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Niven Monsegue 
 

(ABSTRACT) 
 

 

 

The mechanical alloying (MA) process and hot isostatic pressing (HIP) were used to 

synthesize bulk amorphous Ni-Ti alloy as an alternative to the traditional methods of 

casting multi-component metallic alloys. Samples milled cryogenically for 10 hours 

provided a homogeneous lamella structure with spacing of 30-110 nm. X-ray diffraction 

and transmission electron microscopy studies indicated that there were alloying and 

amorphous phase within the layers of the MA powder prior to annealing or HIPing. The 

amount of amorphous phase increased with time when the milled powder was annealed at 

a constant temperature and with temperature when annealing time was held constant. The 

microhardness of the powder correspondingly increased with the amount of amorphous 

formed in the powders. The HIPing of the MA powder produced a close to 100% 

amorphous compact with some dispersion of nanocrystals in the amorphous matrix. 

However, densification was not achieved. 
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Chapter 1 – Introduction 
 
 

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

arrangements. Some amorphous metals offer superior tensile strengths and corrosion 

resistance when compared with their crystalline counterparts [1-3]. The formation of the 

silver-silicon amorphous metal by rapidly quenching the alloy melt at cooling rates of 

105-106 K/s was first reported by Duwez in 1960 [4]. In the 1980’s, methods used to 

synthesize amorphous metals expanded to include techniques such as: mechanical 

alloying [5], irradiation [6], diffusion induced amorphization in multilayers [7], and 

hydrogen absorption [8]. These techniques are limited to the production of wires, 

powders, and foils. Bulk amorphous metals, also known as bulk metallic glasses (BMGs), 

are 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, 9]. However the 

cooling rates of these alloy melts are still not small enough to afford the formation of 

bulk amorphous structures in complex molds and very large thicknesses [1].  

This work focuses on the formation of amorphous metals by diffusion induced 

amorphization in multilayers [10-12]. This type of formation is a solid state 

amorphization reaction (SSAR) which uses low temperature diffusion in certain systems 

such as Ni-Ti, Ni-Cu, and Ni-Zr to produce an amorphous phase in multilayer binary 

structures [13].  

Multilayer binary microstructures are made in a number of ways including: 

sputtering, cold rolling layers and mechanical alloying. Mechanical alloying can be used 

to process substantial quantities of elemental powders into individual powder particles 

with multilayer microstructure [14].  

The goal of this work is to utilize mechanical alloying, and hot isostaic pressing to 

produce bulk amorphous Ti-Ni. The objectives of this research is to study the effects of 

temperature, time, energy input, and powder purity on the formation of lamellar structure 

in milled Ni-Ti powder and amorphization of the milled powder during subsequent 

HIPing.  
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Chapter 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 [9]. Reprinted from Acta Materialia, 48(1), Inoue, A., 
Stabilization of metallic supercooled liquid and bulk amorphous alloys, p. 279-306, 
Copyright (2000), with permission from Elsevier [OR APPLICABLE SOCIETY COPYRIGHT OWNER]. 
  

The high tensile strength in amorphous metals is attributed to the lack of slip systems 

which are responsible for plastic deformation [2, 15, 16]. Furthermore, the mechanism of 

fracturing in amorphous metal, shear bands, is different from those of crystalline metals. 

Shear bands are highly plastic regions that form in amorphous metals during high 

uniaxial tensile stresses [1, 17]. They form characteristic voids and vein patterns which 

flow rapidly through amorphous metal due to the absence of grain structure leading to 

catastrophic failure [1, 17, 18]. A toughening process used for amorphous metals is to 

partially crystallize the amorphous phase thereby creating a composite of an amorphous 

matrix with crystalline reinforcement [16].  Amorphous metals have no grain boundaries 
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hence they have better intergranular corrosion resistance compared to polycrystalline 

metals [1, 2, 15, 16].        

2.2 Synthesis of Amorphous Metals  
The synthesis of amorphous metals can be divided into two 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 
Rapid quenching requires extremely high cooling rates (106-1010 K/s) in order to 

bypass the crystal nucleation and crystal growth stages [4, 19]. Turnbull was able 

demonstrate similarities between metallic glasses and non-metallic glasses. In his work 

he showed that metals also have glass transition temperatures, Tg, the temperature at 

which metal has viscous flow. He was then able to put forth a criterion for glass 

formability in metals Tg/Tm = 2/3, where Tm is the melting temperature of metal. 

