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ABSTRACT 

The motivation for this research is the understanding of phase transformations that lead to 

an increase in the shape memory effect (SME) transformation temperature in a Ni-Ti-Pd shape 

memory alloy (SMA). The research addressed three major parts of this transformation - (1) The 

phase stability of the P-phase precipitate previously discovered with an emphasis on its 

stoichiometric limits by changing the Ni and Pd content with the Ti11(Ni,Pd)13 ratio; (2) The 

effects of P-phase precipitation on the martensitic transformation temperature in near-equiatomic 

Ti(Ni,Pd) alloys; and (3) The effects of dilute additions of Hf (0.1-1 at.%) to the precipitation 

and shape memory transformation temperature in Ni-Ti-Pd. 

P-phase stabilization: The compositional limits of the P-phase have been systematically 

studied by varying the Pd and Ni content in the P-phase‟s Ti11(Ni+Pd)13 stoichiometry. Each 

alloy was solutionized at 1050
o
C followed by water quenching, and aging at 400

o
C for 100 

hours. Four distinct phases were identified – Ti2Pd3, B2 Ni-Ti, P- and P1-phases dependent on 

alloy composition – by electron and x-ray diffraction. The latter precipitate phases become more 

stable with increasing Ni at the expense of Pd content. Atom probe tomography revealed the P-

phase composition to be 45.8Ti-29.2Ni-25Pd (at.%) or Ti11(Ni7Pd6) as compared to the P1-phase 

44.7Ti- 45.8Ni-9.4Pd (at.%) or Ti5Ni5Pd. 

Optimization of P-phase precipitation: The effect of aging time and temperature on 

precipitation and subsequent martensitic transformation temperatures for a series of Ni-(50.5-

49.2)Ti-32Pd (at.%) shape memory alloys has been studied. Structure-property relationships 
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were developed through detailed microstructural characterization involving transmission electron 

microscopy, diffraction analysis, and atom probe tomography with links to microhardness 

measurements and transformation temperatures established by differential scanning calorimetry. 

The Ti-rich alloy contained relatively coarse Ti2Ni in a B19 matrix and had the highest 

martensitic transformation temperatures (Ms ~ 280°C) independent of aging condition. After 

aging, the two Ti-lean alloys contained P-phase precipitates in a B19 matrix. The increase in 

transformation temperature was associated with a near 50 at.% Ti composition in the matrix 

phase.  

Quaternary alloys addition to P-phase: The effect of Hf (0 – 1 at. %) additions in a Ni-Ti-Pd 

alloy on P-phase precipitation and martensitic transformations were studied. The addition of 

hafnium promoted an increase in strain within the matrix which resulted in the refinement of 

precipitates upon precipitation with a corresponding increase in number density. The overlapping 

strain fields of the precipitates created from the decrease in inter-precipitate spacing reduced the 

matrix volume to be less than the critical free volume size required for the martensitic 

transformation over the temperature range studied (183 K to 573 K), hence a deleterious 

suppression of the transformation temperature. Hafnium was also noted to delay the aging time 

to achieve peak hardness, suggesting a reduction in growth and coarsening kinetics.  
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1 Introduction 

The Ni-Ti based alloys
1
, known as Nitinol, are a class of shape memory alloys (SMAs) that 

have been implemented in various applications including medical and dental devices, eyeglass 

frames, and airplane chevrons
2–4

. They utilize a unique property known as the shape memory 

effect, or SME. SME is a solid-state, reversible, diffusionless transformation where a material 

transforms from a low temperature martensitic phase to a higher symmetry austenite phase when 

heated to the martensitic transformation temperature. Moreover, SMAs can recover their original 

shape, even against an opposing load, when cycled through a temperature cycle 
5
. Current 

commercial Ni-Ti alloys have a transformation temperature around 100°C
6
, limiting them to 

lower temperature applications. If the martensitic transformation temperature could be increased, 

it would open up the opportunity for the use of shape memory alloys in a larger number of turbo-

machinary applications in aerospace, automotive, and chemical processing industries.  

Research into increasing Nitinol‟s transformation temperature has included the use of alloying 

elements and subsequent heat treatments to produce optimally sized precipitates that have been 

shown to improve properties
7
. These alloying additions include Hf, Zr, Cu, Au, Pt, and Pd

8–33
 

and have shown varying degrees of success. This dissertation provides a detailed study on the 

formation of precipitates in a Ni-rich series of Ni-Ti-Pd alloys with various aging treatments. 
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1.1 Discovery of Shape Memory Alloy  

The discovery of shape memory alloys in near equiatomic Ni-Ti was first observed by 

Buehler et. al. in 1963
1
 where the manipulation of compositions and heat treatments resulted in 

the cubic CsCl or B2 structure with Ti2Ni and TiNi3 precipitation for off stoichiometric 

compositions that were either Ti-rich or Ni-rich, respectively. Although the shape memory 

transformation has been previously observed in Au-Cd and In-Tl
34,35

, these systems were not 

extensively researched because of the advantages of Ni-Ti, such as higher transformation 

temperature and superior mechanical properties, like higher work output and improved 

dimensional stability
7
.  

1.1.1 Shape Memory Effect and Superelasticity 

The shape memory and superelastic effects utilize a martensitic transformation. With the 

SME, Nitinol can be deformed to nearly 6% strain at low temperatures while being able to return 

to its original shape upon heating to the transformation temperature. In superelasticity, Nitinol is 

able to undergo large elastic strains of the order of 4-8%, returning completely to its original 

shape without any alteration of temperature
6
. Both sets of mechanical properties have low 

anisotropy or, alternatively, they exhibit nearly uniform properties in all directions which results 

in high ductility for Nitinol.  

By definition the martensitic transformation is a diffusionless transformation in the matrix 

through shearing of atomic planes. There are four temperatures used to describe a martensitic 

transformation. When cooling, the martensitic start temperature (Ms), is used to define the 

temperature at which the material begins a martensitic transformation. The Mf, or martensite 

finish temperature, defines the temperature when the material has been completed transformed 

into martensite. Upon heating, the austenitic start temperature (As) marks the beginning of the 



3 

 

transformation back to austenite. Once the austenite finish (Af) temperature has been reached, the 

material is again fully transformed back into austenite. The differences in the start and finish 

temperatures results in a hysteresis effect upon heating and cooling. Obviously, for an actuator 

application, one would want the hysteresis to be minimal so the material could act as an 

“instantaneous” switch.  

When the material is transformed from one phase to another a unit cell volumetric change 

occurs which introduces strains (or equivalently stress) within the material. These stresses must 

be accommodated. This is achieved through elastic and plastic responses within the material. 

Dislocations induced by these stresses are a permanent deformation and cannot be reversed 

through martensitic transformation. They will result in non-recoverable strain when the material 

attempts to return to the parent shape. This contributes to the aforementioned issues of 

dimensional and transformation stability. Twins and elastic deformation, however, can be 

reversed. When the high temperature austenite phase cools, it undergoes the diffusionless 

transformation to a twinned martensite structure. The martensite can then be deformed and the 

twins will rearrange within the material to accommodate the deformation. The material can then 

be heated above the Af to obtain the initial austenite structure and the process is repeated. If the 

alloy is stressed beyond what the twin variants can accommodate, the material will remain 

permanently deformed. When such strains are accommodated elastically, they are generally 

referred to as being thermoelastic. The driving force required to complete the martensitic 

transformation can then be used as a measure for thermoelasticity of the SMA. This process is 

mapped for clarity in Fig. 1. 

In addition to being able to accommodate strain elastically and resist the formation of 

dislocations through the formation of twins, ordering in the structure of the SMA aids in the 
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transformation ability
36

. When the alloy is chemically ordered, the martensite to austenite 

transformation will have fewer possible variant outcomes, making the feasibility of the reverse 

transformation more likely than that of the same structure in a disordered state. 

 

Fig. 1: Schematic showing the relationship of temperature, strain, and stress on the structure of a 

SMA. 
2 

 

1.1.2 Testing of Shape Memory Properties 

There are two common methods used to quantify the shape memory effect in materials - (1) 

differential scanning calorimetry (DSC) and (2) load-bias testing. In DSC, the sample is cycled 

through heating/cooling cycle over a specified temperature range and the resulting heat flow is 

measured from the transformation. A sample of this data is seen in Fig. 2 with temperatures of 

interest labeled. The enthalpy of heating and cooling can be calculated by measuring the area 

within the corresponding peak. DSC can also show qualitatively the level of dimensional 
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stability by seeing how well consecutive hysteresis loops overlap, i.e. are the start and finish 

temperatures the same for multiple cycles. 

 

Fig. 2: Example of a differential scanning calorimetry cycle with labeled measurable values.  

 

Load-bias testing can be performed using several geometries, but all resulting data can be 

converted into a true strain vs. temperature graph. In this test, the sample is subjected to a 

mechanical load, typically in compression, and the accommodating strain change that occurs 

from the transformation is compared to the applied load. One can they determine the amount of 

work the SMA can perform 
9,37

. An example of a load bias curve is shown for an arbitrary load in 

Fig. 3. 
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Fig. 3: Illustration of a load-biased strain temperature cycle with labeled measurable values.
9 

 

1.1.3 Functionality  

Shape memory alloys are useful in a wide array of application, several of which were listed in 

the introduction. With improvements in transformation temperatures and mechanical properties, 

such as increased ductility and dimensional stability, the possibilities continue to arise for 

existing applications and new high-tech applications. Below is a summary of some of the main 

applications of Nitinol shape memory alloys. It has been divided into two categories for clarity: 

(1) medical and (2) non-medical. More information for each is provided outlining to the 

advantages and disadvantages of Ni-Ti SMA in actuator applications. 

1.1.3.1 Medical Devices 

When any material is used in a medical device, the implant biocompatibility is of major 

concern
38

. A biocompatible material will not produce an allergic reaction in the host or release 
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ions into the bloodstream
39

. Typically, the compatibility is determined by the interaction of the 

implant materials surface with the host. The surface roughness and porosity, as well as factors 

associated with the host, determine the level of biocompatibility
3
. When considering the 

biocompatibility of Ni-Ti, the toxicity of each element is examined first. Ni is highly toxic to the 

human body. People exhibiting symptoms from exposure to Ni display pneumonia, chronic 

sinusitis, nostril and lung cancer, and dermatitis
40

. Ti, on the other hand, is highly biocompatible. 

It forms a passive Ti2O layer after contact with air, and is highly resistant to corrosion. Although 

Ni is poisonous to the body alone, the combination of Ni and Ti seems to mitigate this issue. Ni-

Ti has been found to be passive in physiological solutions, and has corrosion resistance superior 

to that of stainless steel
3,38

. 

 Nitinol alloys are used in cardiovascular, orthopedic, dental, and surgical instrumentation 

applications. Fig. 4 shows a stent, used to open and maintain flow in clogged arteries. SMA are 

useful in this situation because the stent can be stretched out (Fig. 4, right) and inserted 

arthroscopically. The stent will then recover its original opened state (Fig. 4, left) upon the 

application of an electrical current to heat the device. It will then remain open in the body due to 

the carefully selected transformation temperature just below body temperature. Typically a 52Ni-

Ti (at.%) alloy is used. The Ni-rich compositions have excellent dimensional stability with a low 

transformation temperature, ensuring the stint will remain open once in contact with blood 

stream. This is an example of an application where precise control of the transformation 

temperature is more desirable than its increase. 
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Fig. 4: A SMA arterial stent in both the open (left) and collapsed (right) forms.
41 

 

1.1.3.2 Actuator and Other Non-medical Applications 

The application opportuNi-Ties for SMA beyond the medical field are extensive. Several 

application categories include couplings, high damping situations, and actuator applications. 

SMA have also been used as eyeglass frames and cell phone antennas. Couplings and fasteners 

make use of the constrained recovery configurations
42

. In these applications SMA provide a 

reliable lightweight solution with easy installation and good shock resistance, but are relatively 

expensive and have a limited range of operating temperatures
4
. In damping applications, 

mechanical energy is converted to heat as the SMA is used to absorb vibrational or impact 

loading. SMAs exhibit high damping characteristics because of their ability to absorb loading 

through the movement of martensite variant interfaces and twin planes which effectively returns 

themto their original shape
4
. The operating temperature and martensitic transformation 

temperatures need to be carefully matched depending on the desired loading conditions. 

Applications where high damping can be employed include shock absorption in body armor, 

buildings, and sporting equipment
4
. But many of these parts are made as composites with a 
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polymer matrix which ages poorly and often requires replacement. Many applications involving 

damping are also mechanically complex, making them expensive to install and maintain.  

1.1.3.2.1 Advantages of SMA in actuator applications 

One of the most promising applications for the use of SMAs is as actuators. Several reasons 

for their selection include the following: (1) simplicity in the mechanism, (2) clean, silent, spark-

free and zero-gravity working conditions, and (3) a large power per volume ratio
4
. Shape 

memory actuators require no external moving parts because the actuation is derived directly from 

the phase transformation. The movement of the SMA is smooth, enabling them to provide for 

precision controls for satellite deployment and space labs in zero-gravity
4
.  

The direction in which the material strains, or “stroke”, is determined by the shape of the final 

processed actuator. So, geometries, as well as application temperatures, must be taken into 

account. The ability of SMA to function independently as actuators makes them very 

advantageous when compared to standard systems. SMAs can operate in tension, compression, 

bending, and rotation allowing for design flexibility
4
. The removal of external moving parts 

provides silent operations as well as reduced maintenance. Such actuators do not require high-

current densities or electrical switches. Finally, SMA have the highest power to weight ratio at 

low weights (under 100 g)
43

 making them an energy efficient material choice in device designs. 

1.1.3.2.2 Disadvantages of SMA in actuator applications 

After considering the promising avenues for shape memory actuators, it is important to 

inspect their shortcomings and move forward with new advancements. Several disadvantages to 

consider include the following: (1) low energy efficiency, (2) limitations from heating/cooling 

restrictions, and (3) fatigue and degradation. First, the conversion of heat into work as performed 
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by the shape memory actuator is a full order of magnitude smaller than the Carnot value, and 

may decrease even more due to actuator design geometry. One way to avoid this issue is to 

design Nitinol parts where the actuator is operating in tension, as the energy density has the 

highest value, around 460 J/kg
44

 compared to other geometries. Second, the speed of the shape 

memory response is limited by the speed at which it can be cooled. Resistive heating is the 

preferred method to achieve continuous smooth operation. When the ambient environment is 

static, heat conduction will dominate. In a dynamic or moving gas or fluid environment, 

convective heating will prevail. Various geometries must be explored to maximize the 

effectiveness of the actuator for its required heating method. Finally, fatigue and degradation 

play a role in applications which need to operate continuously, such as power production and 

engines. In the case of low-cycle applications, this issue is negated. The lifetime of the alloy is 

determined by the time, temperature, and stress of operation, as well as transformation strain and 

number of cycles. Alloy system, alloy composition, type of transformation, and lattice structure 

will all also play a role
4
. Finally, if the alloy exhibits retained strain upon repeated cycling, the 

SMA will lose its dimensional tolerances within the design and run the risk of becoming 

inoperative. 

