when compared to the Ni4Ti3 found within the matrix.  From Figure 29, it 

is obvious that there is a high precipitate density in these samples.  Since precipitates are 

incapable of participating in the solid-to-solid phase transformation, this leaves a much 

smaller portion of matrix that is capable of transforming.  This, in part, can account for 

the small transformation strains experienced by the polycrystalline samples as shown 

above in Figure 26.   It is worth noting that the Ni3Ti precipitate was also present at low 
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levels in sample 1, the hot-rolled (as-received) sample.  In sample 4, Ni3Ti precipitates 

were present at a higher fraction than the hot-rolled sample, therefore the solution heat 

treatment time may be too long.  A balance must be reached when selecting a solution 

heat treatment time in order that the previous Ni4Ti3 precipitates disappear while at the 

same time hindering the formation of Ni3Ti precipitates. 

 

 

Figure 29.  SEM image of Ni52Ti48 polycrystalline samples a) 1 and b) 2.  The dominant 
phase in sample 2 are the Ni4Ti3 precipitates. The samples are at the same magnification. 
 
 
 
The Ni composition of the Ni52Ti48 samples may, in fact, be too high in order to produce 

TWSME due to the large density of Ni4Ti3 precipitates produced during aging.  This is 

because of the fact that once solution heat treated and water quenched, the Ms 

temperatures are too low and the selected heat treatments (450°C for 5 hours and 400°C 

for 24 hours) may not be sufficient to bring the transformation temperature high enough 

for practical temperature ranges to be able to measure TWSME. 

 

a) b) 
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Upon examination of the samples’ microstructure, it is evident that when the hot-rolled, 

and furnace cooled samples were aged, this leads to the coarsening of the precipitates 

that were already present within the microstructure. 
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CHAPTER V 

SUMMARY AND CONCLUSIONS 

 

Single Crystalline Ni50.6Ti49.4 

The shape memory behavior of single crystalline Ni-rich Ni50.6Ti49.4 bulk samples were 

investigated experimentally after subjecting the tensile samples to different aging heat 

treatments using isobaric thermal cycling experiments, superelasticity experiments, OM, 

and TEM.  The samples were prepared using the Bridgman method, and then 

homogenized at 1000°C for 1hr then water quenched.  The samples were then aged at 

400°C for 1.5 hours under zero constraint (sample A), and tensile (sample B) and 

compressive (sample C) stresses of 150 MPa.  The following conclusions were drawn 

from this portion of the study. 

 

 (1)  The aging treatments produced precipitates and there were less than 30 nm in size.  

The precipitate variant orientation was indeterminable, using TEM, due to the high 

coherency stress field associated with the precipitates.   

(2)  The aging treatments used in this study bring about perfect dimensional stability 

during isobaric thermal cycling up to 400 MPa with the help of two stage 

transformations.   

(3)  Constrained aging does not affect the R-phase transformation temperatures and 

strain levels, however it can decrease the martensitic transformation strain levels.  The 

martensitic transformation strain levels depend on the nature of the constraint. 
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(4) The onset of irrecoverable strain corresponded to the non-distinct regions of the R-

phase temperature hysteresis.  Non-distinct refers to regions of the R-phase temperature 

hysteresis where the hysteresis is not relatively constant or decreasing.  This pattern was 

noticed regardless of the aging conditions.   

(5)  In samples A, B, and C1, TWSME strain is the highest in the unconstrained aging 

case where TWSME mainly originates from the R-phase transformation.  However, in 

these samples constrained aging at 400 in the present composition did not lead to the 

desired large TWSME strain levels.  Sample C2 successfully produced a 1.5% 

transformation strain. 

(6)  [112] and [114] twins in austenite transformed from [113] and [201] twins in 

martensite as a form of plastic deformation. 

 

Polycrystalline Ni52Ti48 

The shape memory behavior of polycrystalline Ni-rich Ni52Ti48 bulk samples were 

investigated experimentally after subjecting the tensile samples to different solution and 

aging heat treatments using isobaric thermal cycling experiments, OM, and SEM.  The 

samples were received in hot-rolled condition.  The samples were either solution heat-

treated at 900°C for 1 hour then water quenched or 850°C for 1 hour then furnace cooled 

for 12 hours.  The samples were then aged at 450°C for 5 hours under zero constraint, or 

tensile stresses of 100 and 200 MPa prior.  One sample was aged at 400°C for 24 hours.  

The reader can refer to Table 2 for further processing details.  The following conclusions 

were drawn from this portion of the study. 
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(1)  Aging under stress can possibly be used to customize the martensitic transformation 

temperatures. 

(2)  Ni composition of alloy may be too high in order to bias a single B19’ martensite 

variant and produce TWSME since transformation temperatures are too low. 

(3)  Constrained aging can easily bias R-phase variants and produce partial TWSME, 

however, further solution and aging heat treatment studies are needed in order to 

successfully bias B19’ martensite variants.  

(4)  Water quenching immediately following a solution heat treatment prevents the 

formation of unwanted precipitates, whereas furnace cooling allows for the nucleation 

and growth of Ni3Ti and Ni4Ti3 precipitates.  Upon aging of furnace cooled samples, 

precipitates simply continue to grow.  

(5)  The high precipitate density prevented larger transformation strains. 
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CHAPTER VI 

FUTURE WORK 

 

Intermediate compositions between the ones investigated in this study, Ni50.6Ti49.4 and 

Ni52Ti48, should be subjected to select constrained aging heat treatments in order to 

successfully bias B19’ martensite variants and find a compromise between the amount of 

Ni4Ti3 precipitates forming and the amount of reduction in transformation temperature 

due to Ni content.  The effect of higher aging temperatures on Ni52Ti48 polycrystalline 

samples should be investigated in order to find the optimal transformation temperatures 

due to the matrix Ni content and the optimum precipitate size and coherency that would 

not suppress transformation temperatures significantly due to the coherency stress field 

and at the same time that would have enough coherency stress field to bias certain 

martensite variants for TWSME.  
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