Another criterion for amorphous formation in binary systems is that the system contains 

deep eutectics [4, 19, 20]. Thus glass metals produced by rapid quenching were confined 

to compositions surrounding these 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 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. Studies by Turnbull lead to the development of lower 

cooling rates by placing emphasis on the constituents of the system [1]. Work by Inoue 

and others isolated three empirical rules for the formation of bulk metallic glasses [9]:  

1. Alloy systems consisting of three or more elements. 
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2. Atomic size differences in the main elements of the alloy.  

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

When the three empirical rules are used in selecting elements for the alloy melt a 

number of factors take place which alloys the melt to behave as a glassy material on 

cooling. For example an alloy containing elements following these rules will require long 

range ordering to satisfy stable compounds that contain multiple elements. However 

decreased diffusivity makes rearrangement to form a stable compound difficult. Figure 2 

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

 

 

Figure 2: A flow diagram showing the influence of the three empirical rules on the glass 
formability of alloys [9]. Reprinted from Acta Materialia, 48(1), Inoue, A., Stabilization 
of metallic supercooled liquid and bulk amorphous alloys, p. 279-306, Copyright (2000), 
with permission from Elsevier [OR APPLICABLE SOCIETY COPYRIGHT OWNER]. 

 

By careful choice of constituents, it is possible to control the reduced glass transition 

temperature. Figure 3 illustrates how “reduced glass transition temperature” (Tg/Tm) 

influences the cooling rate of various alloys and the maximum thickness in some 

amorphous alloys. As a result, certain alloys can be cast at low rates allowing them to be 
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made into bulk amorphous alloys of larger dimensions (>5 mm). Despite these 

advancements the casting of bulk metallic glasses is still difficult and limited by these 

cooling rates in the formation of intricate geometric shapes. 

 

Figure 3: Rate of cooling vs reduced transition temperature [9]. Reprinted from Acta Materialia, 
48(1), Inoue, A., Stabilization of metallic supercooled liquid and bulk amorphous alloys, 
p. 279-306, Copyright (2000), with permission from Elsevier [OR APPLICABLE 
SOCIETY COPYRIGHT OWNER]. 

2.2.2 Solid State Amorphous Reactions 
Unlike the rapid quenching and casting techniques described previously, solid state 

amorphous reactions (SSARs) do not involve the melting of constituents. These 

techniques involve rapid atomic diffusion through a metal lattice [7, 21]. Some forms of 

SSARs are: irradiation [22], hydrogen diffusion [8], diffusion induced amorphization in 

multilayers, and mechanical alloying.  Irradiation of metals can also lead to the formation 

of amorphous phases at surfaces as well as in the bulk. Bulk amorphization by irradiation 

is accomplished by bombarding elements with fast moving high energy particles (ion 

beam mixing) this causes dynamic atomic collisions at the element surface thereby 
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generating lattice defects [22]. These defects of the elements lead to the annihilation of 

the crystal lattice hence rendering the structure amorphous. In 1976 Oesterreicher first 

observed hydrogen amorphization in LaNi, LaNi2 and La2Ni3 after these crystalline 

compounds were exposed to hydrogen at high pressures [23]. 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 [23].  

 

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 [7]. A correlation of 

known metal couples displaying asymmetric diffusion and also producing amorphous 

phases confirmed this idea [21]. 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 

[24]. The negative heat of mixing in these systems is calculated using Miedema et al 

negative heat of mixing formulars (Appendix B).Metal couples which meet these criteria 

include Ni-Nb, Ni-Zr, Ti-B, and the Ti-Ni system used in this work [10, 13, 25, 26]. 

Benedictus et al created multilayer Ti – Ni by vapor depositions of 16 and 10 nm 

respectively [25] 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 [25]. Reprinted from Acta 
Materialia, 46(15), Benedictus, R., et al., Solid state amorphization in Ni-Ti systems: the 
effect of structure on the kinetics of interface and grain-boundary amorphization, p. 
5491-5508, Copyright (1998), with permission from Elsevier [OR APPLICABLE 
SOCIETY COPYRIGHT OWNER]. 

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

grain boundaries [25].  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 [10, 13, 26] 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 [25]. Reprinted from Acta Materialia, 46(15), Benedictus, R., et al., Solid state 
amorphization in Ni-Ti systems: the effect of structure on the kinetics of interface and 
grain-boundary amorphization, p. 5491-5508, Copyright (1998), with permission from 
Elsevier [OR APPLICABLE SOCIETY COPYRIGHT OWNER]. 

  

  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 [10, 13, 21, 26]. This limiting factor has also been 

observed in other systems such as Ni/Zr [27]. 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 [7, 

21].   