1.1.3.2.3 Types of actuator applications 

Due to the large usage of SMA as actuators or as potential actuators, specific applications can 

be difficult to classify. Ohkata and Suzuki
44

 divided applications into two generic categories: (1) 

applications where the device is both sensor and actuator, relying on the external environment 

for heating and (2) actuators that are intentionally heated to elicit the desired transformation. In 

the first case, the most frequent applications include safety features and temperature related 

control. Fig. 5 shows an adaptive variable chevron by Boeing which opens up during flight. This 
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reduces noise pollution at take-off and increases in-flight efficiency of the engine. These 

applications require materials that are specifically designed in the temperature range of the 

operating temperatures. This can be a challenge when the transformation temperature required is 

high (>100
o
C). User controlled applications may not require the transition temperature to be as 

specifically tuned, but the design geometry must be carefully optimized. For example, by 

utilizing the SMA wire in tension with resistant heating and additional consideration for 

controlled cooling the most benefit from the material can be reaped.  

 

Fig. 5: Close-up of the adaptive chevron found on the Boeing 777.
45 

 

1.2 Ni-Ti Shape Memory Alloys  

The Ni-Ti system is extensive, and only a small section around equiatomic Ni-Ti exhibits a 

martensitic transformation. The phase diagram for the Ni-Ti system is found in Fig. 6. Important 

to note is the inset box which shows updated information on the phases which precipitate in 

slightly Ni-rich alloys. The following section will outline the materials system in terms of its 

functionality as a SMA, and then explore ways of increasing the transformation temperatures in 

these cutting edge materials. 
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Fig. 6: Ni-Ti Phase diagram with added information about the B2 Ti3Ni4 phase equilibrium.
7 

 

1.2.1 Crystallography of Ni-Ti Shape Memory Transformation  

In equiatomic Ni-Ti, the high-temperature parent austenite phase has an ordered B2 (CsCl 

type) structure, sometimes called the “ordered body centered cubic” structure. At low 

temperatures the alloy will have one of three phases: B19 (orthorhombic), B19‟ (monoclinic), or 

R-phase (trigonal). The phases present are a function of processing history and chemistry of the 

alloy 
7
.  

Fig. 7 shows the transformation pathways for crystal structure change in Ni-Ti SMA. As the 

B2 phase transforms into the orthorhombic B19 phase, there is a shearing along {110} 

  ̅    . The [100]B19 and [010]B19 are parallel to the <110>B2 and   ̅      respectively, 

while the relationship [001]B19║<001>B2 is maintained. When transforming to B19‟ the above 

holds true with the addition of a (   )    ̅     shear to transform to a monoclinic structure. 
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The R-phase, originally thought to be rhombohedral, is actually a trigonal phase that formed 

from the B2 parent phase through an elongation along the <111>B2 directions and a shuffling of 

several atoms 
6
. 

 

Fig. 7: Structural relationship between the B2 parent phase and the B19‟ and B19 martensite 

phases (a) four B2 unit cells with a face-centered tetragonal cell outlined in dashes, (b) formation 

of orthorhombic B19 martensite through a shear of basal plane (110)B2 along    ̅     direction, 

(c) Monoclinic B19‟ formed through (001)    ̅     shear of the B19 unit cell.
6
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1.2.2 Improvements in Transformation Behavior with Aging Treatments  

Ni-Ti shape memory alloys are highly tunable with the use of aging treatments. The alloys are 

generally classified in two groups: (1) Ti-rich and equiatomic and (2) Ni-rich. Aging treatments, 

typically around 350-500°C and 10-48 hours, are used to form precipitate structures in the B2 

matrix
7
. For Ti-rich alloys, these form Ti2Ni precipitates

46
 which can be used to increase 

transformation temperatures to ~100
o
C. The improvement in properties is attributed to a 

homogenous distribution of Ti2Ni precipitates in the matrix, as the size and spacing of 

precipitates has proven to be essential to the functionality of these alloys. Fig. 8 below shows the 

dependence of transformation temperature on the Ni content
6
. Interestingly, as the alloy becomes 

even slightly Ni-rich, the transformation temperature drops sharply, well below 0
o
C. 

Consequently, Ni-rich compositions have largely been unexplored. Though Ti-rich alloys have 

high transformation temperatures, they lack sufficient dimensional stability to be viable in many 

actuator applications. Ni-rich compositions however have excellent dimensional stability. The 

improved dimensional stability can be attributed to the precipitation of Ni4Ti3 
47,48

. Strain fields 

that form around the Ni4Ti3 precipitates provide dimensional stability through their strain 

accommodation
49–51 

during martensitic transformation. The precipitates also create concentration 

gradients around themselves providing a slightly Ti-rich (~50.25 at. %)
28

 region that, coupled 

with the surrounding strain, have been reported to provide nucleation sites for the martensitic 

transformation
52

. Though these alloys possess the desired properties, the low transformation 

temperature significantly hindered any wide use of Ni-rich Nitinol. 
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Fig. 8: Decrease in transformation temperature with the addition of Ni to a binary Ni-Ti alloy. 

Data is compiled from three sources listed in the key.
6 

 

1.2.3 Improvements with Alloying Additions  

1.2.3.1 Ternary Additions 

Another method to increase the transformation temperatures of in Nitinol alloys is the use of 

micro to macro alloying elements. Fig. 9 shows how the transformation temperature for a series 

of ternary alloys at various compositions. These and other ternary alloys are outlined in the 

review article by Noebe et. al.
6
, including Ti(Ni,Au), Ti(Ni,Pt), Ti(Ni,Pd), Ni(Ti,Hf), and 

Ni(Ti,Zr)
7
. The site substitution of these ternary alloying elements in Ni-Ti alloys has been 

studied by Bozzolo
53,54

, concluding that the site preference of each element will vary, but in each 

case is driven by TiX bonds when the substituting element bonds with Ti. It was also observed 

that the energy cost of forming austenite Ni(Ti) defects as a result of the substitution was 

accounted for through the formation of precipiates
53

.  
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Fig. 9: Increase in transformation temperatures alloyed Ni-Ti with 10-50 at.% additions of 

ternary elements 
55

  

 

1.2.3.1.1 Au, Zr, and Hf ternary additions  

The Ti(Ni,Au) system has received the least attention out of this selection. Ti(Ni,Au) was 

first studied by Eckelmeyer
56

 in 1976, and an array of compositions were further investigated by 

Wu and Wayman in 1987
30,31

, but very little other work has been completed regarding Ti(Ni,Au) 

SMA. Zr is the least expansive ternary alloying element of those listed, and therefore attracted 

attention, and Ni(Ti,Zr) alloys also have a low thermal hysteresis, making them desirable. But, 

the solubility of Zr in Ni-Ti is poor, and the precipitation of second phases in this alloy can 

negatively affect the composition of the matrix and reduce the ductility
26,19

. Ni(Ti,Hf) has been 

extensively studied, and is observed to have good ductility and thermomechanical 

processability
7,53,26,19,17,57

. The alloy possess a high thermal hysteresis and requires a high critical 

stress for the reorientation of the martensite phase
6,58

. They also have low critical stress for slip, 

making consistent recovery of shape difficult to achieve
7
. The ternary Hf alloys are known to 

form the H-phase precipitate
16,17

, which has been shown to increase the transformation 
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temperature of these materials, especially at levels around 20 at. % Hf
20,21

.  

1.2.3.1.2 Pt and Pd ternary additions 

As seen in Fig. 9 ternary Pt additions can be used to increase the transformation temperature 

of Ni-Ti SMA most effectively of the alloy systems shown. Pt alloys have a low thermal 

hysteresis and stable microstructures under thermal cycling
58

. Pt only increases the 

transformation temperatures of materials at a minimum addition of 10 at.%
6
, so significant 

additions are required. A detailed thesis on the phase equilibria of thirteen Ni-Ti-Pt alloys was 

presented by Hudish
58

 in 2013 and includes analysis of the stable phases in the system.  

Pd has been used with Ni-Ti to increase transformation temperatures since the discovery of 

a continuous solid solution between Pd-Ti and Ni-Ti in 1980 by Boriskina and Kenina
59

. A Ti50-

xPd30Ni20+x alloy (x = -0.6 - 1.5) was studied by Shimizu et. al.
28

 and found to have 

transformation temperatures as high as 500°C for a equiatomic Ti(Ni,Pd) alloy, decreasing in 

value to ~ 0°C at 10 at.% Pd, Fig. 10 
6,55,59–61,32

. In the region below 10 at.% Pd the alloy was 

found to have a one stage B19‟B2 transformation on heating and a two stage B2RB19‟ 

process on cooling
55,59

. However, above 10 at.% Pd, the alloy experiences an one stage B2B19 

transformation when both heated and cooled. When Pd was used in Ti-rich alloys the trend was 

consistent with the binary alloy in its formation of Ti2Ni precipitates
6
, again making the Ni-rich 

alloys more viable. Alloys with ~ 30 at.% Pd were found to have acceptable values of 

recoverable strain, up to ~ 6%, but this property degrades as the amount of Pd varied too 

much
55,14,15

. 
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Fig. 10: Martensitic transformation temperatures vs. Ti composition (at.%)  

for Ti50-xPd30Ni20+x (x = -0.6 – 1.5) alloys, before aging.
28

 

 

The formation of precipitates as a mechanism for strengthening has been employed in 

almost all ternary alloys. As noted above, both Ti2Ni and Ni4Ti3 precipitates have been shown to 

be beneficial in regulating the transformation temperature and/or the dimensional stability. The 

addition of the ternary elements can also facilitate the precipitation of new phases which could 

provide additional tunability similar that of the H-phase in Ni-Ti-Hf alloys. Ni-Ti-Pd/Pt alloys 

form a different, newly discovered phase, known as the P-phase, outlined below. 

1.3 P-phase Precipitation  

The P-phase is a precipitate phase observed in Ni-rich Pt and Pd shape memory alloys with a 

monoclinic crystal structure. It has a composition of Ti11(Ni, Pt/Pd)13, and is formed by heat 

treatment of the Ni-Ti-Pd alloy at temperatures ~ 400°C. The P-phase precipitate can be used to 
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improve the transformation properties of the alloy by pulling Ni into itself and creating a Ti-rich 

zone around the precipitates
27

, which serves as a nucleation site to jump start the martensitic 

transformation
11

. The strain around the precipitates also aids in improving the dimensional 

stability of the alloy by accommodating strain during loading
49–51,11

.  

1.3.1 Discovery of P-phase 

The P-phase was first correctly identified in 2010 by Kovarik et. al. in a Ni-30Ti-20Pt (at.%) 

alloy
18

. The P-phase had been observed experimentally several times, but eluded proper 

identification for some time. The first observation of the P-phase was by Shirakawa et. al. in 

2000 in a Ti48Pd52-XNiX alloy with X = 11 to 36 at.% Ni
29

. They were the first to identify the 

characteristic reflections of the P-phase, ¼{111} in B2 reciprocal space. Here, they also identify 

the morphology as oval to cuboid. They also postulate the composition of the P-phase to be close 

to Ti3(Pd/Ni)4, but make no attempt to precisely identify the crystal structure.  

A study in 2003, completed by Nagasako et. al., on a Ti45Pd45Ni10 alloy varied aging 

temperatures and recorded the resulting phases
23

. When aged at 645 K (400°C) the alloy formed 

a precipitate phase which can now be properly identified as the P-phase. In this study, the authors 

identify the P-phase as a new phase with “long period stacking order (LPSO)”
23

. They also 

observed the P-phase with transmission electron microscopy and described the nanoscale 

precipitation as having a “tweed like” contrast, very similar to that observed in later 

experimentation. Nagasako et. al. revisited this same alloy in 2006 in an attempt to identify the 

crystal structure
24

, but misidentified it as a trigonal unit cell. The fact that many of the P-phase 

reflections overlap the B2 matrix reflections makes it more difficult to correctly determine the 

crystal structure.  
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1.3.2 P-phase Structure and Composition  

Finally in 2010, Kovarik et. al.
18

 correctly identified the P-phase crystal structure using ab 

initio calculations and high resolution transmission electron microscopy as a base-centered 

monoclinic belonging to space group C2/c with lattice parameters a = 0.745nm, b = 1.292 nm, c 

= 1.422 nm, and β = 100.45° with a composition of Ti11Ni9Pt4
18

. They discovered that the P-

phase is actually made up of three variants randomly and coherently stacked and rotated 120° to 

each other. Each variant forms parallel to the z-axis, Fig. 11. 

 

Fig. 11: (a) Monoclinic P-phase consists of thee variants stacked in a non-periodic structure. (b) 

Monoclinic unit cell of the P-phase with lattice parameters and orientations with the B2 lattice 

defined.
18 

 

The three variants stack along the Z-axis and in this crystallographic direction the phase is 

non-periodic. The P-phase was found to have a very close relationship with the structure of the 

B2 phase, but it found to be enriched in Ni. The Ni enrichment becomes useful when attempting 

to increase transformation temperatures, as when Ni is pulled into the precipitate, there will be 

enrichment in Ti in the matrix, resulting in an elevated transformation temperature. High 
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resolution high angle annular dark field (HAADF) was used to verify the non-periodic stacking 

of the variants and the placement of the Pt atoms in the Ni sites of the P-phase, Fig. 12
18

.  

 

Fig. 12: HAADF images of the P-phase down two zone axes (a) [101] and (b) [112] with same 

variant labeling scheme from Fig. 11 employed to show random stacking.
18

 

 

The first model of atomic positions of the P-phase is listed in Kovarik et. al.
18

, as well as 

the orientation relationships with the B2 matrix phase. The three variants are shown separately in 

this structural analysis, and make the future identification of individual variants easier in electron 

diffraction patterns. In 2012, Gao et. al. thermodynamically modeled the formation of the P-

phase in a B2 matrix
13

. They postulated the possible increase in transformation temperatures with 

the addition of P-phase precipitates, taking into account the stress fields and alteration of 

chemistry around the precipitates. It is speculated that the Ni depletion could increase the 

martensitic transformation by ~19°C, while stress fields could increase the transformation 

temperature as much as 100°C
13

. 
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 The next advancement in the development of the P-phase came in 2012 from Sasaki et. 

al. with the confirmation of the P-phase composition in a Ni-48Ti-25Pd alloy using atom probe 

tomography 
27

. Up until this point, the P-phase had not been identified in a Ni-Ti-Pd alloy, nor 

had the composition been confirmed. After confirming the presence of the P-phase in this alloy, 

Fig. 13 
27

, Sasaki et. al. also confirmed an increase in the martensitic transformation temperature 

with aging at 400°C, Fig. 14. Atom probe tomography (APT) was also used to confirm the 

composition of the phase, and quantify the Ni depletion in the matrix present wth precipitation
27

. 

