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(ABSTRACT) 

 

Equiatomic composition of Ni and Ti was cryomilled with varying milling times to 
create Ni-Ti lamella structures with average spacings of 50 nm, 470 nm, and 583 nm in 
powder particles to vary the interfacial surface area per volume. These surfaces form 
interfaces for diffusion that are essential for solid state amorphization during low 
temperature annealing.  To compare solid state amorphization in a relatively defect free 
multilayer system, elemental Ni and Ti were deposited by electron beam physical vapor 
deposition on titanium plates with comparable spacing as above.  Both milled and 
deposited multilayers were annealed between 225 and 350°C for up to 50 hours. 

X-ray diffraction characterization and in situ annealing was conducted on cryomilled 
and deposited multilayers of Ni-Ti. Based on this characterization, an amorphization model 
based on the Johnson-Mehl-Avrami nucleation and growth equation has been established 
to predict the amorphization of both cryomilled and deposited multilayers. Cryomilled 
powders experienced much larger amorphization rates during annealing than that of 
deposited multilayer structures, for all layer spacings. This superior amorphization is seen 
despite the formation of amorphous phase during the milling process; the amount of which 
increases with increasing milling time. The difference in amorphization rates between 
cryomilled and deposited multilayers is attributed to excess driving force due to the 
extensive preexisting defects in the powders caused by cryomilling. 

Serial 3D reconstruction of cryomilled Ni-Ti powders was done by scanning electron 
microscopy and focused ion beam. Through 3D reconstruction it was observed that a 
random and non-symmetrical lamella structure has been formed in cryomilled powders. 
Furthermore, lamellar spacing was seen to become smaller with increased milling time 
while at the same time becoming more homogeneous through the material’s volume. 3D 
reconstruction of cryomilled Ni-Ti offers a unique insight into the microstructures and 
surface areas of cryomilled powder particles that has never been accomplished.  
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1.   Introduction 
 

Amorphous metals are metals which have no long range periodicity in their atomic 

arrangements. These metal phases display similar elastic moduli to their crystalline 

counterparts but, in some cases, double tensile strength [1]. The higher tensile strength in 

amorphous metals has been attributed to the lack of crystal lattice planes which support 

atomic rearrangement under tensile stresses. Amorphous metals have a deficiency of grain 

boundaries. Grain boundaries can be sites for corrosion attack therefore amorphous metals 

have generally better corrosion resistance compared to polycrystalline metals [2-5]. 

Almost all amorphous alloy systems are thermodynamically metastable, therefore, careful 

selection of alloy systems and compositions are considered necessary for synthesis. 

The formation of the silver-silicon amorphous was first reported by Duwez in 1960 [6]. 

Duwez rapidly quenched the alloy melt at cooling rates of 105-106 K/s to produce the 

amorphous form. In the 1980’s, methods used to create amorphous metals expanded to 

include techniques such as: mechanical alloying [7], irradiation [8], low temperature 

amorphization in multilayers [9], and hydrogen absorption [10]. These techniques are 

limited to the production of wires, powders, and foils.  In contrast, bulk amorphous metals 

(BMGs), are solid amorphous metals with dimensions greater than a few millimeters. They 

are formed by casting an alloy of three or more elements which makes it possible to 

achieve dimensions of 5mm or greater at a reduced cooling rate of <103 K/s [1, 2]. 

Consequently, binary alloys have been unable to form bulk metallic glass with much 

success.  

Mechanical alloying (MA) is a high energy ball milling process by which constituent 

powders are repeatedly deformed, fractured and welded by grinding media to form a 

homogeneous alloyed microstructure or uniformly dispersed particulates in a matrix [11]. 

However, when used in ductile systems, MA is capable of creating lamellar microstructures 

within powder particles. This property is especially useful in mimicking the multilayer 

structure necessary for SSAR in multilayers 
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The current work in this dissertation is part of a larger project of synthesizing bulk 

amorphous in the binary system of Ti-Ni. In the larger project, MA is used to create lamellar 

nanostructure within powder particles which are then simultaneously, or sequentially, 

amorphized and consolidated to form a BMG. This technique essentially takes advantage of 

two techniques: MA and SSAR. It is the focus of this work to study the effects of MA on the 

growth properties of amorphous phase during annealing of cryomilled Ni-Ti powder. 

 

2. Background 
 

2.1 Amorphous Metals 

Amorphous metals contain no long range periodicity in their atomic arrangements. This 

feature allows them to have attractive properties for structural applications. Amorphous 

metals display similar elastic moduli to their crystalline counterparts but greater tensile 

strength as shown in Figure 1.  

 

Figure 1: Graphs of Tensile strength and Vickers hardness vs Young's modulus of crystalline and 

amorphous metals [1] 
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The high tensile strength in amorphous metals is attributed to the lack of slip systems, 

thus in amorphous metals plastic deformation is negated [3-5]. The mechanism for failure 

in amorphous metals is shear banding. Shear bands are highly plastic regions that form in 

amorphous metals during high uniaxial tensile stresses [2, 12]. They are characterized by 

the formation of voids and vein patterns in the failing material. Due to the absence of grain 

structure, shear bands flow rapidly through amorphous metal thus leading to catastrophic 

failure [2, 12, 13]. To counteract catastrophic failure, a toughening process consisting of 

partial crystallization of the amorphous phase is used to form a composite of an amorphous 

matrix with crystalline phases acting as toughening agents [4]. Another important feature 

of amorphous metals is the absence of grain boundaries. This feature allows them to have 

improved intergranular corrosion resistance compared to polycrystalline metals [2-5].        

2.2 Synthesis of Amorphous Metals  

The synthesis of amorphous metals can be divided into two key categories:  

1. Cooling of alloy melt which is done by either rapid quenching or casting of molten 

metal. 

2. Solid state amorphization reactions (SSAR).  

 

2.2.1 Synthesis of Amorphous Metals by Cooling of Alloy Melt 

 

2.2.1.1 Rapid Quenching 

In binary systems, rapid quenching cooling rates on the order of 106-1010 K/s is 

necessary  to bypass the crystal nucleation and crystal growth stages [6, 14]. Even then, 

careful selection of components is needed to ensure success. Research done by Turnbull 

was able demonstrate similarities between metallic glasses and non-metallic glasses. In his 

work he showed that amorphous metals, akin to other glasses, have glass transition 

temperatures (Tg), that is, the temperature at which amorphous metal becomes viscous. 

Furthermore, he showed that glass formability in metals was based on Tg/Tm = 2/3, Tm 

being the melting temperature of metal.  
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Amorphous metals may also be formed by rapid quenching in binary systems if that 

system contains deep eutectics [6, 14, 15]. The ramification of this requirement is that the 

formation of glass metals is limited to compositions surrounding eutectics. These rules for 

selecting elements led to a reduction in cooling rates of binary compositions however they 

were not enough to produce anything other than powders, thin films and ribbons.  

 

2.2.1.2 Synthesis of Bulk Amorphous Metals by Casting 

Bulk amorphous metals (BMGs) can be defined as amorphous metals of thicknesses of a 

few millimeters or greater. They usually have cooling rates of approximately <104 K/s 

allowing them to be cast in molds. Turnbull et al developed lower cooling rates for 

quenching alloys by placing emphasis on the constituents of the system [2]. Inoue and 

others developed a systematic approach to forming BMGs by establishing three empirical 

rules for the formation of bulk metallic glasses which are as follows [1]:  

1. Alloy systems consisting of three or more elements. 

2. Atomic size differences in the main elements of the alloy.  

3. A negative heat (enthalpy) of mixing among the main elements.  

Implementation of the above empirical rules produces a number of factors which 

govern the behavior of the alloys system. For example, an alloy containing several elements 

following these rules will require increased long range ordering to satisfy stable 

compounds that contain multiple elements. Furthermore, application of the rules leads to 

decreased diffusivity thus making atomic rearrangement difficult. Figure 2 gives an 

overview of the impact each of empirical rules has on the glass forming ability of the alloys 

and its resulting effects on Tg and Tm. 
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Figure 2: A flow diagram showing the influence of the three empirical rules on the glass formability of 

alloys [1] 

 

As shown in Figure 3, the “reduced glass transition temperature” (Tg/Tm) influences 

the cooling rate of various alloys and the maximum thickness in some amorphous alloys. 

Consequently, low cooling rates allowing alloy melts to be made into bulk amorphous 

alloys of larger dimensions (>5 mm). Despite these advancements, the casting of bulk 

metallic glasses is still complicated and limited by cooling rates in the fabrication of 

intricate geometric shapes. 
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Figure 3: Rate of cooling vs reduced transition temperature [1] 

 

2.2.2 Solid State Amorphous Reactions 

Solid state amorphous reactions (SSARs) do not involve the melting of alloy 

constituents. These techniques rely on the rapid atomic diffusion through metal lattices to 

form amorphous [9, 16]. Some forms of SSARs are: irradiation [17], hydrogen diffusion 

[10], diffusion induced amorphization in multilayers, and mechanical alloying.   

Irradiating metals lead to the formation of amorphous phases at surfaces as well as in 

the bulk material. Bulk amorphization by irradiation is accomplished by bombarding a 

metal with fast moving high energy particles (for example ion beam mixing). This 

bombardment causes dynamic atomic collisions at the metal’s surface thereby generating 

lattice defects [17]. A build up of lattice defects leads to an eventual annihilation of the 

crystal lattice hence rendering the metal amorphous.  
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In 1976 Oesterreicher first observed hydrogen amorphization in LaNi, LaNi2 and La2Ni3. 

These crystalline compounds were exposed to hydrogen at high pressures lead to 

amorphization [18]. However it was not until the systematic studies of Yeh et al. in 1983 

that showed Zr3Rh to be thermodynamically driven when going from crystalline to 

amorphous upon exposure to hydrogen [18].  

 

2.2.2.1 Synthesis of Amorphous Metals by Multilayer Interdiffusion. 

Solid state amorphization reactions were first observed from reactions between 

hydrogen gas and an intermetallic crystalline phase.  The synthesis of the amorphous phase 

from the fast diffusion of the hydrogen atoms through the crystalline structure paved the 

way for studies involving one element diffusing quickly into another to produce an 

amorphous phase when applied to metallic couples [9]. A correlation of known metal 

couples displaying asymmetric diffusion and also producing amorphous phases confirmed 

this idea [16]. By these observations, Schwarz et al performed an experiment using Au and 

La couples annealed at low temperatures. Based on their results, Schwarz concluded that 

the criteria necessary for SSAR’s in metallic couples are:     

1. A large negative heat of mixing.  

2. One specie diffusing anomalously faster into the other. 

A large negative heat of mixing provides the thermodynamic driving force for SSAR to 

take place while a large difference in diffusion rates is necessary to favor pure crystalline to 

amorphous reactions over that of pure crystalline to intermetallic reactions [19]. The 

negative heat of mixing in these systems is calculated using Miedema et al negative heat of 

mixing formulas (Appendix B).Metal couples which meet these criteria include Ni-Nb, Ni-

Zr, Ti-B, and the Ti-Ni system used in this work [20-23]. Benedictus et al created multilayer 

Ti – Ni by vapor depositions of 16 and 10 nm respectively [21] as seen in Figure 4 (a). This 

sample was then annealed at 600 K for 12 hours (Figure 4 (b)). Through x-ray diffraction 

and high resolution transmission electron microscopy an amorphous phase was observed.  
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Figure 4: (a) TEM image of magnetron sputtered layers of Ti and Ni. (b)  TEM image of annealed layers of 

Ti and Ni. Regions (A) are amorphous phases.[21] 

 

 Work  has been done to describe the thermodynamics of SSAR at interfaces and grain 

boundaries [21].  Benedictus et al concluded that the free energy at the interface between a 

pure elemental crystalline phase and an amorphous phase was lower than that of two pure 

crystalline phases at the interface.  It was also shown by their experiments and theoretical 

calculations that these energy differences can also be applied to grain boundaries [20, 22, 

23] as seen in Figure 5. 
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Figure 5: Thermodynamic models for solid state amorphization in the Ni-Ti system annealed at 523 K 

[24] 

  

  Another important calculation made in their research was the quantity of amorphous 

phase produced. It was calculated that there will be a limit in thickness of amorphous 

phase formed at these interfaces and grain boundaries due to the corresponding changes in 

the free energy of the bulk phases [16, 20, 22, 23]. This limiting factor has also been 

observed in other systems such as Ni/Zr [25]. SSAR is a highly kinetic process.  Much of the 

asymmetric diffusion observed occurs in binary couples containing an early transition 

metal and a late transition metal exemplified by the Ti-Ni, Ni-Zr and Cu-Y systems [9, 16].   

 

2.3 Mechanical Alloying 

Mechanical alloying was first developed in 1966 by the International Nickel Company for 

producing oxide dispersion strengthened alloys [11]. Before mechanical alloying was 

introduced the alloying of constituents with large differences in melting points was found 

to be difficult. For example, the high melting temperature of tungsten makes it difficult to 

mix with cobalt which has a much lower melting temperature by melting and mixing of the 

elements. If this was attempted tungsten would crystallize first upon cooling and 
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heterogeneous mixture of tungsten particles dispersed in a cobalt matrix would be formed. 

Benjamin and coworkers developed mechanical alloying as an alternative to such problems 

[26]. Mechanical alloying is a high energy milling process by which constituent powders 

are repeatedly deformed, fractured, and welded to form a homogeneous alloyed 

microstructure or uniformly dispersed particles in a ductile matrix [26]. The process of 

mechanical alloying uses grinding media, a machine for agitating that media and a vessel in 

which powders and grinding media will is placed. Initially, the grinding media collides 

along with some trapped powder between them. This causes deformation of the powder 

particles and results in work hardening of these particles [11, 26]. After many collisions the 

powder particles become brittle from a buildup of defects and fracture. When fracturing 

occurs it provides a clean surface for interdiffusion to take place. Collisions between the 

grinding media and dissimilar elements (Figure 6) along with the temperature spikes 

associated with these collisions allow powder particles with clean surfaces to interdiffuse 

thereby welding [16]. 

 

 

Figure 6: Illustration of a collision between two balls (Grinding Media) and trapped powder [11] 

 

The SPEX 8000D mill and the Union Process Szegvari Attritor system are examples of 

equipment used for mechanical alloying. The SPEX 8000D mill consists of a mechanical 

shaker driven by an electric motor, vial, and grinding media (Figure 7). These mills are 

capable of producing 10-20g of processed powders in a give run and are most suitable for 
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use for laboratory use. Shaking is done via a mechanical arm which not only generates back 

and forth motions but also slight lateral motions. These lateral motions while shaking assist 

in reducing ‘dead zones’ areas inside the vial that are not struck by grinding media while 

milling occurs. The SPEX mill’s arm shakes the vial at a rate of approximately 1200 cycles 

per minute. This makes the SPEX mill ball milling highly energetic. Shacking of the vial 

during milling causes grinding media to repeatedly impact the charge powder thereby 

mechanically alloying the powder [11, 26].  

 

 

Figure 7: SPEX 800 mill (a). Vial and grinding media (b) 

 

The Szegvari Attritor mill consists of a tank, grinding media, impeller and electric motor 

for driving the impeller (Figures 8 & 9). The attritor’s electric motor rotates the arms of the 

impeller causing the arms of the impeller to agitate the grinding media at frequencies up to 

approximately 500 cycles per minute. While in operation the impeller arms grinds the 

powder charge. Because of the grinding event shearing of the charge powder occurs during 

milling. This shearing effect builds up defects in the crystal structure of the powder 

particles, subsequently leading to repeated fracture and welding events similar to the case 

of the Spex mill. The Szegvari Attritor System is capable of producing processes powders of 

up to 40 kg and compared to the SPEX mill it is less energetic. It has been demonstrated 

that reactions which take minutes in a SPEX mill may take hours by the attritor mill [11]. 

Milling parameters influence powder processing during mechanical alloying. Some of 

these parameters include milling speed, milling time, charge ratio, and milling temperature. 

These particular parameters are also considered to be the input energy during mechanical 
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alloying and varying these parameters influences the overall input energy and the 

processed powder outcome [11].  

Milling speed is fixed in the SPEX mill however, milling systems such as the attritor and 

planetary mills can vary milling speeds. For example the impeller arm speed of the attritor 

mill can be controlled thereby varying the speed at which the powder is milled. Milling 

speed is found to affect the characteristic outcome of the powder being milled by 

increasing the number ball collisions with the charge powder and therefore increasing 

mechanical alloying process. An example of how milling speed affects powder processing is 

the Ni-Zr system. Ni-Zr forms a completely amorphous phase when milled at high speeds 

(high energy). In contrast, at low speeds (low energy) this system forms a mixture of 

amorphous and crystalline phases for the same milling time [11].  

Time taken to mill powder is another form of varying input energy during mechanical 

alloying. Fracture and welding events as well as diffusion processes are all time dependent 

therefore varying the milling time influencing powder microstructure and phase evolution 

[7, 27-29]. Varying milling time has been widely studied and numerous outcomes have 

been attained which are dependent on system and milling time. 

Charge ratio is defined as the ball-to-powder weight ratio and can influence the rate at 

which a reaction may take place during ball milling. A higher charge ratio leads to a faster 

reaction time. It was found that the Cu-Nb system had a higher probability of welding when 

charge ration was increased [30]. 

Milling temperature is important as MA has diffusion processes in various powder 

systems. During ambient temperature milling there is a slight increase in milling 

temperature. At higher temperatures the diffusivity of a system increases which leads to 

increase crystal structure recovery from defects during milling. The preferred stable phase 

is more likely to occur rather than an amorphous phase because the system has more 

energy for atomic mobility [11]. In contrast, milling at cryogenic temperatures 

(cryomilling), in certain systems, offers the advantages of: suppressed welding of the 

charge to grinding media, reduced oxidation reaction due to the nitrogen environment, and 

reduced time in the formation of nanostructures [31, 32]. Cryomilling is carried out by 

flowing liquid nitrogen through the milling can containing the charge powder and milling 

media. 
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Figure 8: The Szegvari Attritor mill 

 

Figure 9: Diagram of the tank components of the Szegvari Attritor. 

 

The Szegvari Attritor can be modified for milling at cryogenic temperatures. This 

modification is done by flowing liquid nitrogen through the milling tank containing the 
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charge. This technique is especially effective for producing nano-sized crystallites in 

reduced times when compared to milling at ambient temperatures [32-34]. For example, 

Zhou and coworkers have reported the formation of nanoscale lamellar structures at 

reduced milling time when Al is milled at cryogenic temperatures [32]. 

 

2.3.1 Synthesis of Amorphous Metals by Mechanical Alloying 

Mechanical alloying (MA) has been extremely successful in producing amorphous metal 

phases [7, 11, 28, 29, 35, 36]. Amorphization by mechanical alloying has been found to be 

highly dependent on milling parameters such as milling energy, temperature at which 

milling is done, contamination and charge ratio. For example the formation of amorphous 

Ni-Zr was found to be intensity dependent. At lower intensities amorphous phase was not 

formed. Temperature is also critical for some systems as milling at higher temperatures 

may cause the amorphous to crystalline temperature to be passed thereby creating 

crystalline instead of amorphous phases. These parameters change depending on the 

constituents used for synthesizing amorphous phase by MA. Essentially, mechanical 

alloying when used for the formation of amorphous metal powder is described as a form of 

SSAR [7, 35, 37]. Therefore the criteria necessary for material selection is the same as that 

for the formation of amorphous by multilayer elements; a large negative heat of mixing and 

an asymmetric diffusion of the constituents. In essence, this process relies on the following 

to create amorphous phases: rearrangement of fracture powder particles to allow contact 

between dissimilar elements, relatively fast diffusion between dissimilar elements and the 

buildup of defects in the crystal structures of the elements being used [7, 36]. Another 

characteristic of MA is that it can produce amorphous metal phases over a much larger 

compositional range compared to the rapid solidification technique [11, 29, 37]. 

2.3.2 Formation of Multilayer Structures by Mechanical Alloying  

MA also has the ability to create interesting structures on the micro and nano scales due 

to the events described above. But more importantly, MA can be used to create lamellar 

structures in particular ductile systems (Figure 10) [11, 38].  
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Figure 10: Scanning electron microscope image of a lamellar structure formed during the milling of Ag-Cu 

[11]. 

 

Lamellar thickness is a function of energy input [11]. Therefore an objective of this 

work is to create a lamellar structure with nano spacing by varying the input energy. This 

will allow for the formation of greater number interfaces over a given volume. Since there 

is a limit to the SSAR thickness during annealing in multilayers, it is beneficial to have a 

dense lamellar structure thereby increasing both the surface area and the number of 

interfaces for amorphization reactions to take place.  