 

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

for producing oxide dispersion strengthened alloys [14]. 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 
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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 

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 [28]. 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 [28]. 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 [14, 28]. After many collisions 

the powder particles become brittle from a build up 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 [21]. 

 

 

Figure 6: Illustration of a collision between two balls (Grinding Media) and trapped powder [14]. 
Reprinted from Progress in Materials Science, 46(1-2), Suryanarayana, C., Mechanical 
alloying and milling, p. 1-184, Copyright (2001), with permission from Elsevier [OR 
APPLICABLE SOCIETY COPYRIGHT OWNER]. 
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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 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 [14, 28].  

 

 

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 
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energetic. It has been demonstrated that reactions which take minutes in a SPEX mill 

may take hours by the attritor mill [14]. 

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 alloying and varying these parameters influences the overall input 

energy and the processed powder outcome [14].  

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 [14].  

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 [5, 29-31]. 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 [32]. 

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 [14]. In contrast, milling at cryogenic temperatures 
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(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 [33, 34]. Cryomilling is carried out 

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

milling media. 

 

 

 

Figure 8: The Szegvari Attritor mill. 
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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 

charge. This technique is especially effective for producing nano-sized crystallites in 

reduced times when compared to milling at ambient temperatures [34-36]. For example, 

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

reduced milling time when Al is milled at cryogenic temperatures [34]. 

 

2.3.1 Synthesis of Amorphous Metals by Mechanical Alloying 
Mechanical alloying (MA) has been extremely successful in producing amorphous 

metal phases [5, 14, 30, 31, 37, 38]. 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 
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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 [5, 37, 39]. 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 build up of defects in the crystal structures of the elements being used 

[5, 38]. Another characteristic of MA is that it can produce amorphous metal phases over 

a much larger compositional range compared to the rapid solidification technique [14, 31, 

39]. 

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) [14, 40].  
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Figure 10: Scanning electron microscope image of a lamellar structure formed during the milling 
of Ag-Cu [14]. Reprinted from Progress in Materials Science, 46(1-2), Suryanarayana, 
C., Mechanical alloying and milling, p. 1-184, Copyright (2001), with permission from 
Elsevier [OR APPLICABLE SOCIETY COPYRIGHT OWNER]. 

 

Lamellar thickness is a function of energy input [14]. 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.  

2.4 Powder Consolidation 
Mechanical compaction is used for the shaping and densification of powders. It is 

done in conjunction with subsequent sintering in the powder consolidation process.  

There are a variety of techniques used to consolidate metal powder such as uniaxial 
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pressing, isostatic pressing, metal injection molding, rolling, pressureless compaction, 

and extrusion.  

Uniaxiale pressing is most widely used form of compacting powder [41]. It consists 

of a punch and die which apply pressure to powder along one axis until a green body is 

formed. One major problem with uniaxial pressing is the uneven distribution of the 

applied pressure in the powder volume. This uneven distribution of pressure can lead to 

flaws such as cracks in the compacted powder [41, 42]. 

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

isostatic pressing (HIP) [41]. In cold isostatic pressing metal powder is placed in a 

flexible mold and the pressurized hydrostatically, that is, immersing the mold in fluid and 

pressurizing. This allows an even distribution of pressure to be applied to the powder 

resulting in improved densification. Hot isostatic pressure is similar to CIP except that a 

heat is applied during pressing as a result molds used by this technique are usually high 

temperature metal. Heat applied during HIP can activate additional densification 

mechanisms in polycrystalline materials such as rearrangement of powder particles, 

plastic deformation and grain boundary sliding. [41]. The HIP and CIP techniques are 

very useful for making intricate parts. 

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

mixing of metal powder with a binder. This mixture allows the powder to flow so that it 

can be fed, under pressure, into a mold. After being molded the binder is removed and 

then the molded powder is sintered. It is very useful in making complex parts [42]. 

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 [41, 42]. 

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 [42].  

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 porousity [41, 42].     
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  There are three progressive stages associated with compaction using pressing 

techniques (uniaxial and isostatic pressing) [41]: 

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 [41]. 
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Chapter 3 - Experimental Procedure 

3.1 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 [43]. It has been widely 

used in the maritime [44] and aerospace [45] 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 [43].  

Amorphous Ti-Ni alloy has been synthesized by mechanical alloying and multilayer 

thin film amorphization [25, 39]. The Ni-Ti system meets the requirements for the large 

negative heat of mixing (Figure 11) and asymmetrical diffusion needed for SSAR. 

Additionally the Ni-Ti system shows at least one deep eutectic composition (Figure 12) 

which makes it suitable for amorphization by rapid quenching as well. 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.  