In his work, Sasaki et. al. shows the P-phase to have a composition of Ti11Ni7Pd6
27

, which is 

consistent with the ratio of Ti:(Ni,Pt/Pd) of 11:13 previously identified by Kovarik
18

. 

 

Fig. 13: (a) bright field TEM image from 673 K/100hrs-aged sample, “P” precipitates in a matrix 

“M.” (b) and (c) show the diffraction for the faulted matrix labeled in (a) with arrows. (d) and (e) 

show 673 K/10- and 100-hrs respectively with inset selected area diffraction.
27
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Fig. 14: DSC traces for Ni-48Ti-25Pd alloy at various aging times and temperatures showing an 

increase in transformation temperature with aging at 673 K.
27

 

  

In another study completed in 2012, Yang et. al. investigated the aging behavior of a 

46Ti-37.5Ni-16.5Pd (at.%) when aged at 400, 450, 500, and 550°C 
33

, Fig. 15. The phase 

stability at 10 and 100 hours for each aging temperature was analyzed using TEM. All cases 

resulted in a B2 matrix phase with varying precipitate phases. When aged at 550°C, the alloy 

produced the typical Ti3(Ni,Pd)4 expected from a Ni-rich Ni-Ti alloy. But when aged at lower 

temperatures, the alloy produced, not only the expected P-phase, but a new phase now termed 

“P1-phase.”
33

 The P1-phase is expected to be close in structure to the P-phase, as their 
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diffraction patterns are very similar. The P-phase is characterized by n/4{111} reflections in the 

B2 reciprocal space, whereas the P1-phase is characterized by n/3{111}B2 reflections
18,33

. Yang 

et. al. did not make an investigation into the determination of the crystal structure. A trend was 

observed in the alloys aged at 400 and 450 °C; at short aging times P1-phase dominated with 

very little P-phase present. But, as the alloys were aged to 100 hours, the P1-phase was mostly 

replaced by the P-phase. In the case of aging at 500°C, only P1-phase was observed at all aging 

times.  

 

Fig. 15: Characteristic electron diffraction patterns from the [110]B2 zone for various aging 

conditions with the following phases: (a) predominantly P1-phase, very little P-phase; (b) 

predominantly P-phase, very little P1-phase; (c) predominantly P1-phase, very little P-phase; (d) 

P1-phase and P-phase; (e,f) P1-phase only; (g) P1-phase and Ti3(Ni,Pd)4; (h) Ti3(Ni,Pd)4 phase 

only
33

. 

 

1.4 Motivations and Questions for Current Research 

The motivation for this research is the creation of a high-temperature shape memory alloy 

for use in actuator applications. The demand for high-temperature SMA extends beyond actuator 
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applications. The improvement of properties and greater understanding of the Ni-Ti-Pd material 

system will allow for wider application of this new material. The following dissertation is 

organized into three separate studies: (1) the phase stability within the stoichiometric limits of 

Ti11(Ni,Pd)13; (2) the effects of P-phase precipitation on the martensitic transformation 

temperature in near-equiatomic Ti(Ni,Pd); and (3) the effects of dilute additions of Hf (0.1-1 

at.%) to Ni-Ti-Pd alloys. They are outlined below. 

1.4.1 Compositional Stability of the P-phase  

The stability of the P-phase is a function of aging conditions, time and temperature
27,18,33

, 

suggesting a dependence on the solubility and diffusivity of the elements. Therefore, one can 

deduce that the stability of these phases could also be a function of composition. Experimental
18

 

and ab initio
13

 studies of the P-phase reported an overall stoichiometry of Ti11(Ni + Pd)13, but no 

experimental investigation that have explicitly addressed the precipitate solubility limit away 

from this particular 11:13 stoichiometric ratio. Additionally, the transformation pathway of the 

P-, P1- and Ti2(Ni,Pd)3 as a function of composition, i.e. the compositional limits of each of these 

phases as a function of the amount of Ni and Pd are not known. The formation of the P1-phase 

has only been reported in one composition where aging temperature and time were the 

experimental variables
33

. In this study, the amount of Ni was systematically increased and the 

amount of Pd decreased in Ti11(Ni +Pd)13 while maintaining (Ni+Pd) in its correct stoichiometric 

ratio to Ti. The compositional stability for an isothermal aging condition was then determined. 

From this and the former studies
27,18,13,33

.  

1.4.2 Optimization of Shape Memory Properties with P-phase in Ni-Ti-Pd 

The effects of aging temperature and time on the precipitation behavior and martensitic 

transformation temperature of a series of three alloys containing 51.1, 49.9, and 49.5 at.% Ti 
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have been investigated . Ti-rich alloys are known to have higher transformation temperatures 

when compared to Ni-rich SMA, but lack the required dimensional stability to be useful
7
. Ti-rich 

compositions form Ti2Ni precipitates
9,28

, so this alloy is used as a control group. The 

precipitation behavior on the Ni-rich side of the equiatomic Ti(Ni,Pd) has been 

investigated
29,24,24

, and the P-phase has been discovered
18,13,33

, but optimization of aging 

temperature to achieve optimal morphology and obtain the highest transformation temperature 

has not been completed. In this study, the Ti content of the alloy was systematically decreased 

and the stable phases, morphology of precipitates, and transformation temperatures were 

observed. The phase stability over three aging temperatures was determined. 

1.4.3 Quaternary Additions of Hf  

The effects of small, 0-1 at.%, additions of Hf on (a) the shape memory behavior and (b) the 

precipitate characteristics in a Ni-Ti-Pd alloy are investigated in this section. Hafnium has been 

found to diffuse slower in Ni-rich Nitinol alloys
20

, which could lead to slower growth and 

subsequent coarsening of the precipitates. This could improve the mechanical stability of the 

alloy at intermediate temperatures. Also, Hf, being a larger atom, will lead to modified misfit 

strains which will influence the transformation temperature, strength of the alloy, as well as the 

nucleation energy and kinetics of the precipitation process. Strain fields around precipitates have 

been found to improve shape memory properties by reducing irrecoverable strains during the 

shape memory transformation 
62

, improving the microstructural stability 
63

, and transformation 

temperature stability with cycling 
12

. However, size effects of the precipitates themselves can 

also be deleterious in that they can generate overlapping strain fields that suppress the 

martensitic transformation 
11

. Hence, the precipitation size, morphology, strain, and composition 

must be balanced to achieve an optimal set of SME properties.  
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2 The Compositional Stability of the P-phase in Ni-Ti-Pd Shape Memory Alloys 

 

Abstract 

 

The precipitation of the P-phase precipitate in the Ni-Ti-Pd and Ni-Ti-Pt alloys has been shown 

to dramatically increase the martensitic transformation temperature in Ni-rich ternary alloys, yet 

little is known about the phase‟s compositional stability. In this report, the compositional limits 

of the P-phase have been systematically studied by varying the Pd and Ni content in the P-phase 

Ti11(Ni+Pd)13 stoichiometry. Each alloy was solutionized at 1050
o
C followed by water 

quenching, and aging at 400
o
C for 100 hours. Four distinct phases were identified – Ti2Pd3, B2 

Ni-Ti, P- and P1-phases – by electron and x-ray diffraction. The latter precipitate phases become 

more stable with increasing Ni at the expense of Pd content. Atom probe tomography revealed 

the P-phase composition to be 45.8Ti-29.2Ni-25Pd (at.%) or Ti11(Ni7Pd6) as compared to the P1-

phase 44.7Ti- 45.8Ni-9.4Pd (at.%) or Ti5Ni5Pd. 

 

Keywords: Ni-Ti-Pd alloy, phase stability, P-phase, P1-phase, Ti2(Pd,Ni)3 
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2.1 Introduction 

The shape memory effect (SME) is a phenomenon that is observed in materials that exhibit a 

temperature-dependent martensitic transformation
1–4

. Among these shape memory alloys 

(SMAs), Ni-Ti, commonly referred to as Nitinol, is one of the most viable alloys because of its 

optimal balance of transformation temperature and mechanical properties
3
. These SMAs are 

capable of recovering their original shape, even when subjected to an opposing load
2
, when 

heated through the transformation temperature, enabling them to act as solid state actuators. 

In these Nitinol alloys, equiatomic and Ti-rich compositions have been found to exhibit a 

higher martensitic transformation temperature (~100°C) when compared to their Ni-rich 

counterparts
5
. However, the Ni-rich alloys show better dimensional stability, which is the 

capacity to not retain strain upon repeated cycling. This quality is critical for any SMA 

application in any device requiring high tolerance control such as actuators. In these Ni-rich 

compositions, the improved dimensional stability is derived from the formation of nanometric 

Ni4Ti3 precipitates 
4,6

. These precipitates also tune the martensitic transformation temperature by 

depleting the SMA matrix alloy of the excess Ni-content
7,8

 and by altering the strain fields that 

influence the critical martensitic nucleation volume
9,10

. However these Ni-rich alloys still have 

transformation temperatures below room temperature making them less viable for any potential 

moderate-temperature turbo-machinery applications.  

In the past decade, a renewed interest in the Ni-rich Nitinol compositions has emerged 

because of an increase in martensitic transformation temperatures to more than 100
o
C while 

retaining their dimensional stability. Such transformation temperature increase has been 

associated with the precipitation of new phases due to macro-alloying the Ni-rich binary with 

ternary elements such as Hf
11–20

, Pt
1,13,21–23

, and Pd
13,22,24–38

. These precipitates are nanoscale, 
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provide martensitic nucleation sites, and strain accommodation after the martensitic 

transformation that helps to retain the characteristic dimensional stability
3,25,28,30,39,40

. These 

precipitates, like the binary‟s Ni4Ti3 precipitates, deplete the matrix of Ni and bias the matrix 

towards the Ti-rich compositions, thereby increasing the transformation temperature
7,8

. 

This paper focuses on one such ternary alloy, the Ni-Ti-Pd system which has very similar 

characteristics to the Ni-Ti-Pt system. In both Ni-Ti-Pd and Ni-Ti-Pt, the formation of this 

precipitate and its influence on increasing the transformation temperature has been known but 

the correct crystallographic identification and composition of the precipitate remained an 

unresolved issue for nearly a decade. In 2000, Shirakawa et. al.
34

 found this precipitate phase by 

identifying characteristic ¼[111]B2 reflections; however they only postulated the composition of 

the phase to be Ti3(PdNi)4 and did not identify the crystal structure. In 2003, a study by 

Nagasako et. al.
31

 attempted identified the precipitate phase as a long period stacking order or 

„LPSO‟ but they could not identify the crystal structure. In 2006, an attempt was made to identify 

the LPSO structure but it was incorrectly determined to be trigonal
32

. Finally in 2010, Kovarik et. 

al.
23

 identified the precipitate, using Cs-corrected high resolution transmission electron 

microscopy (HRTEM), as having a monoclinic base centered unit cell (C2/c)). They denoted this 

precipitate as the P-phase and its lattice parameters were determined to be a=0.745 nm, b=1.292 

nm, c=1.422 nm and a β=100.45°
23

. The HRTEM images revealed three stacking variants for the 

phase
23

. In this same work
23

, atom probe tomography of the precipitate determined the 

composition to be Ti11(Ni9Pt4) in the Ni-30Ti-20Pt (at.%) alloy aged at 500
o
C.  

Follow-on efforts by Sasaki et. al.
28

 in a Ni-48Ti-25Pd (at.%) alloy also revealed an 

equivalent P-phase upon aging at 400
o
C with a composition of Ti11(Ni7Pd6). In both sets of 

alloys, the precipitation of the P-phase accompanied the increase in the martensitic 
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transformation temperature
23,28

. The increase in transformation temperature was attributed to the 

absorption of Ni from the B2 shape memory Ni-Ti matrix by the P-phase precipitate as well as 

the precipitate‟s coherency strains within the matrix
39

.  

Further study on the Ni-Ti-Pd system has revealed yet another phase. Yang et. al.
26

 reported 

the „P1-phase‟ in a 46Ti-37.5Ni-16.5Pd (at.%) alloy which showed distinctively new superlattice 

reflections in the electron diffraction pattern that have been postulated to occur because of Pd or 

Ni (or both) substituting for Ti atoms of the Ti sublattice. In this study the alloy was aged for 1 

or 100 hours at 400°C, 500°C, and 550°C. For the 400
o
C/1 hour condition, the P- and P1-phases 

were present in the B2 matrix. Upon on aging 400
o
C/100 hours, the P-phase precipitate 

reflections were strongly present suggesting that it was the lowest energy precipitate phase at this 

temperature. However, aging at 500°C/100 hours, the P-phase completely decomposed and only 

the P1-phase was noted in the B2 matrix. Further aging at 550°C/1 hour resulted in the presence 

of both the P1- and the Ti3(Ni,Pd)4 phases in the B2 matrix. Finally aging at 550°C/100 hours 

resulted in the complete dissolution of the P1-phase with only the Ti3(Ni,Pd)4 precipitates in a B2 

matrix. These collective results suggested that the P-phase is the lower temperature phase which 

decomposes to the P1-phase and finally the Ti3(Ni,Pd)4 with increasing temperature.  

From the above results, the stability of the P-phase is a function of aging conditions, time and 

temperature, suggesting a dependence on the solubility and diffusivity of the elements. 

Additionally, Kovarik et al
23

. and Sasaki et al.
28

 identified the P-phase in two different systems, 

Ni-Ti-Pt and Ni-Ti-Pd respectively, having the same crystal structure but with different amounts 

of Ni and Pd
31,32,34

. Based on these results, one can deduce that the stability of these phases could 

also be a function of the alloy composition. Moreover, the transformation pathway of the P-, P1- 

and Ti3(Ni,Pd)4 as a function of composition, i.e. the compositional limits of each of these phases 
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as a function of the amount of Ni and Pd are not known. To the best of our knowledge, the 

formation of the P1-phase has only been reported in one composition where aging temperature 

and time were the experimental variables
26

. In this study, we systematically increase the amount 

of Ni and decrease the amount of Pd in Ti11(Ni +Pd)13 while maintaining (Ni+Pd) in its correct 

stoichiometric ratio to Ti to determine the compositional stability for an isothermal aging 

condition. The results of this study and previous studies
23,26,28,41

 can begin to provide the data 

necessary to map the phase equilibrium for the P-phase.  

