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ABSTRACT 

 

High-energy ball milling and powder metallurgy methods were used to produce a 

partially alloyed nickel and molybdenum of γ-Ni3Mo composition (Ni-25at.%Mo). Milled 

powders were cold-compacted, sintered/solutionized at 1300°C for 100h sintering followed by 

quenching. Three transformation studies were performed. First, the intermetallic γ-Ni3Mo was 

formed from the supersaturated solution at temperatures ranging between 600°C and 900°C for 

up to 100h. The 100% stable γ-Ni3Mo phase was formed at 600°C after 100h, while aging at 

temperatures ranging between 650°C and 850°C for 25h was not sufficient to complete the 

transformation. The δ-NiMo phase was observed only at 900°C as cellular and basket strands 

precipitates.  

Second, the reversed peritectoid transformation from γ-Ni3Mo to α-Ni and δ-NiMo was 

performed. Supersaturated solid solution samples were first aged at 600C for 100h followed by 

quenching to form the equilibrium γ-Ni3Mo phase. After that, the samples were heat treated 

between 910°C and 1050°C for up to 10h followed by quenching. Regardless of heat-treatment 

temperature, samples heat-treated for shorter times exhibited small precipitates of δ-NiMo along 

and within grain boundaries of α-Ni phase, and it coarsened with time. Third, the transformation 



 

 

from the supersaturated solution α-Ni to the peritectoid two-phase region was performed. The 

samples were aged between 910°C and 1050°C for up to 10h followed by quenching. Precipitates 

of δ-NiMo were observed in the α-Ni matrix as small particles and then coarsened with aging 

time. In all three cases, hardness values increased and peaked in a way similar to that of 

traditional aging, except that the peak occurred much rapidly in the second and third cases. In the 

first case, hardness increased by about 113.6% due to the development of the new phases, while 

the hardness increased by 90.5% and 77.2% in the second and third cases, respectively.     
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General Audience  Abstract 

 

Mechanical milling and powder processing methods were used to produce Ni-25at.%Mo 

alloy. Nickel and molybdenum powders were milled for 10h, pressed, and then sintered at 

1300°C for 100h followed by quenching. Three different phase transformation studies were 

performed. The goal of the first study was to investigate the formation of γ-Ni3Mo phase from 

the solid solution Ni at temperatures ranging between 600°C and 900°C followed by quenching. 

The 100% γ-Ni3Mo phase was formed at 600°C after 100h. In the second study, the formation of 

α-Ni and δ-NiMo from γ-Ni3Mo phase was performed. The heat treatments were done between 

910°C and 1050°C for up to 10h followed by quenching. The γ-Ni3Mo phase was not stable at 

temperatures between 910°C and 1050°C. Small precipitates of δ-NiMo along and within grain 

boundaries of α-Ni phase were observed, and they coarsened with time. The third study included 

the formation of α-Ni and δ-NiMo from solid solution Ni. The heat treatments were performed 

between 910°C and 1050°C for up to 10h followed by quenching. Precipitates of δ-NiMo were 

observed in the α-Ni matrix. In all three cases, hardness value increased and peaked with heat 

treatment times as particles coarsened. In the first case, hardness increased by about 113.6% due 
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to the development of the new phases, while the hardness increased by 90.5% and 77.2% in the 

second and third cases, respectively.    
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 Introduction  1.

The material’s microstructures are the connection between its processing techniques and 

its resulting properties. The microstructure of metal alloys can be modified by mechanical 

deformation or heat-treatment, to improve their properties. Understanding the thermodynamics 

of an alloy formation, which is reflected in its phase diagram, and selecting the appropriate 

processing technique may lead to design a new microstructure with excellent properties [1]. 

There are many processing techniques that have been used to modify metal alloy microstructures 

to enhance the performance and broaden its applications. These processes include but are not 

limited to selective laser melting (SLM) [2, 3], mechanical alloying (MA) [4, 5], ultra-fast 

annealing (UFA) [6, 7], and precipitation hardening [8, 9]. These processing techniques have 

been developed either to refine the microstructure or to disperse particles in the microstructure, 

and both can lead to improving strength and toughness of the alloy.  

Typical microstructural design in metal alloys usually includes cooling the alloy from a 

single phase region, e. g. austenite, to a multiple phase region, e. g. ferrite and cementite. This 

kind of heat treatment is determined by the alloy’s phase diagram. With information from the 

equilibrium phase diagram of Ni-Mo system, it is possible to engineer its microstructure in 

various ways. The Ni-Mo phase diagram shows three intermetallic phases β-Ni4Mo, γ-Ni3Mo, 

and δ-NiMo. In 1970,  a fourth intermetallic phase Ni2Mo was discovered, and it is not shown in 

the Ni-Mo phase diagram [10]. The Ni3Mo alloy is unique because it forms a solid solution at 

high temperatures and a supersaturated solid solution after quenching. Thus, the Ni3Mo alloy 

heat-treated in several ways to alter its microstructure may lead to enhanced properties.  

The present work deals with the processing of bulk Ni-25at.%Mo alloy (stoichiometric γ-

Ni3Mo) using mechanical alloying and powder metallurgy methods. This work also seeks to 
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understand the microstructural evolution during aging of the supersaturated solid solution α-Ni 

above and below the peritectoid temperature and their associated hardness.  

1.1. Thesis Organization  

This thesis is organized as follows. Following this introductory part is Chapter two. 

Chapter two includes background information on microstructural engineering in metal, Ni-Mo 

system, mechanical alloying, powder compaction and sintering methods, precipitation hardening, 

and related work. Chapter three describes the experimental procedures as well as the 

characterization techniques employed. Chapters four through six are written as journal articles. 

Chapter four discusses bulk processing and microstructural evolution of γ-Ni3Mo. Chapter five 

discusses reverse peritectoid phase transformation in Ni3Mo alloy. Chapter six discusses the 

transformation of the supersaturated α-Ni solid solution in the peritectoid two-phase region. 

Chapter seven summarizes the conclusions, followed by a list of references.   
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 Background  2.

2.1. Microstructural Engineering of Metals  

The microstructure of most metal alloys would include multiple phases, which differ in 

their properties. Designing the microstructure of the metal alloys is one of the large areas of 

research today. Both materials and the processing techniques must be taken into account to 

obtain the microstructure of interest. Some of the processing techniques that are commonly 

utilized to obtain specific microstructures include severe plastic deformation (SPD) [11, 12], 

rapid solidification processing (RSP) [13, 14], and precipitation hardening [15, 16].  

Severe plastic deformation has been used to produce metal alloys with extraordinary 

properties. The main objective of this fabrication method is to produce ultra-fine grained metals, 

which can be done by introducing an ultra-large plastic strain into a bulk metal [17]. Several 

severe plastic deformation processes have been developed such as high-pressure torsion (HPT) 

[18], accumulative roll-bonding (ARB) [19], equal channel angular pressing (ECAP) [20], and 

mechanical alloying (MA) [21-23]. Very small average grain size (less than 1 µm) with high 

angle misoriented grain boundaries can be produced using these processes, which leads to 

developing high mechanical strength.    

Rapid solidification processing involves rapid extraction of thermal energy during the 

transition from a liquid state at a high temperature. The cooling rate associated with this process 

is in the range of 10
5
 to 10

6
 Ks

-1
, while the cooling rate of conventional solidification is in the 

range of 10
2 

Ks
-1

[14]. In this process, a sample is heated up to a high temperature for a few 

minutes and then rapidly quenched to room temperature. The quenching medium can be water, 

liquid nitrogen, or brine solution [24]. Rapid solidification processing has been used to make a 

large volume fraction of stable dispersed second phase, which improves the high-temperature 
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mechanical strength of aluminum alloys [14]. This fabrication process has also been used to 

improve the properties of other alloys [25-28]. In the late 1960s, rapid solidification was used on 

nickel-based alloys to accomplish microstructural homogeneity for improved properties; at the 

time the alloy was powder processed and then consolidated to form engine disc components [26]. 

On copper-based alloys, the rapid solidification process has been used on shape memory alloys, 

high-strength alloys, and amorphous alloys [14].            

Precipitation hardening was first discovered in 1911 by A. Wilm.  Wilm [29] reported 

that after heating an aluminum alloy containing Cu, Fe, and Si to a temperature below its melting 

point followed by quenching, its hardness increased with time at room temperature. Today the 

aim of this process is to enhance alloys strength by coherent precipitates that impede dislocation 

movement. Precipitation hardening is typically achieved by the following steps: (i) solution heat 

treatment, (ii) quenching, and (iii) aging heat treatment [15]. This strengthening method will be 

further discussed in Section 2.5.          