2.3.2.1 Increased Solid Solution Solubility through Mechanical Alloying 

Extended solid solubility limits have been achieved by MA in several alloy systems [39]. 

Table 1 compares the solubility values of several alloy systems at equilibrium to those 

reported by MA.  The increased solid solubility through MA is attributed to systems which 
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contain similar atomic radii, crystal structure, and electro negativities in the constituents 

[11, 39]. Several theories have been proposed to explain the increased solubility limits due 

to mechanical alloying however, it is widely accepted that a key contributor is the 

formation of nanostructures during MA.  Nanostructures, such as ultrafine grains, enhance 

the diffusion of the system being milled thereby increasing the solid solubility. Reports 

indicate that there is a relationship between the maximum solubility, or super saturation, 

found in MA and the onset of amorphization [11]. During MA diffusion causes an increase 

in solubility past equilibrium values however, a critical solubility is reached after which 

only amorphous phase is formed. Therefore it is logical to expect the range of amorphous 

composition coinciding with the limits of super saturation in MA.  

 

Table 1 Comparisons of equilibrium solubility limits at room temperature and maximum solubility limits 

reported by Mechanical alloying (MA). This table displays only a fraction of the many reported alloy systems. 

The amorphous phase forming range compares well solubility limits in these systems [11, 39]. 

Solvent Solute Equilibrium value (at %) By MA Amor. 

Phase 

Forming 

Range 

  At Room 

Temp. 

Maximum   

Ag Al 9.6 20.4 20 - 

 Cu 0.0 14 100 - 

Fe Ag 0 0 10 - 

Ni Sn 0 10.6 17.5 20-40Sn 

 Ta 3.0 17.2 30 40-80Ta 

 Ti 6.0 13.9 28 10-70Ni 
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2.3.2.2 Amorphization through Mechanical Alloying 
Amorphization by high energy ball milling can be separated into two main categories: 

1. Mechanical Alloying 

2. Mechanical Milling 

Mechanical milling is used to describe ball milling of a system containing a single 

constituent. Amorphization in this category is usually observed in the ball milling of 

intermetallics or other single component systems such that there is no material transport 

but a disordering of crystal structure by the buildup of defects.   

The term mechanical alloying is applied to systems where the constituents are 

dissimilar and the process of ball milling leads to the transport between constituents. This 

category of amorphization is analogous to solid state amorphization, according to Schwarz 

and Schultz [9, 37]. Mechanical alloying leads the formation of an ultra fine composite in 

which amorphization occurred in systems with large negative heats of mixing as well as 

asymmetric diffusion [39]. Table 2 shows various systems which have formed amorphous 

phases by MA.  Mechanical alloying differs from other SSAR techniques due to the high 

density of defects created during MA. High defect density also creates stored energy due to 

increased lattice strain. At low temperatures, especially in cryomilling, mechanical alloying 

is analogous to cold working because of the defects introduced to lattices through repeated 

deformation. The amount of stored energy due to cold working is greatly increased by 

increasing the degree of deformation, lowering the deformation temperature, and changing 

elemental constituents to an alloy [40]. The Au-Ag system reported to have a stored energy 

of 837 J per mole when it is drilled at the temperature of liquid nitrogen [41]. The stored 

energy of a cold worked metal is related to the free energy and enthalpy (∆𝐺 ≈  ∆𝐻) [40]. 

Therefore, mechanical alloying, by its process of work hardening, increases the free energy 

of crystalline states which provides a larger driving force for amorphization in alloy 

systems which are capable of doing so.  
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Table 2 Examples of systems capable of forming amorphous through mechanical alloying [11]. 

System Mill MA Time (h) Glass forming range 

(at %) 

Ti-40Ni Planetary ball mill 15 min - 

Ti-50Ni Ball mill 300 - 

Ti-Ni SPEX 8000 - 35-50Ni 

Hf-Cu Spex 8000 12 30-70Cu 

Hf-Ni SPEX 8000 12 15-65Ni 

Fe-Si Ball mill 250 10-40Si 

W-50Fe Ball mill 300 - 

 

2.4 Thermodynamics of Amorphous Alloys 

2.4.1 Thermodynamics of Mixing 

2.4.1.1 Gibbs Free Energy 
Gibbs free energy is useful for quantifying the work done on a system which is not 

mechanical work at constant temperature and pressure. Equation 1 gives the Gibbs free 

energy relationship in the form of internal energy, pressure, volume, temperature, and 

entropy [42, 43].  For this function to be measurable the system being observed must 

undergo a process thereby causing a change in free energy (Equation 2).  The change in 

internal energy is given by Equation 3 [43]. The expanded form of the internal energy now 

includes the change in work energy (𝛿𝑊′) not associated with mechanical energy done on 

the system.  Substitution of Equation 3 into Equation 2 is useful for transforming the 

change in Gibbs free energy into a function of changing temperature, pressure, and work 

(𝑊′). If a process is done at constant pressure and temperature then Equation 4 can be 

simplified to Equation 5 which is a direct relationship of the Gibbs free energy and the 

energy associated with processes such as phase transformations and chemical reactions 

[43]. 
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𝐺 ≡ 𝑈 + 𝑃𝑉 − 𝑇𝑆 = 𝐻 − 𝑇𝑆   (1) 

𝑑𝐺 = 𝑑𝑈 + 𝑃𝑑𝑉 + 𝑉𝑑𝑃 − 𝑇𝑑𝑆 − 𝑆𝑑𝑇  (2) 

𝑑𝑈 = 𝑇𝑑𝑆 − 𝑃𝑑𝑉 +  𝛿𝑊′    (3) 

Substituting (3) into (2): 

𝑑𝐺 = −𝑆𝑑𝑇 + 𝑉𝑑𝑃 +  𝛿𝑊′    (4) 

At isothermal and isobaric conditions: 

𝑑𝐺𝑇,𝑃 =  𝛿𝑊′𝑇,𝑃     (5) 

𝐺 = 𝐺𝑖𝑏𝑏𝑠 𝑓𝑟𝑒𝑒 𝑒𝑛𝑒𝑟𝑔𝑦, 𝑈 = 𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦, 𝑃 = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑉 = 𝑉𝑜𝑙𝑢𝑚𝑒, 𝑇

= 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒, 𝑆 = 𝐸𝑛𝑡𝑟𝑜𝑝𝑦, 𝐻 = 𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦,

𝑎𝑛𝑑 𝑊′ =  𝑊𝑜𝑟𝑘 𝑑𝑜𝑛𝑒 𝑜𝑛 𝑎 𝑠𝑦𝑠𝑡𝑒𝑚 𝑜𝑡ℎ𝑒𝑟 𝑡ℎ𝑎𝑛 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑤𝑜𝑟𝑘 

2.4.1.2 Gibbs Free Energy of Mixing 
The free energy of mixing measures the work done in mixing pure components of a system 

to a solution state. If mixing is conducted at constant temperature and pressure the Gibbs 

free energy yields the energy change associated with mixing of that system (Equation 6) 

[42, 44].  

∆𝐺 =  𝐺𝑖 (𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛) −  𝐺𝑖(𝑃𝑢𝑟𝑒)   (6) 

2.4.1.3 Ideal Solutions 
The partial molal Gibbs free energy change associated with ideal solutions is shown in 

Equation 7. It is derived by considering the mixing process of a collection of ideal gases 

under constant pressure and temperature. The activity (𝑎𝑖) is the ratio of the partial 

pressure of a gas in solution and its pressure in a pure state  𝑝𝑖
𝑝𝑖

°  (𝑝𝑖 = pressure of gas in 

solution, 𝑝𝑖
° = pressure of gas in its pure form before mixing) [42]. The molar Gibbs free 

energy for a binary system A–B is expressed in Equation 8. For ideal mixtures the activity is 

directly related to the mole fraction of that component in solution (𝑎𝐴 =𝑋𝐴 ) [42-44]. Hence, 

Equation 8 can be converted to Equation 9 for ideal solutions. 

∆𝐺 =  𝐺𝑖 (𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛) −  𝐺𝑖(𝑃𝑢𝑟𝑒) = 𝑅𝑇 ln 𝑎𝑖   (7) 

∆𝐺𝑀 = 𝑅𝑇 (𝑋𝐴 ln 𝑎𝐴 + 𝑋𝐵 ln 𝑎𝐵)   (8) 

∆𝐺𝑀 = 𝑅𝑇 (𝑋𝐴 ln 𝑋𝐴 + 𝑋𝐵 ln 𝑋𝐵)   (9) 
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2.4.1.4 Regular solutions 
The Gibbs molar free energy of mixing for regular solution is needed when there is a 

deviation from the ideal mixture (Equation 10) [43, 44]. To quantify the deviation from 

ideal an additional excess free energy term is added. The simplest form of the excess free 

energy for a binary system is represented in Equation 11. The adjustable parameter Ω is a 

fitting parameter used in the assessment of a systems excess free energy. In its simplest 

form it is a constant however, it is possible to express as a polynomial when it is used in 

more complex systems [43, 44].  

 

∆𝐺𝑀 =  ∆𝐺𝑀,𝑖𝑑𝑒𝑎𝑙 + ∆𝐺𝐸𝑥𝑐𝑒𝑠𝑠  (10) 

∆𝐺𝐸𝑥𝑐𝑒𝑠𝑠 =  𝛺𝑋𝐴 𝑋𝐵    (11) 

Table 3 Comparisons between ideal and regular solution free energy models. 

Ideal Solutions Regular Solutions 

∆𝑮 =  ∆𝑯 − 𝑻∆𝑺 ∆𝑮 =  ∆𝑮𝐼𝑑𝑒𝑎𝑙 +  ∆𝑮𝐸𝑥𝑐𝑒𝑠𝑠 

∆𝑮 = 𝑹𝑻 � 𝑿𝒊 

𝒄

𝒊=𝟏

𝐥𝐧 𝑿𝒊 ∆𝑮𝐸𝑥𝑐𝑒𝑠𝑠 =  ∆𝑯𝑬𝒙𝒄𝒆𝒔𝒔 − 𝑇∆𝑺𝐸𝑥𝑐𝑒𝑠𝑠 

∆𝑺 = −𝑹𝑻 � 𝑿𝒊 

𝒄

𝒊=𝟏

𝐥𝐧 𝑿𝒊 ∆𝑺𝐸𝑥𝑐𝑒𝑠𝑠 = 0 

∆𝑯 = 𝟎 ∆𝑯𝐸𝑥𝑐𝑒𝑠𝑠 = 𝛺𝑋𝐴 𝑋𝐵  

 

2.4.2 Thermodynamic Modeling of Amorphous Alloys 
The studies of amorphous metals has been around during the 1960’s and during this time 

a variety of approaches have been made in describing the thermodynamics of these alloys. 

Thermodynamic modeling of amorphous alloys has two main approaches; the Miedema 

model and the Calculation of Phase Diagram (CALPHAD) model [11, 20, 21, 28, 45-50]. 

2.4.2.1 Miedema’s Model 
According to Miedema’s model an amorphous phase can be formed if the enthalpy of 

formation of the amorphous phase is less negative than the solid solution phases. Figure 11 
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compares the heat of mixing between solid solution and amorphous phases base on the 

Miedema model for the heat of mixing in Equation 12 [46].  

The first term is the chemical enthalpy and it depends on the differences in electro 

negativity and the difference in electron density at the surface of the Wigner-Seitz cell of 

the two elements [46, 51]. The values for combinations of 3d, 4d and 5d metals are 

tabulated by Miedema.  

The second term of the equation is the elastic contribution. It represents the elastic 

mismatch due to the formation enthalpy during alloying. It is based on the change in molar 

volumes between pure metals and the alloyed phase and can be simplified to Equation 13 

[46].  

Term three accounts for the preferences of transition metals to crystallize in either b.c.c., 

f.c.c., or h.c.p. structures depending on the number of valence electrons [48]. These 

relationships have been tabulated using empirical data. 

 ∆𝐻(𝑠𝑜𝑙𝑖𝑑 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) =  ∆𝐻𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 +  ∆𝐻𝑒𝑙𝑎𝑠𝑡𝑖𝑐 +  ∆𝐻𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 (12) 

∆𝐻𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 𝑋𝑎𝑋𝑏(𝑋𝑏∆𝐻𝑎 𝑖𝑛 𝑏 + 𝑋𝑎∆𝐻𝑏 𝑖𝑛 𝑎)   (13) 

 

For an amorphous alloy Miedema proposed the use of the above equation for the heat of 

mixing [50]. However, for the amorphous phase both the elastic mismatch and structure 

terms are negligible. Instead an additional term derived from the enthalpy of fusion is 

added and simplified Equation 14. 

∆𝐻(𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠) =  ∆𝐻𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 +  𝛼 × 𝑇𝑓𝑢𝑠𝑒  (14) 
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Figure 11 Enthalpy vs composition of the Ti-Ni system using Miedema’s model [46].  

 

Figure 12 shows the Gibbs free energy plot of amorphous and crystalline phases based on 

the Miedema model for heat of mixing [37]. For the entropy it is assumed that it is an ideal 

solution. The filled and half filled circles present in the diagram represent empirical data 

found through mechanical alloying. This model has been very useful in determining the 

composition range in which mechanical alloying can produce amorphous phase. More 

importantly a great similarity can be seen between this plot and the preliminary results of 

milling and annealing of Ti-Ni. 
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Figure 12 Theoretical Gibbs free energy vs composition diagram for Ni-Ti at 235K based on Miedema’s 

model [37]. 

 

2.4.2.2 CALPHAD Model 
The CALPHAD approach to modeling amorphous systems involves the use of collected 

experimental data to obtain the properties of phase diagrams. A widely used expression for 

describing amorphous phases through CALPHAD is seen in Equation 15 [50]. In this 

approach it is assumed that there is no difference between liquid phases and amorphous 

phases.  

The first term of this expression is the free energy contribution from the pure 

components or the reference state used in the system. The second term (Equation 16) is 

used to describe an ideal solution mixing while the last term (Equation 17) describes the 

excess free energy due to non-ideal interactions between components. These terms are 

dependent on pressure, temperature, and composition. The term 𝐿𝐴,𝐵
𝜑   (Equation 17) is 

found through numerical methods to the determine the best fit to experimental data [50]. 
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𝐺(𝜑) = (𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)𝐺𝜑 + (𝑖𝑑𝑒𝑎𝑙)𝐺𝜑 + (𝑒𝑥𝑐𝑒𝑠𝑠)𝐺𝜑  (15) 

 (𝑖𝑑𝑒𝑎𝑙)𝐺𝜑 = 𝑅𝑇 ∑ 𝑋𝑖 ln 𝑋𝑖𝑖          (16) 

(𝑒𝑥𝑐𝑒𝑠𝑠)𝐺𝜑 = 𝑋𝐴𝑋𝐵 ∑ .𝜈 𝐿𝐴,𝐵
𝜑

𝜈 (𝑋𝐴 −  𝑋𝐵)𝜈        (17) 

Based on the CALPAD approach described in the above equations Bormann [52] was able 

plot a phase diagram of the Ti-Ni system (Figure 13).  This phase diagram shows good 

agreement to experimental data and the Miedema model for the Ti-Ni system. 

 

Figure 13 Calculated metastable phase diagram based on the CALPHAD approach. The amorphous and 

liquid phases are set to be the same. T0 is the terminal solution for Ti and Ni respectively.  Points on the 

diagram indicate where amorphous phases have been formed through experiment [52].
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2.5 Powder Consolidation 

Mechanical compaction is used for converting processed powder into a solid material 

shaping and densification of powders. It is done in conjunction with sintering in the 

powder consolidation process.  There are a variety of techniques used to consolidate metal 

powder such as uniaxial pressing, isostatic pressing, metal injection molding, rolling, 

pressureless compaction, and extrusion.  

Uniaxial pressing is most widely used method for compacting powder [53]. It consists of 

a punch, die, and a hydraulic pressing apparatus. This system applies pressure to powder 

along one axis until a green body is formed. One major issue with uniaxial pressing is the 

uneven distribution of the applied pressure in the powder volume. The uneven distribution 

of pressure leads to flaws such as cracks in the compacted powder [53, 54]. 

Isostatic pressing is divided into two categories: cold isostatic pressing (CIP) and hot 

isostatic pressing (HIP) [53]. In cold isostatic pressing metal powder is placed in a flexible 

mold and the pressurized hydrostatically by immersing the mold in fluid followed by 

pressurization of the fluid. This allows an even distribution of pressure to be applied to the 

powder resulting in improved densification. Hot isostatic pressure is comparable to CIP 

except that heat is applied during pressurization; as a result, molds used by this technique 

are required to be stable at high temperatures. Heat applied during HIP can activate 

additional densification mechanisms in polycrystalline materials such as powder 

rearrangement, plastic deformation and grain boundary sliding. [53]. The HIP and CIP 

techniques are very useful for making intricate parts since molds of various shapes and 

sizes can be made for consolidation. 

Metal injection molding is another technique of powder forming. It involves the mixing 

of metal powder with a binder so that it can be fed, under pressure, into a mold. After being 

molded the binder is removed during the sintering process. This method is also widely 

used in making complex parts [54]. 

Powder compaction can also performed by rolling compaction. This process involves 

feeding metal powder into the gap of two large rollers. It may be done at room or elevated 

temperatures and is useful for making sheet metal [53, 54]. 
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Extrusion is a metal forming process whereby metal powder is encased and heated then 

extruded to make parts. The process is useful for making parts of high length to cross 

sectional area ratios [54].  

Pressureless sintering is performed by pouring metal powder into a die under gravity 

and then sintering. This process results in the formation of parts with low densities and 

high porosity [53, 54].     

  There are three progressive fundamental stages associated with compaction using 

pressing techniques (uniaxial and isostatic pressing) [53]: 

1. Rearrangement of powder particles at the onset of low pressure. This stage is 

essential in achieving good packing arrangement of the powder particles. 

2. Deformation of powder particles. During this stage powder particles bond and 

deform in such a way as to reduce pore size in the green body  

3. Lastly, if pressure is increased after the deformation stage the powder particles 

may then fracture. 

These stages are sensitive to geometric shape, surface roughness, and hardness of the 

powder particles being used. For example the use of powders with high tensile strengths, 

assuming spherical shape and smooth surfaces, will allow good rearrangement of particles 

in stage 1 of pressing however during stage 2 deformation of the particles will be difficult 

leading to a less dense compact. Therefore powders with high tensile strengths such as 

amorphous powders will be difficult to densify unless higher pressures are used [53]. 

2.5.1 Consolidation of Amorphous Powder 
Amorphous powders have additional problems compared to traditional powders for 

compaction. Their increased strength requires that large forces and sintering temperatures 

be used in the consolidation process. The drawback of these requirements is the 

metastable nature of amorphous metals. In most cases, increasing sintering temperature 

results in the crystallization of the amorphous phase into various intermetallics of a given 

system. However, many of the systems described in making BMGs contain large 

temperature separations between the glass transition temperature and the crystallization 

temperature. The glass transition temperature refers to the temperature at which the 
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material has viscous flow. Fortunately, viscous flow acts positively on the densification 

process since it allows the rearrangement of material during deification.  

Outside of BMGs, amorphous binary systems have seen little success in becoming 

completely dense based on the requirements of increased temperature described above. In 

contrast BMGs, binary amorphous systems have low crystallization temperatures making 

the temperature separation between glass transition temperature and crystallization to be 

small.  

To improve amorphous alloy densification two relatively new techniques have been 

developed: Combustion Driven Compaction, and Spark Plasma Sintering. 

 

2.5.1.1 Combustion Drive Compaction 
Combustion driven compaction (CDC) is a relatively new compaction technique 

developed by UTRON incorporated. The technique utilizes the controlled release of energy 

by igniting natural gas and air. The system is in essence a piston connected to a die moving 

in a cylinder (Figure 14). During operation, natural gas and air is sent into the cylinder at 

high pressure thereby forcing the piston to move outwards into the die. The powder which 

lies in the die then experiences a pre-compaction due to the initial pressurization. 

Following pre-compaction, the pressurized air and natural gas is ignited causing the gases 

to combust. This reaction is converted to mechanical energy via the piston which transfers 

this energy (in the form of pressure) to the powder which is held in the die [55]. 

Compaction is rapid and builds pressures up to 150 tsi; as a result, green body density is 

increased [55, 56]. In addition, because the amount of air and gas can be controlled, the 

pressures experienced by the powder can be controlled and varied.  



 28 

 

Figure 14 Schematic diagram of the combustion driven compaction (CDC) system [55]. 