 

2.2 Experimental 

Ni-Ti-Pd buttons with the appropriate weight fractions (Table 1) were arc melted in a partial 

argon atmosphere. The buttons were reversed and remelted six times to ensure compositional and 

microstructural homogeneity. Each of the buttons was fabricated to maintain the overall 

stoichiometry of Ti11(Ni,Pd)13. All samples were solution annealed at 1050°C for 72 hours 

followed by water quenching and aging at 400°C for 100 hours.  

 

Table 1: Nominal compositions of the investigated alloys 

 Alloy Name 
Ti content 

(at%) 

Ni content 

(at%) 

Pd content 

(at%) 
Phases 

A Ti11(Ni3Pd10) 45.8 12.5 41.7 
B19 

Ti2Pd3 

B Ti11(Ni5Pd8) 45.9 20.8 33.3 

B2 

P-phase 

Slight B19 

C Ti11(Ni7Pd6) 45.8 29.2 25 P-phase 

D Ti11(Ni9Pd4) 45.8 37.5 16.7 
P-phase 

P1-phase 

E Ti11(Ni11Pd2) 45.8 45.8 8.3 
B2 

P1-phase 
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The phase identification in the samples was performed using x-ray and electron diffraction. 

The x-ray diffraction (XRD) data was collected with a Bruker D8 x-ray diffractometer using a 

Co Kα x-ray source. Each sample was rotated and translated during collection to minimize 

texture manifestations in the peak intensities.  

Electron diffraction, as well as nanoscale structural imaging, was performed using a 200 keV 

field emission FEI TECNAI G
2
 F20 Super-twin (scanning) transmission electron microscope 

((S)TEM). The TEM foils were prepared by cutting a 3 mm disc from each sample using a SiC 

slurry with a Fischione Instruments Model 170 drill. The discs were ground to 100 µm using a 

SiC grit paper. The center of each disc was then dimpled to a thickness of ~ 10 µm using a 

rotating 15 mm steel wheel and 9 µm and 3 µm diamond paste on a Fishione Instruments Model 

200 dimpler. The dimpled region was then Ar
+
 ion polished to perforation in a Gatan Precision 

Ion Polishing System (PIPS) with the ion guns operated at 4.5keV per gun and aligned at 

opposite incident milling angles of 7°. Upon perforation, a „clean-up step‟ of milling at 2 keV 

and 5° incident milling angle was completed. The regions at and near the perforated holes 

provided the necessary electron transparency in the (S)TEM.  

Scanning electron microscopy (SEM) was performed with a JEOL-7000 FE-SEM. Samples 

were mounted in epoxy and polished to a 0.05 µm diamond finish. Energy dispersive x-ray 

spectroscopy (EDS) was utilized in the SEM to identify several phases observed, particularly in 

the Pd-rich alloys. 

Atom probe tomography (APT) was employed to determine phase compositions because the 

low degree of chemical partitioning between the phases makes accurate composition EDS 

measurements using EDS difficult if not impractical
28,42

. A Cameca Local Electrode Atom Probe 

(LEAP®) 3000XSi was used to perform the APT study. The tips were analyzed at a 40 K base 
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temperature, 0.5% evaporation rate, and 200 kHz laser mode at 0.3 nJ. Preparation procedures 

found in Thompson et. al.
43,44

 were used to prepare the atom probe samples using a FEI Quanta 

200 3D Dual Beam™ focus ion beam microscope (FIB) with a 5 keV clean-up step at the end of 

the final milling to reduce Ga
+
 implantation into the tip surface. The atom probe data was 

reconstructed and quantified using the procedures outlined by Hornbuckle et. al.
42

 in the Image 

Visualization and Analysis Software (IVAS™) 3.6.6. 

 

2.3 Results & Discussion 

The XRD results, Fig. 1, show the effect of decreasing Pd content on the phase stability 

(alloy A‟s 41.66 at.% Pd to alloy E‟s 8.33 at.% Pd). Alloy A contained the B19 martensite and 

Cmcm Ti2Pd3 phases. The stabilization of the Ti2Pd3 phase is explained by the higher Pd content 

in the alloy. Alloy B was indexed to the B19, B2 and a P-based phase and alloys C, D, and E 

formed only the P-based and B2 phases. The P-based phases refer to either P- or P1 unless 

specifically identified. One should note that the B2 matrix has overlapping XRD peaks with the 

P-phase near 42
o
 and 61

o
 2 requiring electron diffraction for defiNi-Tive phase identification. 

Regardless of these complexities, the key result to note here is that as the Pd content is decreased 

the stable phases change from Ti2Pd3 to the P-based phases.  
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Fig. 1: X-ray diffraction data for all compositions aged at 400°C for 100 hrs. 

 

Representative back-scattered electron (BSE) SEM micrographs, Fig. 2, provide insights 

into the microstructures for these samples. Alloy A - Ti11Ni3Pd10 - shows a two phase 

microstructure with bright acicular Ti2Pd3 precipitates in Fig. 2(a) which is consistent with the 

XRD phase identification. The dark globular features in this and the other micrographs are 

residual carbides that precipitated from contamination of the alloy melt pool with the graphic 

crucible used during the arc melting process. Alloy B - Ti11Ni5Pd8 - showed a dramatic change in 

the microstructure, evident by the loss of the coarse, acicular precipitates. These precipitates 

were fine in scale, Fig. 2(b), and not readily apparent throughout the microstructure. This 

observed low volume fraction is consistent with the lack of any discernable XRD peaks from 
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Ti2Pd3 phase. Alloys C, D, and E micrographs did not reveal any apparent two phase 

microstructures, though the XRD data does suggest that these multi-phases exist. A 

representative micrograph for all these alloys is shown by Alloy E in Fig. 2(c). The lack of an 

apparent multi-phase microstructure could be due to a low volume fraction of each phase, low 

chemical partitioning differences between the phases, and/or the possibility of nanoscale sized 

features that are unresolved in the SEM micrograph. 

 

Fig. 2: Back-scattered electron SEM micrographs at 3kX from samples aged 100 hrs at 400°C: 

(a) alloy A (Ti11Ni3Pd10), (b) alloy B (Ti11Ni5Pd8), and (c) alloy E (Ti11Ni11Pd2).  

 

Fig. 3 shows a series of bright field images and selected area diffraction (SAD) patterns from 

Alloy A. The BF micrograph, Fig. 3(a), reveals the characteristic twinned B19 microstructure 

with the evident twinned symmetry in the SAD reflections of Fig. 3(b). The Ti2Pd3 phase, Fig. 

3(c), was observed in grains ~ 1μm by ~5 μm, with the crystal structure identified from the SAD 

pattern shown in Fig. 3(d).  

 



41 

 

 

Fig. 3: Alloy A - Ti11Ni3Pd10 - aged 100 hours at 400°C (a) BF image of B19 martensite with 

SAED aperture labeled with a white circle; (b) B19 martensite identification with [1-10]B19 zone 

from SAED location in (a); (c) BF image showing selected area diffraction location on Ti2Pd3 

precipitate (white circle) and; (d) <011>Ti2Pd3 diffraction from SAED location in (c). 

 

Fig.4 is a series of BF images and electron diffraction patterns from the remaining four 

alloys. In Fig. 4(a), alloy B or Ti11Ni5Pd8, shows large P-phase precipitates with the B2 phase 

filling in the spaces between the precipitates. These two phases are identified in the selected 

diffraction images directly below the micrograph. The characteristic P-phase reflections, labeled 

with black arrows, reported in prior work by Kovarik et. al.
23

 confirms its presence. The more 

intense primary reflections are associated with overlapping B2 and P-phases. Since the 

composition of this alloy was melted with the 11:13 based stoichiometry of the P-phase, one 

could expect the P-phase to have a higher volume fraction than the B2 phase, as seen in the BF 

micrograph.  
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Fig. 4: The partitioned columns refer to alloy with the BF imagine being the top most image with 

the directly beneath images that of the selected area diffraction patterns for (a) Alloy B, (b) Alloy 

C, (c) Alloy D, and (d) Alloy E.  

 

Fig. 4(b) is the electron micrographs from alloy C or Ti11Ni7Pd6. The BF image shows a 

polycrystalline, single phase microstructure indexed as the P-phase (characteristic reflections 

labeled with black arrows). Though the P-phase and B2 phase have overlapping reflections 

(noted above), the BF micrograph does not reveal a clear two-phase microstructure; one would 
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not anticipate a two-phase microstructure since the bulk alloy composition is that of the P-phase 

as determined in previous studies 
28

. The P-phase grains are ~ 100 nm in size, which are smaller 

than the grains in alloy B. The limited growth of the single P-phase grains is believed to be due 

to sluggish diffusivity considering this phase has a 24 atom unit cell where each atom type has a 

specific lattice occupancy 
23,24,45

. Faults are also evident in many of the grains which are 

associated with the stacking variants present in the P-phase
28,46

.  

 The microstructure and diffraction for alloy D or Ti11Ni9Pd4 is shown in Fig. 4 (c). The 

BF image reveals a polycrystalline structure with even smaller grains (~ 50 nm). The diffraction 

patterns in Figs. 4(c) indicate the presence of both the P- (marked with black arrows) and P1-

phases
23,26

 (marked with white arrows). The P1-phase reflections are faint compared to the P-

phase reflections. Identification of the specific P1-phase in the BF micrographs using dark field 

was unsuccessful due to the close proximity of the two sets of phase reflections and the available 

aperture size in our TEM. Fig. 4(d) contains the micrograph and diffraction from alloy E or 

Ti11Ni11Pd2. The BF micrograph reveals a fine-grained microstructure. The diffraction patterns in 

Fig. 4(d) do not reveal any superlattice reflections from the P-phase but rather only the P1-phase. 

This indicates that P-phase has fully transformed into the P1-phase
26

. At this stage of the 

analysis, it is unclear from the BF micrograph if a single- or two-phase structure exists, as some 

of the stronger reflections can also be indexed to the B2 phase.  

To determine if alloy E was only P1-phase or P1 + B2, a BF and dark field (DF) micrograph 

were taken and are shown in Fig. 5 (a) and (b). The DF image was obtained using the (101)B2 

reflection spot. Only a portion of the image is illuminated, indicating the presence of two phases 

and a unique reflection spot at (101)B2. The DF imaged feature was then compared to an atom 

probe reconstruction of this alloy, discussed in the next paragraph. 
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Fig. 5: (a) BF image of alloy E aged 100 hrs at 400°C and (b) DF image from the (101)B2 

reflection. The circle in the diffraction pattern reveals the reflection used to form the image. 

 

The APT reconstruction of alloy E, Fig. 6(a), clearly shows a two-phase structure with the 

P1-phase precipitates delineated by the 7.49 at.% Pd isoconcentration surface. The morphology 

of the P-1 phase observed by APT is consistent with that observed in the DF image, Fig. 5 (b), 

indicating that the P1 and B2 phases indeed share overlapping reflections, similar to the P-phase. 

The composition of the P1-phase is plotted in the proximity histogram, which provides a three-

dimensional compositional average profile of the precipitate to be 44.73 Ti - 45.86 Ni - 9.41 Pd 

(at.%) making the P1-phase (Ni+Pd)-rich (Table 2). The proxigram was created from a 44.47 

at.% Ni isoconcentration surface and the accurate isoconcentration surface was determined by 

following the procedures in reference
42

. 
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Fig. 6: APT images from alloy E aged to 100 hrs at 400°C:(a) 3D reconstruction of alloy E and 

(b) proximity histogram from alloy E, formed from a 44.47 at.% Ni isosurface.  

 

 

Table 2: Chemical compositions of the matrix and precipitate phases in alloys E aged at 400°C 

to 100 hrs as determined by APT. The error is standard deviation +σ. 

  

Alloy E aged 100 hours at 400°C 

Phase Ti (at.%) Ni (at.%) Pd (at.%) 

B2 47.38 + 0.01 46.18 + 0.01 6.45 + 0.006 

P1-phase 44.73 + 0.03 45.86 + 0.03 9.41 + 0.01 

 

From the information in Table 3 one can clearly observe the destabilization of the P-phase 

with decreasing or increasing amounts of Ni based on the Ti11(Ni,Pd)13 stoichiometric ratio. As 

the Ni content decreased, the single P-phase equilibrium composition of Ti11Ni7Pd6 (alloy C) 

destabilized and formed a two phase mixture of the P-phase and B2 (alloy B or Ti11Ni5Pd8). A 

further decrease in Ni to Ti11Ni3Pd10 (alloy A) resulted in loss of the P-phase and the stabilization 

of the B19 twin martensite phase with Ti2(Ni+Pd)3 precipitates.  

If the Ni content increased above the single P-phase composition of alloy C, the P-phase 

precipitated the P1-phase, as in the Ti11Ni9Pd4 (Alloy D) alloy. The identification of the P1-phase 
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was based on comparison of the diffraction patterns with previously reported results
26

. Further 

increases in Ni to Ti11Ni11Pd2 (alloy E) results in a complete loss of the P-phase, resulting instead 

in a two phase P1 and B2 structure. The APT revealed that the P1-phase has a significantly lower 

Pd content than the P-phase (Ti5Ni5Pd vs. Ti11Ni7Pd6).  

Table 3: Phases confirmed in each alloy by x-ray and electron diffraction 

 
Alloy 

Stoichiometry 
Phases 

A Ti11(Ni3Pd10) 
B19 

Ti2Pd3 

B Ti11(Ni5Pd8) 

B2 

P-phase 

Slight B19 

C Ti11(Ni7Pd6) P-phase 

D Ti11(Ni9Pd4) 
P-phase 

P1-phase 

E Ti11(Ni11Pd2) 
B2 

P1-phase 

 

To date, the P1-phase has not been observed in Ni-Ti-Pd compositions typically associated 

with shape memory alloys.  However, a comprehensive investigation has not be undertaken.  It is 

unclear if the P1-phase
26

 in a B2 matrix phase could provide a similar increase in shape memory 

transformation temperature as observed with the P-phase
28

But, since both the P- and P1-phase 

are enriched in Ni relative to the matrix (see reference [28] and Fig. 6), it does suggest that the 

P1-phase precipitate could provide for a possible increase in the transformation temperature 

associated with a compositional change, while depleting the matrix less in Pd. However 

composition alone may be insufficient because there are other critical microstructural features - 
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correct volume fraction, precipitate size, etc. – which may regulate the martensitic 

transformation temperatures and functional properties
16,20,23,25,26,28,49,50

.  Additional work in this 

area is underway.  