2.2. Ni-Mo Alloy System 

The binary equilibrium phase diagram of Ni-Mo system is shown in Fig. 2.1. This phase 

diagram shows three equilibrium intermetallic phases β-Ni4Mo, γ-Ni3Mo, and δ-NiMo. The 

metastable Ni2Mo phase was discovered in 1970 by Van et al. [30] and is not shown in the Ni-

Mo phase diagram of Fig. 2.1. Both the intermetallic γ-Ni3Mo and β-Ni4Mo form when an alloy 

with a composition ranges between 20 and 25at.%Mo cooled slowly from the single phase region 

(α-Ni). The critical temperatures β-Ni4Mo and γ-Ni3Mo are 870°C and 910°C, respectively. The 

δ-NiMo is a high-temperature intermetallic phase. Composition (at.%Mo), structure, space 

group, and lattice parameters of β-Ni4Mo, γ-Ni3Mo, Ni2Mo, and δ-NiMo are shown in Table 2.1.   
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Figure  2.1 Ni-Mo binary equilibrium phase diagram [10] 

 

Table  2.1 Summary of phase properties of Ni-Mo system [30]. 

Phase Composition 

(at.%Mo) 

Structure Lattice parameter Å  Space 

group a b c 

α-Ni 0 to 28
#
 Face-centered cubic 3.524 3.524 3.524    ̅  

β-Ni4Mo 20 Body-centered tetragonal 5.727 5.727 3.566      

γ-Ni3Mo 25 Hexagonal close packing 5.064 4.224 4.448      

Ni2Mo 20 to52.5 Body-centered orthorhombic 2.492 7.475 3.524 - 

δ-NiMo 51 to 52.5 Orthorhombic 9.108 9.108 8.852         

Mo 98.9 to 100* Body-centered cubic 3.147 3.147 3.147      
#
 At 1309°C. * At 1362°C 

         

2.3. Mechanical Alloying  

In 1966, at the International Nickel Company, mechanical alloying (MA) was developed 

by Benjamin and his colleagues [31]. MA is a powder processing technique that produces 

extremely high homogeneous materials that start from mixed elemental powder mixtures. The 

MA process has received much attention as a useful technique for processing equilibrium, non-

equilibrium, and composite materials [32]. The powder particles are repeatedly cold-welded, 

https://en.wikipedia.org/wiki/%C3%85
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fractured, and re-welded through high-energy ball milling [33]. The MA process can be 

successfully carried out in both high-energy mills and low-energy mills. The high-energy mills 

include a vibratory, centrifugal, attritor, and planter-type ball mills, whereas the low-energy mills 

include ball and rod mills [31].  

There are several factors affecting the MA process, which can make a significant 

difference in the product’s phase or microstructure. The milling parameters that have an effect on 

the final constitution of the powder are [31]:  

 Type of mill (e.g., low-energy and high-energy mills) 

 Milling time  

 Milling environment (e.g., wet or dry milling)  

 Charge ratio (milling medium-to-powder ratio) 

 Milling temperature 

 Type of milling medium (e.g., balls or rods) 

 Milling atmosphere (e.g., an inert gas, argon, or liquid nitrogen) 

 The materials of the milling tools (e.g., stainless steel, tungsten carbide, and ceramics) 

 

The MA process variables are not independent, and they need to be optimized to achieve 

the desired product microstructure. For example, the milling time depends on many different 

process variables, such as charge ratio, the temperature of milling, type of mill, etc. With 

increasing the charge ratio and milling time, more energy will be transfer to the milled powder 

[31]. Milling time has a direct effect on the fracture and welding as well as diffusion processes 

during milling [34]. Kinetic energy of the milling balls increases the temperature, and this can 

have an effect on the process. The increase in temperature during milling results in an increase of 

the diffusivity of the component in the powder [32].   
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The most common materials used for the grinding medium are tungsten carbide and 

steels (stainless, hardened, tempered, and tool). The grinding medium’s density should be high 

enough to create a high impact force on the powder, and milling medium’s hardness higher than 

the powder being milled. The density of the grinding medium enhances the kinetic energy 

transferred to the powder. Alloying occurs due to the impact forces that are exerted on the 

powder. Thus, it is important to leave enough space for the milling medium and the powder to 

move freely in the milling container [32]. MA of metals is normally conducted under vacuum or 

in an inert atmosphere such as argon or helium to minimize oxidation [33]. The milling medium 

must be chosen carefully to reduce contamination from the milling medium; when possible the 

milling medium with composition similar to  that of the powder [31].  

2.3.1.  SPEX Shaker Mills 

A SPEX-shaker-mill is one of the types of high-energy mills commonly used for 

laboratory investigations. Because of the high velocities (  5 m/s) of the balls inside the vial, a 

SPEX mill is considered a high-energy mill type. High impact forces can be obtained using 

SPEX-shaker-mill that is because of its high frequency (about 1200 rpm) and high amplitude 

(about 5 cm) of vibration. The common sort of SPEX mill has one vial, which is secured by a 

clamp and swung back and forth in infinity sign (   as it moves. The vial contains the charge 

(powder and balls) with capacity about 10-20g of the powder. During the swing back and forth 

action, the powder particles are flattened between the balls or between a ball and the vial walls 

[31]. The drawback of a SPEX mill is that the powder somehow cannot be fully milled when it is 

compacted in the vial corners. A typical SPEX-shaker-mill, tungsten carbide vial, and grinding 

balls are shown in Fig. 2.2.  
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Figure  2.2 (a) SPEX 8000 shaker mill, (b) tungsten carbide vial, lid, gasket and balls 

2.4. Powder Compaction and Sintering Methods   

 After processing, the powder is compacted and then sintered to have a bulk shape. 

Compaction of powders is a route that is used in industry to produce parts from polymers, 

metals, and ceramics. In general, as a first step the powder mixture (with a binder or lubricant) is 

compacted via isostatic pressing or cold/hot uniaxial compaction. Then the compact is sintered at 

elevated temperatures (around 0.6% to 0.8% of melting temperature) and controlled atmosphere, 

where diffusion mass transport processes become appreciable [35].  

A cold compaction process is carried out using a cold isostatic pressing (CIP) or cold 

uniaxial. No sintering is achieved during this kind of compaction because they are carried out at 

room temperature [35, 36]. CIP utilizes the pressure of a liquid or gas that applies pressure on a 

flexible rubber mold compressing the processed powder as shown in Fig. 2.3a. The main 

advantage of CIP over cold uniaxial method is that high homogenous and dense green bulk 

samples can be obtained [36].  

A cold uniaxial pressing includes pouring a mixture of powders and a binder or lubricant 

in a steel die and then pressing the mixture between lower and upper punches as shown in Fig. 

(a) (b) 
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2.3b. One of the main advantages of the uniaxial pressing is the ability to press large and 

different shapes. Also, the uniaxial pressing can produce parts with high productivity but with 

low quality as compared with CIP [37]. Repeating compaction after sintering when the uniaxial 

pressing is used that helps to improve the densification of the bulk materials. This approach is 

used in this work.  

 

 

 

 

Figure  2.3 Schematics of (a) cold isostatic pressing (CIP), (b) cold uniaxial pressing steps (www. 

substech.com). 

 

Hot compaction is like cold compaction, but it is done simultaneously applying a 

sintering temperature [38]. The most common hot compaction methods are spark plasma 

sintering (SPS) [37, 39], hot isostatic pressing (HIP) [40], and combustion driven compaction 

(CDC) [41]. The spark plasma sintering (SPS) is a newly developed technique utilizing uniaxial 

pressure featuring high heating rate (up to 1000°C/min) due to a pulse of DC current up to 

8000A. SPS makes it possible to sinter powders at a low temperature, short isothermal holding 

time, and get almost fully dense bulk samples [42]. Fig. 2.4a shows a schematic diagram of spark 

plasma sintering system.  

 
 

(a) (b) 
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Combustion driven compaction (CDC) utilizes released energy by igniting the natural gas 

and air. The natural gas (CH4) and air after combustion generate a sudden high pressure that 

drives the press motion. This type of sintering technique provides in the moderate (100 to 1000 

tons) to the more extreme ( 1, 000,000 tons) pressures as needed for powder consolidation [41]. 

A schematic diagram of combustion driven compaction is seen in Fig. 2.4b. Hot isostatic 

pressing (HIP) likes CIP except that the heat is applied during the pressurization, and the mold 

deforms at high temperature shaping the part [43]. Fig. 2.4c illustrates the schematic diagram of 

hot isostatic pressing. HIP is considered to be one of most promising sintering techniques for 

producing fine grains and dense bulk materials.   

 

 

 

Figure  2.4 Schematics of (a) spark plasma sintering, (b) combustion driven compaction, and (c) hot 

isostatic pressing (www. substech.com). 

  

Sintering is a major process in the manufacture of polymer, metals, and ceramics. In 

general, the sintering process involves consolidation by heating the compacted powder to a high 

temperature but below the melting temperature of the material, soaking for a desired length of 

time, and then cooled. During the sintering process, energy is provided, which helps the 

individual powder particles to bond together. It was reported that the green compact shrinks by 

around 40 vol. %, during the sintering process [44].  

 

(a) (b) (c) 



 

11 

 

The categories of sintering are solid solution sintering, liquid phase sintering, and viscous 

sintering. Here, the focus is on solid solution sintering. The solid-state sintering process passes 

through three different stages as illustrates in Fig. 2.5. In the initial stage, the powder particles 

join to the neighboring powder particles without contraction. At this stage, the disappearance of 

the border begins to produce a neck in the points of contact between the powder particles. Grain 

boundaries form between neighboring powder particles. In this phase, the shrinkage is very low. 