Therefore the Ni-Ti system is a good candidate for the work being done in this research. 

In this research mechanical alloying is done using as received and reduced Ni powder 

with a size of -325 mesh. Reduction was carried out by annealing Ni powder at 450°C for 

30 minuets in hydrogen atmosphere. Two sizes of Ti was used; -325 mesh and -100 

mesh. As part of studying on the effects of purity on the amorphization of milled Ni-Ti 

(Section 4.5), as received -325 Ni and Ti powders was milled and compared to reduced -

325 mesh Ni and -100 mesh Ti that was also milled. This was done to understand the role 

of oxygen contamination in the inhibition of amorphous growth during the annealing of 

milled Ni-Ti powder. Ni reduction was done to remove and surface oxide layer that may 

be present in Ni while larger Ti particles was used to increase the ratio of pure Ti to 

oxidized Ti. 
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Figure 11: The calculated heat of mixing for the Ti-Ni system using Mediema’s heat of mixing 
formulars (Appendix B). 

 

 

 
Figure 12: Phase diagram of the Ni-Ti system [43]. Reprinted with permission of ASM 
International. All Rights reserved. www.asminternational.org. 
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3.2 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 13. 

 

 

Figure 13: 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 so as to keep the liquid 

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

suitable pressure has been achieved the solenoid valve (D) regulates the flow of liquid 

nitrogen according to the temperature being read in the can by the thermocouple (C). 

Great care was taken to prevent oxygen contamination in the pure metal powders. A 

charge weight of 113g of Ti – 50at%Ni powder was first mixed in a glove box under 

argon atmosphere. Strearic acid (3.5g) was added to this mixture to act as lubricant 

during milling. The pure mixed elemental powders were then transferred to the attritor 

where it was placed in a 1400cc tank along with 3636g of stainless steel grinding media. 
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The tank was then sealed and either liquid nitrogen or high purity argon gas (99.999%) 

was allowed to flow through the system before milling began. At the end of milling the 

alloyed powder was then transferred to the glove box under argon atmosphere where it 

was separated from the grinding media and stored in glass bottles. Milling was performed 

at various impeller speeds, times and temperatures as displayed in Table 1. 

Table 1: Parameters in milling Ti-Ni powder (RT-Room Temperature). 

Sample # Milling Time 

(Hours) 

Impeller RPM Temperature 

1 15 200 -190°C 

3 6 330 -190°C 

4 6 280 -190°C 

5 16 360 RT 

6 7 382 RT 

8 8 402 RT 

9 5 406 RT 

10 10 414 RT 

11 15 414 RT 

14 10 408 -190°C 

 

3.3 Scanning Electron Microscopy (SEM) 
Milled samples were analysed 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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3.4 Differential Scanning Calorimetry (DSC) 
DSC was done using a Netzsch STA 449 C Jupiter TG-DSC. Sample powders were 

placed in an alumina crucible and then placed on the DSC tray. The system was then 

sealed and two cycles of evacuation then purging with helium were performed. The 

parameters used to do DSC analysis are as shown in Table. 

 

3.5 X-Ray Diffraction (XRD) 
Initial powder x-ray diffraction was done at Norfolk State University. Samples X-

rayed at Virginia Tech used the Phillips. This XRD machine used a Cu source for X-rays 

with a generator power of 45kV and 40mA. Scans were performed using fixed slits (0.4 

rads) and an incident scatter slit of 1 degree. The sample stage rotated at a speed of 1 

revolution per second. 

 

3.6 Transmission Electron Microscopy (TEM) 
Samples for TEM were prepared by using FEI Helios 600 Nanolab scanning electron 

microscope and focused ion beam. Milled and annealed samples (Fig. 14) were sliced 

into rectangular wedges (Fig. 15) using a Ga+ ion beam. These sliced particles were then 

lifted off using a probe (Fig. 16) then attached to a TEM grid (Fig. 17). Once placed on 

the TEM grid the samples were thinned using the Ga+ ion beam to a thickness of 170nm 

or thinner (Fig. 18).  
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Figure 14: SEM image of Ni-Ti powder milled for 10 hours at cryogenic temperature. The Ni 
powder used here has been reduced by annealing at 450°C for 30 minuets in a hydrogen 
atmosphere. Larger Ti particles (-100 mesh) was also used in the starting constituents.  

 

 

 

Figure 15: SEM image showing a slice of milled Ni-Ti powder particles seen in Figure 14. This 
slice was made by Ga+ bombardment. 
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Figure 16: SEM image showing the removal of the milled Ni-Ti slice (Figure 15) by probe. 