 

2.4 Conclusions 

A series of alloys having the P-phase composition
28

 Ti11(Ni,Pd)13 with varying amounts of Ni 

and Pd have been studied. This was completed to understand the phase stability, composition and 

structure evolution of P-phase precipitates within its composition stoichiometry limits under an 

isothermal aging condition at 400
o
C. The main conclusions are the following: 

(1)  As the amount of Ni content decreases (or alternatively, as the Pd content increases) 

from the ideal P-phase Ti11Ni7Pd6 composition, the single P-phase decomposes to a B2 + 

P1 then to a B19 + Ti2Pd(Ni)3 two phase microstructure. 

(2) As the amount of Ni content increases (or alternatively, as the Pd content decreases) from 

the ideal P-phase Ti11Ni7Pd6 composition, the P-phase becomes destabilized and forms a 

two phase P- and P1-phase structure. Further increases in Ni results in the dissolution of 

the P-phase to a P1 + B2 mixture. Combined dark field imaging and APT reconstructions 

reveal that the P1-phase, like the P-phase, has overlapping diffracted reflections with B2.  

(3) For the single P-phase and P- and P1-phase mixtures, the grains were tens of nanometers 

after 100 hours of aging at 400
o
C. This suggests that these phases do not coarsen quickly 

and is likely contributed to the large number of atoms in their unit cells coupled with their 

specific atomic site occupancies for those atoms.  
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(4)  Composition of the P1-phase was found to be 44.7Ti- 45.8Ni-9.4Pd (at.%) or Ti5Ni5Pd 

having almost twice the amount of Ni but less than one-third the amount of Pd when 

compared to the P-phase.  
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3 The effects of P-phase precipitation on the martensitic transformation temperature in Ti-

Ni-Pd alloys 

 

Abstract 

The effect of aging time and temperature on precipitation and subsequent martensitic 

transformation temperatures for a series of Ni-(50.5-49.2)Ti-32Pd (at.%) shape memory alloys 

has been studied. Structure-property relationships were developed through detailed 

microstructural characterization involving transmission electron microscopy, diffraction analysis, 

and atom probe tomography with links to microhardness measurements and transformation 

temperatures established by differential scanning calorimetry. The Ti-rich alloy contained 

relatively coarse Ti2Ni in a B19 matrix and had the highest martensitic transformation 

temperatures (Ms ~ 280°C) independent of aging condition. After aging, the two Ti-lean alloys 

contained P-phase precipitates in a B19 matrix. The increase in transformation temperature was 

associated with a near 50 at.% Ti composition in the matrix phase.  

 

 

Key Words: P-phase, shape memory alloy (SMA), Ni-Ti-Pd alloy, martensitic transformation, 

phase stability 
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3.1 Introduction 

The shape memory effect (SME) is observed in materials exhibiting a temperature-dependent 

thermoelastic martensitic transformation. After deformation in the martensitic state, these 

materials, known as shape memory alloys (SMAs), are capable of recovering their original shape 

upon the application of heat, even when subjected to an opposing load 
1
. Among the SMAs, Ni-

Ti has arguably generated the most interest due to its balance of functional behavior and 

mechanical properties. Since their discovery by Buehler et al. in 1963, there have been steady 

improvements in the control of mechanical properties with the use of alloying and thermal 

treatments 
2
. Control of processing has resulted in an optimal balance of properties and 

performance, making Ni-Ti based SMAs the most extensively researched and commercially used 

shape memory alloys 
3,4

.  

Ti-rich Ni-Ti based SMAs usually contain Ti2Ni precipitates resulting in the maintenance of 

relatively high martensitic transformation temperatures as the matrix composition is preserved at 

a near-stoichiometric value 
5
. While Ti-rich and equiatomic SMAs have higher martensitic 

transformation temperatures compared to their Ni-rich counterparts 
6
, they lack dimensional 

stability under thermal or stress cycling, which is a critical property for practical use of SMAs. 

Conversely, Ni-rich alloys have relatively low transformation temperatures. To overcome this 

issue, Ni-rich alloys are aged below ~ 680°C to produce Ni4Ti3 precipitates, which increase the 

martensitic transformation temperature and help maintain dimensional stability during stress or 

thermomechanical cycling 
7–11

. These Ni-rich Ni4Ti3 precipitates generate local Ti-rich matrix 

regions, which are suspected to act as nucleation sites for the martensitic transformation 
9,12,13

. 

Their strain fields also provide for better strain accommodation during cycling, aiding in 

dimensional stability 
10

. 
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Even with aging treatments, the martensitic transformation temperatures for binary Ni-rich 

alloys lag behind their Ti-rich counterparts. To help further increase the martensitic 

transformation temperatures, ternary elements such as Zr, Hf, Pt, or Pd are added 
5,14–24

. When 

combined with aging, such alloying can be used to create new precipitate phases with a 

concomitant increase in the martensitic transformation temperatures 
5,14,15,25

. One of the new 

precipitate phases, observed in a Ni-30Ti-20Pt (at.%) alloy and designated the “P-phase”, was 

structurally described in detail by Kovarik et al. in 2010 
16

 and subsequently thermodynamically 

modeled by Gao et al. in 2012 
22

. This precipitate phase had been previously observed by 

Nagasako et al. 
26–28

 in Pd-based Ni-Ti-Pd alloys, but due to its complicated variant stacking and 

low symmetry unit cell, correct crystal structure identification using electron diffraction eluded 

the earlier researchers. In the Ni-30Ti-20Pt alloy, this P-phase had a base-centered monoclinic 

lattice with the following unit cell parameters: a = 0.745 nm, b = 1.292 nm, c = 1.422 nm, and β 

= 100.45° and a stoichiometry of Ti11(Ni9Pt4), as established through atom probe analysis 
16

. As 

with the other studies 
26–28

, the P-phase has since been confirmed to precipitate in a Ni-48Ti-

25Pd (at.%) alloy with a Ti11(Ni7Pd6) composition, maintaining the Ti11:(Ni+Pt/Pd)13 ratio
16

.  

Since the P-phase has been observed in a variety of Ni-Ti-(Pd/Pt) alloys 
14,16,26–28

, it suggests 

that a broad range of compositions exist over which this phase can form. To date, a self-

contained, systematic study that links the bulk composition of these Ni-Ti-Pd alloys with aging 

temperature, precipitation behavior, and transformation temperature has not been conducted. 

Such studies would provide necessary background for optimizing the processing/composition 

relationships for a variety of high-temperature shape memory alloy applications. In this work, we 

report the effects of aging time and temperature on the microstructural evolution and resulting 
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martensitic transformation temperatures of a series of three Ni-Ti-32Pd alloys containing 50.5, 

49.7, and 49.2 at.% Ti to better understand the effect of stoichiometry.  

 

3.2 Experimental Procedures 

Three Ni-Ti-Pd alloys with aim compositions of Ni-50.5Ti-23Pd, Ni-49.7Ti-23Pd, and Ni-

49.2Ti-32Pd (at.%) were induction melted from relatively high purity elemental constituents 

using graphite crucibles and cast into a copper chill mold. The ingots were vacuum homogenized 

at 1050C for 72 hrs and furnace cooled to ensure homogeneity. Compositions were verified 

using electron probe micro-analysis on a JEOL 8600 EPMA microprobe and are listed in Table 

1. The alloys were assigned designations based on the aim Ti content as follows: alloy 1 (50.5 

at.% Ti), alloy 2 (49.7 at.% Ti), and alloy 3 (49.2 at.% Ti). Alloy 1 was Ti-rich and served as the 

precipitate-free control sample, as prior research has reported only the presence of Ti2Ni within 

the matrix, which usually forms on solidification, in Ti-rich compositions 
5
. Each alloy was 

subsequently solution annealed for 24 hrs at 1050°C followed by a water quench. Samples from 

each alloy were then aged at 350°C, 400°C, or 450°C for various times up to 72 hrs followed by 

a water quench and characterization as follows.  

 

Table 1: Composition (in at.%) of the three alloys measured by electron probe micro-analysis 

using a JEOL 8600 EPMA microprobe. 

 Aim Composition Measured Composition 

 
 Ti Ni Pd 

Alloy 1 Ni-50.5Ti-23Pd 51.07 + 0.40 17.57 + 0.14 31.36 + 0.34 

Alloy 2 Ni-49.7Ti-32Pd 49.93 + 0.23 18.88 + 0.12 31.19 + 0.23 

Alloy 3 Ni-49.2Ti-32Pd 49.51 + 0.14 18.48 + 0.15 32.01 + 0.13 
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Vickers hardness testing was performed using a Beuhler Vicker‟s hardness tester under a 

1000 g load and dwell time of 15 s. The reported hardness of each sample represents an average 

of at least ten hardness values and the error bars represent one standard deviation in the 

measurements. X-ray diffraction (XRD) was performed for phase identification using a Bruker 

D8 X-ray diffractometer with Co-kα as the radiation source. Both rotation and translation of the 

samples in the goniometer were utilized to minimize possible texturing effects. Differential 

scanning calorimetry (DSC) was performed in a TA Q200 for measurement of the martensitic 

transformation temperatures over a 0 to 400°C range at a heating and cooling rate of 10°C/min 

for 5 complete thermal cycles. The four transformation temperatures: martensite start (Ms), 

martensite finish (Mf), austenite start (As), and austenite finish (Af) are summarized in Table 2.  

Electron microscopy and diffraction studies were performed in a 200 keV field emission FEI 

TECNAI G
2
F20 Super-twin (scanning) transmission electron microscope ((S)TEM). The TEM 

foils were prepared using a focus ion beam procedure similar to that found in reference 
29

. 

Samples were lifted out of the bulk samples using a FEI Quanta 200 3D Dual Beam
TM

 focus ion 

beam (FIB) microscope and then thinned to ~100 nm using a TESCAN LYRA3 XM FIB-

FESEM microscope.  

Atom probe tomography was performed in a CAMECA Local Electrode Atom Probe 

(LEAP®) 3000XSi. The atom probe tips were fabricated using a lift-out and sharpening 

procedure similar to that in references 
30,31

. The atom probe tips were thermally-induced field 

evaporated using a laser with wavelength λ=532 nm set at 200 kHz and 0.3 nJ/pulse. The 

targeted evaporation rate was 0.5 % per pulse while the tip was held at -233°C for all 

measurements. The atom probe data was analyzed using Image Visualization and Analysis 

Software (IVAS
TM

) 3.6.6 package. Precipitate delineation in the atom probe reconstruction was 
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performed using the procedure described in reference 
32

. Atom probe experimental results were 

used to calculate size and composition of the precipitates small enough to be captured in the field 

of view of the atom probe and to provide enough statistics. The size of the larger precipitates was 

obtained from the TEM micrographs.  

 

3.3 Results  

Figs. 1 (a), (b), and (c) show the effect of composition on the evolution of Vickers hardness 

as a function of aging time at aging temperatures of 350°C, 400°C, and 450°C. There are three 

primary results: 1) Ti-lean alloys 2 and 3 have a higher hardness than the Ti-rich alloy at all 

aging conditions. In the solution treated condition, t = 0, and short aging times,  0.1 hr, the two 

Ti-lean alloys have essentially the same hardness. At times greater than 0.1 hr, alloy 3 (the 

highest Ni content alloy) has the highest hardness at all temperatures. 2) The two Ti-lean alloys 

achieve the greatest hardness with aging at 350°C, with a decreasing maximum hardness with 

increasing aging temperature. The hardness of the 50.5Ti alloy is essentially flat at all three 

temperatures, indicative of the general lack of precipitation expected in Ti-rich alloys. 3) The 

onset of hardening starts earlier in alloy 3 (49.2Ti) than alloy 2 (49.7Ti), consistent with a greater 

solute supersaturation and thus driving force for precipitation. Finally, alloys 2 and 3 attain peak 

hardness after aging for approximately 24 hrs at 350°C and 400°C. At the higher aging 

temperature of 450°C, alloy 3 is the only alloy to show a small peak in hardness, which occurred 

near 72 hrs.  
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Fig. 1: Aging curves for alloys 1, 2, and 3 to 72 hrs at: (a) 350°C, (b) 400°C, and (c) 450°C, 

solution annealed for 24 hrs at 1050°C before aging.  

 

Room temperature XRD results of alloys 1, 2, and 3, after aging for 24 hrs at 350°C, are 

plotted in Fig. 2. Ti-rich alloy 1 has a B19 martensitic structure (peaks labeled with squares) and 

a small volume fraction of Ti2Ni (peaks labeled with circles). Alloys 2 and 3 also have a B19 

martensitic structure but contain P-phase precipitates (peaks labeled with the triangles). In both 

alloy 2 and 3, the P-phase can be definitively identified by a distinct peak near 2-theta at 34° 

16,33,34
. All phases were also be confirmed by electron diffraction as described later.  
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Fig. 2: X-ray diffraction data from alloys 1,2, and 3 aged 24 hours at 350°C. Data collected with 

Co kα radiation from 2-theta of 20° to 105°. 

 

DSC scans from alloys 1, 2, and 3 after aging for 24 hrs at 350°C and 400°C can be found in 

Fig. 3. An additional scan at 450°C for alloy 3 is also provided, as it was the only alloy that 

showed precipitation at 450°C, inferred by a peak in the aging curve. All transformation 

temperatures, obtained from the DSC results are listed in Table 2. Consistent with prior literature 

5
, the Ti-rich alloy exhibits significantly higher transformation temperatures, with a martensitic 

start temperature (Ms) of ~280°C, Figs. 3(a and d) which is independent of aging temperature. 

Precipitation does not appear to be a factor in this alloy, evident by the lack of peak aging in the 

hardness curves in Fig. 1. In contrast, the Ms temperature varies as a function of the aging 

temperature for the two Ti-lean alloys. 49.7Ti (alloy 2) had an Ms of ~ 175°C and ~135°C after 

aging at 350°C, Fig. 3(b), and 400°C, Fig. 3(e), for 24 hrs, respectively. 49.2Ti (alloy 3) had an 
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Ms of ~ 130°C and ~ 180°C after aging at 350°C, Fig. 3(c), and 400°C, Fig. 3(f), for 24 hrs, 

respectively. When alloy 3 (49.2Ti) is aged to peak hardness at 450°C, the Ms dropped to 

~150°C (based on 5
th

 thermal cycle). This sample also exhibited poor thermal stability, evident 

by the constantly decreasing temperature for the transformation peaks during cycling of the 

sample in the DSC, Fig. 3(g). 