In the intermediate stage, the growth of the neck helps to reduce the pores. Also, a larger 

contraction in comparison with the initial stage is seen at this stage. In the final stage, the pores 

turn into a state of instability, and they prefer to spread evenly over the material. The density of 

the material reaches between 90% and 95% of the theoretical density at the end of the sintering 

process 

 

 
 

Figure  2.5 Stages of sintering process [44] 
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2.5. Precipitation Hardening  

Precipitation hardening or age hardening is one of the most effective strengthening 

methods, which improves the mechanical properties of metal alloys. Precipitation hardening is 

the process of strengthening of an alloy by precipitating fine dispersed precipitates of the solute 

in a supersaturated matrix [45]. Precipitation hardening mechanisms and kinetics have become 

areas of interest of many researchers [46]. The precipitation hardening was first explained by 

Meica and his coworkers [47]. In their study of an Al-Cu alloy, they observed that the alloy 

hardness increased after the alloy had been quenched from high temperature and then aged at 

low temperature. They proposed that Cu atoms precipitated out as particles from the 

supersaturated solid-solution since the solid solubility of Cu in Al decreases with a decrease in 

temperature. They suggested that precipitation hardening in Al-Cu alloys resulted from the 

interference of Cu atoms with slip when grains are deformed. Precipitation hardening is achieved 

by the following three basic steps and as illustrates in Fig. 2.6 [46].  

1. The first step is solution heat treatment or homogenization. During this step, an alloy is 

heated up to a temperature, between the solidus and solvus, and soaked there for an 

appropriate time until all solute dissolves into (k) phase (Fig. 2.6). A uniform solid solution 

structure (k) is finally produced. The second θ precipitates are completely dissolved. 

   

2. Quenching to room temperature is the second step. During this step, the solid (k) is rapidly 

cooled, and the solute θ is not able to diffuse out of the phase, and the alloy is said to be 

supersaturated.  
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3. Aging is the final step in the precipitation hardening process. During this step, the alloy is 

heated up again to a temperature below the solvus temperature and soaked there to produce a 

finely dispersed precipitate. The extra atoms of the second element diffuse to nucleation sites 

and precipitates grow because the supersaturated phase is not stable at high temperatures.  

 

Figure  2.6 The aluminum-rich end of the Al-Cu phase diagram showing the three steps in the 

age-hardening heat treatment and the microstructures that are produced [46] 

   

   The aim of the precipitation hardening process is to form finely dispersed precipitates in 

the alloy. These precipitates impede the movement of dislocations by either the strains around 

the precipitates zones, the precipitates themselves, or both. Consequently, the alloy is said to be 

strengthened because of the precipitation hardening. At the underaging stage, the precipitates are 

very small and coherent to the lattice and deformable as dislocations cut through them, which 

leads to an increase in the yield stress by the obstacle to dislocation motion, as presented in Fig. 

2.7. The obstacles become too strong to be shared by a dislocation which that leads to increasing 

the yield stress. The yield stress will continue to increase as a result of the growing of the 

precipitates, peak strength stage as shown in Fig. 2.7. Because of the growing, the precipitates 
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lose their coherence. Ultimately the precipitates size increase and become completely incoherent 

with its surroundings and non-deformable as the dislocations bypass them. Thereby, the misfit 

strains become very small, and the yield stress decrease and the alloy soften, which is the 

overaging stage in Fig. 2.7 [45, 48]. 

 

 

Figure  2.7 A typical one –peak precipitation hardening curve, shows the relationship between 

yield stress and aging time, includes three stages, underaging, peak strength, and overaging [45] 
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2.6. Literature Reviews  

The Ni-Mo system has attracted the attention of many research groups because of the 

unique ordering transformation of its intermetallic phases. Almost all the studies that have been 

done in the Ni-Mo system were carried out using transmission electron microscopy. Few works 

have been done in this system using microscopic techniques such as scanning electron and 

optical microscopy. Here are some studies of the microstructural evolution of the ordered 

intermetallic phases in Ni-Mo system.    

Masahiko Yamamoto et al.[49] studied the structural changes during isothermal 

annealing of a quenched Ni-24.4 at. % Mo alloy (nearly stoichiometric γ-Ni3Mo). The samples 

were prepared by vacuum melting electrolytic nickel and molybdenum; followed by hot-rolling 

and heating at 1300°C and then quenching into ice-water. The samples were next annealed at 

860°C for various periods of time and quenched. They reported that a short-range-ordered (SRO) 

structure was observed in the quenched sample from 1300°C (α-region) using transmission 

electron microscopy. Other researchers had reported that the SRO structure formed when a Ni-

Mo alloy (Ni-8 to 25at.%Mo) was quenched from the α-region [30, 50-56]. Yamamoto et al. [49] 

reported that when the quenched α-phase of Ni-24.4at.%Mo alloy was annealed at 860°C for 10 

min, the γ-Ni3Mo was not directly formed. A meta-stable phase Ni2Mo was formed in a short-

range-ordered matrix in the annealed sample at 860°C for 10 min. After one hour of annealing at 

860°C, the meta-stable phase Ni2Mo, β-Ni4Mo, and γ-Ni3Mo were formed as shown in Fig. 2.8. 

In Fig. 2.8, a region A consists of Ni2Mo and β-Ni4Mo in the short-range-ordered matrix, and a 

region B consists of γ-Ni3Mo which nucleated at grain boundaries of α-phase. After 550h of 

annealing at 860°C, γ-Ni3Mo was predominated by consuming Ni2Mo and β-Ni4Mo phases as 
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shown in Fig. 2.9. Upon prolonged annealing there are band regions as can be seen in Fig. 2.9. 

These band regions show the fcc lattice [49].                   

 

 

 

Figure  2.8 Micrograph of Ni-24.4at%Mo alloy quenched from α-region and then annealed at 

860°C for 1h after quenching from α-region. A region A consists of Ni2Mo and β-Ni4Mo in the 

short-range-ordered matrix. A region B consists of γ-Ni3Mo which nucleated at grain boundaries 

of α-phase [49] 

 
 

 

Figure  2.9 Micrograph of Ni-24.4at%Mo alloy quenched from α-region and then annealed at 860°C for 

550h. A region A (bands) consists of fcc lattice. A region B consists of γ-Ni3Mo   [49]   
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   N. S. Mishra et al. [56] have studied the disorder-order change in a Ni-25wt.%Mo alloy 

in the temperature ranges between 680°C and 880°C. Nickel and molybdenum powders were 

melted in an arc furnace. Samples were cut and homogenized at 1300°C for 1h followed by 

quenching. Samples then were isothermally aged in steps of 50°C ranging from 680°C to 880°C 

followed by quenching. They reported that Ni2Mo was formed first and then β-Ni4Mo, and 

eventually γ-Ni3Mo was formed when the alloy was aged at a temperature below and above 

800°C. They also concluded that the transformation from α-phase (SRO) to γ-Ni3Mo phase was 

accomplished by nucleation and growth, which was supported by Martin et al.[53].  

H. M. Tawancy [57] studied the long-range ordering (LRO) behavior and mechanical 

properties of Ni-Mo, Ni-Mo-Fe, and Ni-Mo-Cr alloys. Samples were cast, and 

homogenized/solutionized at the α-region and then quenched. Samples were then isothermally 

aged between 600°C and 800°C for up to 1000h followed by quenching. In all alloys, Ni2Mo, β-

Ni4Mo, and γ-Ni3Mo were co-existed in the microstructures. Tawancy reported that both iron 

and chromium stabilize the γ-Ni3Mo phase. Ordering to β-Ni4Mo and γ-Ni3Mo might lead to 

embrittlement while ordering to Ni2Mo could improve the mechanical properties.   

P. L. Martin et al. [58] determined the maximum temperature for the presence of coherent 

(LRO) formed in Ni-(Mo, X) alloys, where X = Al, Ta, V, W. The samples were prepared and 

followed by solution treatment and then aged between 700°C and 900°C for up to 10h. They had 

found that γ-Ni3Mo consumed the coherent metastable NixMo phase when Ta substituted for Mo. 

Fig. 2.10 summarizes the coherent phase solvus with dissolution temperature.  
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Figure  2.10 Histogram summarizing the coherent phase solvus with dissolution temperature. Do22 (γ-

Ni3Mo), Pt2Mo (Ni2Mo), and D1a (β-Ni4Mo) [58]                             

 

  Tawancy et al. [59] have studied the effect of a minor second phase present on the tensile 

and corrosion resistance in Ni-27.8wt.%Mo and less than 0.002wt.%C alloy (Hastelloy alloy B). 

Samples were cut, heat-treated (solutionized) at 1150°C for 2h followed by quenching, and aged 

between 900°C and 1065°C for up to 3h followed by quenching. They reported that only δ-NiMo 

phase was identified using electron diffraction. They also found that particles of δ-NiMo left 

behind migrated grain boundaries during aging grain. This reaction has no effect on ductility and 

corrosion resistance.  