 

 

 

Figure 17: SEM image showing milled Ni-Ti slice (Figure 15) being attached to a TEM grid. 
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Figure 18: SEM image of a partially thinned Ni-Ti TEM sample made from Ni-Ti powder milled 
for 10 hours at cryogenic temperature (Figure 14).  

 

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

scanning transmission electron microscope. Microscopy was done at both bright field and 

high resolution. The Phillips EM 420 was used for bright field and selected area 

diffraction analyses. 

 

3.7 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).  To determine phase 

transition temperatures in milled Ni-Ti powder was examined by differential scanning 

calorimetry. 
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Chapter 4 - Results and Discussion 

4.1 Introduction 
The goal of this work is to produce bulk amorphous Ni-Ti alloy, however it was 

necessary to examine the powder processing technique to ensure a high yield with respect 

to amorphous phase being produced and the ability for the powder to consolidate at low 

HIPing temperatures.  Ni and Ti powders of a ratio 50-50 at% were milled under various 

conditions of temperature, time, powder purity and input energy. This chapter looks 

qualitatively at the effects of varying these conditions on lamellar development, and 

amorphization of the mechanically alloyed Ni-Ti powder during annealing. The 

following sections are broken up into:  

1. The effect of impeller speed. 

2. Temperature effect on powder processing. 

3. The effect of milling time. 

4. The effect of Purity of starting Ni and Ti powders. 

The data collected from studying the effects of varying the afore mentioned 

conditions during powder processing will be used in synthesizing a preliminary bulk 

amorphous Ni-Ti alloy sample by HIPing milled powder (Section 4.8). 

4.2 The Effect of Impeller Speed 
Input energy was varied by controlling the impeller rpm during milling. Figure 19 is a 

SEM micrograph showing Ni and Ti powder particles that were milled at cryogenic 

temperature (-190°C) for 15 hours at an impeller speed of 200 rpm. Ti and Ni is 

identified by using energy dispersion spectroscopy. These particles show no welding at 

this rpm suggesting that the energy input is too low for welding to occur between the 

elements. Energy input was increased and some bonding became evident as shown in 

Figure 20. This sample was milled at room temperature for 16 hours at 360 rpm and 

displays an agglomeration of Ni and Ti particles. Milling energy was further increased to 

414 rpm (Figure 21) in which case Ni and Ti particles have alloyed and areas of lamellar 

structure is observed in powder particles. For this work an input energy of approximately 

400 rpm is beneficial for the production of lamellar structure in powder particles. 
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Figure 19: SEM image showing Ni (light) and Ti (dark) powder particles mounted in epoxy 
(black) which have been milled at an impeller speed of 200 rpm and show no welding 
between elemental particles. 

 

Figure 20: SEM image showing Ni (light) and Ti (dark) powder particles mounted in epoxy 
(black) which have been milled at an impeller speed of 360 rpm. The particles have 
begun to alloy and form an agglomeration. 
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Figure 21: SEM image showing Ni (light) and Ti (dark) powder particles mounted in epoxy 
(black) which have been milled at an impeller speed of 414 rpm. A lamellar 
microstructure has developed with thicknesses on the micron as well as the nano-scale. 

 

4.3 Temperature Effect on Powder Processing 
Milling temperature has an influence on microstructure development during MA 

since the hardness of the constituents and diffusion processes are influenced by 

temperature. Figure 22 shows an SEM micrograph of Ni-Ti milled at room temperature. 

These particles have regions of fairly uniform lamellar structure in each powder particle. 

X-ray diffraction of the as milled powder shows an absence of Ti peaks, as well as, the 

formation of an amorphous halo. Qualitatively this indicates that much of the Ti has been 

transformed into an amorphous phase during the milling process.  

Figure 23 shows improvement in lamellar distribution and uniformity in particles milled 

at a cryogenic temperature of -190°C. This powder shows both Ti and Ni peaks in the as 

milled powder (Figure 30) as well as an amorphous halo.   

Milling at cryogenic temperature is useful for producing lamellar structure in the Ni-

Ti system. By decreasing the milling temperature the hardness of the starting materials is 

increased leading to an increase in fracture events. Increased fracture event creates more 

surfaces for layering and welding of dissimilar elements. Further more milling at 
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cryogenic temperature reduces the diffusion processes thereby slowing SSAR. As a result 

Ti is not completely transformed to amorphous during milling. 

 

 

Figure 22: SEM image showing Ni (light) and Ti (dark) powder particles mounted in epoxy 
(black) which have been milled at cryogenic temperatures. These particles have increased 
uniformity in their lamellar structure compared to particles milled at room temperature. 