  

2.5.1.2 Spark Plasma Sintering 
Spark plasma sintering (SPS) is similar to traditional hot pressing except that it is much 

faster and it’s method of heating is based on flowing large currents through the compaction 

die. During pressing, up to 8000 A of current is pulsed through the pressing apparatus 

(piston and die). High energy pulses (discharges) at the point of powder particle to particle 

contact causes rapid vaporization and the melting of the surfaces of the powder particles. 

As a result, necks are formed around the contact area between the particles. These necks 

gradually develop thereby reducing pore size within the compact. Since heating occurs 

primarily at the surface of particles, therefore bulk microstructure should, in theory, 

remain unaffected during the sintering process. 
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3. Project Goal 
It is shown in section 6.1 that cryomilling is a suitable technique for the formation of 

lamellar on the micro and nano scale. Lamellar structure is a criterion for solid state 

amorphization by multilayer annealing. However, cryomilling differs from deposition and 

rolling techniques in the formation of multilayers because it introduces solid solution 

phases, amorphous phases, and increased defect density during the formation of lamellar. 

Additionally, lamellae formed by cryomilling are not planar in nature but consists of 

randomly oriented and curved multilayers. There is a gap in knowledge concerning these 

effects and the ramifications of these effects on SSA in Multilayers. Therefore, it is the goal 

of this work to analyze the lamellar formed by cryomilling, quantify the solid state 

amorphization process, and compare SSA through cryomilling and SSA through deposition. 

 

4. Objectives 
The purpose of this research is to investigate the role of defects on the solid state 

amorphization reaction in Ni-Ti multilayers formed by deposition and cryomilling. The 

objectives of this work are as follows: 

• Develop a relationship between Ni-Ti surface area and solid state amorphization in 

multilayers formed by cryomilling and multilayers formed by deposition. 

• Present a SSA model for Ni-Ti multilayers formed by cryomilling and multilayers 

formed by deposition by analysis of the change in amorphous volume fraction with 

respect to annealing temperature and time. 

• Quantify the differences between cryomilled and deposited Ni-Ti SSA through the 

examination of models developed for multilayers formed by cryomilled and 

multilayers formed by deposited Ni-Ti 
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5.  Experimental Procedure 

5.1 Material Selection 

Titanium has been used in a number of important applications because of its good 

strength to weight ratio and its excellent corrosion resistance [57]. It has been widely used 

in the maritime [58] and aerospace [59] industries for enhanced hull and frame designs. 

Nickel has properties which make it useful in such applications such as low expansion 

alloys, shape memory alloys and electrical resistance alloys. It is also known for its good 

corrosion resistance and good strengthening properties when combined with other 

elements [57].  

The Ni-Ti system meets the requirements for the large negative heat of mixing (Figure 

15) and asymmetrical diffusion needed for SSAR. In addition, the Ni-Ti system shows at 

least one deep eutectic composition (Figure 16) which makes it suitable for amorphization 

by rapid quenching. The use of the binary Ni-Ti system also means that it is simpler to 

study the effects of crystallization of the amorphous phase for toughening purposes since 

there is a reduced number of compounds that may be formed compared to systems 

containing three or more elements. Amorphous Ti-Ni alloy has been synthesized, 

separately, by various techniques such as mechanical alloying, and deposited multilayer 

thin film annealing [21, 37].   Therefore the Ni-Ti system is a good candidate for the work 

being done in this research. 
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Figure 15: The calculated heat of mixing for the Ti-Ni system using Miedema’s heat of mixing formulas 

(Appendix A) 
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Figure 16: Phase diagram of the Ni-Ti system. Reprinted with permission of ASM International(r). All rights 

reserved. www.asminternational.org [57] 

Prior to mechanical alloying Ni powder (-325 mesh) is reduced by annealing Ni powder 

at 450°C for 30 minutes in a hydrogen atmosphere. Ni reduction was done to remove 

surface oxides that may be present in Ni while larger Ti particles (-100) was used to 

increase the volume to surface area ratio of pure Ti thereby reducing the overall volume of 

oxidized Ti. 

 

5.2 Mechanical Alloying 

Mechanical alloying was done using a Union Process Szegvari Attritor. This attritor has 

been modified for use with liquid nitrogen as shown in Figure 17. 
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Figure 17: Illustration of cryomill apparatus 

 

A liquid nitrogen tank (J) supplies the coolant which flows through 2 pressure controls 

(H & G). These valves allow the pressure to be varied to prevent liquid nitrogen expansion 

pressure from forcing the powder charge out of the milling can (B). Once a suitable 

pressure has been achieved at the required milling temperature, a solenoid valve (D) 

regulates the flow of liquid nitrogen to maintain the required temperature. The 

temperature of the milling system is monitored by a thermocouple (C) installed on the tank 

cover. 

A powder charge weight of 113g consisting of Ti – 50at%Ni powder was first mixed in a 

glove box under argon atmosphere. After mixing, elemental powders were transferred to 

the attritor where it was placed in a 1400cc milling tank along with 3636g of stainless steel 

grinding media. This gave a grinding media to powder charge ratio of 32:1. The tank was 

then sealed and liquid nitrogen was allowed to flow through the system to establish a 
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milling temperature of -190°C prior to the start of milling. Cryomilling offers 3 advantages 

over regular milling: 

1. Cryomilling acts as barrier for environment contaminants, such as oxygen, during 

milling. 

2. The liquid nitrogen used to lower temperatures during cryomilling doubles as a 

lubricant and prevents welding of the powder to grinding media, impeller, and 

tank.  

3. Milling at low temperatures reduces recovery, recrystallization, phase 

transformations, and ductility of metal powders thereby increasing fracture 

events (necessary for lamellar formation).   

 At the end of milling the alloyed powder was then transferred to a glove box containing 

an argon atmosphere where it was separated from the grinding media and stored in sealed 

glass bottles. Milling was performed at various impeller speeds, times and temperatures as 

displayed in Error! Reference source not found.. 

5.3 3D Simulation using 2D FIB/SEM Imaging Serial Reconstruction 

This method is able to simulate 3D microstructures by reconstructing serial 2D images 

formed by focused ion beam (FIB), scanning electron microscopy (SEM), and computer 

aided design (CAD). FIB is used to mill cross-section surfaces in a given sample which is 

then followed by SEM imaging (Figure 18).  Repetition of the FIB/SEM process creates a 

series of 2D images which is then reconstructed in a CAD program. Since ion milling is done 

in a controlled fashion, all dimensions (X, Y, and Z) are known and hence surface and 

volume information may be calculated for points of interest (fibers, particulates, layers, 

etc) within a microstructure [60-64].   
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Figure 18 Schematic representation of the FIB/SEM setup used for serial sectioning and imaging. 

 

In this work, serial sectioning and imaging was done using a FEI Helios 600 NanoLab 

DualBeam. Cryomilled Ni-Ti powder particles were either mounted in Bakelite or applied 

to carbon mounting tape to perform sectioning and imaging (Figure 19).  
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Figure 19 false colored SEM of a cryomilled Ti-Ni powder particle (maroon) showing cuts made by 

focused ion beam. The green regions are carbon mounting tape used to hold the powder particle in place. 

Each cut is imaged and recorded and represents a particular volume in the sample. 

 
 
After a series of sectioning and imaging was completed, images are imported into the 

program (for example, Reconstruct, IMOD or Amira), for 3D reconstruction (Figure 20 - 

Figure 23). Selection of the desired features is done by choosing a particular pixel range 

(gray value range) on each 2D image. The selected feature is then reconstructed and 

rendered as a 3D surface or 3D volume.  
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Figure 20 SEM image of sectioned area of interest in a cryomilled Ni-Ti powder particle. This 

image has been imported into Reconstruct. 
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Figure 21 Using the selection tool, phases are selected based on their grayscale value. In this case 

Ni has been selected. This process is repeated for all images in the series. 
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Figure 22 shows the selected phase (Ni) separated from the original image. 
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Figure 23 3D reconstructed image 

 

5.4 Scanning Electron Microscopy (SEM) 

Milled samples were analyzed for microstructure development using a LEO (Zeiss) 

1550 field emission scanning electron microscope. Sample powders were first mounted in 

epoxy or Bakelite then polished. The last polishing agent used was colloidal silica (0.03um). 

Final preparation involved sputtering 10nm of gold on the surface to conduct charge away 

from the surface being analyzed during SEM.    

 The LEO FESEM was set at a working distance of 8mm and the electron gun set to 30 

kV. Analysis performed consisted of both backscatter Z-contrast and secondary electron 

imaging in order to observe microstructure shape and size in the alloyed powders. Energy 

Dispersion Spectrometry was used to identify elements shown in the micrographs.  
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5.5 X-Ray Diffraction (XRD) 

XRD was done using a Panalytical X’pert Pro powder diffractometer. X-rays were 

generated with Cu source using a generator power of 45kV and 40mA. Scans were 

performed using soller slits of 0.4 rads, fixed programmable slits of 0.5° and an anti scatter 

slit of 1 degree. The sample stage was rotated at 1 revolution per second. For in situ 

annealing, an Anton Paar HTK-1200N high temperature oven-chamber was used. This 

system allowed samples to be annealed under vacuum (≈ 10 -5 mbar) in situ during XRD 

analysis. Figure 24 is an image of the instrument setup. 

 

Figure 24 The XRD/Oven set up consisting of an X-ray source (A), high temperature oven (B), X’celerator 

X-ray detector (C), sample holder: the thermocouple for measuring temperature of the system is located 

under the actual sample (D), and piping for the vacuum system of the oven (E). 

 

XRD data was deconvoluted to separate crystalline from amorphous reflections using the 

software MDI Jade (Figure 25). A fixed background and pseudo-Voigt fitting function was 

used in deconvolution. Deconvolution enabled a more accurate measurement of integrated 

intensities of each phases, as well as, full width half maximums which is used in crystallite 
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size calculations. The integrated peak intensities are used to calculate the amounts of each 

phase present in the bulk.  

 

Figure 25 Example of XRD data being deconvoluted into elemental and amorphous peaks using software 

 

5.6 Transmission Electron Microscopy (TEM) 

Samples for TEM were prepared by sectioning, mechanical grinding, and ion milling. 

Sample sectioning was performed using a low speed saw. For consolidated powders, 

samples were first sliced to a thickness of approximately 1 mm then cut into 3 mm discs 

using a Gatan ultrasonic cutter. Sectioning of thin films involved cutting thin film substrates 

into 1 mm cubes then gluing two film surfaces (two cubes) and leaving in a clamp 

overnight. Both consolidated powders and thin film cross-sections were placed on a 

specimen mount and held in place by wax prior to disc grinding. Mechanical grinding was 

done by hand using a Gatan Disc Grinder. Initial grinding was started using 400 grit silicon 

carbide discs and ended with 1200 grit silicon carbide. Grinding was performed until a 
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sample thickness of less than 100 micron was achieved. Following mechanical grinding, 

samples were then dimpled using Gatan Model 656 Dimple Grinder to a sample thickness 

of 40 microns. The last step of ion milling was done using a Fischione Model 1010. This ion 

mill has 2 Ag ion guns for simultaneous milling above and below the specimen. Ion milling 

was done at a tilt angle between 5-10° and both ion guns used 5 kV and 5 mA energy. 

High resolution TEM was performed on samples using the FEI Titan 300 scanning 

transmission electron microscope. Elemental contrast images were done using High Angle 

Annular Dark Field (HAADF) in STEM mode. The FEI Titan 300 is also equipped with an 

EDAX system. With this system line profiles of elemental concentrations were measured on 

the nano-scale. 

The Phillips EM 420 was used for preliminary bright field and selected area diffraction 

analyses.  

 

5.7 Summary of Experimental Procedure 

Mechanical alloying is used in this work to create lamellar structured Ni-Ti powder 

particles. To analyze the lamellar thickness within the milled powder particles a scanning 

electron microscope (SEM) is used. It is useful when trying to identify an amorphous phase 

in materials to use multiple characterization techniques. This work uses powder x-ray 

diffraction (XRD) to investigate the phases present in as milled and annealed mechanically 

alloyed Ni-Ti powder. Characterization of the amorphous and crystalline phases was done 

using transmission electron microscopy (TEM).  Table 4 is a summary of the process and 

characterization parameters done for in situ annealing and XRD. 
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Table 4 A summary of parameters used for deposition, cryomilling, annealing times, annealing 

temperatures, and XRD analysis. ©, are completed experiments and NN are experiments where intermetallics 

were formed hence further annealing times were “Not Needed”. 

Sample Annealing 
Temp (°C) 

Annealing Time (Hrs) 
0 1 2 3 5 7 10 15 20 50 

2hrs 
Cryomill 

225 © © © © © © © © ©  
250 © © © © © © © © ©  
275 © © © © © © © © © © 
300 © © © © © © © © © © 
325 © © © © © © © © ©  
350 © © © © © © © © ©  

4.7hrs 
Cryomill 

225 © © © © © © © © ©  
250 © © © © © © © © ©  
275 © © © © © © © © © © 
300 © © © © © © © © © © 
325 © © © © © © © © ©  
350 © © © © © © © © ©  

8h 
Cryomill 

200 © © © © © © © © ©  
250 © © © © © © © © ©  
275 © © © © © © © © © © 
300 © © © © © © © © © © 
325 © © © © © © © © ©  
350 © © © © © © © © NN  

2h 
Deposited 

300 © © © © © © © © ©  
350 © © © © © © © © ©  

4.7h 
Deposited 

225 © © © © © © © © ©  
250 © © © © © © © © ©  
275 © © © © © © © © ©  
300 © © © © © © © © ©  
325 © © © © © © © © ©  

8h 
Cryomill 

250 © © © © © © © © ©  
275 © © © © © © © © ©  
300 © © © © © © © © ©  
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6. Results 

6.1 Synthesis of Bulk Ni-Ti by Cryomilling and Combustion Driven 

Compaction 

6.1.1 Introduction 
Amorphous metals contain no long range periodicity in their atomic arrangements. This 

feature allows them to have attractive properties for structural applications such as 

increased strength and corrosion resistance. All amorphous alloy systems are metastable, 

therefore, careful selection of alloy systems and compositions are needed to make them.  

The synthesis of amorphous metals can be divided into two key categories: Rapid 

quenching and, Solid State Amorphous Reactions (SSAR) [3, 23, 29, 45, 65, 66]. Rapid 

quenching involves the melting of the alloy constituents followed by rapidly cooling in 

order to bypass nucleation and growth in the system. As a result, this approach requires 

extremely high cooling rates (106-1010 K/s) and is only capable of producing amorphous 

ribbons and powders [6, 14]. However, the empirical rules set forth by Inoue and 

colleagues [1] demonstrates that alloy systems consisting of three or more elements, with 

relative large atomic size differences and, a relatively large negative heat of mixing among 

the main elements of the alloy system, can be cooled at rates comparable to traditional 

casting techniques thereby enabling the formation bulk metallic glasses. The formation of 

bulk metallic glass in binary alloy systems has not yet been realized.  

SSAR’s involve the formation of amorphous while the alloy system is still in the solid 

phases. A range of techniques fall under SSAR such as: irradiation, ion beam bombardment, 

mechanical alloying, and multilayer annealing of metallic couples. However, as with rapid 

quenching, SSAR’s are only capable of producing films and powders; no bulk material has 

been formed by these techniques. The criteria necessary for SSAR’s in metallic couples are 

a) a large negative heat of mixing, and b) asymmetric diffusion between constituents and 

interfaces [14, 21, 23, 67, 68].  A large negative heat of mixing provides the thermodynamic 

driving force for SSAR to take place while large differences in diffusion rates are necessary 

to favor pure crystalline to amorphous reactions over that of pure crystalline to 

intermetallic reactions [19]. 
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Mechanical alloying is a high energy ball milling process by which constituent powders 

are repeatedly deformed, fractured and welded by grinding media to form a homogeneous 

alloyed microstructure or uniformly dispersed particulates in a matrix [11]. After repeated 

collisions the powder particles become brittle, from a buildup of defects, which leads to 

increased fracture events. When fracturing occurs it provides a clean surface for 

interdiffusion to take place. Collisions between dissimilar elements along with the localized 

temperature spikes associated with these collisions allow powder particles with clean 

surfaces to interdiffuse thereby welding and alloying the constituents. Interesting 

structures on the micro and nano scales can be formed through the use of MA. For example, 

MA has been used in metal matrix composites to disperse reinforcement particulates in a 

metal matrix [11]. But more importantly, MA can be used to create lamellar structures in 

ductile systems [11, 39]. 

Mechanical alloying has also been used to form amorphous in a wide range of metallic 

systems [39]. The parameters necessary for amorphization by MA are usually the same as 

those described in multilayer SSAR, that is, a large negative heat of mixing and asymmetric 

diffusion. However, it is quite common for amorphous phases to be formed by MA using 

compositions in the vicinity of deep eutectics. At low temperatures (cryomilling) the 

amount of stored energy due to cold working is greatly increased due to decreased 

material recovery [41]. This effect increases the free energy of crystalline states thereby 

providing a larger driving force for amorphization in alloy systems which are capable of 

doing so.  

Consolidation of amorphous powders is challenging due to increased hardness and the 

metastable nature of these metals. Despite the success seen in consolidating 

multicomponent systems, i.e. three or more components, little success has been reported in 

the consolidation of binary amorphous systems. This work examines the formation bulk 

amorphous Ni-Ti through the use of cryomilling, Combustion Driven Compaction (CDC), 

and annealing. CDC is a compaction process recently developed by UTRON, Inc. which 

utilizes the control release of energy from combustion of natural gas and air to compact 

powders.  It has several process advantages such as high pressure compaction (up to 150 

tsi), compactness, net shaping, reduced process time (e.g., milliseconds), improved density 

of the parts with unique CDC loading cycle, amenability to make simple to complex parts, 
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suitability for micro/nano powder consolidation, potential for composite/functional 

gradient materials (FGM) fabrication, and improved high performance properties (e.g., net 

shaping, superior surface finish, mechanical properties) [55].  Cryomilling is used to create 

multilayers of Ni-Ti in powder particles.  CDC is used to consolidate cryomilled powders 

and annealing is used to form amorphous through SSAR of the multilayers present in the 

powder particles.   

  

6.1.2 Materials and Experiment 
Ni-50 at% Ti powders were cryomilled for 10 hours using an attritor.  To minimize the 

influence of oxygen on the process, relatively lager titanium powder size (< 100 mesh) was 

used, and the nickel powder used was reduced in hydrogen at 500oC for one hour.  A 

stainless steel grinding media of charge mass to metallic powder mass ratio of 32:1 was 

used. Liquid nitrogen was flowed into the attritor tank until a temperature of -190°C was 

achieved prior to the start of milling. Compaction of as milled powder was done by 

UTRON’s 1000 ton combustion driven compaction press at room temperature. X-ray 

diffraction measurements and annealing were done in situ using a Panalytical X’pert-Pro 

powder diffractometer and Anton Paar HTK-1200N oven with high vacuum. X-rays in the 

X’pert-Pro diffractometer were produced using a copper anode with a voltage of 45kV and 

current of 40 mA. A Panalytical X’celerator with a diffracted beam monochromator was 

used to measure diffracted X-rays. Profile fitting of X-ray data was performed by software. 

Amorphous peaks and crystalline peaks were deconvolute to a residual error of fitting of 

<5%. Compacted powder density was measured by Archimedes principal while 

pycnometry was used to measure powder density.  Scanning electron microscopy was done 

using a FEI Quanta 600 FEG equipped with Bruker EDX and Silicon Drifted Detector.  

Optical microscopy was carried out on a Zeiss Axio inverted microscope using differential 

interference contrast (DIC). Scanning electron microscopy was performed on as milled 

samples to examine microstructure. Energy dispersive spectroscopy was used for 

qualitative and quantitative chemical analyses. Transmission electron microscopy was 

done using a FEI Titan 300 in STEM mode for HRTEM and HAADF. For EDS quantitative 
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analysis, concentration profiles were calculated by examining the Ni(kα1)/ Ti(kα1) peak 

ratios. Samples for TEM were prepared by mechanical grinding followed by ion milling. 

6.1.3 Results and Data Analysis 
The Ni-50 at% Ti powder cryomilled for 10 hours reveal an alloyed lamellar 

microstructure of Ni and Ti layers as seen in Figure 26. EDS analysis confirms that the 

alternating layers seen in Figure 26 are composed of Ni rich (bright) and Ti rich (dark) 

phases. At their peak concentrations, these layers are never 100% concentration of either 

element. Lamellar thicknesses for this cryomilled sample vary continuously between 2 µm 

and 20 nm (Figure 26 inset).  

 

Figure 26 SEM Micrograph (secondary electron) of 10 h cryomilled Ni-50at%Ti  powder particles 

mounted in polymer matrix. Uniform lamellar structure of Ni rich (light) and Ti rich (dark) regions is 

observed at the micron scale and at the nano scale (Inset). 