D. Schwam et al. [60] have investigated the microstructural evolution of Ni-47wt.% Mo 

alloy. The alloy was directionally solidified by a modified Bridgman-type technique. They 

reported that the microstructure consisted of 50% volume fraction of δ-NiMo intermetallic 

lamellae and solid-solution α-Ni. A mixture of Ni2Mo, β-Ni4Mo, and γ-Ni3Mo phase was 

detected in the solid-solution α-Ni. They found that at an aging temperature of 890°C, a large 

amount of γ-Ni3Mo phase was detected in the α-Ni matrix.  
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A number of investigations have been reported on the microstructural evolution of Ni3Mo 

alloy, only below the peritectoid temperature (910°C) and mostly provided by transmission 

electron microscopy. In this work, designing the microstructure of Ni3Mo alloy below and above 

the peritectoid temperature will be reported using optical microscopy, scanning electron 

microscopy, and X-ray diffraction. Yet, no published data were found of the reverse peritectoid 

phase transformation of Ni3Mo alloy. Our study will provide better understanding of the 

structural evolution of Ni3Mo alloy below and above the peritectoid temperature.  
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 Experimental Procedures  3.

Mechanical alloying and powder metallurgy methods were used in this work to prepare 

bulk Ni-25at.%Mo alloy (stoichiometric Ni3Mo) samples. The goals of the experiments were 

first, to prepared the bulk Ni-25at.%Mo samples and then do heat-treatment in various ways, in 

order to investigate the microstructural evolution and their related hardness of Ni3Mo alloy. This 

study was expected to lead to a better understanding of the effect of the microstructural evolution 

on the hardness of Ni3Mo alloy to enhance its performance and broaden its applications.  

Bulk samples preparation started by milling a mixture of reduced Ni and 25at.%Mo 

powders in a high-energy ball mill. The milled powders then were cold-compacted and sintered 

followed by quenching. The bulk samples then were cut, heat-treated, and prepared for 

characterization using standard metallographic techniques. Characterization started with density 

measurements, X-ray diffraction (XRD) before and after heat treatments, optical microscopy and 

scanning electron microscopy (SEM), and microhardness testing for bulk samples before and 

after heat treatments.               

3.1. Sample Preparation  

 Elemental powder of nickel was acquired from Alfa Aesar at 149 µm size and 99.8% 

purity, and molybdenum was also purchased from Alfa Aesar at 149 µm size and 99.9% purity. 

All powders were reduced in a Lindberg Blue M (Model#54233) tube furnace (Fig. 3.1) under 

hydrogen gas flows at 500°C for 1h and furnace cooled. The amount of the reduced elemental 

powders of Ni and Mo were measured to form a mixture of 75at.%Ni and 25at.%Mo 

(stoichiometric γ-Ni3Mo). All handling and mixing of the powder were carried out in a glove box 

under an argon atmosphere to minimize oxidation.    
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The Ni-25at.%Mo mixture was milled in a SPEX 8000 high energy shaker (Fig 2.2a) using a 

tungsten carbide milling vial (Fig 2.2b) with 7/16′′ tungsten carbide (WC) balls. The charge ratio 

(milling ball weight to powder weight) was 2:1. The charge weight was 20g, and four WC balls 

were added and their weight was around 40.30g.  The loading and sealing were performed in a 

glove box under an argon atmosphere to minimize oxidation during MA. The whole charge was 

milled for 10h. The vial was flipped and rotated every 30 min at the first 2h to minimize welding 

to the walls. After milling, the vail and the milled powder were transferred back to the glove box. 

      The milled powder was cold-compacted using a steel mold (3/4ʺ diameter) and a uniaxial 

press as shown in Fig. 3.2. The milled powder was compacted at 550 MPa stress and held for 5 

min (Fig. 3-3). The cold-compacted samples were sintered, pressure-less sintering, at 1300°C for 

100h in total.  

  

 

Figure  3.1 Tube furnace ( Lindberg Blue M (Model# 54233)) 
 

 

After 25h at 1300°C the sample was quenched, cold-compacted, and then sintered again at 

1300°C for 25h followed by quenching. This step was repeated for a total of 100h sintering, to 
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improve the density of the bulk samples. The sintering was carried out in a Lindberg Blue M 

(Model# 54233) tube furnace under hydrogen and argon gases flow to minimize oxidation. 

 

 

 

 

 

 

 

Figure  3.2 Uniaxial press (CARVER) Figure  3.3 Uniaxial steel mold set and compacted 

samples 

3.2. Heat-treatment Steps  

 After sintering, the bulk samples were cut into slices with around 1 mm thick and 

semicircle with diameter around 9 mm. The heat treatments were performed in a front load 

Deletch furnace at temperature ranges from 600°C up to 1050°C in salt baths. Two different salt 

mixtures were used to carry out the heat-treatments. For the heat-treatments between 600°C and 

900°C, the salt mixture composition was NaCl 10-15%, KCl 20-30%, BaCl2 40-50%, and CaCl2 

15-20%, and their melting point was around 400°C. Whereas, the salt mixture composition was 

Uniaxial steel mold  

Compacted samples  
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BaCl2 70-96% and NaCl 30-4% and their melting point was about 800°C, for heat-treatments 

between 900°C and 1050°C. The heat-treatment steps are summarized as following:  

1. Solution treatment/sintering: heating up the cold-compacted samples at 1300°C for 100 

hours in total, to obtain the solid solution α (Ni) phase. 

 

2. Quenching: the solutionized samples were quenched into water to form supersaturated 

solid solution α-Ni. 

 

3. Aging: by heating up the samples at temperatures between 600°C and 1050°C and 

soaking for the designed length of time and followed by quenching into water. 

 

The purpose and the conditions of each heat treatment are summarized in Table 3.1. The 

full heat treatment matrixes of the heat treatment below and above the peritectoid temperature 

are summarized in Tables 3.2 and 3.3.     

Table  3.1 Summary of the heat-treatment conditions and purposes 

Heat-treatment conditions Heat-treatment purposes 

Temperature (°C) Time (hour) 

600-900 0.25-100 Structural evolution of γ-Ni3Mo phase 

600 100 Forming the γ-Ni3Mo phase 

   

910-1050 0.05-10 Structural evolution of α-Ni and δ-NiMo from 

the γ-Ni3Mo phase 

910-1050 0.05-10 Structural evolution of α-Ni and δ-NiMo from 

the supersaturated solid solution α-Ni phase 

 

 

Quenched 
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Table  3.2 Summary of the full heat-treatment matrix between 600°C and 900°C. 

Aging 

Temperature 

(°C) 

Aging time  

Minute Hour 

15 30 1 2 5 10 25 100 

600 © © © © © © © © 

650 © © © © - - © - 

700 © © © © - - © - 

750 © © © © - - © - 

800 © © © © © © © - 

850 © © © © - - © - 

900 © © © © - - © - 

 

Table  3.3 Summary of the full heat-treatment matrix between 910°C and 1050°C. 

Aging 

Temperature 

(°C) 

Aging Time  

Minute Hour 

5 15 30 1 2 5 10 

910 ℗ ℗ ℗ ℗ ℗ - ℗ 

930 ℗ ℗ ℗ ℗ ℗ - ℗ 

970 ℗ ℗ ℗ ℗ ℗ - ℗ 

1050 ℗ ℗ ℗ ℗ ℗ ℗ - 

 

3.4. Characterization Techniques 

 To investigate the effect of the heat-treatments on the microstructural evolution of the Ni-

25at.%Mo alloy bulk samples were characterized. The density of the bulk samples was 

determined by Archimedes’ principle. The XRD was used to define the presented phases before 

and after heat treatments. Hardness testing was performed on bulk samples before and after heat 
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treatments. Also, SEM was used to provide an assessment of the microstructure of the present 

phases and the densification.  

3.4.1. Density Measurements 

 The densities were measured for both green compacts and bulk samples. The density 

measurement was taken after each sintering step by Archimedes’ principle. Fig. 3.4 illustrates 

Archimedes density determination apparatus. Archimedes’ density approach was utilized by 

taking the weight of a sample in air (Wair) and then in ethanol (Wethanol) at room temperature, the 

density of air   air = 0.0012 g/cc and ethanol   ethanol = 0.79 g/cc. Then the density of the green 

compact and bulk samples can be determined using Equation 3.1 [61]. 

                             = 
    

(              
 * ( ethanol -  air) +  air                                                  (3.1) 

 For comparison, theoretical density was calculated using Equation 3.2 [62]. The densities 

of Ni (8.91 g/cc) and Mo (10.22 g/cc) were used to calculate the theoretical density using 

Equation 3.2. 