 

Figure 23: SEM image of a magnified region of Figure 22 showing alloyed Ni (light) and Ti (dark) 
powder particles. This sample has lamellar development of thicknesses in the nano scale. 
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4.4 Effect of Milling Time 
To create a suitable lamellar structure Ni and Ti powders were milled for various 

times. The result of changing milling time shows that there is a progression in 

microstructure development. At 5 hours milling time (Figure 24) nanostructured layers 

are observed to be approximately 30-110nm in thickness. When milling time is 10 hours 

little change is observed in layer thickness (Figure 25). In contrast milling for 15 hours 

produces a homogeneously mixed Ni-Ti alloy (Figure 26) with some areas of high Ni 

concentrations (light areas).  

SEM micrographs of milled Ni-Ti powder indicate that changes in lamellar thickness 

are not easily seen in milling times up to 10 hours however the system appears to become 

highly alloyed (absence of layers) at a milling time of 15 hours. Despite little changes 

observed in layer thickness between 5 and 10 hours by SEM analysis, DSC (Figure 27) 

shows that a large endothermic peak forms when Ni-Ti powder has been milled for 10 

hours. It is expected that a sample milled for 10 hours will produce a greater layer density 

than a sample milled for 5 hours. Increased milling time will create more interfaces for 

amophization to occur and hence a larger transition peak however, milling times 

approaching 15 hours produces a homogeneous Ni-Ti alloy with indistinguishable layer 

formation. In this work 10 hours of milling time was used for producing Ni-Ti lamellar. 

 

Figure 24: SEM image showing Ni (light) and Ti (dark) powder particles mounted in epoxy 
(black) which have been milled for 5 hours at room temperature.  It displays lamellar 
structure which is formed at the nano scale. 
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Figure 25: SEM image showing Ni (light) and Ti (dark) powder particles mounted in epoxy 
(black) which have been milled for 10 hours at room temperature. This image shows very 
similar lamellar development to that of the lamellar seen when Ni-Ti is milled for 5 
hours. 

 

 

Figure 26: SEM image showing Ni (light) and Ti (dark) powder particles mounted in epoxy 
(black) which have been milled for 15 hours at room temperature. Particles of Ti-Ni are 
alloyed to an indistinguishable level of homogeneity with some areas of Ni rich 
remaining.  
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Figure 27: DSC analysis of Ni-Ti milled for 7, 8, and 10 hrs at room temperature. A large 
endothermic peak, between 360-520°C, is observed when milling time is 10 hrs. 

 

4.5 The Effect of Powder Purity 
Ni and Ti powders with a size of -325 mesh were milled for 10 hours at room 

temperature thereby creating suitable lamellar structures for amorphization to occur upon 

annealing. These powders were milled as received from the manufacturer and no 

procedures were taken for oxygen contamination in the pure elemental particle.  X-ray 

diffraction on this sample (Figure 28) shows that upon annealing at 340°C there is little 

growth in the amorphous halo compared to the as milled pattern. At elevated annealing 

temperatures (Figure 28 & 29) the amorphous halo has little growth. At 440°C peaks 

appear within the halo indicating the formation of intermetallics (Some of these peaks 

were matched to Ni3Ti).  

A larger sized Ti powder particle (-100 mesh) was used to reduce the ratio of pure Ti 

to oxidized Ti. Ni -325 mesh powder was annealed at 450°C for 30 minuets in order to 

reduce the surface oxide layer on the Ni powder particles. Figure 30 shows the x-ray 
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diffraction of milled Ni-Ti powder which has been treated for oxygen contamination. The 

as milled XRD pattern shows broad Ni and Ti peaks amongst an amorphous halo 

indication that the milled powder is a mixture of crystalline and amorphous phases. 

Annealing this sample to higher temperatures at constant time (Figure 30) yields a 

simultaneous growth in the amorphous halo and reduction in Ni and Ti peaks. The same 

trend is seen for isothermal analysis of this sample (Figure 31).  

These results indicate that SSAR is highly diffusion driven and sensitive to the 

oxygen contamination of the starting materials. Therefore powders to be used in the 

HIPing process will be treated for oxygen contamination. 
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Figure 28: XRD analysis of milled Ti-Ni that has not been treated for oxidation. In this analysis 
there is significant reduction in Ti peak intensity after milling has been performed. 
Annealing of this sample shows little growth in the amorphous halo. 
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Figure 29: XRD analysis of milled Ti-Ni that has not been treated for oxidation; continued from 
Figure 28. 
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Figure 30: XRD analysis of milled Ti-Ni that has been treated for oxidation. Ti peak intensity is 
larger after milling compared to samples not treated for oxidation. Annealing for 10 hours 
between 300-350°C shows a growth in the amorphous halo.  
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Figure 31: XRD analysis of milled Ti-Ni that has been treated for oxidation. The amorphous halo 
formed during milling shows growth when annealing time is increased at constant 
temperatures. 