 

 

Fig. 3: Differential scanning calorimetry scans from alloys 1,2,and 3 aged for 24 hours at (a-c) 

350°C: (a) alloy 1, 51.1 at.% Ti, measured a Ttrans of ~275°C, (b) alloy 2, 49.9 at.% Ti, showed a 

Ttrans of ~175°C, (c) alloy 3, 49.5 at.% Ti, recorded a Ttrans of ~130°C. (d-f) 400°C (d) alloy 1, 

51.1 at.% Ti, measured a Ttrans of ~280°C, (e) alloy 2, 49.9 at.% Ti, showed a Ttrans of ~135°C, (f) 

alloy 3, 49.5 at.% Ti, recorded a Ttrans of ~180°C. (g) 450°C/48 hrs, alloy 3, 49.5 at.% Ti. Bottom 

peaks represent the martensite to austenite transformation, while the top peak represents the 

austenite to martensite transformation. 
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Table 2: Transformation temperatures (°C) of the three alloys at various aging conditions 

measured by differential scanning calorimetry. 

 

  Ms Mf As Af 

350°C / 24 

hrs 

Alloy 1 280 250 275 310 

Alloy 2 170 135 175 210 

Alloy 3 135 125 155 175 

400°C / 24 

hrs 

Alloy 1 280 250 275 300 

Alloy 2 140 120 152 175 

Alloy 3 180 150 181 220 

450°C / 48 

hrs 

Alloy 1 ND* ND ND ND 

Alloy 2 ND ND ND ND 

Alloy 3 150 135 175 185 

*ND – Not determined as no change was expected based on the microhardness data. 

 

The TEM bright field images and diffraction patterns of all three alloys aged at 350°C for 24 

hrs are shown in Fig. 4. 50.5Ti (alloy 1), Fig. 4(a), is composed of a twinned B19 orthorhombic 

martensite matrix with Ti2Ni precipitates. Both phases are confirmed in the corresponding 

diffraction pattern (Fig. 4(d)). The dark field TEM micrograph for 49.7Ti (alloy 2), Fig. 4(b), and 

the bright field micrograph for 49.2Ti (alloy 3), Fig. 4(c), show microstructures consisting of fine 

precipitates of various densities. The corresponding diffraction patterns, Fig. 4 (e) and (f), reveal 

that the precipitates are the P-phase as identified by their characteristic reflections (indicated by 

the arrows) in the selected area diffraction patterns. The P-phase precipitates were less than 20 

nm making it difficult to obtain single crystal diffraction patterns.  

Fig. 5 shows TEM images and diffraction patterns for alloys 2 and 3 (Ti-lean alloys) aged at 

400°C for 24 hrs. The P-phase precipitates within the twinned martensite matrix are again 

identified by the characteristic superlattice reflections observed in the diffraction patterns, Fig. 5 

(c) and (d). Aging at 400°C resulted in significant coarsening, from less than 20 nm at 350°C to 
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more than 100 nm at 400°C, of the alloy 2 (49.7Ti) precipitates, as listed in Table 3. At this 

aging temperature, after 24 hours, alloy 3 (49.2Ti) did not show similar coarsening behavior, 

Table 3.  

 

Fig. 4: Bright field and dark field TEM images and the corresponding selected area diffraction 

patterns of alloys 1, 2, and 3 aged at 623 K for 24 hours. (a-top) Alloy 1: bright field, Twinned 

B19 martensite in the 51.1 at.% Ti alloy with Ti2Ni precipitation, (a-bottom) Alloy 1:[011]B19 

pattern with [-132]Ti2Ni zone axis. (b) Alloy 2: dark field, B19 matrix with dense nanoscale P-

phase precipitation (c) Alloy 3: bright field, B19 matrix with P-phase precipitation. (e and f) 

Polycrystalline patterns showing B19 matrix and many orientations of the P-phase precipitate 

with the (020)type P-phase rings labeled, corresponding to (b) and (c) respectively. 
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Fig. 5: BF TEM Images and the corresponding selected area diffraction patterns (below) of the 

Ni-Ti-Pd alloy with varied (a) 49.9 at.% Ti and (b) 49.5 at.% Ti compositions aged at 400°C for 

24 hours. (c) diffraction pattern corresponding to (a) with (020) P-phase reflections labeled , (d) 

diffraction pattern corresponding to (b) with (131) P-phase reflections labeled. 
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A bright field image and corresponding diffraction pattern for alloy 3 (49.2Ti) after aging at 

450°C for 48 hrs is found in Fig. 6. Recall, this was the only alloy that showed any age 

hardening behavior at this temperature (Fig. 1) suggesting at least some precipitate formation. 

Larger P-phase precipitates, ~ 115 nm ± 33 nm, as compared to the lower aging temperatures are 

easily discernable in the bright field image, Fig. 6 (a), with twinned B19 grains interspersed 

between the precipitates. The diffraction pattern, Fig. 6 (b), was indexed to B19 and P-phase, 

consistent with the XRD results.  

 

Fig. 6: (a) BF TEM Images and the corresponding selected area diffraction patterns (b) of alloy 3 

with 49.5 at.% Ti aged at 450°C for 48 hours.  
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Atom probe tomography was employed to study the composition of the matrix and P-phase 

precipitates in the two Ti-lean alloys. Fig. 7 (a) and (b) are APT reconstructions of the alloy 2 

(49.7Ti) and alloy 3 (49.2Ti), respectively, after aging at 350°C for 24 hrs revealing the P-phase 

precipitates delineated by a Ni isoconcentration surface 
32

. The size of P-phase precipitates in 

alloy 2 and 3 are ~ 15.4 ± 3.8 nm and 18.3 ± 3.7 nm respectively, listed in Table 3. Optimized 

isoconcentration surfaces for composition analysis were determined by the methods outlined in 

Hornbuckle et al. 
32

 and were found to be 22.99 and 22.36 at.% Ni for alloys 2 and 3 

respectively. The proximity histograms or proxigrams, which are 3D average composition 

profiles, are shown in Fig. 7(c) and (d) with the matrix and precipitate compositions listed in 

Table 4
35

. Consistent with prior findings 
14,16

, the P-phase precipitates are always enriched in Ni 

and depleted in Ti and Pd compared to the matrix. Based on a 24 atom unit cell, the P-phase in 

the 49.7Ti alloy has a composition of Ti11Ni5.77Pd6.82 and the P-phase in the 49.2Ti alloy is 

Ti11Ni6.13Pd7.04, after aging at 350°C for 24 hrs. The Ti content of the matrix phase of alloys 2 

and 3 (Table 4) was 49.72 and 48.17 at.% Ti respectively, when aged at 350°C. 

 

Table 3: Transformation temperature, Ti matrix content and average size of the P-phase 

precipitates. All samples are aged for 24 hrs except alloy 3/450°C which attained peak hardness 

after 48 hrs. 

 

Sample Aging condition Ms (°C) 
Matrix Ti content 

(at.%) 

Average diameter 

(nm) 

Alloy 2 
350°C* 170 49.72 + 0.03 15.4 + 3.8 

400°C** 140 55.77 + 0.56 130 + 18 

Alloy 3 

350°C* 135 48.17 + 0.03 18.3 + 3.7 

400°C* 180 50.72 + 0.03 15.7 + 3.3 

450°C** 150 51.56 + 0.52 115 + 34 

* Data collected with APT, ** Data collected with TEM 
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Fig. 7: (a-b) APT reconstruction showing the P-phase precipitates delineated by a Ni 

isoconcentration surface (green) from: (a) alloy 2 and (b) alloy 3 both aged 24 hrs at 623 K 

(350°C) with corresponding isoconcentration surface proximity histograms below. 

 

Fig. 8 (a) and (b) are APT reconstructions of alloy 2 and 3, respectively, after aging at 400°C 

for 24 hrs showing the P-phase precipitates delineated by a Ni isoconcentration surface. In alloy 

2, due to the larger size (~ 100 nm) of the P-phase precipitates and the limited field of view of 

the atom probe microscope, only portions of two P-phase precipitates were captured. Again 

using the procedures described in reference 
32

, the optimized isoconcentration values for creating 

the proxigrams were found to be 18.40 and 18.19 at.% Ni for alloy 2 and 3 respectively. Fig. 8 

(c) and (d) are the proxigrams in the vicinity of the P-phase precipitates, which showed alloy 2‟s 

P-phase composition to be Ti11Ni5.23Pd5.49 and alloy 3‟s P-phase composition to be 
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Ti11Ni5.18Pd6.75. When aged at 400°C, the Ti content of the matrix phase increased to 55.77 and 

50.72 at.% Ti for alloys 2 and 3. All the compositions with their errors (based on counting 

statistics) are listed in Table 4. APT was not performed on alloy 3 aged at 450°C because the 

precipitate size within this sample (~ 115 nm), Fig. 6, would make it difficult to obtain 

statistically significant results, given the limited field of view of the atom probe microscope.  

 

Fig. 8: (a-b) APT reconstruction showing the P-phase precipitates delineated by a Ni 

isoconcentration surface (green) from: (a) alloy 2 and (b) alloy 3 both aged 24 hrs at 673 K 

(400°C) with corresponding isoconcentration surface proximity histograms below. 
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Table 4: Composition of P-phase precipitate and the matrix of alloy 2 (49.9 at. % Ti) aged for 24 

hrs at 350°C and 400°C and alloy 3 (49.5 at. %Ti) aged 24 hrs at 350°C and 400°C and 48 hrs at 

450°C. All compositions in atomic percent. 

Alloy 2 – 24hrs - 350°C 

 Ti  Ni  Pd  

Matrix 49.72 + 0.03 18.22 + 0.06 32.07 + 0.03 

Precipitate 46.78 + 1.68 24.61 + 0.69 29.02 + 1.46 

Alloy 3 – 24hrs - 350°C 

 Ti  Ni  Pd  

Matrix 48.17 + 0.03 19.78 + 0.03 32.05 + 0.03 

Precipitate 45.49 + 2.44 25.34 + 0.61 29.11 + 2.11 

Alloy 2 – 24hrs - 400°C 

 Ti  Ni  Pd  

Matrix 55.77 + 0.56 18.13 + 0.18 26.10 + 0.26 

Precipitate 50.51 + 0.51 24.24 + 0.24 25.25 + 0.25 

Alloy 3 – 24 hrs - 400°C 

 Ti  Ni  Pd  

Matrix 50.72 + 0.03 15.00 + 0.04 34.29 + 0.03 

Precipitate 47.96 + 0.03 22.59 + 0.04 29.44 + 0.04 

Alloy 3 - 48 hrs - 450°C 

 Ti  Ni  Pd  

Matrix 51.56 + 0.52  19.31 + 0.19 29.13 + 0.29 

Precipitate 47.77 + 0.48 24.86 + 0.25 27.36 + 0.27 

 

 

3.4 Discussion 

In prior work with P-phase containing alloys 
14,17

, the transformation temperatures primarily 

have been studied for one composition over a range of aging conditions. The precipitation of the 
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P-phase was noted to deplete the matrix of Ni, which has been suggested to provide a 

compositional effect in raising the transformation temperature 
14

 through the relative increase of 

Ti in the matrix. The increase in transformation temperature was noted to scale with aging time 

until a saturation point was reached. However, no systematic correlation of the resulting 

precipitate size, morphology, and composition has been done to determine how these collective 

factors control the transformation temperature and the influence the matrix‟s Ti content. Our 

study aimed to bridge this gap. 

Based on the hardness and microstructure characterization results, alloy 1 had a B19 twinned 

martensite matrix with Ti2Ni precipitates. Alloys 2 and 3 consisted of a B19 martensite matrix 

with P-phase precipitates of varying sizes depending on bulk composition and aging temperature.  

It is clear that P-phase preferentially forms in Ti-lean Ti-(Ni,Pd) alloys as it was not present in 

the Ti-rich alloy 1, consistent with prior literature 
5,15

. These results also indicate that the 

stoichiometric composition Ti50(Ni,Pd)50 represents a phase boundary for P-phase formation in 

the temperature range of 350°C – 450°C. In the Ti-lean alloys studied, the P-phase dissolved at 

450
°
C in alloy 2 and showed significant coarsening in alloy 3. This suggests that the solvus line 

for the P-phase increases with decreasing Ti content, or alternatively increasing Ni-content. 

Evidence for this can also be inferred from the age hardening curves in Fig. 1.  

Alloy 1‟s Ti2Ni precipitates did not significantly affect the transformation temperature with 

aging. In contrast, the P-phase precipitates in alloy 2 and 3 were found to alter the martensitic 

transformation temperature. Hence, the balance of the discussion will address alloys 2 and 3, 

where P-phase precipitation is correlated to the changes in martensitic transformation 

temperature and the matrix Ti content. 
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Fig. 9 is a plot of transformation temperature as a function of matrix Ti content in the aging 

temperature range of 350°C-450°C for alloy 2 and 3. Consider alloy 2 which has its highest 

martensitic transformation temperature of ~175°C at an aging temperature of 350
°
C with a Ti 

matrix content of 49.72 + 0.03 at.%. The Ms of alloy 2 then dropped to ~140°C as the Ti matrix 

content increased to 55.77 + 0.56 at.% at 400°C. Now consider alloy 3 which has its lowest 

transformation temperature, ~130°C, after aging at 350°C but with a Ti matrix content of 48.17 + 

0.03 at.%. Upon aging at 400°C, the transformation temperature increased to ~180°C and the 

matrix became more Ti enriched, 50.72 + 0.03 at.%. Upon further aging at 450
°
C, the Ms 

dropped to ~150°C and the Ti matrix composition continued to increase to 51.56 + 0.52 at%. For 

both alloy 2 and 3, the highest martensitic transformation temperature is near a matrix Ti 

composition of approximately 50 at.%. Interestingly, the precipitates, when at this highest Ms 

transformation (Table 2), were ~15-20 nm for both alloys (Table 3). This suggests that 

composition has a significant impact on the transformation temperature for these alloys. Results 

indicate that an optimal precipitation behavior is required to extract sufficient Ni from the matrix 

to achieve the correct matrix Ti composition that results in the highest transformation 

temperature. This is consistent with the results obtained by Shimizu et al. 
5
 who studied Ni–Ti-

Pd alloys and reported the maximum transformation temperature at 50.20 at.% Ti bulk 

composition, with a decrease in the martensitic transformation temperature with any further 

increases in the Ti-content. Unlike the prior study, we have been able to show explicitly through 

atom probe tomography how the chemical partitioning between the matrix and precipitate 

influences this transformation temperature by systematically varying both bulk alloy composition 

and aging. This sheds new understanding in the compositional effects on Ms transformation 

temperatures in this class of shape memory alloys.  
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Fig. 9: Martensitic transformation temperature as a function of matrix Ti content for alloys 2 and 

3 over the range of temperatures in which P-phase is formed.   