                    = 
   

   
   

  
   
   

  = 
     

     

    
 

     

     

  =   9.33 g/cm
3
                                                             (3.2)                                                                                             

 where C is the concentration of alloy element (wt.%), and ρ is the density of alloy element. The 

density measurements of green and sintered samples as a percentage of the theoretical value were 

plotted against sintering time, as presented in Fig. 3.5. The close pores density was not counted 

here. The density of the bulk samples increased with sintering time. The bulk samples were 

compacted again after being sintered, to improve their densities.  
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Figure  3.4 Archimedes density determination apparatus 

 

 

 
Figure  3.5 Density measurements of green compacted and sintered samples as a percentage of the 

theoretical value plotted with respect to sintering time. After 25h the samples were quenched, re-

compacted, and sintered. This step was repeated for a total of 100h sintering followed by quenching.   
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3.4.2. X-ray Diffraction  

 X-ray diffraction (XRD) was used to examine the milled powders and bulk samples 

before and after heat treatments. XRD was done using a PANalytical X’Pert Pro PW 3040 

powder diffractometer (Fig. 3.6). Bragg angle (2θ) range was from 30° to 90°. X-rays were 

generated by Cu source by using 45Kw and 40mA. For statistical reasons, each sample was run 

twice in the diffractometer. The XRD data focused on peak broadening and shifting. XRD data 

were profile fitted using X’Pert High Score Plus software before calculation.   

 

 

Figure  3.6 XRD (PANalytical X’Pro PW 3040 diffractometer) (A) an X-ray source, (B) nickel 

filter, (C) 10 mm mask, (D) 1° anti-scatter slit, (E) sample holder, (F) X’ accelerator X-ray 

detector. 
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Lattice parameters were calculated for sintered samples using Equation 3.3 [63]. The 

diffraction angle associates with a d-spacing dhkl. Lattice parameter can be calculated when dhkl is 

multiplied by the square root of the sum of the squares of the values h, k, and l for each set of 

planes.  

 

                        =      * √                                                                        (3.3) 

 

where a is the lattice parameter,      is d-spacing, hkl are planes generating the peak. The lattice 

parameter of solid solution α-Ni phase was calculated based on (111) and (200) planes. The 

lattice parameter was used to determine the composition of the solid solution α-Ni using the 

existing solubility data (Fig. 3.7) [64]. A plot was generated for the composition of solid solution 

α-Ni as a function of aging time for aged samples between 600°C and 900°C.  

 

Figure  3.7 Atomic % of molybdenum in nickel as a function of lattice parameter [64] 
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3.4.3. Hardness Testing  

Bulk samples (before and after heat-treatment) were cut, mounted, ground, and polished. 

Hardness testing was performed on bulk samples before and after heat-treatment to assess the 

effect of the heat-treatment. Vickers microhardness testing was carried out using a LECO DM-

400 as shown in Fig. 3.8 at 100 gf for 5 seconds. At least six measurements were taken per 

sample for statistical reliability. Plots of microhardness values of heat-treated samples against 

heat-treatment time were generated.  

 

 

 

Figure  3.8 Vickers microhardness tester (LECO DM-400) 

 

 

Vickers hardness is micro-indentation hardness test. In this test, a diamond indent, in the 

shape of a right pyramid with a square base (Fig. 3.9), uses for indenting the test material. 

During measurement, a load of 1 to 100 kgf is applied smoothly which forces the indenter into 

the test material. The full load is applied for 5 or 15 seconds. After that, the load is removed, and 

the two impression diagonals are measured. Knoop test is similar to Vickers test, except that 

Vickers is more sensitive to measurement errors than Knoop. Also, Vickers test is less sensitive 
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to the surface condition than Knoop test.  The Vickers hardness is calculated by dividing the load 

by the square area of indentation using the following equation [63]. 

                       
         

         
   

                                                                                     (3.4) 

where HV is Vickers hardness, F is the load in Kgf, and d is the average diagonal of           in 

µm.   

 

Figure  3.9 Vickers indentation and measurement of impression diagonal (www.twi-global.com) 
 

3.4.4. Scanning Electron Microscopy (SEM)  

 A FEI Quanta 600 FEG Environmental Scanning Electron Microscope (Fig. 3.10) was 

used to image selected samples, to investigate the development of the new phases. The 

acceleration voltage was 20kV, and working distances were between 8 mm - 15 mm with 

different magnifications. The samples were prepared for SEM using standard metallographic 

techniques (mounting, grinding, polishing, etching using a solution of FeCl3 5g, HCl 100 ml, and 

10ml H2O, and conductive coating).  

 

 

http://www.twi-global.com/
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Figure  3.10 Environmental Scanning Electron Microscope (FEI Quanta 600 FEG) 

 

In the following chapters (four through six) the results of this work are presented and 

discussed. These chapters are written as journal articles. These chapters are the enhanced 

versions of already published manuscripts at MS&T and TMS proceedings [65-67]. Each chapter 

includes abstract, introduction, experimental procedures, results, discussion, and summary. 

Chapter seven comprises the summary of this work.              
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 Bulk Processing and Microstructural Evolution of γ-Ni3Mo 4.

4.1. Abstract  

High-energy ball milling was used to produce a homogeneously blended and partially 

alloyed elemental nickel and molybdenum of Ni3Mo composition. Alloy samples were cold-

compacted, sintered/solutionized at 1300
°
C for 25h and quenched to retain the solid solution α-

Ni. The cold compaction and subsequent sintering were repeated for a total of 100h of 

sintering/solutionization time to achieve near full density. Aging was performed between 600
°
C 

and 900
°
C for up to 100h, to investigate the microstructural evolution of γ-Ni3Mo phase. 

Scanning electron microscopy, x-ray diffraction, and hardness testing were used to analyze the 

aged samples to study the microstructural evolution and their related hardness. The phases 

observed in the aged samples were γ-Ni3Mo, δ-NiMo, solid solution α-Ni or their 

mixtures. Cellular precipitation was observed in some samples. Hardness values were as high as 

880 Kg/mm
2
 in the samples aged at 800

°
C.  

4.2. Introduction  

The Ni-Mo system phase diagram (Fig. 2.1) shows three ordered intermetallic β-Ni4Mo, 

γ-Ni3Mo, and δ-NiMo.  The metastable Ni2Mo phase was observed in the 1970s by Saburi et al., 

and it is not shown in the Ni-Mo phase diagram [30].  Ni2Mo, γ-Ni3Mo, and β-Ni4Mo are 

superstructures of the fcc high-temperature phase. There have been a number of studies on the 

ordering systems in γ-Ni3Mo [50, 52-55, 57], β-Ni4Mo [68, 69], and δ-NiMo [60].  Das et al. 

[70], in their investigation, quenched the disordered γ-Ni3Mo from high temperature and then 

aged below the peritectoid temperature. They reported that Ni2Mo formed first and then β-Ni4Mo 

precipitated next; they both coexisted for some time.  
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Upon prolonged aging, these precipitates are subsequently replaced by the equilibrium γ-Ni3Mo 

phase. Similar results were observed in studies by Mishera et al. [56, 71] of Ni-20 to 25at.%Mo 

alloys. Both of the above studies were primarily TEM studies performed on very small processed 

samples.  

The present work deals with the processing of bulk Ni-25at.%Mo alloy utilizing powder 

processing methods and studying the microstructural evolution during aging of the 

supersaturated solid-solution α-Ni and the associated hardness behavior. 

4.3. Experimental Procedures  

Ni-25at.%Mo alloy was prepared by mechanical alloying elemental powders of nickel of 

99+ % purity and molybdenum of 99.9% purity, both purchased from Alfa Aesar. The mixture 

was mechanically alloyed in a tungsten carbide medium in a SPEX mill for 10h. The milled 

powder was cold compacted in a uniaxial steel mold at 550 MPa stress. The compacted 

specimens were homogenized/sintered in a tube furnace at 1300
°
C under hydrogen and argon 

gases flow for 25h (Step 1 in Fig. 4.1). The cold compaction and the sintering routines were 

repeated for a total of 100h sintering followed by quenching (Step 2 in Fig. 4.1), yielding a 

density of 8.754 g/cc (~93.8 %). The sintered samples sectioned into 1 mm thick slices using a 

diamond saw. Isothermal aging was done in salt baths at temperatures ranging from 600°C to 

900°C (Step 3 in Fig. 4.1) followed by quenching. X-ray diffraction was performed on all 

powders (blended and mechanically alloyed) and aged samples; optical and scanning electron 

microscopes (SEM) were performed on sintered and aged samples. Vickers microhardness 

values were obtained for all samples using LECO DM-400 at 100gf for 5 seconds.  
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Figure  4.1 Partial phase diagram of Ni-Mo system with the heat-treatment steps: (1) sintering/solutionized 

at 1300°C for total 100h; (2) quenching; (3) aging at temperatures between 600°C-900°C for up to 100h 

followed by quenching. 

 

4.4. Results  

XRD profiles are shown in Figs. 4.2 through 4.5. The blended Ni-Mo powder is shown in 

Fig. 4.2a. Partially mechanically alloyed Ni-Mo powder (Fig. 4.2b) formed a complete solid 

solution (Fig. 4.2c) after compaction and then sintering at 1300
⁰
C for a total of 100h. The (111) 

and (200) peaks of fcc Ni shifted to the lower angles and became broader as the solution formed 

by mechanical alloying as well as sintering, Figs 4.2b-c. Fig. 4.3 shows the XRD patterns of 

samples aged at 600°C and different aging times. At an aging temperature of 600
o
C, the solid 

solution initially transformed to a mixture of Ni2Mo, β-Ni4Mo, and γ-Ni3Mo, and eventually to 

100% γ-Ni3Mo after 100h of aging as shown in Figs. 4.3a-d.  The stable phase, γ-Ni3Mo, 

progressively formed at 600
o
C to completion after 100h, and that was also true for aging at 

650
o
C.   
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Figure  4.2 XRD profiles of (a) Ni and Mo blended powder. (b) Mechanically Alloyed for 10h by using 

SPEX mill. (c) Sintered/Solutionized sample at 1300°C for a total of 100h followed by quenching 

 

 
 

Figure  4.3 XRD patterns of Ni-25at.%Mo alloy isothermally aged at 600°C for: (a) 15 min; (b) 

5h; (c) 25h; (d) 100h.  