The compacted as-cryomilled Ti-Ni powders were examined optically in Figure 27. Figure 

28 is an optical micrograph of the compact annealed at 275 for 50 h. These two figures 

indicate that sintering does occur at these relatively low temperatures. The green density is 

impressively 5.94 g/cc (91.1%), and the sintered density is 6.01 g/cc (92.3%) (Table 5).  

The as-cryomilled powder (and as-compacted) part contain amorphous phase, and 

during sintering the amorphization reaction continues as can be seen in Figure 29.  At 
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275°C and 50 h annealing time, a decrease in Ni (111) peak area is observed in contrast to 

an increase in the amorphous peak area; no additional phases are observed after annealing 

at 275°C (Figure 29).  At a sintering temperature of 290oC, the compact completely 

transforms to Ni3Ti within 50 h.  
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Figure 27 As compacted cryomilled Ti-Ni.  It is approximately 91.1 % dense. Grey areas are alloyed Ni-Ti 

while black areas are pores. 
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Figure 28 Optical microscopy of combustions driven compacted 10 h cryomilled Ti-Ni powder after 

annealing for 2750C for 50 h.  It is approximately 92.3 % dense. Grey areas are alloyed Ni-Ti while black areas 

are pores. 
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Table 5 Measured densities of 10 h cryomilled Ti-Ni powder, after compaction, and after annealing for 

275C - 50 h. The percentage of densification was calculated using as milled powder density. 

 
 Cryomilled Powder  Green Compact 275C - 50 h 

Density (g/cm3) 6.52 5.94 6.01 

    

Relative Density (%) - 91.13 92.25 

 

 

 

Figure 29 XRD patterns of cryomilled and compacted Ni-50at%Ti annealed for 50 h at (a) 275oC and (b) 

290oC 

STEM HAADF imaging of Ti-Ni compact (Figure 30) shows the atomic contrast between 

Ti (dark) and Ni (light) regions. The nano-structure observed here is similar to the lamellar 

structure seen in SEM (Figure 26). HRTEM and EDS reveal that Ti rich regions are 

predominantly nano-crystalline while intermediate to Ni rich regions are a mixture of 

crystalline and amorphous phases (Figure 31).    

 



 53 

 

Figure 30 HAADF of cryomilled Ti-Ni after Combustion Driven Compaction and annealing at 275C – 50 h. 

The compositional profile of line A-B is shown in the inset 



 54 

 

Figure 31 HRTEM of Ni-Ti-Ni layers. FFT of the Ti rich region show periodicity spots indicating that it is 

crystalline.  FFT of Ni rich regions show diffused halos which are consistent with amorphous phases. 

 

 

6.1.4 Discussion 
The goal of this work is to synthesize bulk amorphous Ni-Ti by utilizing MA and 

multilayer SSA. In that regards, Ni- 50at%Ti cryomilled for 10 h produces suitable 

multilayers for solid state amorphization. As seen in Figure 26, Ni-Ti multilayers are 

formed on both the nano and mico scales. Despite the formation of an appropriate 

multilayer microstructure, SEM suggests that substantial alloying has taken place during 

cryomilling; this is evident by the lack of discrete gray values in the SEM images when 

examining multilayers, This effect feature is likely to affect the amorphization process 

during annealing. An important requirement for SSA is the asymmetric diffusion in the 
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binary system. Hence, the reduction of concentration gradients during cryomilling impacts 

the overall driving force for solid state amorphization. 

For the formation of bulk amorphous Ni-Ti, CDC is used to consolidate cryomilled 

powder. During this process, as milled powder Ni-Ti shows remarkable consolidation and 

is able to achieve a relative density of 91.1%. The approach here is to consolidate powder 

particles while in their crystalline phase thus requiring less pressure for consolidation. 

Overall, the rapid exertion of force to cryomilled Ni-Ti by CDC results in excellent green 

body consolidation. This is despite the fact of amorphous phase already present in the as 

milled Ni-Ti powder. A small increase in density is observed after annealing at 275°C for 50 

h (density is compared to the measure density of cryomilled powder). This result is 

promising since this increase in density occurs through pressureless sintering.       

XRD analysis shows that amorphization occurs during cryomilling but does not affect 

the formation of additional amorphous phase during the annealing step. This is evident by 

the increase in the amorphous phase reflection (low broad X-ray reflection) coinciding 

with annealing. Furthermore, XRD characterization alludes to the existence of a steady 

state in amorphous phase. Figure 29 shows the XRD pattern for CDC compacted 10 h 

cryomilled Ni-Ti which was annealed for 50 h. For 50 h annealing, it can be assumed that a 

steady state has been achieved in this system. Hence, the non-existence of additional 

phases, such as intermetallics, supports the theory of maximum amorphous formation 

(which is not 100%) in multilayers reported in other works [19-21, 68].  

TEM EDS analysis shows that amorphous phase forms approximately in the 40 – 60 

wt% of Ni. FFT of HRTEM (Figure 31) shows that amorphous phase only forms where the 

concentration of Ti is approximately less than 60 wt%.       

6.1.5 Conclusion 
10 h cryomilling of Ni-Ti produces multilayered structures varying between 2 µm and 

20 nm essential for solid state amorphization (SSA). SSA and alloying begins during the 

milling process but does not hinder amorphous growth during low temperature sintering. 

Combustion driven compaction is successful in producing green bodies with high densities 

of approximately 91.1%. XRD analysis shows that amorphization increases with annealing 

time; however, a complete transformation to the intermetallic Ni3Ti is seen at the annealing 
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temperature of 290°C. TEM analysis indicates that amorphous phase is produced in the 

compositional range of 40 – 60 wt% Ti. 

6.2 Serial Reconstruction of Cryomilled Ni-Ti 

6.2.1 Introduction 
Traditionally, multilayer formation used in solid state amorphous reactions have been 

formed by deposition of elemental constituents [69] or, rolling of constituent foils [19] 

thereby forming lamellar structure. In either example, the geometry of the lamellar 

structure is well understood since uniformity is consistent in any orientation of the 

material. Lamellae formed by cryomilling are not planar in nature but consists of randomly 

oriented and curved multilayers. As a result, several issues arise when studying multilayers 

formed by cryomilling. 2 dimensional analysis of cryomilled Ni-Ti electron microscopy 

gives usable elemental contrast for observing multilayers, however, this characterization 

technique relies on secondary electrons (also back scattered electrons) interacting with a 

specific volume under the surface of the sample. In general, the interaction depth for 

electron interaction ranges from approximately several nanometers for secondary 

electrons and microns for backscattered electrons (these values are all dependent on 

elements being observed and the energy of the electrons emanating from the electron gun). 

Therefore, for a sample in which multilayers are relatively uniform, such as those formed 

by deposition or cold rolling, chemical analysis of the multilayer structure after SSA. This 

chapter focuses on 3D characterization of multilayers formed by cryomilling Ni-Ti.  

The objective of this work is to develop a relationship between Ni-Ti surface area and 

solid state amorphization in multilayers formed by cryomilling and multilayers formed by 

deposition. It is also necessary to determine if cryomilled multilayers can be fairly parallel 

in a given orientation. This is accomplished by performing serial sectioning and 3D 

reconstruction on Ni-Ti powders cryomilled for 2, 4.7, and 8 hours. 3D reconstruction of 

these samples will give insight into the uniformity and the interfacial surface area created 

during cryomilling.  
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6.2.2 Experiment 
 

In this work, serial sectioning and SEM imaging was done using a FEI Helios 600 

NanoLab DualBeam. Cryomilled Ni-Ti powder particles were either mounted in Bakelite or 

applied to carbon mounting tape to perform sectioning and imaging; a detailed description 

is seen in section 5.3.  

A series of 2 dimensional images were produced after serial sectioning. Following 

focused ion beam (FIB) sectioning, images were imported into the computer program 

Amira for 3D reconstruction. Serial reconstruction in Amira involves the importation of 2D 

images; in this step, pixel size (the number of pixels per known unit length and the slice 

distance between images) is entered. For visualization, the module Voltex is used to render 

reconstructed serial images.  

Measurements of surface area in individual phases (Ni and Ti) require the use of the 

Labelfield module. In this module, selection of phases is done by choosing an appropriate 

grayscale range (threshold range); this is done to individual 2D images. Phases were 

chosen based on the EDS analysis shown in Figure 32 and Figure 33. As identified by these 

figures, white to light areas are Ni rich while dark to black areas are Ti rich. By selecting 

individual phases, a label for that particular phase is given a label, either Ni or Ti. Once 

labeling is completed, surfaces based on the selected phases are generated using the 

Surfacegen function. In addition, surface measurements are also performed utilizing the 

Labelfield module by selecting the Ni-Ti Labelfield and choosing measure surface area. In 

this work the total surfaces created by Ni and Ti is used for calculating the surface area per 

volume. 
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Figure 32 SEM micrograph of 2 h cryomilled Ni-Ti multilayers. In this image the green line indicates 

where EDS line profile (composition analysis) was taken. 

 

Figure 33 EDS line profile analysis of Figure 32 (above). As shown in the graph showing mass 

concentration vs distance, light areas of the SEM image is Ni rich while dark areas are Ti rich. 
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6.2.3 Results and Data Analysis 

6.2.3.1 3D Serial Reconstruction 
Figure 34, Figure 37, and Figure 40 show serial reconstruction (x, y orientation) of 2, 

4.7, and 8 h cryomilled Ni-Ti respectively. In these reconstructions, blue is used to identify 

Ni rich phase and yellow is used to identify Ti rich phase. These reconstructed images show 

the non-uniform and irregularly shaped multilayer formation during cryomilling. Despite 

these observations it must be noted that lamellar uniformity improves at different 

orientations of the reconstructed volume (Figure 36 and Figure 39). With increased milling 

time, layers retain their non-uniformity and irregularity but layer spacing becomes smaller 

and more homogeneous throughout the volume.  

For comparison purposes, the original scanning electron micrographs used for 3D 

reconstruction of 2, 4.7 h, and 8 h cryomilled Ni-Ti is seen in Figure 35, Figure 38, and 

Figure 41 respectively. From these comparisons it can be seen that phase selection is fairly 

accurate for 2 and 4.7 h cryomilled samples. As mentioned above, layer thickness decreases 

as milling time increases. The implication of this property is that nanometer detail is lost in 

phase selection for 4.7, and especially, 8 h cryomilled Ni-Ti (Figure 40).  

Movies of the reconstructed samples are available on the Virginia Tech ETD server (file 

names: 2h_Cryomilled_NiTi_3D.mp4, 4.7h_Cryomilled_NiTi_3D.mp4, and 

8h_Cryomilled_NiTi_3D.mp4). In these movies orange regions are Ni rich and yellow regions 

are Ti rich. 
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Figure 34 Front view (X,Y) of serial reconstructed 2 h cryomilled Ni-Ti. Ni rich phases are colored blue 

and Ti yellow. 
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Figure 35 Original scanning electron micrograph of 2 h cryomilled Ni-Ti. Light regions are Ni rich and 

dark areas are Ti rich. 
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Figure 36 Side view (X,Z) of serial reconstructed 2 h cryomilled Ni-Ti. Ni rich phases are colored blue and 

Ti yellow. 
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Figure 37 Front view (X,Y) of serial reconstructed 4.7 h cryomilled Ni-Ti. Ni rich phases are colored blue 

and Ti yellow. 
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Figure 38 Original scanning electron micrograph of 8 h cryomilled Ni-Ti. Light regions are Ni rich and 

dark areas are Ti rich. The fin like features on the right side and to the top of this sample is platinum which 

was deposited before focused ion beam slicing. 
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Figure 39 Side view (X,Z) of serial reconstructed 4.7 h cryomilled Ni-Ti. Ni rich phases are colored blue 

and Ti yellow. 
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Figure 40 Front view (X,Y) of serial reconstructed 8 h cryomilled Ni-Ti. Ni rich phases are colored blue 

and Ti yellow. 
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Figure 41 Original scanning electron micrograph of 8 h cryomilled Ni-Ti. Light regions are Ni rich and 

dark areas are Ti rich. 
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Figure 42 Side view (X,Z) of serial reconstructed 8 h cryomilled Ni-Ti. Ni rich phases are colored blue and 

Ti yellow. 
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6.2.3.2 Surface Area Measurements 
Surface area and volume measurements were done using reconstructed volumes of 

cryomilled samples. For deposited samples, surface area and volume was calculated from 

the average deposited thickness of each phase and the assumption of a 1 x 1 µm face area. 

Table 6 shows the surface area / volume measurements for cryomilled and deposited Ni-Ti 

layers. The designation of 2, 4.7, and 8 represent 2, 4.7, and 8 h cryomilled Ni-Ti and 

samples 2 d, 4.7 d, and 8 d deposited Ni-Ti, respectively. 

Calculation differences between deposited and cryomilled samples are no more than 

0.9 µm^-1 for samples 2 and 4.7. However, there is a large difference between deposited 

and cryomilled for sample 8. This result is expected since some of the nanolayers observed 

in SEM (Figure 41) are not well selected in the reconstructed volume (Figure 40).  

Table 6 Surface area / volume measurements of cryomilled and deposited Ni-Ti. 

 
Surface Area/Volume (µm^-1) 

 
Cryomilled Deposited 

Sample 2 
Ni 3.93 3.23 
Ti 2.70 2.32 

   TOTAL 3.12 2.70 

   Sample 4.7 
Ni 4.27 3.95 
Ti 3.72 4.61 

   TOTAL 3.95 4.26 

   Sample 8 
Ni 7.63 28.25 
Ti 7.50 29.94 

   TOTAL 7.57 29.07 
 
 
 

Figure 43 shows the plot of total surface area / volume (S/V) as a function of milling 

time. S/V has a small increase going from 2 to 4.7 h cryomilling. However, an almost double 

increase is observed when cryomilling time is increased to 8 h.  
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Figure 43 Total Surface Area / Volume vs Milling Time for cryomilled Ni-Ti. 

6.2.4 Discussion 
Characterization of individual layers of cryomilled Ni-Ti samples are challenging due to 

the random arrangement of lamellar structures. Particularly in chemical analysis by energy 

dispersive spectroscopy, the difference between phases seen at the surface and what is 

directly below may be considerably different; lamellar structure seen on the surface may 

not be parallel to the electron beam (E-beam) with depth (Figure 44). This geometry 

causes spurious compositional analysis when performing composition mapping and line 

profiles. 3D reconstructed volumes shown in this chapter shows that lamellar uniformity 

and orientation to the samples surface improves once the sample is rotated to a suitable 

orientation. More importantly, reconstructed volumes shows that once rotated to an 

optimal position, layers are fairly parallel (composition remains the same despite 

increasing depth). This observation will improve the accuracy of chemical analysis once 

rotation to an optimal position is completed and is helpful for future analysis. 

Surface area measurements of 8 h cryomilled Ni-Ti are considerably lower when 

compared to sample 8 d (deposited Ni-Ti). This is indeed due to poor phase selection 

during serial reconstruction. A comparison of the reconstructed volume (Figure 40) and 

the original SEM image (Figure 41) confirms the missing phases in many regions. To 
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address this issue, a smaller sampling area done at higher magnification should be 

performed on samples with nanolayers. Despite this issue, both 2 and 4.7 samples show 

similar S/V ratios therefore analyses using these samples are fairly accurate. 

 
Figure 44 Illustration of electron beam projection through Ni-Ti multilayers with (A) parallel to E-beam 

(B) inclined to E-beam. 

6.2.5 Conclusion 
3D reconstruction is an effective tool in characterizing the microstructure of cryomilled 

Ni-Ti provided that the appropriate magnification used is consistent with the scale of the 

features to be observed. Furthermore, this characterization has never been done on 

multilayers formed by cryomilling. 

Despite being randomly oriented, lamellar structure is seen to be fairly uniform and 

parallel to each other if the volume is oriented appropriately. Layer thicknesses decrease as 

a function of increased cryomilling time. Surface area increases with cryomilling time and 

coincides with decreased lamellar spacing, and a more homogeneous distribution of 

multilayers throughout the particle volume. 

It should be mentioned that improved surface area measurements may be 

accomplished by characterizing smaller volumes of material. 
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6.3 Quantification of SSA in Ni-Ti Multilayers created by Cryomilling 

6.3.1 Introduction 
Mechanical alloying is a well established technique for the formation of amorphous in 

metallic systems through solid state amorphization (SSA). By milling certain alloy systems, 

amorphous powders are formed with wider compositional range compared to other SSA 

techniques. The downside to this process is however, the consolidation of amorphous 

powders to form bulk. Especially in binary systems, the consolidation of amorphous 

powders can prove to be exceedingly challenging due to the requirements of increased heat 

and pressure to accommodate the increased strength of amorphous powders; these 

powders easily crystallize intermetallic phases under these conditions. 

Another technique which has seen large success in the formation of amorphous is the 

low temperature annealing of multilayer binary systems. The requirements for this 

technique of amorphization are described in section 2.2.2. Among the methods used for 

forming multilayer structures (various techniques are described in section 2.2.2.1) is the 

milling of ductile metal systems. Unfortunately, multilayer annealing is not capable of 

creating bulk amorphous by itself.  

Previous work (section 6.1) has shown that a combination of MA (to form multilayers), 

consolidation, and low temperature annealing (via CDC and annealing) is useful for 

forming semi-amorphous bulk samples. In order to improve on existing work, 

quantification of the amorphous process by this technique is necessary.  

The objective in this chapter is to present a SSA model for Ni-Ti multilayers formed by 

cryomilling by analysis of the change in amorphous volume fraction with respect to 

annealing temperature and time. This chapter will examine the growth kinetics of 

amorphization in cryomilled Ni-Ti using in situ x-ray diffraction and annealing. 

6.3.2 Experiment 
Ni-Ti powders were cryomilled for 2, 4.7, and 8 h as described. In situ X-ray diffraction 

and annealing was performed on cryomilled samples between 200 – 350°C and 0, 1, 2, 3, 4, 

5, 7, 10, 15, 20, and up to 50 h. Deconvolution of amorphous, Ni, and Ti peaks, as well as, 

integrated intensity of the Ni(111) were measured using MDI Jade. Experimental details 

are shown in section 5.7. 
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6.3.3 Results and Data Analysis 

6.3.3.1 X-ray Diffraction Characterization of Cryomilled Ni-Ti 
Qualitatively, Figure 45 - Figure 50 show the phase evolution of 2 h cryomilled Ni-Ti 

annealed between the temperatures of 225 – 350°C and up to 20 h (some samples, up to 50 

h). This series shows no intermetallic formations between 225 – 300°C (Figure 45 - Figure 

48). A very low intensity and broad peak is formed after cryomilling. This low broad peak is 

a characteristic of an amorphous phase present in these samples.  An increase in 

amorphous volume fraction coincides with increased temperature and annealing time. This 

trend becomes more prominent at higher annealing temperatures.  

At 325°C and higher (Figure 49 & Figure 50), additional peaks appear within the 

amorphous peak. This indicates the presence of intermetallics which grow with 

temperature and time as evident in Figure 50; the intermetallics formed here become more 

distinct with increasing milling time are identified later. 

This series (annealing of 2 h cryomilled Ni-Ti) indicates that the Ni (111) peak is 

reduced at a faster rate and loses far more intensity than Ti peaks. It is therefore 

reasonable to assume that Ni is the dominant element in Ti-Ni amorphization during 

annealing. 
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Figure 45 X-ray diffraction showing phase evolution of Ni-Ti cryomilled for 2 h and annealed at 225°C. 

Blue circles are Ti peaks and Ni peaks are identified with red circles. 

 
Figure 46 X-ray diffraction showing phase evolution of Ni-Ti cryomilled for 2 h and annealed at 250°C 
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Figure 47 X-ray diffraction showing phase evolution of Ni-Ti cryomilled for 2 h and annealed at 275°C. 

Blue circles are Ti peaks and Ni peaks are identified with red circles. 
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Figure 48 X-ray diffraction showing phase evolution of Ni-Ti cryomilled for 2 h and annealed at 300°C.  

 



 77 

 
Figure 49 X-ray diffraction showing phase evolution of Ni-Ti cryomilled for 2 h and annealed at 325°C. 

Blue circles are Ti peaks and Ni peaks are identified with red circles. 
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Figure 50 X-ray diffraction showing phase evolution of Ni-Ti cryomilled for 2 h and annealed at 350°C 

 
Figure 51 - Figure 56 qualitatively shows the phase evolution in the 4.7 h cryomilled Ni-

Ti annealed between the temperatures of 225 – 350°C and up to 20 h (in some cases 50 h). 