 

3.5 Conclusion 

 This paper addressed the interrelationship of alloy composition and the aging temperature 

in the precipitation of the P-phase. The major findings of this work include the following: 

(1)  The Ti-rich alloy formed Ti2Ni precipitates in a B19 martensite matrix and did not 

nucleate the P-phase precipitates. In contrast the Ti-lean alloys precipitated the P-phase 

indicating a P-phase boundary at Ti50(Ni,Pd)50 over the 350 – 450
o
C temperature range. 

(2) In the Ti-lean alloys, the P-phase precipitates had a compositions consistent with the 

established 11:13 ratio of Ti:(Ni+Pd). This composition biases the matrix to being Ti-rich 

and increases the Ms transformation. 

(3) Regardless of aging conditions and bulk composition, the maximum Ms transformation 

was found to be ~175
o
C with a Ti matrix composition near 50 at.%.  
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4 Influence of Dilute Hf Additions on Precipitation and Martensitic Transformation in Ni-

Ti-Pd Alloys 

 

 

Abstract: 

The effect of Hf (0 – 1 at. %) additions in a Ni-Ti-Pd alloy on P-phase precipitation and 

martensitic transformations were studied. The addition of hafnium promoted an increase in strain 

within the matrix which resulted in the refinement of precipitates upon precipitation with a 

corresponding increase in number density. The overlapping strain fields of the precipitates 

created from the decrease in inter-precipitate spacing reduced the matrix volume to be less than 

the critical free volume size required for the martensitic transformation over the temperature 

range studied (183 K to 573 K). Hafnium was also noted to delay the aging time to achieve peak 

hardness, suggesting a reduction in growth and coarsening kinetics.  

 

Keywords: P-phase, shape memory alloys (SMA), martensitic transformation, Hf microalloying, 

Ni-Ti-Pd alloy 
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4.1 Introduction 

Shape memory alloys (SMAs) are materials that exhibit a temperature-dependent martensitic 

transformation leading to a behavior known as the shape memory effect (SME). SME is where a 

material can recover its original shape even against an opposing load. Under such load-biased 

recovery, the SMAs can perform work and act as a solid state actuator. SMA actuators produce a 

larger stroke in relation to their weight, compared to other systems such as thermostat metals and 

magnetic solenoids, and are frictionless creating a quiet, clean and smooth motion 
1–3

. When 

SMAs are used in actuator applications, dimensional stability, which is quantified by the amount 

of residual strain after multiple transformation cycles, is a critical property. If the alloy has poor 

dimensional stability, it will most likely fail in low-cycle fatigue or will change dimension so 

that the part will be driven out of tolerance rendering the system inoperable 
4
.  

Arguably, the Ni-Ti based alloys, referred to as Nitinol, are the most commercially viable 

and successful SMAs because of an optimal balance of physical, mechanical, and functional 

properties 
1
. Equiatomic and Ti-rich alloys have higher transformation temperatures when 

compared to Ni-rich alloys 
4
 but suffer from poor dimensional stability. In contrast, the Ni-rich 

alloys exhibit much better dimensional stability then their Ti-rich counterparts
5
. The 

improvement in dimensional stability is derived from the formation of nanometric Ni4Ti3 

precipitates in Ni-rich binary alloys 
6
. These precipitates form after aging at modest temperatures 

below ~ 953 K (680°C). The precipitation generally results in an increase in the martensitic 

transformation temperature
7–9

, but depending on size, morphology, coherency and spacing can 

cause a decrease in the martensitic transformation temperature.  

Though the Ni-rich binary alloys have shown promise, the transformation temperatures still 

lag behind the equiatomic and Ti-rich compositions. Within the past decade, there has been a 
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resurgence of interest in Ni-rich Ni-Ti alloys based on ternary compositions 
10–19

. Additions of 

Pd, Pt, Zr, and Hf to Nitinol increase the transformation temperature due to the precipitation of 

new nanoscale phases while retaining excellent dimensional stability. The first investigations 

into precipitation of the P-phase were in the Ni-Ti-Pd system completed by Shirakawa et. al. 
20

 

and Nagasako et. al.
21,22

, though clear crystallographic identification of the precipitate phase 

alluded these prior studies. The precipitate was correctly identified by Kovarik et al
12

. in a Ni-Ti-

Pt alloy as a monoclinic base centered structure with a multivarient stacking sequence that 

contributed to the prior difficulty in correctly identifying the diffraction pattern. Subsequent 

computational work demonstrated the stability of this phase 
23

. Sasaki et al.
10

 also confirmed the 

existence of this same P-phase in the Ni-Ti-Pd system. In both systems, the precipitate was found 

to be either coherent or semicoherent with the matrix with a composition of approximately 

Ti11(Ni+Pd/Pt)13 
10,12,23

. This Ni-rich precipitate reduced the Ni content of the B2 matrix which 

resulted in a compositional effect that increased the transformation temperature of the matrix.  

Clearly, precipitates play a significant role in regulating the shape memory properties of Ni-

rich Nitinol-based alloys. It is also well-established that precipitate stability, coherency, and 

morphology can be manipulated through the use of higher order alloying 
1,24–26

. This is 

commonly done in Ni-based superalloys where solute additions effect γ‟ strengthening 

precipitates to improve various mechanical properties 
27

. To date, the role of quaternary or higher 

order microalloying additions to the macro-alloyed Ni-rich Nitinol alloys, particularly of the P-

phase, has not been thoroughly investigated. Such microalloying additions could have similar 

beneficial effects on further improvements in shape memory attributes by tuning the precipitates‟ 

coherency and chemistry relative to the shape memory matrix.  
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The purpose of this research is to investigate the effects of small, 0-1 at.%, additions of Hf on 

(a) the shape memory behavior and (b) the precipitate characteristics in a Ni-Ti-Pd alloy. 

Hafnium has been found to diffuse slower in Ni-rich Nitinol alloys 
28

, which could lead to slower 

growth and subsequent coarsening of the precipitates. This could improve the mechanical 

stability of the alloy at intermediate temperatures. Also, Hf, being a larger atom, will lead to 

modified misfit strains which will influence the transformation temperature, strength of the alloy, 

as well as the nucleation energy and kinetics of the precipitation process. Strain fields around 

precipitates have been found to improve shape memory properties by reducing irrecoverable 

strains during the shape memory transformation 
29

, improving the microstructural stability 
30

, and 

transformation temperature stability with cycling 
31

. However, size effects of the precipitates 

themselves can also be deleterious in that they can generate overlapping strain fields that 

suppress the martensitic transformation 
32

. Hence, the precipitation size, morphology, strain, and 

composition must be balanced to achieve an optimal set of SME properties.  

 

4.2  Experimental Procedures 

Four Ni-Ti-Pd-Hf alloys, listed in Table 1, were produced by arc-melting the appropriate 

weight fractions of the elemental components in a partial argon atmosphere. The Hf additions 

were assumed to substitute for the Ti, thereby keeping the Ni and Pd levels constant among all 

the alloys. The buttons were reversed and remelted six times to ensure compositional and 

microstructural homogeneity. Samples of the four compositions were cut from the original 

buttons for subsequent heat treatment. All samples were solutionized at 1050°C for 1 hour, 

water-quenched, and then aged at 673K (400°C) for 1, 10, 24, 100, and 1000 hours followed by 

another water quench. The samples were wrapped in Ta foil and heat treated under an ultra-high  
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Table 1 Nominal composition (at. %) of alloys studied. 

Alloy Ni Ti  Pd Hf  

0.0 Hf 27 48 25 0 

0.1 Hf 27 47.9 25 0.1 

0.5 Hf 27 47.5 25 0.5 

1 Hf 27 47 25 1 

 

purity argon atmosphere to reduce oxidation. The Ni-Ti-Pd sample with 0 at.% Hf (the control) 

had the same nominal composition as the alloy studied by Sasaki et. al.
10

.  

The hardness of the alloys was measured using a Vickers hardness tester under a load of 

1000 g and a dwell time of 15 seconds. Each data point reported, with its standard deviation, is 

an average of ten measurements. Differential scanning calorimetry (DSC), for identifying phase 

transformation temperatures, was performed using a TA instruments DSC Q1000 at a heating 

and cooling rate of 10 K/min in the range of 183 K (-90
o
C) to 573 K (300

o
C), which was the 

range of the calorimeter.  

Microstructural characterization was performed in a 200 KeV field emission FEI TECNAI 

G
2
F20 super-twin (scanning) transmission electron microscope ((S)TEM). TEM foils were 

fabricated mechanically from 3 mm discs ground to < 100 µm followed by dimple polishing to < 

15 µm. Ar
+
 ion milling in Gatan Precision Ion Polishing System (PIPS®) was then performed 

until the dimple region perforated, providing electron transparent regions around the hole. The 

inter-precipitate spacing and areal precipitate density of P-phase precipitates were estimated 

from the TEM images by methods detailed in 
33–35 

and are summarized
 
in Table 2.  
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Atom probe analysis was performed in a Cameca Local Electrode Atom Probe (LEAP®) 

3000XSi. The tips were analyzed at a 40 K base temperature, 0.5% evaporation rate, and 200 

kHz laser mode at 0.3nJ per pulse. The atom probe samples were prepared using a FEI Quanta  

Table 2 Inter-precipitate spacing values and average diameters, calculated using TEM images 

from the samples at peak aging condition (24 hours). The error is the standard deviation of the 

distribution calculated from a minimum of 20 precipitates. 

 

Sample Inter-precipitate Spacing (nm) Average Diameter (nm) 

0.0 Hf 70.4 40 + 4.2 

0.1 Hf 56.1 26.8 + 5.2 

0.5 Hf 41.5 15.3 + 1.3 

1.0 Hf ---- < 10 

 

200 3D Dual Beam™ electron beam-focus ion beam microscope using the same preparation 

procedures as described elsewhere 
36,37

, with a low keV clean-up step to reduce Ga
+
 implantation 

into the tip surface. The atom probe data was analyzed using Image Visualization and Analysis 

Software (IVAS™) version 3.6.6. 

 

4.3 Results 

Fig. 1 shows the evolution of Vickers hardness as a function of aging time at 673 K (400°C) 

for the four alloys. For all the alloys, the hardness increased with aging time and reached the 

peak value of ~ 420 VHN after ~10 to 24 hours.  
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Fig. 1: Evolution of Vickers hardness for alloys containing 0.0, 0.1, 0.5, 1.0 at. % Hf as a 

function of aging time at 673K (400
o
C).  

 

 

Fig. 2 (a) shows DSC traces of alloys in solution annealed condition. For the Hf-containing 

alloys, no exothermic or endothermic peaks were observed in the scans indicating a lack of a 

martensitic transformation over the tested temperature range. Fig. 2 (b) shows DSC traces of 

alloys at peak hardness (Fig. 1(a)). For the Hf-containing alloys, again no exothermic or 

endothermic peaks were observed in the scans indicating a lack of a martensitic transformation 

over the tested temperature range. Alloy 0.0 Hf had a martensite start transformation temperature 

near 273 K (0°C) and an austeNi-Tic finish temperature of 348 K (75
o
C).  
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Fig. 2: (a) DSC profiles of the alloys in the solution annealed condition (24h/400°C) recorded at 

10 K/min heating and cooling rates respectively. (b) DSC profiles of the alloys in the peak aged 

condition (24h/400°C) recorded at 10 K/min heating and cooling rates respectively. 

 

Fig. 3(a) - (d) is a series of bright field (BF) TEM images and the corresponding selected area 

diffraction (SAD) patterns, viewed from the <110>B2 zone axis, for each of the alloys aged after 

24 hours at 673K (400°C). Two observations can be gleaned from the micrographs. First, the 

precipitates decrease in diameter from ~40 nm to less than ~10 nm, and, second, a concomitant 

increase in strain-field contrast with increasing Hf is qualitatively observed in the micrographs. 

In case of 1.0 Hf, the strain contrast precluded defiNi-Tive measurement of the precipitate sizes. 

Efforts to quantify the lattice strain for each alloy using lattice parameter measurements proved 

to be inconclusive. However, a decrease in inter-precipitate spacing from ~70 nm to ~40 nm 

between the 0.0 Hf and 0.5 Hf alloys was measured. From this reduction, we can infer that the 

corresponding strain fields would overlap to a greater extent resulting in the observed higher 

strain contrast seen in the TEM micrograph, Fig. 3.  
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Fig. 3 Bright field TEM images, with corresponding selected area diffraction (SAD) patterns 

directly under each micrograph, aged at 673K (400°C) for 24 hours for alloy (a) 0.0 at% Hf (b) 

0.1 at. % Hf (c) 0.5 at. % Hf and (d) 1.0 at. % Hf. The diffraction patterns were taken along the 

<110>B2 zone axis White arrows in micrograph (a) indicate martensite and black arrows marked 

at ¼[111]B2 reflections corresponding to the (002) P-phase planes 
12

. 

 

In the SAD, the primary matrix reflections have the spacing and symmetry consistent with a 

B2 structure. Additional ¼{111} type reflections, marked with arrows, Fig. 3(a), indicate the 

presence of the P-phase precipitates within the B2 matrix, consistent with previous electron 

diffraction studies of similar alloys 
12,14

 , for all alloys investigated after the heat treatments. 

In order to study the effect of Hf on the composition of the P-phase, we focused the APT 

studies on the 0.0 Hf (control) and 0.5 Hf alloy. The 0.5 Hf alloy was selected because its 

precipitates were small but of sufficient volume for reasonable statistical compositional analysis 

in an atom probe reconstruction. Fig. 4 (a) is an APT reconstruction showing P-phase 

precipitates delineated with a Ni isoconcentration surface (green) for the 0.0 Hf alloy after 10 

hours of aging at 673 K (400°C), which recall is the peak aged condition. Fig. 4 (b) is an 

analogous reconstruction showing the P-phase precipitates delineated with a Ni isoconcentration 
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surface (green) for the 0.5 Hf alloy after 24 hours of aging at 673K (400°C), which is its peak-

aged condition. Qualitatively, precipitates delineated by the isoconcentration surfaces are 

consistent with those observed in TEM micrographs in Fig. 3, in that the precipitates decreased 

in size and have a higher number density with increasing Hf. 