 

4.6 TEM Analysis of As Milled and Annealed MA Ni-Ti Powder 
TEM is used in this work to characterize the microstructure in as milled and annealed 

samples. Figure 32 is a TEM micrograph displaying a Ni-Ti section of an as milled (10 

hours milling at cryogenic temperature) powder particle. Three distinct regions are 

evident from this image. High resolution TEM was used to observe the crystal structure 

of these regions. Region A (Figure 33) consists of mostly amorphous phase with small 

areas (< 4 nm) of crystalline phase. This region appears to be Ni rich since it is darker 

which may be due to less electron transmission from a atomically heavier element such as 

Ni compared to Ti. Light regions (B) (Figure 34) show distinct fringes of crystalline 

material. Therefore it can be concluded these regions are Ti rich and nanocrystalline in 

structure. Region C (Figure 35) shows an even distribution of crystalline and amorphous 

phases. This region and be considered the interface between Ni rich and Ti rich layers 

because of its middle grey tone and its even mixture of crystalline and amorphous phases. 
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The TEM images seen here verify, qualitatively, the data found by XRD of as milled 

samples which is a mixture of crystalline and amorphous Ni-Ti phases.   

TEM analysis was then conducted on a sample annealed at 320°C for 20 hours. These 

results show regions of crystalline structure and regions of amorphous phase. Figure 36 is 

a TEM image showing a crystalline region. Unlike the as milled sample this region is 

entirely crystalline in structure. Selected area diffraction (SAD) analysis of this area 

(Figure 37) shows a random arrangement of diffraction spots indicating that the area is 

polycrystalline.  A lamellar type region is also seen in this sample (Figure 38). This 

analysis shows that there are crystalline phases randomly located within the amorphous 

phase. This mixture is also observed in SAD (Figure 39) analysis where an amorphous 

halo and random diffracted spots are seen.   

TEM has given verification to the formation of amorphous phase during MA of Ni-Ti 

and after annealing of the MA Ni-Ti powder. These results show that the amorphous 

phase produced is not 100% and that it also contains nanocrystals. TEM analysis also 

shows that large areas of purely polycrystalline phases exist within the annealed samples. 

This result corresponds well with XRD analysis which also shows a mixture of 

crystalline and amorphous (Figure 30).  
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Figure 32: TEM analysis of Ni-Ti milled for 10 hours at cryogenic temperature and treated for 
oxidation. The regions identified in the image are three distinct structures within the 
milled powder particle. 
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Figure 33: HRTEM analysis of Region A in Figure 32. This region appears to be almost all 
amorphous. 
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Figure 34: HRTEM analysis of Region B in Figure 32. This region has areas of fringes (red) 
showing that it contains crystal structure. 
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Figure 35: HRTEM analysis of Region A in Figure 32. This region has areas of fringes (red) 
showing that it contains crystal structure. 

 

 

 

 40



 

 

Figure 36: TEM (bright field) image showing one of two characteristic regions seen in Ni-Ti 
milled for 10 hours at cryogenic temperature and then annealed for 20 hours at 320°C. 
This region is crystalline in nature evident by the grains and grain boundaries present 
throughout the area. 

 

Figure 37: Selected area diffraction analysis of Figure 36. The random spread of diffracted spots 
confirms that this region is a collection of polycrystalline structures. 
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Figure 38: TEM (bright field) image showing the second characteristic regions seen in Ni-Ti 
milled for 10 hours at cryogenic temperature and then annealed for 20 hours at 320°C. 
This region is lamellar in structure and appears to contain amorphous and small crystal 
phases. 
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Figure 39: Selected area diffraction analysis of Figure 38. A halo from this analysis as well as 
diffracted spots indicates that this region is a mixture of amorphous and crystalline 
phases. 

4.7 Hardness Testing of Annealed Powder Particles 
Another indication of an amorphous phase forming in the Ni-Ti powder particles is 

the increased hardness associated with amorphous metals. Micro Vickers hardness testing 

was conducted on Ni-Ti cryogenically MA for 10 hours. This test was done on as milled 

and annealed samples (Figure 40). These results show an overall trend of increasing 

hardness as annealing time increases. However there is a significant decrease in hardness 

for annealed at 350°C. This may be caused by the samples becoming brittle as the 

amorphous phase is greatest in these samples. 
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Figure 40: The results of Vickers hardness testing performed on individual milled Ti-Ni powder 
particles. These particles were annealed for various times and temperatures. 