As with the 2 h annealing series, a low broad peak (indicating amorphous) is present after 

cryomilling. However, in the 4.7 h cryomilled samples, the intensity of the amorphous peak 

is greater compared to that of the 2 h cryomilled. As with 2 h cryomilled Ni-Ti, amorphous 

volume increases with increased temperature and annealing time.  

At 275°C, and higher (Figure 53 - Figure 55), additional peaks appear within the 

amorphous peak. Similarly to the annealing of the 2 h cryomilled samples, intermetallics 

grow with temperature and time. Annealing 4.7 h cryomilled Ti-Ni at 350°C produces the 

intermetallics Ni3Ti (peaks are identified by red squares) and NiTi (peaks are identified by 

blue triangles). These intermetallics are formed within the first hour of annealing as is 

observed by x-ray diffraction (Figure 56). 

Compared to the 2 h cryomilled samples, the Ni (111) peak intensity is reduced at an 

even faster rate with increasing annealing time and temperature.  Despite the formation of 

intermetallics in the temperature range of 275 – 300°C, it can be assumed that most of the 
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Ni being consumed is done so by the amorphous phase since intermetallic diffraction 

peaks, in this temperature range, are broad and low in intensity.  
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Figure 51  X-ray diffraction showing phase evolution of Ni-Ti cryomilled for 4.7 h and annealed at 225°C. 

Blue circles are Ti peaks and Ni peaks are identified with red circles. 

 
Figure 52 X-ray diffraction showing phase evolution of Ni-Ti cryomilled for 4.7 h and annealed at 250°C. 
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Figure 53 X-ray diffraction showing phase evolution of Ni-Ti cryomilled for 4.7 h and annealed at 275°C. 

Blue circles are Ti peaks and Ni peaks are identified with red circles. 
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Figure 54 X-ray diffraction showing phase evolution of Ni-Ti cryomilled for 4.7 h and annealed at 300°C 

 
Figure 55 X-ray diffraction showing phase evolution of Ni-Ti cryomilled for 4.7 h and annealed at 325°C. 

Blue circles are Ti peaks and Ni peaks are identified with red circles. 
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Figure 56 X-ray diffraction showing phase evolution of Ni-Ti cryomilled for 4.7 h and annealed at 350°C. 

Blue circles are Ti peaks, Ni peaks are identified with red circles, Ni3Ti peaks are identified by red squares, 

and NiTi peaks are identified by blue triangles. 

 
X-ray diffraction patterns of 8 h cryomilled Ni-Ti shows the greatest amorphous peak 

intensity in the as milled samples (Figure 57) indicating that a significant volume of 

crystalline Ni-Ti has been transformed into amorphous phase after cryomilling. As in the 2 

h and 4.7 h cryomilled samples, amorphization increases as a function of temperature and 

annealing time (Figure 57 - Figure 59). The onset of additional peaks (intermetallics) 

occurs at approximately 275°C wherein a small peak is seen to emerge from the broad 

amorphous reflection (Figure 59). 

Complete transformation to intermetallic compound Ni3Ti is observed at the relatively 

lower temperature of 325°C (Figure 61) when compared to 2 and 4.7 h cryomilled samples.   
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Figure 57 X-ray diffraction showing phase evolution of Ni-Ti cryomilled for 8 h and annealed at 200°C. 

Blue circles are Ti peaks and Ni peaks are identified with red circles. 

 
Figure 58 X-ray diffraction showing phase evolution of Ni-Ti cryomilled for 8 h and annealed at 250°C 
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Figure 59 X-ray diffraction showing phase evolution of Ni-Ti cryomilled for 8 h and annealed at 275°C. 

Blue circles are Ti peaks and Ni peaks are identified with red circles. 

 
Figure 60 X-ray diffraction showing phase evolution of Ni-Ti cryomilled for 8 h and annealed at 300°C 
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Figure 61 X-ray diffraction showing phase evolution of Ni-Ti cryomilled for 8 h and annealed at 325°C. 

Blue circles are Ti peaks, Ni peaks are identified with red circles, and Ni3Ti peaks are identified by red 

squares. 

 
 

The volume fraction of a phase in a mixture is related to the integrated intensity of that 

phase’s diffraction pattern peak. A simplified equation relating diffraction peak intensity to 

a phase’s volume fraction in a mixture is given by Equation 18. 

𝐼𝛼 =  𝐾1𝐶𝛼
µ𝑚

     (18) 

𝐼𝛼 = 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑝𝑒𝑎𝑘 𝑜𝑓 𝛼 𝑖𝑛 𝑡ℎ𝑒 𝑚𝑖𝑥𝑡𝑟𝑒 

𝐾1 = 𝑎 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑡𝑜 𝑏𝑒 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑 

𝐶𝛼 = 𝑡ℎ𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝛼 𝑖𝑛 𝑡ℎ𝑒 𝑚𝑖𝑥𝑡𝑢𝑟𝑒 

µ𝑚 = 𝑙𝑖𝑛𝑒𝑎𝑟 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 of the mixture 

In this work, the integrated intensity of the Ni (111) is measured since it has been 

shown in previous sections that Ni is the phase that contributes the greatest during 

amorphization. The assumption, here on, is that all of the Ni consumed during annealing 

contributes to the formation of amorphous phase. It is acknowledged that this assumption 
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does not take into account the amorphous phase formed during the cryomilling process. 

Furthermore the model will not account for the formation of intermetallics during the 

annealing process; to limit the inaccuracies caused by intermetallic formation, all models 

will be limited to the temperature of 320°C (the temperature above which most samples 

form intermetallic). 

 Figure 62 shows the annealing trend of 2 h cryomilled Ni-Ti powder. The integrated 

intensity of the Ni (111) peaks are normalized with as milled samples. In general, the 

normalized integrated intensity peak of the Ni (111) shows trends of decreasing Ni volume 

fraction with increasing temperature. Experimental data scatter is believed to be formed by 

competing processes. During annealing, competing processes such as crystal recovery, 

recrystallization and amorphization may take place simultaneously or at various times.  

Annealing at 200°C shows that an increase in the integrated intensity which is opposite to 

the general trend observed. In this case, recovery and recrystallization are probable 

dominating process up until 10 h annealing. Peak area decreases after 10 h annealing 

suggests that amorphization then becomes the dominant process.   

Figure 63 shows the integrated intensity of the 4.7 h cryomilled sample in response to 

annealing time. The general trend is the same as in the 2 h cryomilled sample; however, 

lower steady state integrated intensity is achieved for respective temperatures. As in the 2 

h cryomilled sample, a degree of experimental data scatter is present which may be due to 

multiple competing processes as mentioned previously. 
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Figure 62 Normalized integrated intensity plot for Ni(111) during annealing. Samples measured here are 

normalized with the as milled 2 h cryomilled sample.  

 
Figure 63 Normalized integrated intensity plot for Ni(111) during annealing. Samples measured here are 

normalized with the as milled 4.7 h cryomilled sample. 
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Figure 64 Normalized integrated intensity plot for Ni(111) during annealing. Samples measured here are 

normalized with the as milled 8 h cryomilled sample. 

 
Amorphous growth kinetics have been described using the Johnson-Mehl-Avrami (JMA) 

equation [70, 71]  (Equation 19). Traditionally, the JMA equation has been formalized to 

describe the rate of nucleation and growth of new phases [72-74]. A generalized form of 

the JMA equation for constant temperature analysis is shown in Equation 19. 

𝐴𝑓 = (1 − 𝑒−𝐵𝑡𝑓)   (19) 

𝐴𝑓 = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 

𝑡 = 𝐴𝑛𝑛𝑒𝑎𝑙𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 

In this work, the JMA equation has been modified to include the term “a”. This term is 

used to determine the steady state amorphous content at a given temperature (Equation 

20). Also, the terms “B” and “f” are considered functions of temperature which will be 

shown in later results. 

𝐴𝑓 = 𝑎(1 − 𝑒−𝐵𝑡𝑓)   (20) 

Three temperatures (250, 275, and 300°C) were selected for data analysis since 

temperatures below or above this range, for all cryomilled samples (2, 4.7, and 8h 

cryomilled), display unusual characteristics (due to competing processes). To measure the 
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volume fraction of amorphous formed during annealing, the normalized integrated 

intensity (NII) of the Ni (111) peak is subtracted from one (1-NII). It is assumed that all of 

the Ni consumed during annealing contributes to the formation of amorphous. 

6.3.3.2 Curve Fitting of Ni-Ti Amorphization 
 

Curve fitting is done using the Mathematica “FindFit” function. The FindFit function 

produces data fits based on the least-squares theory. It is defined to minimize the residual 

fit between experimental data and the fitted value.    

Figure 65 - Figure 67 show the curve fitting for 2, 4.7, and 8 h cryomilling in the 

temperature range of 250 – 300°C. Fitting of this data series shows that increased milling 

time and annealing temperature leads to an increased amorphization rate and a higher 

amorphous steady state value. 

Table 7 shows values from parameter "a". As described previously, this parameter gives 

the maximum expected amorphous volume fraction (Af) for annealed deposited Ni-Ti 

multilayers. Highlighted values are artificial values (outline previously) used when correct 

fittings could not be generated due to insufficient data, that is, measured data did not going 

to a steady state. 
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Figure 65 Curve  fitting for  2 h cryomilled data at 250°C (Blue), 275°C (Green), and 300°C (Red) 

 
Figure 66 Curve  fitting for  4.7 h cryomilled data at 250°C (Blue), 275°C (Green), and 300°C (Red)  
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Figure 67 Curve  fitting for  8 h cryomilled data at 250°C (Blue), 275°C (Green), and 300°C (Red) 

 
 

Table 7 Shows values from parameter "a" which gives the maximum expected amorphous volume 

fraction (Af) for annealed cryomilled Ni-Ti multilayers. This parameter was derived by profile fitting of XRD 

data with the JMA equation. The highlighted value is an artificial values used when correct fitting could not be 

generated due to insufficient data (the measured data did not go to a steady state). 

 
Sample Temp a 

2 h Cryomilled 300 0.511309 

 
275 0.6051 

 
250 0.451981 

   4.7 h Cryomilled 300 0.6881 

 
275 0.568707 

 
250 0.4 

   8 h Cryomilled 300 0.838687 

 
275 0.809392 

 
250 0.742872 
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6.3.3.3 Modeling of Solid State Amorphization in Ni-Ti multilayers Formed by Cryomilling 
 

Based on the fitting parameters (a, b, and f) found in Figure 65 -Figure 67, a model for 

amorphization for each milling time was created. The details for the treatment of the 

parameters with respect to time can be found in Appendix B. It is important to note, the 

model established here only accounts for amorphous formed during annealing and by no 

means account for the amorphous present after cryomilling. 

Figure 68 - Figure 70 shows the model plot for 2, 4.7, and 8 h cryomilled Ni-Ti 

respectively. The initial temperature for amorphization for 2 h cryomilled Ni-Ti is shown to 

be approximately 225°C this value is consistent with the raw data seen in Figure 62 which 

shows recovery and recrystallization, not amorphization, to be the dominant process at this 

temperature. The same consistency is held for 4.7 and 8 h cryomilled Ni-Ti. Initial 

temperatures for amorphization are approximately 210°C and 225°C for 4.7 and 8 h 

cryomilled Ni-Ti respectively which is also seen in Figure 63 and Figure 64, respectively. 

The rate of amorphization is shown to increase with milling time, as well as, the steady 

state value of amorphous phase. Interestingly, 8 h cryomilled shows that amorphization 

plateaus rapidly with increasing annealing time and temperature, but never reaches the 

value of 1 which would indicate total amorphization of Ni-Ti multilayers. This result is 

consistent with other works [20, 21, 23, 68] which suggest that amorphization in 

multilayer systems reach a maximum value which is not 100% amorphous for a given 

system, i.e. there is a maximum thickness for the formation of amorphous at Ni-Ti 

interfaces. 
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Figure 68 3D plot for 2 h cryomilled Ni-Ti showing amorphization as a function of temperature and time. 

This plot has been generated by modeled data and shows the amorphous volume fraction (Af = 1 – NII) as a 

function of temperature and time. 
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Figure 69 3D plot for 4.7 h cryomilled Ni-Ti showing amorphization as a function of temperature and 

time. This plot has been generated by modeled data and shows the amorphous volume fraction (Af = 1 – NII) 

as a function of temperature and time.  
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Figure 70 3D plot for 8 h cryomilled Ni-Ti showing amorphization as a function of temperature and time. 

This plot has been generated by modeled data and shows the amorphous volume fraction (Af = 1 – NII) as a 

function of temperature and time. 
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6.3.3.4 Activation Energy Measurements for Amorphization in Cryomilled Ni-Ti 
Multilayers 

Using data from the established amorphization model, activation energy is calculated 

using the Arrhenius equation (Equation 19). 

𝐴𝑓 = 𝐴0𝑒−𝑄
𝑅𝑇�    (19) 

𝐴𝑓 = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒 

𝐴0 = 𝑃𝑟𝑒 − 𝑒𝑥𝑝𝑜𝑛𝑒𝑛𝑡 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝑄 = 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 

𝑇 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 

𝑅 = 𝐺𝑎𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

To calculate the activation energy it is more convenient to plot the logarithm of the 

amorphous volume fraction (Af) in the form given in Equation 20. As a linear function, the 

gradient of the fitted Arrhenius plot gives the activation energy for the process when 

Ln(Af) is plotted as a function of 1/RT (Equation 20). 

𝐿𝑛(𝐴𝑓) =  −𝑄(1
𝑅𝑇� ) + 𝐿𝑛(𝐴0) (20) 

Figure 71 - Figure 73 show the Arrhenius plots for 2, 4.7, and 8 h cryomilled Ni-Ti. 

These plots were generated using the models established in section 7.2.3.3  and represent 

activation energies based on 10 h annealing. Activation energy decreases with increasing 

milling time. The change in activation energy going from 2 h to 4.7 h is approximately 41.4 

kJ/mol and 38.6 k J/mol, respectively. The activation energies observed in 2 h and 4.7 h 

cryomilled Ni-Ti multilayers (41.4 kJ/mol) is lower than the reported value given by 

Benedictus et al. (126 +/- 7 kJ/mol) for solid state amorphization in Ni-Ti multilayers [21]. 

In Benedictus’s work, multilayers of Ni (10 nm) and Ti (16 nm) were deposited onto a 

substrate and annealed between 498 and 548 K. This observation may be the result of 

increased defect density which enhances diffusion during annealing and raises the free 

energy of the crystalline phases in cryomilled Ni-Ti multilayers. 

8 h cryomilled Ni-Ti has 2 separate activation energies, 6.9 and 21.7 kJ/mol. 

Examination of the temperature range for the activation energy of 6.9 kJ/mol (280-320°C) 

and XRD data for its respective temperature ranges (Figure 60 and Figure 61), indicates 

that this activation is likely to be the early formation of Ni3Ti.  
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Figure 71 Arrhenius plot for the amorphous volume fraction of 2 h cryomilled Ni-Ti; annealing time 10 h 

 
Figure 72 Arrhenius plot for the amorphous volume fraction of 4.7 h cryomilled Ni-Ti; annealing time 10 

h 
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Figure 73 Arrhenius plot for the amorphous volume fraction of 8 h cryomilled Ni-Ti; annealing time 10 h 

 
 

6.3.4 Discussion 
The effects of MA on metallic systems have been studied and well documented [11]. 

Some of these effects are increased solution solubility, increased stored energy, increased 

defect density, solid state amorphization, and alloying. There is a gap in knowledge 

concerning the ramifications of these effects on SSA in Multilayers. 

X-ray diffraction of Ni-Ti for cryomilled for 2, 4.7, and 8 h show that amorphization is 

formed during MA and increases with milling time. This is consistent with other works 

which show that the Ni-Ti amorphizes with MA [7, 11, 27]. Despite the formation of 

amorphous during MA, SSA occurs during annealing, as desired, through multilayer 

amorphization. Multilayer amorphization benefits from increased surfaces by which 

amorphization can occur. Thus, the steady state amorphous volume formed is higher in 

samples with greater milling time and is reflected in Figure 65- Figure 67. 

Thermodynamically, the stability of amorphous phase has been shown to exist as 

outlined in section 2.5.1. Typically, these works have formed amorphous by MA, deposition 
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and rolling. In this work, MA can be seen to increase the free energy of crystalline phases as 

a result of increased stored energy and defect density during lamellar formation. As a 

result, there will be a larger driving force for amorphization in this system which is already 

proven to amorphize. This effect is clearly seen in modeled plots of Figure 68 - Figure 69 (2 

and 4.7 h cryomilling respectively) where amorphization occurs at lower annealing 

temperatures as cryomilling time is increased.  

Kinetically, there are larger concentration gradients existing in decreasing milling time 

since the alloying effect is less under those conditions and layers are more elementally pure 

phases. This would suggest that the magnitude for amorphization should be greater since 

diffusion is an important criterion for multilayer SSA; however, this is not the case. As 

mentioned above, a greater degree of amorphization occurs in samples with longer milling 

time. Consequently, it would appear that high concentration gradients are not as important 

as having increased surfaces for diffusion which is at the expense of high concentration 

gradients because of the alloying effect of MA. The earlier formation of intermetallics with 

increased milling time (Figure 45 - Figure 61) is possible through reduced diffusion 

distances. Smaller lamellae thicknesses and a greater degree of alloying would reduce the 

atomic distances needed for the formation of stable intermetallics during annealing. 

 

6.3.5 Conclusion 
Multilayers formed by MA are effective for SSA during subsequent annealing despite the 

formation of amorphous phase during milling. Increased cryomilling time enhances SSA in 

Ni-Ti at the expense of forming intermetallics at lower annealing temperatures. A proficient 

model has been created to predict the volume fraction of amorphous phase produced as a 

function of annealing temperature and time for 2, 4.7, and 8 h cryomilling of Ni-Ti.  
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6.4 Quantification of Solid State Amorphization in Ni-Ti Multilayers created 

by Deposition 

6.4.1 Introduction 
The objective of this chapter is to present a SSA model for Ni-Ti multilayers formed 

by deposition by analysis of the change in amorphous volume fraction with respect to 

annealing temperature and time. The work in this chapter focuses on Ni-Ti solid state 

amorphization (SSA) under “ideal conditions”, i.e. elementally pure and defect free 

multilayers of Ni-Ti. In this chapter, Ni-Ti multilayers are formed via e-beam deposition 

so as to form lamellae that are relatively ideal when compared to cryomilled Ni-Ti. After 

depositing, Ni-Ti multilayers were annealed and X-ray diffraction (XRD) performed in 

situ under vacuum as described in section 5.5. The monitoring of the Ni(111) integrated 

peak intensity was done by first deconvoluting Ni and Ti reflections from overlapping 

amorphous peaks. The reason for monitoring the change Ni peak intensity is the same 

as the previous chapter; the integrate peak intensity is directly related to the volume 

fraction of that phase in a mixture. Furthermore, this work assumes that reductions in 

Ni directly contribute to the formation of amorphous phase.     

 

 

 

 

6.4.2 Experiment 
 

SEM image analysis of multilayers formed by cryomilling Ni-Ti for 2, 4.7, 8 h was used 

in determining the multilayer thicknesses in deposited Ni-Ti (details of the measurement 

analysis can be found in section 13.1). Alternating layers of Ni and Ti were deposited using 

a KJLC PVD 250 THIN FILM DEPOSITION SYSTEM. The KJLC PVD-250 system consists of a 

6kW power supply to run a 4 pocket 7cc e-beam. Evaporations of Ni and Ti were done at a 

base pressure – 3 x 10 ^-6 Torr at 16 – 19 % of the e-beam powder. Layer thicknesses were 

controlled using one quartz crystal thickness controller (located near the substrate). The 

substrate (Ti plate) was kept at room temperature during evaporation and deposition. Ni 
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and Ti deposition was done as shown in Table 8. The designations of 2, 4.7, and 8 d are 

used to associate each sample with its related cryomilled sample; 2, 4.7, and 8 h 

respectively. 

 
Table 8 Shows deposition thicknesses and no. Ni and Ti layers formed during e-beam evaporation. These 

samples are designated 2, 4.7, and 8 h since they represent spacing of their respective cryomilled 

counterparts. 

  Ni Ti  
2 d 

  No. of layers 2 2 
Avg. Thickness 
(µm) 0.6195 0.8617 
  

  4.7 d 
  No. of layers 4 4 

Avg. Thickness 
(µm) 0.5057 0.4340 
  

  8 d 
  No. of layers 5 5 

Avg. Thickness 
(µm) 0.0708 0.0668 

 
 
 
 

6.4.3 Results 

6.4.3.1 Scanning Electron Microscopy of Ni-Ti Cross-sections 
Figure 74 - Figure 76 are scanning electron micrographs of cross-sectioned Ni-Ti layers.  