 

Aging at other temperatures (700
o
C, 750

o
C, 800

o
C, and 850

o
C for 25h) always ended up 

with a solid solution and γ-Ni3Mo phases. The XRD profiles for specimens aged at 850
°
C and 

(a) 

(b) 

(c) 

(a) 

(b) 

(c) 

(d) 

600°C 
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900
°
C are shown in Figs. 3-4 and 3-5.  At an aging temperature of 850

°
C (Figs. 4.4 a-c), the γ-

Ni3Mo phase developed with reduced Mo concentration from the supersaturated 25at.%Mo. 

XRD profiles in Figs. 4.5 a-c show aging at 900
°
C and different aging times, where the solid 

solution phase was dominant in the end, after Ni2Mo, β-Ni4Mo, and γ-Ni3Mo precipitations 

followed by δ-NiMo transformation.  

 

 

Figure  4.4 XRD profiles of Ni-25at.%Mo alloy isothermally aged at 850°C for: (a) 30 min; (b) 2h; (c) 

25h.  

 

 

The lattice parameter was calculated based on (111) and (200) planes using the following 

equation [63]: 

                              =      * √                                                                  (3.1)                

where      is d-spacing, hkl are planes generating the peak. Using the existing solubility data on 

the Ni-Mo alloy system [64] and the lattice parameter of α-Ni phase, plots were developed for 

the composition of α-Ni phase as a function of aging time at 600°C-900°C; they are presented in 

(a) 

(b) 

(c) 

850°C 
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Fig. 4.6. The Mo composition dropped with aging time, dropping slowly for lower aging 

temperatures 600°C and 650°C, and much sharper for higher aging temperatures. 

 

Figure  4.5 XRD profiles of Ni-25at.%Mo alloy isothermally aged at 900°C for (a) 30 min, (b) 2h, and (c) 

25h. 

 
SEM and optical microscopy were used to examine sintered and isothermally aged samples, and 

selected micrographs are shown in Figs. 4.7 to 4.10. Fig. 4.7 shows the microstructure of the sample 

compacted and sintered at 1300°C for 100h and quenched to room temperature. The microstructure 

contained equiaxed α-Ni grains, approximately 110 µm in diameter, and included annealing twins.  

 

(a) 

(b) 

(c) 

900°C 
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Figure  4.6 Composition of solid solution α-Ni determined from the existing solubility data [64] and X-ray 

data. 

 

 

 

Figure  4.7 Optical micrograph of Ni-25at.%Mo alloy sintered/solutionized at 1300°C for 100h followed 

by rapid quenching the microstructure showed equiaxed and twined grains of solid solution α-Ni phase 

(the black regions are spherical voids). Etchant: FeCl3 5g, HCl 100 ml, and 10ml H2O.    
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Aging at 600°C (Figs. 4-8a-c) produced γ-Ni3Mo precipitates, mostly at grain boundaries 

which grew to eventually consume the α-Ni phase. At 850°C (Fig. 4.9-a), γ-Ni3Mo particles 

inside α-Ni grains or near the grain boundaries were much larger than those at the grain 

boundaries. The amount of the γ-Ni3Mo phase increased with aging time, according to X-ray 

data (Fig. 4.4). Fig. 4.9b shows the microstructure of the sample aged for 25h at 850°C. Based on 

the XRD data, the microstructure of the aged sample at 850°C for 25h is a mixture of α-Ni and γ-

Ni3Mo phases. Aging at 850°C for 25h was not sufficient to form 100% γ-Ni3Mo phase.     

 

α-Ni  

γ-Ni3Mo 
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Figure  4.8 SEM micrographs of Ni-25at.%Mo alloy isothermally aged at 600°C for: (a) 2h showing a 

microstructure of twinned grains of α-Ni phase and the precipitates of γ-Ni3Mo along the grain 

boundaries; (b) 5h consisting of α-Ni grains and γ-Ni3Mo precipitates along the grain boundaries; (c) 

100h consisting of the equilibrium γ-Ni3Mo phase. The voids are not included in these smaller fields of 

views. Etchant: FeCl3 5g, HCl 100 ml, and 10ml H2O.    

 

γ-Ni3Mo 

α-Ni  

γ-Ni3Mo 
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Figure  4.9 SEM micrographs of Ni-25at.%Mo alloy isothermally aged at 850°C for: (a) 30 min 

showing a microstructure of α-Ni phase and precipitates of γ-Ni3Mo along and within the grain 

boundaries; (b) 25h consisting of α-Ni and γ-Ni3Mo phase according to the XRD data. The black 

regions are voids. Etchant: FeCl3 5g, HCl 100 ml, and 10ml H2O.  
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SEM micrographs of specimens aged at 900°C for 30 min, 2h and 25h are shown in Fig. 

4.10.  Precipitates were found both along and within the grain boundaries. From XRD data in 

Fig. 4.5a-c, the precipitates were γ-Ni3Mo up to 1h of aging (Figs 4.9 a and b), and δ-NiMo after 

2h of aging (Fig. 4.10c). Cellular structures at some grain boundaries were also observed in 

Fig.4.10c. It is unclear from the XRD results, at this time, what the fine line-up particles (basket 

weave like strands) were, but it was highly expected that the fine line particles were δ-NiMo in 

the α-Ni matrix.    

 

 

 

δ-NiMo 

α-Ni 
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Figure  4.10 SEM micrographs of Ni-25at.%Mo alloy aged at 900°C for :(a) 30 min consisting of mixture 

of γ-Ni3Mo and δ-NiMo precipitates along and within the grain boundaries of α-Ni phase; (b) 2h 

consisting of δ-NiMo precipitates along and within the grain boundaries of α-Ni phase; (c) 25h consisting 

of a basket weave strands of δ-NiMo within the grain boundaries of α-Ni phase. The black regions are 

voids. Etchant: FeCl3 5g, HCl 100 ml, and 10ml H2O.  
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Vickers microhardness measurements were performed to investigate the effect of the 

microstructural evolution on the mechanical properties of the alloy. As seen in Fig. 4.11, the 

hardness increased with aging time in all cases; a maximum of 880 Kg/mm
2
 was reached for the 

sample aged at 800°C, except for samples aged at 900°C. The rate of hardness increase was much 

smaller for samples aged at low temperatures (600°C - 700°C), and steeper for those aged at 

higher temperatures (750°C - 850°C). Like, traditional age-hardening behavior, overaging came 

sooner for the high temperature aged samples, and later for low temperature aged samples, the 

difference here was that high temperature aged samples are harder. 

 

Figure  4.11 Microhardness of Ni-25at.%Mo alloy aged plotted against aging time. 
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4.5. Discussion 

After milling, Ni peaks became broader and shifted to the lower angles as shown in Fig. 

4.2b. This was related to the increase of lattice parameter of Ni due to the dissolution of Mo atom 

in α-Ni phase. After sintering at 1300°C for 100h, the (111) and (200) peaks of Ni shifted more 

to the lower angles and were due to the formation of a complete solid-solution α-Ni as seen in 

Fig. 4.2c. At an aging temperature of 600°C, Ni2Mo and β-Ni4Mo formed and then eventually 

100% γ- Ni3Mo formed after 100h. It was reported that Ni2Mo formed first and then β-Ni4Mo, 

and eventually γ-Ni3Mo formed when the alloy was aged at a temperature below and above 

800°C [56]. Yamamoto et al.[49] reported that when the Ni-24.4at.%Mo alloy quenched from α-

phase and then annealed at 860°C for 10 min a meta-stable phase Ni2Mo formed in a short-range-

ordered α-Ni matrix. The meta-stable phases Ni2Mo, β-Ni4Mo, and the stable γ-Ni3Mo formed at 

860°C for 1h, and to 100% γ-Ni3Mo after 550h. In this work, the 100 % stable γ-Ni3Mo formed 

at 600°C after 100h. Figs. 4.3d and 4.8 show the XRD profile and SEM micrograph of γ-Ni3Mo 

phase, respectively. It has been suggested that the formation of the stable γ-Ni3Mo from the 

supersaturated solid solution α-Ni was accomplished by nucleation and growth mechanism [49, 

56].  