 

 

 

 

 

 

 

4.8 XRD Analysis of HIPed Sample 
The data obtained by varying temperature, input energy, time, and powder purity of 

milling conditions formed the initial parameters for HIP of mechanically alloyed Ni-Ti 

powder. Ni-Ti powder treated for oxygen contamination (Ni reduced in hydrogen and -

100 Mesh Ti) was milled for 10 hours at cryogenic temperature (-190°C). This milled 

powder showed uniform lamellar microstucture which is visible on the nanoscale. To 

synthesize the bulk amorphous Ni-Ti alloy the milled powder is HIPed for 2 hour at 

370°C. Figure 41 is XRD analysis of the HIPed sample. This result shows a large 

amorphous halo present as well relatively low intensity Ni, Ti, and intermetallic peaks. 
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From this result it can be concluded that SSA did occur during HIPing however this 

sample did not become 100% dense.   
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Figure 41: XRD analysis of Ni-Ti milled for 10 hours at cryogenic temperature then HIPed for 2 
hours at 370°C. This pattern shows that a large amorphous halo has formed with low 
intensity Ni and Ti peaks still present. 

 

 

 

 

 

 

 

 

 

 

 

 

 T
i  T

i

 T
i

 T
i

 T
i

 T
i

 T
i  T

i

 T
i

 N
i

 N
i

 N
i

 HIP2-10-23-2007(2)

HIP done at 370°C – 2 hrs 

 45



 

Chapter 5 – Conclusion 
 

 
Ni and Ti powders were processed under varying conditions of milling time, 

temperature, input energy, and powder purity. From these varying conditions it was 

concluded that powder purity influenced the formation of amorphous phase during 

annealing and HIP. Ni powder being reduced in hydrogen and -100 mesh Ti particles 

helped to increase the ratio of pure elemental powder to that of oxygen contaminated 

powder. These changes displayed a large difference in amorphous growth compared to 

powders that were milled as received from the manufacturer and subsequently annealed. 

The optimal milling conditions for lamellar development were found to be the cryogenic 

milling of Ni and Ti powders for 10 hours. These conditions produced lamellar with 

spacing between approximately 30 and 110 nm. MA was successful in synthesizing 

uniform lamellar structure in Ni-Ti powder studies indicated that amorphous phase is 

developed during milling and then grows after annealing at increasing temperature and 

constant time or increasing time and constant temperature. The microhardness of the 

powder increased with the amount of amorphous formed in the powders. HIPing of 

cryomilled powders produced a close to 100% amorphous compact with some dispersion 

of nanocrystals in the amorphous matrix however, densification was not achieved.  
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Appendix A: Vickers Hardness Test Calculations 
  

Table 2: Vickers hardness test calculations 

Temperature   300     320     350   As Milled 
Time 5 10 20 5 10 20 5 10 20 0 
Number                     

1 102 203 185 190 274 211 206 139 233 192 
2 124 274 185 190 236 211 292 118 254 106 
3 172 168 185 292 146 160 129 208 143 178 
4 156 170 174 208 236 217 138 149 217 144 
5 156 250 185 208 236 223 168 217 143 158 
6 156 129 229 181 236 223 136 246 143 164 
7 143 178 254 208 203 223 110 262 217 164 
8 143 129 262 208 266 278 233 262 266 164 
9 203 141 192 208 266 278 131 178 266 190 

10 203 190 206 208 266 278 131 178 160 208 

Mean 155.8 183.2 205.7 210.1 236.5 230.2 167.4 195.7 204.2 166.8 
Std Dev 31.53763 48.57251 31.53851 30.53031 38.48593 37.78536 58.29847 51.62482 52.13828 28.50653 
Var 994.6222 2359.289 994.6778 932.1 1481.167 1427.733 3398.711 2665.122 2718.4 812.6222 
Std Error 9.973075 15.35998 9.973353 9.654533 12.17032 11.94878 18.43559 16.3252 16.48757 9.014556 
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Appendix B: Miedema Heat of Mixing Calculations For The Ti-Ni System 
 

 
 
 
The Miedema and De chattel model: 
 
∆Hsol

AinB ≈ -P(∆φ*)2 + Q(∆nws
1/3)2 

 
∆Hƒ(AxB1-x) = xA •ƒB

A•∆Hsol
AinB 

 

 

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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