The vertical lines observed in Figure 74 and Figure 75 are artifacts caused by ion beam 

milling. Both 2 d and 4.7 d show distinct phase separations for Ni (light layers) and Ti (dark 

layers) in the as deposited material. In 8 d (Figure 76) there is less distinction between Ni 

and Ti layers. This indicates possible mixing or reactions taking place during deposition. 

The Ti plate (dark) used for depositing these layers can be seen at the very bottom of each 

sample. 
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Figure 74 Scanning electron micrograph showing a cross-section of sample 2 d; as deposited Ni-Ti. The 

light layers are Ni and the dark layers are Ti. A layer of platinum was deposited on top of the sample before 

focused ion beam slicing. 
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Figure 75 Scanning electron micrograph showing a cross-section of sample 4.7 d; as deposited Ni-Ti. The 

light layers are Ni and the dark layers are Ti. A layer of platinum was deposited on top of the sample before 

focused ion beam slicing. 
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Figure 76 Scanning electron micrograph showing a cross-section of sample 8 d; as deposited Ni-Ti. The 

light layers are Ni and the dark layers are Ti. A layer of platinum was deposited on top of the sample before 

focused ion beam slicing. 

 

6.4.3.2 X-ray Diffraction Characterization of Ni-Ti Multilayers formed by Deposition 
Figure 77 - Figure 78 show the in situ annealing and X-ray diffraction analysis for 

sample 2 d at 300 and 350°C respectively. Qualitatively, no additional peaks appear while 

annealing for 300 or 350°C. 
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Figure 77 X-ray diffraction showing phase evolution of Ni-Ti deposited layers (sample 2 d) and annealed 

at 300°C. Blue circles are Ti peaks and Ni peaks are identified with red circles. 
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Figure 78 X-ray diffraction showing phase evolution of Ni-Ti deposited layers (sample 2 d) and annealed 

at 350°C. Blue circles are Ti peaks and Ni peaks are identified with red circles. 

 
Figure 79 - Figure 83 shows the annealing series for sample 4.7 d done at 225, 250, 275, 

300, and 325°C respectively.  Qualitatively analysis of this series shows that no additional 

phases are present while annealing Ni-Ti layers between 225 – 300°C. The exception to this 

observation is the broad low intensity peak indicating amorphous phase. At 300°C, some 

additional peaks are present, however, these not additional phases but artifacts due to 

misalignment of the Ti plate while performing XRD. At 325C, broadening occurs in the 

largest Ti reflection (Figure 83). This broadening is most likely due to an oxide phase as 

will be seen later in sample 8 d. Compared to the 2 d sample series, Ti intensity peaks are 

seen to be lower in 4.7 d. This is due to the smaller overall Ni-Ti layer thickness present in 

sample 4.7 d. Consequently, X-rays interact with a larger volume of the Ti substrate.  
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Figure 79 X-ray diffraction showing phase evolution of Ni-Ti deposited layers (sample 4.7 d) and 

annealed at 225°C. Blue circles are Ti peaks and Ni peaks are identified with red circles. 
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Figure 80 X-ray diffraction showing phase evolution of Ni-Ti deposited layers (sample 4.7 d) and 

annealed at 250°C. Blue circles are Ti peaks and Ni peaks are identified with red circles. 
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Figure 81 X-ray diffraction showing phase evolution of Ni-Ti deposited layers (sample 4.7 d) and 

annealed at 275°C. Blue circles are Ti peaks and Ni peaks are identified with red circles. 
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Figure 82 X-ray diffraction showing phase evolution of Ni-Ti deposited layers (sample 4.7 d) and 

annealed at 300°C. Blue circles are Ti peaks and Ni peaks are identified with red circles. 
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Figure 83 X-ray diffraction showing phase evolution of Ni-Ti deposited layers (sample 4.7 d) and 

annealed at 325°C. Blue circles are Ti peaks and Ni peaks are identified with red circles. 

  
 

X-ray diffraction results of in situ annealing of sample 8 d are shown in Figure 84 - 

Figure 86. Most noticeable in this series is the rapid reduction with annealing time of the Ni 

(111) peak. Ni consumption also coincides with an increase in amorphous peak intensity. 

Qualitatively, it appears the sample 8 d has the highest amorphization rate and amorphous 

volume fraction compared to samples 2 d and 4.7 d. As with sample 4.7 d, broadening in the 

largest Ti peak (2Θ ≈ 39°) is seen. This additional peak has been identified by powder 

diffraction files as Ti6O. During annealing, the Ti6O peak is seen appear at the beginning of 

annealing and its intensity steadily reduces with longer annealing times. 
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Figure 84 X-ray diffraction showing phase evolution of Ni-Ti deposited layers (sample 8 d) and annealed 

at 250°C. Blue circles are Ti peaks and Ni peaks are identified with red circles. Arrows show the locations for 

the compound Ti6O 
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Figure 85 X-ray diffraction showing phase evolution of Ni-Ti deposited layers (sample 8 d) and annealed 

at 275°C. Blue circles are Ti peaks and Ni peaks are identified with red circles. 
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Figure 86 X-ray diffraction showing phase evolution of Ni-Ti deposited layers (sample 8 d) and annealed 

at 300°C. Blue circles are Ti peaks and Ni peaks are identified with red circles. 

 
 

The volume fraction of a phase in a mixture is related to the integrated intensity of that 

phase’s diffraction pattern peak. A simplified equation relating diffraction peak intensity to 

a phase’s volume fraction in a mixture is given by Equation 21. 

𝐼𝛼 =  𝐾1𝐶𝛼
µ𝑚

    (21) 

𝐼𝛼 = 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑝𝑒𝑎𝑘 𝑜𝑓 𝛼 𝑖𝑛 𝑡ℎ𝑒 𝑚𝑖𝑥𝑡𝑟𝑒 

𝐾1 = 𝑎 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑡𝑜 𝑏𝑒 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑 

𝐶𝛼 = 𝑡ℎ𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝛼 𝑖𝑛 𝑡ℎ𝑒 𝑚𝑖𝑥𝑡𝑢𝑟𝑒 

µ𝑚 = 𝑙𝑖𝑛𝑒𝑎𝑟 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 of the mixture 

In this work, the integrated intensity of the Ni (111) is measured since it has been 

shown in previous sections that Ni is the phase contributes the greatest during 

amorphization. The assumption, here on, is that all of the Ni consumed during annealing 

contributes to the formation of amorphous phase. The model will not account for the 

formation of intermetallics during the annealing process; to limit the inaccuracies caused 
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by intermetallic formation, all models will be limited to the temperature of 350°C (the 

temperature above which most samples form intermetallic). 

 
Ni-Ti layers deposited on Ti substrate were annealed and XRD performed, in situ, as 

described in section 5.7.  Figure 87 - Figure 89 show the normalized integrated plots of Ni 

(111) as a function of annealing time at various annealing temperatures.  

In sample 2 d (Figure 87), a rapid reduction in the Ni (111) integrated intensity is seen 

within the first two hours of annealing. There are small changes in Ni intensity after the 

initial 5 hours of annealing indicating the system is approaching a steady state. A difference 

in steady states is observed between annealing temperatures 300°C and 350°C suggesting 

that Ni reduction increases with increasing temperature.  

Similar Ni reduction trends are seen in sample 4.7 d. However, this sample displays 

increased reduction in Ni peak intensity compared to the 2 d sample at 300°C. In general, 

the trend in this sample is similar to 2 d (increasing temperature leads to decrease in Ni 

volume fraction) but, there is an inconsistency at 325°C whereby the steady state value of 

the Ni peak intensity is higher than that found at 300°C. 

Figure 89 is the Ni integrated intensity plot for sample 8 d. At 250°C, there is an initial 

increase in the Ni intensity at 1 h annealing followed by a steady decrease. This result is 

probably due to recrystallization of elemental Ni followed by amorphization. As with 

samples 2 d and 4.7 d, increasing annealing temperature leads far greater Ni being 

consumed at a higher rate. 
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Figure 87 Plot of sample 2 d showing the normalized integrated intensity plot of Ni (111) intensity as a 

function of annealing time. Values in this plot have been normalized with the as deposited Ni (111) peak. 
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Figure 88 Plot of sample 4.7 d showing the normalized integrated intensity plot of Ni (111) intensity as a 

function of annealing time. Values in this plot have been normalized with the as deposited Ni (111) peak. 
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Figure 89 Plot of sample 8 d showing the normalized integrated intensity plot of Ni (111) intensity as a 

function of annealing time. Values in this plot have been normalized with the as deposited Ni (111) peak. 

 

6.4.3.3 Profile Fitting of XRD Data 
Amorphous growth kinetics have been described using the Johnson-Mehl-Avrami (JMA) 

equation [70, 71]  (Equation 22). Traditionally, the JMA equation has been formalized to 

describe the rate of nucleation and growth of new phases [72-74]. A generalized form of 

the JMA equation for constant temperature analysis is shown in Equation 22. 

𝐴𝑓 = (1 − 𝑒−𝐵𝑡𝑓)   (22) 

𝐴𝑓 = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒 

𝑡 = 𝐴𝑛𝑛𝑒𝑎𝑙𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 

In this work, the JMA equation has been modified to include the term “a”. This term is 

used to determine the steady state amorphous content at a given temperature (Equation 

23). Also, the terms “B” and “f” are considered functions of temperature which will be 

shown in later results. 

𝐴𝑓 = 𝑎(1 − 𝑒−𝐵𝑡𝑓)   (23) 
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Three temperatures (250, 275, and 300°C) were selected for data analysis since 

temperatures below or above this range, for all cryomilled samples (2, 4.7, and 8h 

cryomilled), display unusual characteristics (due to competing processes). To measure the 

volume fraction of amorphous formed during annealing, the normalized integrated 

intensity (NII) of the Ni (111) peak is subtracted from one (1 – NII). It is assumed that all of 

the Ni consumed during annealing contributes to the formation of amorphous. 

Curve fitting is done using the Mathematica “FindFit” function. The FindFit function 

produces data fits based on the least-squares theory. It is defined to minimize the residual 

fit between experimental data and the fitted value.    

Figure 90 - Figure 92 show curve fitting of samples 2d, 4.7 d and 8 d respectively.  

Deposited Ni-Ti layers annealing data is shown in dots and the fitted data as line for 250°C 

(Blue), 275°C (Green), and 300°C (Red). The y-axis (1- NII) represents the amorphous 

volume fraction Af. These fits were used to find the fitting parameters a, b, and f in the 

modified JMA equation described above. In general, profile fitting produced acceptable 

results with given data. However, for samples 4.7 d (250°C) and 8 d (275°C), annealing was 

not sufficiently long to give steady state values. As a result, the fitting parameter “a”, from 

the modified JMA equation, produced abnormally high values after fitting. To address this 

issue, an artificial value is used based on general trends seen in other samples. After 

correction, profile fitting showed acceptable values for each fitting parameter.     
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Figure 90 Curve fitting of sample 2 d; annealing of deposited Ni-Ti layers data at 300°C (Green), and 

350°C (Red). The y-axis (1-NII) represents the amorphous volume fraction Af. 
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Figure 91 Curve fitting of sample 4.7 d; annealing of deposited Ni-Ti layers data at 250°C (Blue), 275°C 

(Green), and 300°C (Red). The y-axis (1-NII) represents the amorphous volume fraction Af. 
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Figure 92 Curve fitting of sample 8 d; annealing of deposited Ni-Ti layers data at 275°C (Green), and 

300°C (Red). The y-axis (1-NII) represents the amorphous volume fraction Af. 

 
Table 9 shows values from parameter "a". As described previously, this parameter gives 

the maximum expected amorphous volume fraction (Af) for annealed deposited Ni-Ti 

multilayers. Highlighted values are artificial values (outline previously) used when correct 

fittings could not be generated due to insufficient data, that is, measured data did not going 

to a steady state.  

The general trend shown in Table 9 shows that maximum amorphous volume fraction 

is achieved in smaller layer thicknesses (sample 8 d) at relatively higher annealing 

temperatures (in this case 300°C). For sample 2 d, an abnormally high “a” value of 1 is seen 

at the annealing temperature of 350°C. Indicating that by this fit, amorphization of Ni-Ti 

multilayers in sample 2 d should go all the way to completion if this sample is annealed 

long enough. 
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Table 9 shows values from parameter "a" which gives the maximum expected amorphous volume 

fraction (Af) for annealed deposited Ni-Ti multilayers. This parameter was derived by profile fitting of XRD 

data with the JMA equation. Highlighted values are artificial values used when correct fittings could not be 

generated due to insufficient data (the measured data did not go to a steady state).  

Sample Temp a 
2 d Deposited 350 1 

 
300 0.172578 

4.7 d Deposited 300 0.359884 

 
275 0.167436 

 
250 0.16 

   8 d Deposited 300 0.824623 

 
275 0.8 

    

6.4.3.4 Modeling of Solid State Amorphization in Ni-Ti multilayers Formed by Deposition 
The fitting parameters found in Figure 93 - Figure 95 were used to model 

amorphization for samples 2 d, 4.7 d. and 8 d. The details for the treatment of the 

parameters with respect to time can be found in Appendix B. 

Figure 93 - Figure 95 shows the 3D model plots for 2, 4.7, and 8 d deposited Ni-Ti, 

respectively. The initial temperature for amorphization for 2 d deposited Ni-Ti is shown to 

be approximately 285°C this value is consistent with the raw data seen in Figure 87 which 

shows recovery and recrystallization, not amorphization, to be the dominant process at this 

temperature. The same trend is held for 4.7 and 8 h deposited Ni-Ti. Initial temperatures 

for amorphization are approximately 215°C and 250°C for 4.7 and 8 h deposited Ni-Ti, 

respectively, which is also seen in Figure 88 and Figure 89, respectively. 

 



 125 

 

 
Figure 93 3D plot of sample 2 d (deposited Ni-Ti multilayers). This plot has been generated by modeled 

data and shows the amorphous volume fraction (Af = 1 – NII) as a function of temperature and time 

 
Figure 94 3D plot of sample 4.7 d (deposited Ni-Ti multilayers). This plot has been generated by modeled 

data and shows the amorphous volume fraction (Af = 1 – NII) as a function of temperature and time. 
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Figure 95 3D plot of sample 8 d (deposited Ni-Ti multilayers). This plot has been generated by modeled 

data and shows the amorphous volume fraction (Af = 1 – NII) as a function of temperature and time. 

 
 
 
 

6.4.3.5 Activation Energy 
 Using the data from the established amorphization model, activation energy is calculated 

using the Arrhenius Equation 24. 

𝐴𝑓 = 𝐴0𝑒−𝑄
𝑅𝑇�    (24) 

𝐴𝑓 = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒 

𝐴0 = 𝑃𝑟𝑒 − 𝑒𝑥𝑝𝑜𝑛𝑒𝑛𝑡 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝑄 = 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 

𝑇 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 

𝑅 = 𝐺𝑎𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

To calculate the activation energy it is more convenient to plot the logarithm of the 

amorphous volume fraction (Af) in the form given in Equation 25. As a linear function, the 

gradient of the fitted Arrhenius plot gives the activation energy for the process when Ln 

(Af) is plotted as a function of 1/RT (Equation 25). 
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𝐿𝑛(𝐴𝑓) =  −𝑄(1
𝑅𝑇� ) + 𝐿𝑛(𝐴0)   (25) 

Figure 96 - Figure 98 show the Arrhenius plots for 2, 4.7, and 8 d cryomilled Ni-Ti. 

These plots were generated using the models established in section 7.2.3.3 and represent 

activation energies based on 10 h annealing. Activation energy decreases with increasing 

milling time. The activation energy going from 2 h to 4.7 h is approximately 153.5 kJ/mol 

(300 – 320°C) and 43.5 kJ/mol (250 – 320°C) respectively. However, there is a large 

reduction in activation energy when Ni-Ti is milled for 8 h. In addition, 8 h cryomilled Ni-Ti 

has 2 discrete activation energies, 94 kJ/mol (290 – 320°C) and 142.7 kJ/mol (260 – 

280°C).  The activation energies in all three samples do not appear to a function of milling 

time. This result of varying activation energies is likely to be due to competing processes 

during annealing. (For example: diffusion, recovery, recrystallization, and SSA).   
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Figure 96 Arrhenius plot for the change in amorphous volume fraction (Af) of 2 d deposited Ni-Ti; 

annealing time 10 h 

 
Figure 97 Arrhenius plot for the change in amorphous volume fraction (Af) of 4.7 d deposited Ni-Ti; 

annealing time 10 h 
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Figure 98 Arrhenius plot for the change in amorphous volume fraction (Af) of 8 d deposited Ni-Ti; 

annealing time 10 h 

 
 

6.4.4 Discussion 
X-ray diffraction of multilayered Ni-Ti formed by deposition for 2, 4.7, and 8 h show 

that amorphization is formed during annealing and increases with increasing annealing 

time and temperature. This is consistent with other works which show that the Ni-Ti 

multilayers amorphizes on annealing [21, 22]. Multilayer amorphization benefits from 

increased surfaces. These surfaces provide interfaces by which amorphization occurs. 

Thus, the steady state amorphous volume formed is higher in samples with smaller layer 

thicknesses. 

The modified Johnson-Mehl-Avrami developed in this chapter has adequately shown 

that amorphization benefits from changes in layer thicknesses, annealing temperature and 

annealing time. The JMA model shows that decreasing Ni-Ti layer thickness increases the 

overall steady state amorphous volume fraction as indicated in Table 9. This result is 

consistent with other works which indicate that amorphization in multilayers approaches a 
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maximum. Therefore, an increase in amorphous volume fraction throughout the bulk 

material is expected since smaller layer thicknesses offer more surfaces per unit volume for 

amorphization to take place. 

The activation energies observed in sample 2 d (153.4 kJ/mol) is close to that reported 

by Benedictus et al. (126 +/- 7 kJ/mol) for solid state amorphization in Ni-Ti multilayers 

[21]. In Benedictus;s work, multilayers of Ni (10 nm) and Ti (16 nm )were deposited onto a 

substrate and annealed between 498 and 548 K. These layers are an order of magnitude 

lower that the layers formed in sample 2 d. Despite this large difference in layer thickness, 

activation energy is relatively close to Benedictus’s reported value indicating that 

activation energy in sample 2 d is due to amorphous formation. 

In sample 4.7 d, the measure activation energy is 43.5 kJ/mol. This is lower than the 

reported value given by Benedictus. This difference in activation energy may be the result 

of larger layers providing higher concentration gradients during annealing. In small layers, 

a rapid reduction of the bulk elements occurs during amorphization at the Ni-Ti interface. 

Hence, as layers become thicker they act more like continuous material sources compared 

to small layers where the material source becomes depleted with annealing time.  

Two discrete activation energies are observed in sample 8 d (9.4 and 142.7kJ/mol). 

Examination of the temperature range for the activation energy of 9.4 kJ/mol (290-320°C) 

and XRD data for its respective temperature ranges, indicates that this activation is likely to 

be from the early formation of Ni3Ti or NiTi; also observed in cryomilled Ni-Ti layers 

(Figure 56).  

The higher activation energy of 142.7 kJ/mol is similar to both reported and measured 

values for Ni-Ti amorphization. More work is needed to explain these observations. 

 

6.4.5 Conclusion 
The aim of this chapter is to establish a standard for which multilayers formed by 

cryomilling and deposition are compared. Qualitatively, XRD has shown that annealing of 

Ni-Ti in the temperature range of 250 – 350°C produces amorphous phase and no 

intermetallic phases. During amorphization, Ni is the most reactive element in the 

formation of amorphous. 
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An empirical model has been successfully created based on a modified Johnson-Mehl-

Avrami. This model indicates that a higher annealing temperature is needed to activate 

amorphization in Ni-Ti layers approaching 1 micron in thickness. Also, solid state 

amorphization is shown to have increased steady state amorphous volume fraction as 

deposited layer decreases, and annealing time increases.  

 

 

 

 

 

 

6.5 Comparing Solid State Amorphization between Multilayers formed by 

Cryomilling and Deposition 

 

6.5.1 Introduction 
 

The objective of this chapter is to quantify the differences between cryomilled and 

deposited Ni-Ti SSA through the examination of models developed for multilayers formed 

by cryomilled and multilayers formed by deposited Ni-Ti. 