After aging at a temperature of 850°C, the precipitated particles look different than other 

precipitated aging temperatures. Small and large precipitated particles of γ-Ni3Mo along and 

within the grain boundaries of α-Ni phase were observed at 850°C for 30 min as seen in Fig. 3-

9a. These precipitated particles grew after 25h as shown in Fig. 4.9b. Based on the XRD data, a 

mixture of the α-Ni and γ-Ni3Mo phases were detected at a short time again at 850°C, and the 

amount of the γ-Ni3Mo phase increased with aging time, as shown in Fig. 4.4. Also, at other 

aging temperatures (700°C, 750°C, 800°C, and 850°C) α-Ni and γ-Ni3Mo phases were observed, 
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it was noted that the amount of the γ-Ni3Mo phase increased with aging time. Aging at these 

temperatures for 25h was not sufficient to form 100% γ-Ni3Mo phase. It was reported that γ-

Ni3Mo phase was formed at 860°C after 550h [49]. The γ-Ni3Mo phase possibly was more stable 

and formed early at a low temperature, e. g. 600°C.   

At 900°C, besides the solid-solution phase, the intermetallic δ-NiMo was detected up to 

2h, and the solid-solution α-Ni was detected as the dominant phase after 25h (Fig. 4.5). Small 

precipitated particles within and along the grain boundaries were observed as seen in Figs 4.10a 

and b. A cellular structure at some grain boundaries connections was also observed after 2h as 

seen in Fig. 4.10c. After 25h, a basket weave like structure and continuously precipitated 

particles along the grain boundaries were observed (Fig. 4.10d). XRD data showed that solid-

solution α-Ni was the dominant phase after 25h. The solid-solution peaks (111) and (200) shifted 

to the higher angles with aging time. That was due to the depletion of Mo from the solid-solution 

α-Ni, which indicated that phase transformations were happing. This was also happened at other 

aging temperatures as seen in Fig. 4.6. Not all the observed phase can be detected by XRD 

because sometimes the detector did not pick up all the diffracted rays. Also, the samples were not 

homogeneous that could be due to the samples preparation method. The samples were cold-

compacted using an uniaxial press that sometimes led to non-uniform densities, where the 

sample’s surfaces were denser than the core [72]. That somehow affected the homogeneity of the 

phase transformation in the samples. This was noticed even at the other aging temperatures. 

However, the formation of δ-NiMo at 900°C below the peritectoid temperature (910°C) could be 

due to the impurities in the alloy, which led to lower the formation temperature of δ-NiMo phase.                

The hardness increased with aging time and overaging occured as seen in Fig. 4.11. It 

was reported that the ordering to Ni2Mo could increase the mechanical strength of Ni-Mo alloys 
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[57]. This may explain the increase in hardness at the early stage of aging while ordering to γ-

Ni3Mo led to decreasing the hardness. This was seen at samples aged at 600°C when the 

hardness increased and peaked with the complete formation of γ-Ni3Mo after 100h. Samples 

aged at 900°C were expected to be harder than others due to the formation of δ-NiMo phase, but 

that did not happen. This could be because of the grain growth and particles coarsening.       

4.6. Summary  

Microstructural evolution in bulk supersaturated Ni-25at.%Mo during aging between 

600°C-900°C and the related hardness were studied. Transforming to the equilibrium γ-Ni3Mo 

phase usually began with the formation of the metastable phase Ni2Mo and β-Ni4Mo. The 

equilibrium γ-Ni3Mo formed at 600°C after 100h, which nucleated at the grain boundaries of α-

Ni and then grew with aging time. The results were in agreement with Mishra et al. [56] and 

Martin et al. [73]. At aging temperatures up to 850°C for up to 25h the phase transformation was 

a mixture of γ-Ni3Mo and α-Ni. Aging for 25h was not sufficient to be completely transformed 

into 100% γ-Ni3Mo phase. The formation of the intermetallic δ-NiMo phase was observed only 

at 900°C as cellular and basket-like structures. Schematic diagram of phase transformation of Ni-

25at.%Mo alloy during aging between 600°C-900°C and different aging times is shown in Fig. 

4.12. The nature of the aging resulted in similar properties to the traditional aging, in the sense 

that hardness increased with time, and overaging was observed to take place. At an aging 

temperature of 600°C hardness increased and peaked with the complete formation of γ-Ni3Mo 

phase. A Vickers’ hardness of 880 Kg/mm
2
 was reached for the samples aged at 800°C for 1h 

and then decreases to 800 Kg/mm
2
 with aging time. Forming δ-NiMo phase at 900°C did not 
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increase the hardness as expected which could have been due to the grain growth and particle 

coarsening.  
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Figure 4.12 Schematic diagram summarizing the phase transformation of Ni-25at.%Mo alloy during aging between 600°C-900°C (y-axis) and 

different aging times (x-axis). 
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 Reverse Peritectoid Phase Transformation in Ni3Mo Alloy  5.

5.1. Abstract  

The microstructural evolution and microhardness of the product of the reverse peritectoid 

reaction in Ni3Mo alloy were studied. High-energy ball milling was used to produce a partially 

alloyed elemental nickel and molybdenum of Ni3Mo composition, cold-compacted and then 

sintered/solutionized at 1300
°
C for 100h and quenched. The equilibrium γ-Ni3Mo was formed 

isothermally at 600
°
C. The reverse peritectoid transformation was performed between 910°C and 

1050°C for up to 10h. Structural and morphological characterization of the milled powder, 

sintered and heat-treated samples were performed using XRD, optical and scanning microscopes. 

Hardness values increased quickly initially to as high as twice that of the transforming γ-Ni3Mo 

intermetallic at 910
°
C but then decreased gradually with both transformation temperatures and 

times.   

5.2. Introduction  

Microstructural design in alloys usually involves cooling the alloy from a single phase 

region to a multiple phase region, a typical example being the heat treatment of steel.  It is not 

common to heat up an alloy from a single phase region to a multiple phase region at a higher 

temperature to design its microstructure. This work reports on microstructural evolution during 

reverse peritectoid transformation in the Ni-Mo alloy system and their corresponding mechanical 

properties. Here, the reaction is given by γ-Ni3Mo   α-Ni + δ-NiMo. The mechanical alloying 

process, cold compaction, and sintering were used to prepare bulk samples of the intermetallic, 

γ-Ni3Mo, and this has already been reported [67]. In that work supersaturated Ni-25at.%Mo alloy 

transformed to γ-Ni3Mo below the peritectoid temperature. XRD profiles showed that the 
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solid solution α-Ni sequentially transformed to Ni2Mo, β-Ni4Mo and then γ-Ni3Mo upon 

prolonged aging. While there have been some studies on the structural development of γ-Ni3Mo 

[50, 54, 55, 67] and β-Ni4Mo [30, 74, 75] from α-Ni solid solution and δ-NiMo [76-78], the 

development of α-Ni + δ-NiMo structure is not well known. This study, thereby, reports the 

study of the microstructural evolution and the related properties resulting from the 

transformation of γ-Ni3Mo to α-Ni + δ-NiMo. 

5.3. Experimental Procedures   

An elemental blend of Ni-25at.%Mo was mechanically alloyed by milling in a tungsten 

carbide medium in a SPEX 8000M Mixer/Mill® for 10h, pressed at 550 MPa into discs of 19 

mm in diameter and 4 mm thick using an uniaxial steel mold. The pressed samples were 

sintered/homogenized in a tube furnace at 1300°C for 25h. The cold compaction and the 

sintering routines were repeated for a total of 100h sintering followed by quenching. One mm 

thick sample slices were heat-treated in a salt bath at 600°C for 100h and then quenched, to form 

the equilibrium γ-Ni3Mo phase. The reverse peritectoid transformations were performed with the 

γ-Ni3Mo samples in salt baths between 910°C and 1050°C for up to 10h followed by quenching. 

Fig. 5.1 illustrates the sample preparation steps (1, 2, and 3) and heat-treatment step (4). Heat-

treated samples were characterized using X-ray diffraction, optical and scanning electron 

microscopes (SEM). Vickers microhardness values were obtained for all samples using LECO 

DM-400 at 100gf for 5 seconds.  
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Figure  5.1 Partial phase diagram of Ni-Mo system with the heat-treatment steps: (1) sintering/solutionized 

at 1300°C for total 100h; (2) quenching; (3) aging at 600°C for 100h followed by quenching; (4) heat-

treatment to α-Ni-δ-NiMo followed by quenching.  

 

5.4. Results  

The XRD profiles of sample preparation (milling, cold-compaction, and sintering) and 

heat-treatment (the formation of the equilibrium γ-Ni3Mo) are shown in Figs. 4.2 and 4.3, 

respectively. Fig. 5.2 shows the XRD profiles of heat-treated samples at 910°C from 5 min up to 

10h. The complete transformation from γ-Ni3Mo to α-Ni was observed; the small amount of δ-

NiMo present was not picked up in the XRD. The γ-Ni3Mo peaks were detected in heat-treated 

samples up to 2h. XRD for reverse peritectoid transformations at 970°C and 1050°C are shown 

in Figs. 5.3 and 5.4, respectively. The transformation sequence was similar to the one at 910°C 

except that this time the δ-NiMo peaks were observed.  
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Figure  5.2 XRD patterns of the heat-treated sample at 910°C for (a) 5 min, (b) 30 min, (c) 2h, and (d) 

10h.  