 

 

Fig. 4 (a) APT reconstruction showing the P-phase precipitates delineated by a 28.84 at.% Ni 

(green) iso-concentration surface. (b) APT reconstruction showing the P-phase precipitates 

delineated by a 28.03 at.% Ni (green) iso-concentration surface, from sample 0.5 at. % Hf peak 

aged 24 hours at 673K (400°C). (c) Proximity histogram created from a 26.50 at.% Ni iso-

concentration surface, from sample 0.0 at. % Hf peak aged 10 hours at 673K (400°C). (d) 

Proximity histogram created from a 27.00 at% Ni isoconcentration surface. All analysis and 

rendering was performed with a 1.5:4.5 voxel to delocalization ratio.  
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Fig. 4 (c) and (d) are the corresponding proximity histograms for the alloy 0.0 and 0.5 Hf 

created from their respective isoconcentration surfaces. The composition of the precipitates is 

tabulated in Table 3. These results indicate the precipitates are enriched in Ni and the matrix is 

enriched in Ti and Pd. Based on a P-phase unit cell of 24 atoms, the atom probe results indicate a 

stoichiometry of Ti11Ni7.78Pd5.76 which is consistent with the observation of Sasaki et al. 
10

. 

Similarly, the 0.5 alloy‟s precipitates are enriched in Ni with the matrix enriched in Ti and Pd. 

Referencing Table 3, one can clearly infer that Hf is enriching the matrix phase. Assuming Hf 

substitutes for Ti and a P-phase unit cell of 24 atoms, the precipitate stoichiometry is 

Ti10.85Ni7.27Pd5.77Hf0.11.  

 

Table 3 Compositions (at. %) in peak aged (10 hrs.) alloy 0.0 Hf from atom probe analysis and 

Compositions in peak aged (24 hrs.) alloy 0.5 Hf from atom probe analysis 

 

 

 Ni Ti  Pd. Hf  

10 hrs 

Bulk 27.32 47.40 25.28 --- 

Matrix 27.21 + 0.08 47.48 + 0.05 27.98 + 0.03 --- 

Precipitate 31.70 + 0.57 44.80 + 1.10 23.49 + 1.21 --- 

24 hrs 

Bulk 26.72 47.7 24.99 0.59 

Matrix 26.69 + 0.03 47.71 + 0.03 24.99 + 0.01 0.59 + 0.002 

Precipitate 30.33 + 0.49 45.26 + 1.48 23.99 + 1.19 0.40 + 0.05 
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4.4 Discussion  

From the results above, it is apparent that minor solute additions of Hf have a dramatic 

influence on the structure-property relationships in the Ni-Ti-Pd SMA. Though the precipitates 

are smaller with increasing Hf solute amounts, the hardness values, in Fig. 1(a), remain relatively 

equivalent. This implies that an additional hardening mechanism, besides precipitation 

hardening, is likely contributing to the strength. Based on the increasing strain contrast observed 

in the TEM micrographs, Fig. 3(a)-(d), strain hardening is believed to be this other contribution. 

It offsets the reduction in precipitation hardening that would occur with the smaller precipitate 

sizes.  

 In the ternary Ni-Ti-Pd alloy, precipitation of the P-phase increased the martensitic 

transformation temperatures as compared to its binary Ni-rich equivalent 
10

. However, with the 

addition of Hf to the Ni-Ti-Pd alloy, precipitation is still observed, Fig. 3, without an increase in 

martensitic transformation temperature, Fig. 2. There are three possible reasons for the absence 

of martensitic transformations.  

First, the transformation may be occurring at a temperature below the range of calorimeter. 

This is usually observed in binary alloys which are Ni-rich. DSC results in Fig. 2 (b) indicate that 

the 0.0 Hf (control) undergoes a shape memory transform within the temperature range scanned, 

whereas all Hf alloys resulted in no phase transformation peak in the same temperature range. 

However, the APT-derived compositions in Table 3 indicate that the Ni+Pd matrix compositions 

are equivalent for both 0.0 and 0.5 Hf alloys. Therefore, the absence of a transformation is most 

likely not due to the matrix composition being altered by the Hf.  

Second, the decreasing size of the P-phase precipitates with the increasing amount of Hf 

suggests differences in the nucleation and/or growth and subsequent coarsening kinetics between 
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all the alloys. It is evident from the TEM micrographs, Fig. 3, the modest increase in Hf 

qualitatively resulted in an increasing strain in the matrix. Correspondingly, this will make it 

difficult for the precipitate to nucleate and grow resulting in a smaller more strained 

precipitation. This is consistent with the experimental observation that smaller precipitate sizes 

trended with increasing amounts of Hf, e.g. from ~ 40 nm (0.0 Hf) to ~ <10 nm (1.0 Hf).  

In addition to differences strain fields, slower growth and subsequent coarsening kinetics 

with increasing Hf could also result in these smaller precipitates. Meng et al. 
28,39

 have reported 

an analogous observation in a tertiary Ni-Ti-Hf alloy. In their work, they deduced that Hf and Ti 

diffuse slower than Ni which led to slower precipitation kinetics. In our case, we have a Ni-Ti-

Pd-Hf alloy and it would be reasonable to infer that that Hf and Ti are slow diffusing species too. 

This is supported by the experimental findings that the precipitates in the Hf containing alloys 

were smaller than the control alloy.  

The interaction of these two factors (nucleation and slower kinetics) discussed above resulted 

in an increase in number density from ~ 4*10
14

 (0.0 Hf) to ~ 1.6*10
15 

(0.5 Hf)
 
precipitates/m

2
. 

This correspondingly reduced the inter-precipitate spacing from ~70 nm to ~ 40 nm; 

subsequently reducing the transformable matrix volume between the precipitates. If this volume 

is smaller than the critical martensitic nuclei size, the shape memory transformation is 

suppressed due to the overlapping strain field 
8,40

. Based on the experimental data, we believe 

this reduction of inter-precipitate spacing along with the strain observed in the TEM micrographs 

explains the absence or suppression of the transformation with the addition of hafnium.  

 

4.5 Conclusions  

The addition of minor quaternary Hf to a Ni-Ti-Pd alloy results in the following: 
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(1) Qualitatively, the microstructure revealed more strain contrast with increasing Hf 

alloying.  

(2) P-phase precipitates are refined by a reduction in the critical nuclei size.  

(3) A consequence of this precipitate refinement is an increase in the precipitate density with 

a decrease in the inter-precipitate spacing. 

(4) The smaller inter-precipitate spacing decreased the transformable matrix volume between 

the precipitates. Consequently, the strain fields in the microstructure are suspected to 

suppress martensitic transformation. 

(5) The addition of Hf reduces the coarsening of the P-phase precipitates evident by their 

smaller sizes, even at longer aging times, as compared to the control.  

Though P-phase precipitation has been shown to increase the transformation temperature 

in Ni-Ti-Pt/Pd alloys
10,12

, it in of itself is insufficient to increase the transformation temperature. 

This work has shown that even with the same precipitates formed, the transformation can be 

suppressed. This suppression was linked to inter-precipitate spacing and strain. Hence, 

precipitation in Ni-rich Nitinol based alloys must be balanced with other competing factors that 

regulate the shape memory transformation. From this study, it is apparent that a critical size and 

inter-precipitate spacing is necessary to allow the P-phase precipitate to promote the increase in 

the shape memory transformation temperature. The addition of Hf, even at very low solute 

concentrations, is detrimental to the tuning of this alloy to enhance its transformation 

temperature. Conversely, the Hf additions provide insights into refining precipitate sizes and 

reducing precipitate growth and coarsening.  
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5 Conclusions and Future Work 

 

5.1 Summary of Research 

A study on the effects of Pd and Hf additions to Ni-Ti alloys in terms of microstructural and 

transformation properties was carried out and discussed in Chapters 2-4. Chapter 2 studied a 

series of alloys having the P-phase composition
1
 Ti11(Ni,Pd)13 where the amounts of Ni and Pd 

were varied within the ratio 11:13. This was done to understand the phase stability, composition 

and structure evolution of P-phase within its composition stoichiometry limits under an 

isothermal aging condition at 400
°
C. It was observed that as the amount of Ni content is 

decreased (or alternatively, as the Pd content is increased) from the single P-phase Ti11Ni7Pd6 , 

decomposed to a B2 + P for Ti11Ni5Pd8 then to a B19 + Ti2Pd(Ni)3 two phase microstructure for 

Ti11Ni3Pd10. As the amount of Ni content is increased (or alternatively, as the Pd content 

decreases) from Ti11Ni7Pd6 , the P-phase destabilized and formed a two phase P- and P1-phase 

structure for Ti11Ni9Pd4. Further increases in Ni results in the dissolution of the P-phase to a P1 + 

B2 phase mixture for Ti11Ni11Pd2. Combined dark field imaging and APT reconstructions 

revealed that the P1-phase, like the P-phase, has overlapping diffracted reflections. For the single 

P-phase and P- and P1-phase mixtures, the grains were tens of nanometers after 100 hours of 

aging at 400
°
C. This suggests that these phases do not coarsen quickly and is likely contributed 

to the large number of atoms in the unit cells coupled to the specific atomic site occupancies for 
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those atoms. Lastly, the first known measurement of the composition of the P1-phase was found 

to be 44.7Ti-45.8Ni-9.4Pd (at.%) or Ti10Ni10Pd5 having almost twice the amount of Ni but less 

than one-third the amount of Pd when compared to P-phase.  

Chapter 3 studies The effect of aging time and temperature on precipitation and subsequent 

martensitic transformation temperatures for a series of Ni-(50.5-49.2)Ti-32Pd (at.%) shape 

memory alloys has been studied. Structure-property relationships were developed through 

detailed microstructural characterization involving transmission electron microscopy, diffraction 

analysis, and atom probe tomography with links to microhardness measurements and 

transformation temperatures established by differential scanning calorimetry. The Ti-rich alloy 

contained relatively coarse Ti2Ni in a B19 matrix and had the highest martensitic transformation 

temperatures (Ms ~ 280°C) independent of aging condition. After aging, the two Ti-lean alloys 

contained P-phase precipitates in a B19 matrix. The increase in transformation temperature was 

associated with a near 50 at.% Ti composition in the matrix phase.  

In Chapter 4, the effects of small, 0-1 at.%, additions of Hf on (a) the shape memory 

behavior and (b) the precipitate characteristics in a Ni-Ti-Pd alloy were studied. The addition of 

minor quaternary Hf to a Ni-Ti-Pd alloy resulted in the refinement of nanoscale P-phase 

precipitates in a B2 matrix 
2
. Several conclusions were drawn from the analyzed data. First, it is 

qualitatively observed that the microstructure revealed more strain contrast with increasing Hf 

alloying. This suggests that the strain created reduces the critical nuclei size. Consequently, there 

is an increase in the precipitate density with a decrease in the inter-precipitate spacing which is 

believed to suppress the transformation temperature, as noted in other systems 
3,4

. The smaller 

inter-precipitate spacing would decrease the transformable matrix volume between the 

precipitates. Consequently, the overlapping strain fields in the microstructure are suspected to 
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suppress martensitic transformation 
5,6

. Finally, the addition of Hf also reduced the coarsening of 

the P-phase precipitates evident by their smaller sizes, even at longer aging times, as compared 

to the control.  

 

5.2 Future Work 

5.2.1 Stability within the Ti11(Ni,Pd)13 phase field 

 The phase stability of the P-phase in Ni-Ti-Pd alloys was studied in Chapter 2 over a 

series of alloys within the Ti11(Ni,Pd)13 stoichiometric ratio. These alloys were aged at 400°C 

and the resultant phases analyzed. A summary of these phases can be found in Fig. 1 below 

(Previously Fig. 7 in Chapter 2). The work that is detailed in Chapter 2 showed that as the Ni 

content is increased, the dominant phases shift from Ti2Pd3 to P-phase and then to P1-phase. 

Prior work done by Yang et al. 
7
 studied one alloy within the Ti11(Ni,Pd)13 ratio, Ti11Ni9Pd4, and 

aged at varying temperatures. Their work is also summarized in Fig. 1. In this case, as the aging 

temperature was increased from 400°C to 550°C the dominant stable phase shifts from P- and 

P1-phases to only P1-phase and then to P1- and Ti3Ni4 phases. The use of P-phase precipitates 

has proven to be useful in improving the properties of Ni-Ti-Pd alloys in this and other work
1,2

. 

A complete understanding of the stability in this phase field would prove valuable in the 

development of new Ni-Ti-Pd high-temperature shape memory alloys. This would include 

multiple isothermal aging treatments at different temperatures to map out the complete 

composition and temperature phase field, from which a more through ternary phase diagram can 

be developed.  
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Fig. 1: Summary of the identified stable phases over the compositional range Ti11(Ni,Pd)13 

5.2.2 P1-phase structure identification 

 The P1-phase, first discovered by Yang et. al.
7
 in 2012, was identified a second time in 

Chapter 3. The composition was confirmed for the first time to be 44.7Ti- 45.8Ni-9.4Pd (at.%), 

having almost twice the amount of Ni but less than one-third the amount of Pd when compared 

to P-phase. This is advantageous due to the high cost of Pd, any reduction of its usage would be 

beneficial. If the P1-phase could be used in place of the P-phase to improve the transformation 

properties of Ni-Ti-Pd alloys, it would effectively lower the cost of these pricy alloys. However, 

the structure of this phase has yet to be determined, and we have no evidence that it can be used 

in place of the P-phase to improve properties. Efforts were made to create a sample of the P1-

phase composition and identify its crystal structure. But these efforts were thwarted by the nano 

sized grains in the material, making single crystal diffraction impossible. The sample was also 

incredibly hard, and could not be effectively crushed without contamination for analysis with 

Rietveld refinement using XRD data. Additional difficulties may be faced similar to issues with 
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the P-phase identification such as the existence of more than one variant or no long-range order. 

More investigation needs to be done into the structure of the P1-phase and how it forms within 

the matrix. It will then be possible to determine if the P1-phase can effectively replace the P-

phase as a more cost effective alternative. 

5.2.3 Optimization of Ni-Ti-Pd 

 Armed with the new developments of the Ni-Ti-Pd phase diagram and tentatively new 

phase stability information, future work on the alloy system aims to optimize the physical and 

mechanical properties to produce the most effective high-temperature shape memory alloy. For 

optimization to be achieved many parameters should be considered. Firstly, high work output 

and high transformation temperatures are desired. The Ni-TiPd alloy must be processed, using 

prior research as a guideline, to create the composition, crystal structure, size, spacing, and 

density of precipitates to give the desired transformation behavior. Future work where the load-

bias behavior for the various heat treated samples studied would be useful to be link to the 

characterized microstructure. This would provide further connections between the processing-

structure-property connections made beyond the transformation temperature changes.  
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