Cryomilling differs from deposition, in the formation of multilayed Ni-Ti, because it 

introduces solid solution phases, amorphous phases, and increased defect density during 

the formation of lamellar. There is a gap in knowledge concerning the ramifications of 

these effects on SSA in multilayers.  This chapter examines the differences in solid state 

amorphization (SSA) between multilayers formed by deposition and multilayers formed by 

cryomilling. A semi-quantitative analysis of empirically modeled amorphization for each 

process will be compared. Lastly, a comparison of surface area/ volume as a function of 

amorphous volume fraction will be presented.     
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6.5.2 Results 
Table 10 shows the number of layers and the average thickness of Ni-Ti deposited on a 

Ti substrate. The designations of 2, 4.7, and 8 d are used to associate each sample with its 

related cryomilled sample; 2, 4.7, and 8 h respectively. 

 

Table 10 Shows deposition thicknesses and no. Ni and Ti layers formed during e-beam evaporation. 

These samples are designated 2, 4.7, and 8 h since they represent spacing of their respective cryomilled 

counterparts. 

  Ni Ti  
2 d 

  No. of layers 2 2 
Avg. Thickness (µm) 0.6195 0.8617 
  

  4.7 d 
  No. of layers 4 4 

Avg. Thickness (µm) 0.5057 0.4340 
  

  8 d 
  No. of layers 5 5 

Avg. Thickness (µm) 0.0708 0.0668 
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6.5.2.1 Cryomilled vs Deposited Multilayer Solid State Amorphization 

 
Figure 99 3D plot of 2 h cryomilled Ni-Ti. The plot has been  generated by modeled data and shows the 

amorphous volume fraction (Af = 1 – NII) as a function of temperature and time 

 
Figure 100 3D plot of sample 2 d (deposited Ni-Ti multilayers). The plot has been  generated by modeled 

data and shows the amorphous volume fraction (Af = 1 – NII) as a function of temperature and time 
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3D plots of cryomilled and deposited Ni-Ti multilayers showing the amorphous volume 

fraction of as a function of annealing time and temperature are shown in Figure 99 and 

Figure 100. Qualitatively, it is seen that amorphization in cryomilled Ni-Ti begins at 

approximately 225°C and amorphization increases steadily with annealing temperature. A 

steady state in amorphization is seen to occur at approximately 5 h annealing time. In 

contrast, amorphization begins in deposited Ni-Ti at the higher temperature of 

approximately 290°C. A steady state amorphization is seen to occur within 10 h of 

annealing. In general, 2 h cryomilled Ni-Ti yields a higher amorphous volume fraction 

compared to deposited Ti-Ni (sample 2 d). 

Figure 101 and Figure 102 are 3D plots of cryomilled and deposited Ni-Ti multilayers 

showing the amorphous volume fraction of as a function of annealing time and 

temperature. In these samples, it is seen that amorphization in cryomilled Ni-Ti begins at 

approximately 205C and amorphization increases steadily with annealing temperature. 

Steady state in amorphization occurs at approximately 5 h annealing time. In contrast, 

initial amorphization in deposited Ni-Ti occurs at the higher temperature of approximately 

215°C. Steady state amorphization is seen to occur within 10 h of annealing. In general, 2 h 

cryomilled Ni-Ti yields a higher amorphous volume fraction compared to deposited Ti-Ni 

(sample 4.7 d). 

Figure 103 and Figure 104 are 3D plots of cryomilled and deposited Ni-Ti multilayers 

showing the amorphous volume fraction of as a function of annealing time and 

temperature. Amorphization in cryomilled Ni-Ti begins at approximately 225°C and 

increases steadily with annealing temperature. Steady state in amorphization occurs at 

approximately 5 h annealing time. In contrast, initial amorphization in deposited Ni-Ti 

occurs at the higher temperature of approximately 250°C. A steady state amorphization is 

seen to occur within 20 h of annealing; however this trend is not observed at lower 

temperatures where a longer annealing time is needed to achieve steady state in Af. In 

general, 8 h cryomilled Ni-Ti yields similar amorphous volume fraction compared to 

deposited Ti-Ni (sample 8 d). 
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Figure 101 3D plot of 4.7 h cryomilled Ni-Ti. The plot has been  generated by modeled data and shows the 

amorphous volume fraction (Af = 1 – NII) as a function of temperature and time 

 
Figure 102 3D plot of sample 4.7 d ( deposited Ni-Ti multilayers). The plot has been  generated by 

modeled data and shows the amorphous volume fraction (Af = 1 – NII) as a function of temperature and time 
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Figure 103 3D plot of 8 h cryomilled Ni-Ti. The plot has been  generated by modeled data and shows the 

amorphous volume fraction (Af = 1 – NII) as a function of temperature and time 

 
Figure 104 3D plot of sample 8 d (deposited Ni-Ti multilayers). The plot has been  generated by modeled 

data and shows the amorphous volume fraction (Af = 1 – NII) as a function of temperature and time 
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Table 11 shows the calculated maximum steady state amorphous volume fraction for 

cryomilled and deposited Ni-Ti multilayers at particular conditions. These results were 

generated by curve fitting the X-ray diffraction of Ni (111) integrated intensity with the 

Johnson-Mehl-Avrami equation described in section 7.2.3.3 and 7.3.3.4. In this case, the Ni 

(111) integrated intensity has been normalized with as deposited or as milled Ni (for 

respective samples). The assumption made is that reductions in the Ni integrated intensity 

are directly related to the amorphous volume fraction (Af).  

Comparing deposited to cryomilled multilayers in this table it is seen that the 

differences in maximum Af is most times at least 1.5 times greater with cryomilled 

multilayers producing greater amorphous phase at various annealing conditions. For 

example at the annealing temperature of 275°C for 4.7 h cryomilled and deposited 

multilayers, the maximum Af is 0.569 for cryomilled multilayers compared to 0.167 for 

deposited multilayers of similar thickness.  The exception to these observations is in 8 h 

cryomilled and its corresponding deposited multilayers. Here both cryomilled and 

deposited multilayers form similar maximum Af at given temperatures.  

 
Table 11 Calculated maximum steady state amorphous volume fraction for cryomilled and deposited Ni-

Ti multilayers at particular conditions. 

Sample Temp(°C) Af Sample Temp(°C) Af 
2 h Cryomilled 300 0.511 2 d Deposited 350 1 

  275 0.605   300 0.173 
  250 0.452   

 
  

  
 

    
 

  
4.7 h 

Cryomilled 300 0.688 4.7 d Deposited 300 0.360 
  275 0.569   275 0.167 
  250 0.4   250 0.16 
  

 
    

 
  

8 h Cryomilled 300 0.839 8 d Deposited 300 0.825 
  275 0.809   275 0.8 
  250 0.743       
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6.5.2.2 Amorphous Volume Fraction vs Surface Area 
The Plot of Amorphous volume fraction vs Surface area per volume for deposited and 

cryomilled multilayers in the annealing temperature range of 250 - 300°C is shown in 

Figure 105. Surface area measurement reflects the surface area created by multilayers for a 

given layer thickness (for cryomilled layers this is effectively a change in milling time). Blue 

markers in this plot are from cryomilled multilayers (modeling data) while red markers 

are from deposited multilayers (modeling data). In general, there is a trend of increasing 

amorphous volume fraction with increasing surface area. From this plot it can be concluded 

that a higher amorphous volume fraction is obtained through multilayers formed by 

cryomilling than multilayers formed by deposition. 

 

 
Figure 105 Plot of amorphous volume fraction vs Surface area per volume for deposited and cryomilled 

multilayers in the annealing temperature range of 250 - 300°C. 
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Table 12 shows the activation energies for cryomilled and deposited multilayers at 10 h 

annealing. Overall, the activation energy for multilayers formed by cryomilling Ni-Ti is 

lower than those of deposited Ni-Ti multilayers. In both cryomilled Ni-Ti multilayers and 

deposited Ni-Ti multilayers, two activations energies are observed. The lower activation 

energies in 8 h cryomilled (6.9 kJ/mol) and 8 d deposited (9.4 kJ/mol) are believed to be 

the activation energies associated with intermetallic formation. 

 
Table 12 Comparison of activation energies for solid state amorphization in multilayers formed by 

cryomilling and deposition at 10 h annealing. 

Sample 
Activation 

Energy (kJ/mol) Sample 
Activation 

Energy (kJ/mol) 

2 h Cryomilled 
 

2 d Deposited 
 

250-320°C 41.4 300-320°C 153.4 

4.7 h Cryomilled 
 

4.7 d Deposited 
 

250-320°C 38.7 250-320°C 43.5 

8 h Cryomilled 
 

8 d Deposited 
 

250-270°C 21.7 260-280°C 142 

280-320°C 6.9 290-320°C 9.4 
 

6.5.3 Discussion 
The overall trend identified in this chapter is for superior amorphization in Ni-Ti 

formed by cryomilling. This suggests that effects formed during cryomilling, such as 

increased: defect density, solid solution limits, alloying, and amorphous phase, does indeed 

impact positively on solid state amorphization; at least in the earlier stages of cryomilling 

(2 and 4.7 h milling). However, amorphous volume fraction is seen to be almost equal in 

both cryomilled and deposited Ni-Ti multilayers at 8 h cryomilling. It is expected that 

amorphization should be consistently higher, even at higher milling times, based on 

cryomilling at 2 and 4.7 h. As a result, one may rule out increased defect density (as this 

will serve to increase the free energy of crystalline phases and create a larger driving force 
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for SSA). Critical solid solution limits have also closely related to amorphization (see 

section 2.3.2.1). In SSA by mechanical alloying, increased solubility is a noted feature of 

increased milling time. Prior to amorphization, a maximum solubility is reached during MA 

and further MA leads the formation of amorphous. Hence, the presence of increased defect 

density and solid solution limits are like to impact positively on amorphization in 

cryomilled Ni-Ti multilayers.    

One may speculate on the effects of alloying and the presence of amorphous phase after 

cryomilling. SSA relies on the kinetic attributes of a system; such effects may impact 

negatively on SSA by decreasing the driving force for diffusion. In contrast, sample 8 d 

benefits from having higher concentration gradients since its layers are not alloyed like 

those seen in cryomilled Ni-Ti multilayers. Therefore the combination of processes seen in 

cryomilled samples may bring the amorphization rate close that seen in deposited layers. 

Nevertheless, cryomilled Ni-Ti multilayers still offer the advantage of a lower initial 

amorphization temperature and a higher amorphization rate compared to deposited Ni-Ti 

layers. From a processing aspect, these features are quite advantageous.  

 

6.5.4 Conclusion 
Overall, there is substantial evidence to show that cryomilling, as a technique for the 

formation of Ni-Ti multilayers, impacts positively on solid state amorphization process. 

Despite the formation of amorphous during the cryomilling process, SSA benefits from 

higher amorphous phase formed, lower initial amorphization annealing temperatures, and 

higher amorphization rates. The presence of increased defect density and solid solution 

phases is likely to be the reasons for enhanced solid state amorphization in cryomilled Ni-

Ti multilayers.  
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7. Summary 
 

3D reconstruction is an effective tool in characterizing the microstructure of cryomilled 

Ni-Ti provided that the appropriate magnification used is consistent with the scale of the 

features to be observed. Despite being randomly oriented, lamellar structure is seen to be 

fairly uniform if the volume of the cryomilled Ni-Ti multilayers is oriented appropriately. 

Layer thicknesses decrease as a function of increased cryomilling time.  Thus, surface area 

increases with increased cryomilling time and coincides with decreased lamellar spacing. A 

more homogeneous distribution of multilayers throughout the particle volume is observed 

with increased milling time. 

An empirical model has been successfully created based on a modified Johnson-Mehl-

Avrami. This model has been formulated based on XRD analysis of Ni (111) integrated 

intensity.  This model predicts the volume fraction of amorphous phase produced as a 

function of annealing temperature and time for deposited and cryomilled Ni-Ti given a 

particular surface area. Future work may allow the model to include surface area as part of 

the amorphization function. 

Overall, there is substantial evidence to show that cryomilling, as a technique for the 

formation of Ni-Ti multilayers, impacts positively on solid state amorphization process. 

Despite the formation of amorphous during the cryomilling process, SSA benefits from 

higher amorphous phase formed, lower initial amorphization annealing temperatures, and 

higher amorphization rates. Therefore, the addition of defects in multilayers enhances the 

solid state amorphization reaction.    
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8. Future Work 
 

Several improvements/refinements should be done to improve the accuracy of this 

work. The work presented in this thesis represents a stepping stone for further 

development in quantification of solid state amorphization in Ni-Ti. 

Serial reconstruction of nano-layers of Ni-Ti should be done at higher magnification. 

This will allow the selection of Ni-Ti phases to be more accurately selected. Multiple 

reconstructions should also be carried out to establish a statistically robust representation 

of cryomilled Ni-Ti. 

Repeated XRD measurements will improve the accuracy of results. This will confirm 

whether there is significance to the scattered behavior observed in the Ni integrated 

intensity analysis. Furthermore, annealing times during in situ XRD analysis should be 

increased to 50 h to allow for a steady state condition to be present in all samples. This will 

assist in more accurate data fitting. XRD data collected during in situ annealing can be 

expanded to include the measurement of crystallite size and solubility peak shifts in both 

Ni and Ti. This will give a more complete picture of the amorphization process. 

A detailed TEM analysis should be done to identify areas of crystalline, amorphous, and 

precipitates. Compositional analysis corresponding to the location of these phases should 

give more insight to the process. 

The amorphization model developed in this work can be improved in the following 

ways: 

1. The current model does not take in to account amorphous phase formed during 

cryomilling. 

2. Intermetallics formed during annealing should be included in the modeling 

parameters 

3. A relation should be made between surface area to amorphization. 

Addressing these issues will allow the model presented here to be more comprehensive. 

Furthermore, it will provide valuable information for the processing of bulk amorphous Ni-

Ti. Lastly, the Ni-Ti system is not the only binary system in which sold state amorphization 

can occur. Ni-Zr, Cu-Zr, and Cu-Y are systems in which solid state amorphization has been 
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predicted and reported [20]. Therefore, this model has potential applications in these 

systems and hence, the formation of bulk amorphous in each.  
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9.   Appendix A 
 

 

The Miedema and De chattel model: 

 

∆HsolAinB  -P(∆*)2 + Q(∆nws1/3)2 

 

∆Hƒ(AxB1-x) = xA ƒBA∆HsolAinB 

 

 

A B CSA FAB Hamp Hfor 

0 1 0.000 1.000 -33.554 0 

0.1 0.9 0.132 0.868 -33.554 

-

14.0375 

0.2 0.8 0.255 0.745 -33.554 

-

24.0973 

0.3 0.7 0.370 0.630 -33.554 

-

30.5761 

0.4 0.6 0.477 0.523 -33.554 

-

33.8197 

0.5 0.5 0.578 0.422 -33.554 

-

34.1306 

0.6 0.4 0.673 0.327 -33.554 

-

31.7748 

0.7 0.3 0.762 0.238 -33.554 -26.987 

0.8 0.2 0.846 0.154 -33.554 

-

19.9754 

0.9 0.1 0.925 0.075 -33.554 

-

10.9247 

1 0 1.000 0.000 -33.554 0 
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10.  Appendix B 
 

11.1 Data fitting 

Data fitting of the integrated intensity of the Ni (111) peak was done by using 

Mathematica. The first step is the entering of data (temperature, annealing time, and 

integrated intensity). Plots are then made of this data. Based on the JMA equation, entered 

data is then fitted from which that parameters for the JMA equation are calculated. Anova 

tables have also been calculated to give the variance between raw data and the fitted 

calculation. The following pages show the programming code and data obtained. 

 
 
2 h Cryomilled 
a300 = {{0.001, 0},  {1, 1-0.676298464}, {2, 1-0.672275055}, {3, 1-0.684040478}, {4, 1-
0.619818337}, {5, 1-0.623293099}, {7, 1-0.592355523},{10, 1-0.581352109}, {15, 1-
0.550445013}, {20, 1-0.525451109}, {50, 1-0.506187515}}; 
 
 
 
a275 = { {0.001, 0}, {1, 1-0.83595996}, {2, 1-0.827993488}, {3, 1-0.777146618}, {4, 1-
0.793495203}, {5, 1-0.78050639}, {7, 1-0.762287416},{10, 1-0.762772332}, {15, 1-
0.745696374}, {20, 1-0.703647258}, {50, 1-0.638841744}}; 
 
 
 
 
 
a250 = {{0.001, 0}, {1, 1-0.794271284}, {2, 1-0.87349085}, {3, 1-0.847026672}, {4, 1-
0.849344449}, {5, 1-0.867436953}, {7, 1-0.834642128},{10, 1-0.790362196}, {15, 1-
0.839554433}, {20, 1-0.756667935}, {20, 1-0.755630124}}; 
 
 
 
gg = ListPlot[a300, AxesOrigin{0,0}, PlotStyleRed] 
kk = NonlinearModelFit[ a300, a - a Exp[-b x^f],{a, b, f},x, MaxIterations100000] 
kk[{"ANOVATable","EstimatedVariance","MeanPredictionConfidenceIntervalTable" }] 
tt = Plot[kk[x], {x, 0, 50}, AxesOrigin{0,0}, PlotStyleRed] 
FindFit[a300, a - a Exp[-b x^f],{a, b, f}, x] 
Show[gg, tt] 
 
aa = ListPlot[a275, AxesOrigin{0,0}, PlotStyleGreen] 



 150 

cc = NonlinearModelFit[ a275,a - a Exp[-b x^f],{a, b, f},x, MaxIterations100000] 
cc[{"ANOVATable","EstimatedVariance" }] 
oo = Plot[cc[x], {x, 0, 50}, AxesOrigin{0,0}, PlotStyleGreen] 
FindFit[a275, a - a Exp[-b x^f],{a, b, f}, x] 
Show[aa, oo] 
 
yy = ListPlot[a250, AxesOrigin{0,0}, PlotStyleBlue] 
rr = NonlinearModelFit[ a250, a - a Exp[-b x^f],{a,b, f},x, MaxIterations100000] 
rr[{"ANOVATable","EstimatedVariance" }] 
bb = Plot[rr[x], {x, 0, 50}, AxesOrigin{0,0}, PlotStyleBlue] 
FindFit[a250, a - a Exp[-b x^f],{a, b, f}, x] 
Show[yy, bb] 
Show[gg,aa, yy, tt, oo, bb, AxesLabel{ Time  (h), 1-NII}] 
 
 

 

FittedModel[ ] 
{{ 
  {, DF, SS, MS}, 
  {Model, 3, 1.60621, 0.535403}, 
  {Error, 8, 0.00484244, 0.000605305}, 
  {Uncorrected Total, 11, 1.61105, }, 

10 20 30 40 50

0.1

0.2

0.3

0.4

0.5

0.5113090.511309191



 151 

  {Corrected Total, 10, 0.179336, } 
 },0.000605305,{ 
  {Observed, Predicted, Standard Error, Confidence Interval}, 
  {0, 0.0322725, 0.0174043, {-0.0078618,0.0724068}}, 
  {0.323702, 0.27957, 0.015553, {0.243705,0.315435}}, 
  {0.327725, 0.326311, 0.0113138, {0.300221,0.3524}}, 
  {0.31596, 0.353732, 0.00999562, {0.330682,0.376782}}, 
  {0.380182, 0.372797, 0.0096471, {0.350551,0.395043}}, 
  {0.376707, 0.387186, 0.0096019, {0.365044,0.409328}}, 
  {0.407644, 0.407948, 0.00968728, {0.385609,0.430287}}, 
  {0.418648, 0.428355, 0.00983946, {0.405665,0.451045}}, 
  {0.449555, 0.449051, 0.0103919, {0.425087,0.473015}}, 
  {0.474549, 0.461877, 0.0114995, {0.43536,0.488395}}, 
  {0.493812, 0.491553, 0.0206651, {0.443899,0.539207}} 
 }} 

 
{a0.511309,b0.791362,f0.361382} 

10 20 30 40 50

0.1

0.2

0.3

0.4

0.5
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FittedModel[ ] 
{{ 
  {, DF, SS, MS}, 
  {Model, 3, 0.590133, 0.196711}, 
  {Error, 8, 0.00256292, 0.000320365}, 
  {Uncorrected Total, 11, 0.592695, }, 
  {Corrected Total, 10, 0.0813556, } 
 },0.000320365} 

 
{a0.6051,b0.285611,f0.28202} 

0.60510.6051191
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FittedModel[ ] 
{{ 
  {, DF, SS, MS}, 
  {Model, 3, 0.324694, 0.108231}, 
  {Error, 8, 0.0132665, 0.00165831}, 
  {Uncorrected Total, 11, 0.337961, }, 
  {Corrected Total, 10, 0.0461669, } 
 },0.00165831} 

 
{a0.451981,b0.325815,f0.23306} 

0.4519810.451981191
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4.7 h Cryomilled 
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a300 = {{0.001, 0}, {1, 1-0.541735655}, {2, 1-0.513045961}, {3, 1-0.498743934}, {4, 1-
0.418983728}, {5, 1-0.408050243}, {7, 1-0.374050814},{10, 1-0.361547245}, {15, 1-
0.337453611}, {20, 1-0.350185555}, {50, 1-0.302540679}}; 
 
 
a275 = {{0.001, 0}, {1, 1-0.814067684}, {2, 1-0.778832117}, {3, 1-0.744392833}, {4, 1-
0.709024552}, {5, 1-0.713005972}, {7, 1-0.738951559},{10, 1-0.648971466}, {15, 1-
0.610749834}, {20, 1-0.556071666}, {50, 1-0.530922362}}; 
 
 
a250 = {{0.001, 0}, {1, 1-0.824646506}, {2, 1-0.773712457}, {3, 1-0.74527815}, {4, 1-
0.82237589}, {5, 1-0.756631231}, {7, 1-0.768448756},{10, 1-0.745639385}, {15, 1-
0.675663123}, {20, 1-0.598152544}}; 
 
gg = ListPlot[a300, AxesOrigin{0,0}, PlotStyleRed] 
kk = NonlinearModelFit[ a300, a - a Exp[-b x^f],{a, b, f},x, MaxIterations100000] 
kk[{"ANOVATable","EstimatedVariance" }] 
tt = Plot[kk[x], {x, 0, 50}, AxesOrigin{0,0}, PlotStyleRed] 
FindFit[a300, a - a Exp[-b x^f],{a, b, f}, x] 
Show[gg, tt] 
 
aa = ListPlot[a275, AxesOrigin{0,0}, PlotStyleGreen] 
cc = NonlinearModelFit[ a275,a - a Exp[-b x^f],{a, b, f},x, MaxIterations100000] 
cc[{"ANOVATable","EstimatedVariance" }] 
oo = Plot[cc[x], {x, 0, 50}, AxesOrigin{0,0}, PlotStyleGreen] 
FindFit[a275, a - a Exp[-b x^f],{a, b, f}, x] 
Show[aa, oo] 
 
yy = ListPlot[a250, AxesOrigin{0,0}, PlotStyleBlue] 
rr = NonlinearModelFit[ a250, .4 - .4 Exp[-b x^f],{ b, f},x, MaxIterations100000] 
rr[{"ANOVATable","EstimatedVariance" }] 
bb = Plot[rr[x], {x, 0, 50}, AxesOrigin{0,0}, PlotStyleBlue] 
FindFit[a250, .4 - .4 Exp[-b x^f],{ b, f}, x] 
Show[yy, bb] 
Show[gg,aa, yy, tt, oo, bb, AxesLabel{ Time  (h), 1-NII}] 
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FittedModel[ ] 
{{ 
  {, DF, SS, MS}, 
  {Model, 3, 3.52872, 1.17624}, 
  {Error, 8, 0.00476347, 0.000595433}, 
  {Uncorrected Total, 11, 3.53348, }, 
  {Corrected Total, 10, 0.375732, } 
 },0.000595433} 
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{a0.6881,b0.953277,f0.4404} 
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FittedModel[ ] 
{{ 
  {, DF, SS, MS}, 
  {Model, 3, 1.0705, 0.356832}, 
  {Error, 8, 0.00534703, 0.000668379}, 
  {Uncorrected Total, 11, 1.07584, }, 
  {Corrected Total, 10, 0.170925, } 
 },0.000668379} 
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{a0.568707,b0.36756,f0.414221} 
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FittedModel[ ] 
{{ 
  {, DF, SS, MS}, 
  {Model, 2, 0.608306, 0.304153}, 
  {Error, 8, 0.0143021, 0.00178776}, 
  {Uncorrected Total, 10, 0.622608, }, 
  {Corrected Total, 9, 0.0984489, } 
 },0.00178776} 
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8 h Cryomilled 
a300 = {{0.001, 0},  {1, 1-0.284640469}, {2, 1-0.209943072}, {3, 1-0.243022163}, {4, 1-
0.244652628}, {5, 1-0.23077986}, {7, 1-0.161581827},{10, 1-0.14024761}, {15, 1-
0.109241143}, {20, 1-0.140496325}, {50, 1-0.183358205}}; 
 
a275 = {{0.001, 0},  {1, 1-0.658091787}, {2, 1-0.543816425}, {3, 1-0.450096618}, {4, 1-
0.24826087}, {5, 1-0.302705314}, {7, 1-0.219178744},{10, 1-0.27205314}, {15, 1-
0.171545894}, {20, 1-0.182874396}, {50, 1-0.187318841}}; 
 
 
a250 = {{0.001, 0}, {1, 1-0.615171756}, {2, 1-0.553912214}, {3, 1-0.465839695}, {4, 1-
0.470133588}, {5, 1-0.374650127}, {7, 1-0.440458015},{10, 1-0.345356234}, {15, 1-
0.281265903}, {20, 1-0.31071883}}; 
 
gg = ListPlot[a300, AxesOrigin{0,0}, PlotStyleRed] 
kk = NonlinearModelFit[ a300, a - a Exp[-b x^f],{a, b, f},x, MaxIterations100000] 
kk[{"ANOVATable","EstimatedVariance" }] 
tt = Plot[kk[x], {x, 0, 50}, AxesOrigin{0,0}, PlotStyleRed] 
FindFit[a300, a - a Exp[-b x^f],{a, b, f}, x] 
Show[gg, tt] 
 
aa = ListPlot[a275, AxesOrigin{0,0}, PlotStyleGreen] 
cc = NonlinearModelFit[ a275,a - a Exp[-b x^f],{a, b, f},x, MaxIterations100000] 
cc[{"ANOVATable","EstimatedVariance" }] 
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oo = Plot[cc[x], {x, 0, 50}, AxesOrigin{0,0}, PlotStyleGreen] 
FindFit[a275, a - a Exp[-b x^f],{a, b, f}, x] 
Show[aa, oo] 
 
yy = ListPlot[a250, AxesOrigin{0,0}, PlotStyleBlue] 
rr = NonlinearModelFit[ a250, a - a Exp[-b x^f],{a,b, f},x, MaxIterations100000] 
rr[{"ANOVATable","EstimatedVariance" }] 
bb = Plot[rr[x], {x, 0, 50}, AxesOrigin{0,0}, PlotStyleBlue] 
FindFit[a250, a - a Exp[-b x^f],{a, b, f}, x] 
Show[yy, bb] 
Show[gg,aa, yy, tt, oo, bb, AxesLabel{ Time  (h), 1-NII}] 
 
 

 

FittedModel[ ] 
{{ 
  {, DF, SS, MS}, 
  {Model, 3, 6.49736, 2.16579}, 
  {Error, 8, 0.0150525, 0.00188156}, 
  {Uncorrected Total, 11, 6.51241, }, 
  {Corrected Total, 10, 0.618297, } 
 },0.00188156} 
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FittedModel[ ] 
{{ 
  {, DF, SS, MS}, 
  {Model, 3, 4.81615, 1.60538}, 
  {Error, 8, 0.0166502, 0.00208127}, 
  {Uncorrected Total, 11, 4.8328, }, 
  {Corrected Total, 10, 0.673483, } 
 },0.00208127} 
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{a0.809392,b0.498953,f0.895803} 
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FittedModel[ ] 
{{ 
  {, DF, SS, MS}, 
  {Model, 3, 3.02921, 1.00974}, 
  {Error, 7, 0.00836043, 0.00119435}, 
  {Uncorrected Total, 10, 3.03757, }, 
  {Corrected Total, 9, 0.393044, } 
 },0.00119435} 
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{a0.742872,b0.69842,f0.479343} 
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2 d Deposited 
a350 = {{0.001, 0}, {1, 1-0.84722258}, {2, 1-0.834744127}, {3, 1-0.855751666}, {4, 1-
0.834949958}, {5, 1-0.826150719}, {7, 1-0.807124296},{10, 1-0.766408521}, {15, 1-
0.735341035}, {20, 1-0.701700672}}; 
 
 
 
a300 = {{0.001, 0}, {1, 1-0.849893286}, {2, 1-0.84399342}, {3, 1-0.846385993}, {4, 1-
0.827313386}, {5, 1-0.824594554}, {7, 1-0.845991762},{10, 1-0.831813053}, {15, 1-
0.818069357}, {20, 1-0.817661533}}; 
 
 
gg = ListPlot[a350, AxesOrigin{0,0}, PlotStyleRed] 
kk = NonlinearModelFit[ a350, 1 -   Exp[-b x^f],{b, f},x, MaxIterations100000] 
kk[{"ANOVATable","EstimatedVariance" }] 
tt = Plot[kk[x], {x, 0, 20}, AxesOrigin{0,0}, PlotStyleRed] 
FindFit[a350, 1 -  Exp[-b x^f],{ b, f}, x] 
Show[gg, tt] 
 
aa = ListPlot[a300, AxesOrigin{0,0}, PlotStyleGreen] 
cc = NonlinearModelFit[ a300,a - a  Exp[-b x^f],{a, b, f},x, MaxIterations100000] 
cc[{"ANOVATable","EstimatedVariance" }] 
oo = Plot[cc[x], {x, 0, 20}, AxesOrigin{0,0}, PlotStyleGreen] 
FindFit[a300, a - a Exp[-b x^f],{a, b, f}, x] 
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Show[aa, oo] 
 
Show[gg,aa, tt, oo, AxesLabel{ Time  (h), 1-NII}] 
 

 

FittedModel[ ] 
{{ 
  {, DF, SS, MS}, 
  {Model, 2, 0.376501, 0.18825}, 
  {Error, 8, 0.00321506, 0.000401882}, 
  {Uncorrected Total, 10, 0.379716, }, 
  {Corrected Total, 9, 0.0590889, } 
 },0.000401882} 
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FittedModel[ ] 
{{ 
  {, DF, SS, MS}, 
  {Model, 3, 0.248601, 0.0828669}, 
  {Error, 7, 0.000805937, 0.000115134}, 
  {Uncorrected Total, 10, 0.249407, }, 
  {Corrected Total, 9, 0.0261182, } 
 },0.000115134} 
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4.7 d Deposited 
a300 = {{0.001, 0}, {1, 1-0.783711658}, {2, 1-0.750031644}, {3, 1-0.727711911}, {4, 1-
0.711594447}, {5, 1-0.697428379}, {7, 1-0.680519809},{10, 1-0.658400489}, {15, 1-
0.645647863}, {20, 1-0.65740897}}; 
 
 
a275 = {{0.001, 0}, {1, 1-0.870567318}, {2, 1-0.86088703}, {3, 1-0.850493343}, {4, 1-
0.849340928}, {5, 1-0.842404487}, {7, 1-0.827148705},{10, 1-0.819169603}, {15, 1-
0.84106549}, {20, 1-0.837816777}}; 
 
a250 = {{0.001, 0}, {1, 1-0.92978796}, {2, 1-0.926551101}, {3, 1-0.917675024}, {4, 1-
0.92264411}, {5, 1-0.909077116}, {7, 1-0.890793916},{10, 1-0.874470533}, {15, 1-
0.853418301}, {20, 1-0.838903008}}; 
 
 
 
 
gg = ListPlot[a300, AxesOrigin{0,0}, PlotStyleRed] 
kk = NonlinearModelFit[ a300, a - a Exp[-b x^f],{a,b, f},x, MaxIterations100000] 
kk[{"ANOVATable","EstimatedVariance" }] 
tt = Plot[kk[x], {x, 0, 20}, AxesOrigin{0,0}, PlotStyleRed] 
FindFit[a300, a - a Exp[-b x^f],{a,b, f}, x] 
Show[gg, tt] 
 
aa = ListPlot[a275, AxesOrigin{0,0}, PlotStyleGreen] 
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cc = NonlinearModelFit[ a275,a - a Exp[-b x^f],{a,b, f},x, MaxIterations100000] 
cc[{"ANOVATable","EstimatedVariance" }] 
oo = Plot[cc[x], {x, 0, 20}, AxesOrigin{0,0}, PlotStyleGreen] 
FindFit[a275, a - a Exp[-b x^f],{a,b, f}, x] 
Show[aa, oo] 
 
yy = ListPlot[a250, AxesOrigin{0,0}, PlotStyleBlue] 
rr = NonlinearModelFit[ a250, .16 - .16 Exp[-b x^f],{ b, f},x, MaxIterations100000] 
rr[{"ANOVATable","EstimatedVariance" }] 
bb = Plot[rr[x], {x, 0, 20}, AxesOrigin{0,0}, PlotStyleBlue] 
FindFit[a250, .16 -.16 Exp[-b x^f],{ b, f}, x] 
Show[yy, bb] 
Show[gg,aa, yy, tt, oo, bb, AxesLabel{ Time  (h), 1-NII}] 

 

FittedModel[ ] 
{{ 
  {, DF, SS, MS}, 
  {Model, 3, 0.819373, 0.273124}, 
  {Error, 7, 0.000451426, 0.0000644895}, 
  {Uncorrected Total, 10, 0.819825, }, 
  {Corrected Total, 9, 0.0975351, } 
 },0.0000644895} 
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FittedModel[ ] 
{{ 
  {, DF, SS, MS}, 
  {Model, 3, 0.219588, 0.0731961}, 
  {Error, 7, 0.000544414, 0.0000777734}, 
  {Uncorrected Total, 10, 0.220133, }, 
  {Corrected Total, 9, 0.0238229, } 
 },0.0000777734} 
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{a0.167436,b1.33087,f0.540415} 
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FittedModel[ ] 
{{ 
  {, DF, SS, MS}, 
  {Model, 2, 0.105321, 0.0526606}, 
  {Error, 8, 0.00115366, 0.000144208}, 
  {Uncorrected Total, 10, 0.106475, }, 
  {Corrected Total, 9, 0.0187381, } 
 },0.000144208} 
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{b0.382233,f0.604559} 
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8 d Deposited 
 
 
a300 = {{0.001, 0}, {1, 1-0.865084284}, {2, 1-0.726558627}, {3, 1-0.557030863}, {4, 1-
0.466240084}, {5, 1-0.29090233}, {7, 1-0.291413609},{10, 1-0.153972484}, {15, 1-
0.189080317}, {20, 1-0.175012395}}; 
a275 = {{0.001, 0}, {1, 1-0.96606808}, {2, 1-0.781275542}, {3, 1-0.765914227}, {4, 1-
0.744735324}, {5, 1-0.724193471}, {7, 1-0.637206116},{10, 1-0.497367662}, {15, 1-
0.306469061}, {20, 1-0.16646233}}; 
a250 = {{0.001, 0}, {1, 1-1.064412238}, {2, 1-1.049907557}, {3, 1-1.043669112}, {4, 1-
1.023916026}, {5, 1-1.018357488}, {7, 1-1.027172422},{10, 1-0.991578696}, {15, 1-
0.930005368}, {20, 1-0.871008529}}; 
 
gg = ListPlot[a300, AxesOrigin{0,0}, PlotStyleRed] 
kk = NonlinearModelFit[ a300, a - a Exp[-b x^f],{a, b, f},x, MaxIterations100000] 
kk[{"ANOVATable","EstimatedVariance" }] 
tt = Plot[kk[x], {x, 0, 50}, AxesOrigin{0,0}, PlotStyleRed] 
FindFit[a300, a - a Exp[-b x^f],{a, b, f}, x] 
Show[gg, tt] 
 
aa = ListPlot[a275, AxesOrigin{0,0}, PlotStyleGreen] 
cc = NonlinearModelFit[ a275,0.8 - 0.8  Exp[-b x^f],{b, f},x, MaxIterations100000] 
cc[{"ANOVATable","EstimatedVariance" }] 
oo = Plot[cc[x], {x, 0, 50}, AxesOrigin{0,0}, PlotStyleGreen] 
FindFit[a275, .8 -  0.8 Exp[-b x^f],{b, f}, x] 
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Show[aa, oo] 
 
Show[gg,aa, tt, oo, AxesLabel{ Time  (h), 1-NII}] 
 

 

FittedModel[ ] 
{{ 
  {, DF, SS, MS}, 
  {Model, 3, 3.62481, 1.20827}, 
  {Error, 7, 0.00815648, 0.00116521}, 
  {Uncorrected Total, 10, 3.63297, }, 
  {Corrected Total, 9, 0.840155, } 
 },0.00116521} 
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{a0.824623,b0.159799,f1.41857} 
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FittedModel[ ] 
{{ 
  {, DF, SS, MS}, 
  {Model, 2, 1.77803, 0.889014}, 
  {Error, 8, 0.0270173, 0.00337716}, 
  {Uncorrected Total, 10, 1.80505, }, 
  {Corrected Total, 9, 0.642026, } 
 },0.00337716} 

5 10 15 20

0.2

0.4

0.6

0.8

0.80.80.07288811



 187 

 
{b0.0728881,f1.19236} 
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11.2 Fitting Constants (a, b, and f) as functions of Temperature 
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8 h Cryomilled 

 
2 d Deposited 
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4.7 d Deposited 

 
 
8 d Deposited 

 
 
Table showing the fitting parameters a, b, and f as functions of temperature. 
Sample a(T) b(T) f(T) 
2 h Cryomilled 0.0165(T) - 4.792  11.505-0.0325(T)  1.7939-0.0042(T) 

4.7 h Cryomilled 
0.0058(T) - 
1.0323 0.0091(T) - 1.8892 

0.0004(T) + 
0.3228 

8 h Cryomilled 0.0019(T) + 0.27 0.0196(T) - 4.4276 
0.0005(T) + 
0.4783 

2 d Deposited 0.0165(T) - 4.792  11.505-0.0325(T) 1.7939-0.0042(T) 

4.7 d Deposited 0.004(T) - 0.8703 0.0095(T) - 1.7568 
  1.1828-
0.0023(T) 

8 d Deposited 0.001(T) + 0.0035(T) - 0.8831 0.009(T) - 1.2959 
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0.5291 
 
 
 

11.  Appendix C 

12.1 Cryomilling and Deposited Spacing Analysis 

 
Multilayer thicknesses for Ni and Ti were done using SEM images. SEM images were 

imported into ImageJ and calibrated for pixel size (pixels/ known unit). A line profile 

measuring gray value was then taken on the SEM image in a location featuring 

homogeneous lamellar structure; the line measurement was made normal to the lamella 

structure. Gray values at their respective distance were imported into Microsoft Excel. In 

excel, a calculation of the average gray value was made. From this value, cells were defined 

to register a maximum value for gray values above the average and a low value for gray 

values below the average. After separation, maximum and minimum gray values are 

summed and an average. In this work maximum values represent Ni and minimum values 

represent Ti. The table below shows a section of such a spacing analysis. The plot below 

shows the raw gray values taken from the SEM image in blue and the generated values in 

red.   

 

 

 

 

 

 
Distance um Gray Value Gray Value Test 

Light or 
Dark Test Light Test 

Dark 
Test 

Light 
meas 

Dark 
meas Avg Min Max 

0 177.6666718 187.203064 1 0 0 0 0 156.7411121 121.4980469 187.2031 

0.042857144 187.203064 187.203064 1 0.042857 0 0 0 
   

0.085714288 185.9845581 187.203064 1 0.085714 0 0 0 Count Phases 
  

0.128571436 184.9379425 187.203064 1 0.128571 0 0 0 14 13 
 

0.171428576 181.4405365 187.203064 1 0.171429 0 0 0 
Avg Phase dist (Ni) 

um Ti (um) 
 

0.214285716 181.939621 187.203064 1 0.214286 0 0 0 0.529591851 0.372527482 
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 2 h Cryomilled  
 Ni (um) Ti (um) 
a1 0.740703 0.579095 
a2 0.885736 0.559412 
a3 0.590632 0.406786 
a4 0.332148 0.420418 
a5 0.766046 0.54489 
   
Average 0.663053 0.50212 
 
 
 
 4.7 h Cryomilled   
 Ni (um) Ti (um) 
a1 0.373151133 0.301726552 
a2 0.529591851 0.372527482 
a3 0.590764341 0.512738862 
a4 0.392135189 0.319815174 
a5 0.526379599 0.430927814 
a6 0.499006959 0.440251579 

50

70
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110

130

150
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190

210

0 100 200 300 400 500 600 700 800

Ti-Ni 4.7 Cryo Spacing Analysis A1

Region 1

separation
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a7 0.744524693 0.546341861 
Average 0.522221966 0.417761332 
 
 
 
 8 h Cryomilled   
 Ni (um) Ti (um) 
a1 0.044503783 0.042834891 
a2 0.058057208 0.05239309 
a3 0.054887999 0.046728972  
Average  0.052482996 0.047318984 
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