 

 

Figure  5.3 XRD patterns of the heat-treated sample at 970°C for (a) 5 min, (b) 30 min,  (c) 1h, and (d) 

10h. 
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Figure  5.4 XRD patterns of the heat-treated sample at 1050°C for (a) 5 min, (b) 30 min, (c) 2h, and (d) 5h.  

 

The microstructure of the cold-compacted and sintered sample at 1300°C for 100h and 

followed by quenching, i.e., supersaturated solid solution is shown in Fig. 4.7. The 

microstructure of the equilibrium γ-Ni3Mo, as a result of aging at 600°C for 100h, is shown in 

Fig. 5.5. The development of γ-Ni3Mo formed from solid solution α-Ni was reported on 

previously [67]. Small precipitated particles of δ-NiMo along and within the grain boundaries of 

a mixture of α-Ni and γ-Ni3Mo were observed (Fig. 5.6a and b). After 10h, δ-NiMo particles 

developed into small colonies of a pearlite-like structure in the α-Ni matrix as seen in Fig. 5.6c.   

(a) 

(b) 

(c) 

(d) 

1050°C 
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Figure  5.5 SEM micrographs of Ni-25at.%Mo alloy isothermally aged at 600°C for 100h consisting of 

grains of γ-Ni3Mo. The voids are not included in these smaller fields of views. Etchant: FeCl3 5g, HCl 

100 ml, and 10ml H2O.  
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Figure  5.6 SEM micrographs Ni-25at.%Mo alloy heat-treated at 910°C for: (a) 5 min, (b) 1 h, and (c) 

10h. These micrographs are consisting of precipitated particles of δ-NiMo (white) in the α-Ni matrix 

(gray). Black reigns are voids. Etchant: FeCl3 5g, HCl 100ml, and 10ml H2O.     
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Selected SEM micrographs of samples heat-treated at 970°C for 5 min, 30 min, 2h and 

10h are shown in Fig. 5.7. The microstructures in Fig. 5.7 show that the precipitation took place 

at both the grain boundaries and inside the grains and they did coarsen with time. As 

demonstrated in the XRD profiles, the α-Ni phase formed first followed by the precipitation of δ-

NiMo. Some regions showed a network of interconnected high aspect ratio particles of δ-NiMo 

(Fig. 5.7c), but the connectivity disappeared with coarsening as seen in Fig. 5.7d.      
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Figure  5.7 SEM micrographs of Ni-25at.%Mo alloy heat-treated at 970°C for (a) 5 min, (b) 30 min, (c) 

2h, and (d) 10h. These micrographs are showing the development of the precipitation of δ-NiMo (white) 

along and within the grain boundaries of α-Ni (gray). All black regions are voids. Etchant: FeCl3 5g, HCl 

100 ml, and 10ml H2O.   

 

Fig. 5.8 shows microstructures at a transformation temperature of 1050°C. In this case, 

the precipitate formed has a peanut-like shape and also coarsened with time. These evolutions 

affected the mechanical properties of the alloy as revealed in Fig. 5.9. The Vickers 

microhardness value for all heat-treated samples raised very quickly from 468 Kg/mm
2
 for the 

transforming γ-Ni3Mo intermetallic in five minutes to as high as about 907 Kg/mm
2
 for the 

sample which transformed at the lowest temperature of 910°C. Overall, the hardness decreased 

with heat-treatment temperature as well as time.   
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Figure  5.8 SEM micrographs of heat-treated specimens at 1050°C for (a) 5 min, (b) 30 min, (c) 

2h, and (d) 5h. These micrographs are showing precipitated particles of δ-NiMo (white) in an α-

Ni matrix (gray). Black regions are voids. Etchant: FeCl3 5g, HCl 100ml, and 10ml H2O.      
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Figure  5.9 Microhardness of heat-treated samples plotted against heat-treatment time. 

 

5.5. Discussion  

The XRD patterns of the sample preparation and the formation of the equilibrium γ-Ni3M 

were discussed in Section 4.5. The δ-NiMo phase was not detected at 910°C that could be 

because of the small volume fraction present. The solid-solution α-Ni peaks shifted to the higher 

angles after 2h at 910°C was evidence that the Mo concentration in α-Ni was decreasing, and 

enhanced the formation of the δ-NiMo phase. The microstructural development at 910°C is 

shown in Fig. 5.6a-c. The α-Ni phase formed first then the δ-NiMo started to precipitate along 

and within the grain boundaries of α-Ni. After 10h of heat treatment, the microstructure 

developed into a pearlite-like structure of δ-NiMo in the α-Ni matrix as shown in Fig. 5.6c. This 

microstructural development raised the hardness to as high as about 907 Kg/mm
2
.  
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The δ-NiMo phase was detected at 970°C, and 1050°C and α-Ni peaks shifted to the 

higher angles after 2h of heat treatment. At a heat-treatment of 970°C, the δ-NiMo began to 

precipitate along the grain boundaries of α-Ni. Upon prolonged heat-treatment, a mixture of fine-

line up δ-NiMo particle (basket strands) in the α-Ni matrix was observed, and it coarsened with 

time as shown in Fig. 5.7c-d. The phase transformation at 1050°C was similar to the one at 

970°C, except that small and large precipitated particles were revealed, and they did coarsen with 

time as seen in Fig. 5.8c-d. The lower the transformation temperature the finer the microstructure 

and the longer the transformation was allowed to proceed, the coarser the microstructure as 

shown in Figs 5.6 and 5.8. Also, hardness decreased with heat-treatment temperature as 

microstructure coarsened as seen in Fig. 5.9.           

The development of the intermetallic δ-NiMo phase is not understood yet, and there is 

not enough published data on its structural evolution. D. Schwam et al. [60] reported that in the 

Ni-47wt. %Mo alloy, the δ-NiMo phase was formed as intermittent lamella in α-Ni solid solution 

matrix. In the α-Ni solid-solution matrix Ni2Mo, β-Ni4Mo, and γ-Ni3Mo were observed that 

made the microstructure of Ni-Mo alloy very complicated. Because of that complexity, most of 

the studies in the Ni-Mo system have been done using transmission electron microscopy.  

5.6. Summary  

Bulk Ni-25at.%Mo alloy was prepared using mechanical alloying and powder metallurgy 

methods. The bulk samples then were aged at 600°C for 100h to form the equilibrium γ-Ni3Mo 

phase. After that, the microstructural evolution and the corresponding microhardness of the 

product of reverse peritectoid transformation of γ-Ni3Mo to α-Ni and δ-NiMo phases were 

studied. The reverse peritectoid transformations were performed at temperatures ranging from 

910°C to 1050°C for up to 10h. The transformation to the α-Ni phase always occurred first 
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followed by the precipitation of the δ-NiMo phase both along and within grain boundaries, with 

structures ranging from pearlite-like at the lower transformation temperatures to peanut-like at 

the higher transformation temperatures. Schematic diagram of the phase transformation of Ni-

25at.%Mo alloy during heat treatment between 910°C-1050°C and different heat treatment times 

is shown in Fig. 5.10. The microhardness increased very rapidly peaking after five minutes 

before dropping with heat-treatment time as the microstructure coarsened.  

 

Figure  5.10 Schematic diagram summarizing the phase transformation of γ-Ni3Mo (Ni-25at.%Mo alloy) 

during heat treatment between 910°C-1050°C (y-axis) and different heat treatment time (x-axis). 
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 Transformation of Supersaturated α-Ni Solid Solution in the 6.

Peritectoid Two Phase Region 

6.1. Abstract  

A supersaturated solid solution (α-Ni) of stoichiometric Ni3Mo composition was 

produced using mechanical alloying and powder metallurgy methods and isothermally aged 

between 910
°
C and 1050

°
C for up to 10h. Regardless of aging temperature, samples aged for 

short times exhibited small precipitates of δ-NiMo phase along and within grain boundaries of α-

Ni phase. The volume of precipitates increased and coarsened with aging temperature and time. 

Initial hardness was high but dropped with aging time as the precipitated particles coarsened. 

6.2. Introduction 

The nature of the Ni-Mo system phase diagram makes it possible to process a 

supersaturated alloy out of the peritectoid composition of Ni-25at.%Mo. This makes it possible 

for the alloy to be aged in the two-phase high-temperature region above the peritectoid isotherm 

similar to the traditional aging below the eutectic or eutectoid isotherm. It is of interest to study 

the microstructural evolution during the aging process and the associated mechanical properties. 

Bulk samples of the supersaturated alloy were prepared by first mechanically alloying elemental 

powders of the Ni3Mo composition, followed by cold compaction, sintering, and quenching. The 

processing steps for the alloy are schematically shown in Fig. 6.1 and the details can be found in 

an earlier report [67]. While there have been some studies on the structural development of γ-

Ni3Mo [50, 54, 55, 67] and β-Ni4Mo [30, 74, 75] from α-Ni solid solution and δ-NiMo [76-78], 

no previous studies were found in the two-phase region.  
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The subject of this work was the microstructural evolution and the related microhardness 

resulting from the transformation of supersaturated solid solution α-Ni to equilibrium α-Ni + δ-

NiMo. 

6.3. Experimental Procedures    

Reduced elemental blend of Ni-25at.%Mo was mechanically alloyed for 10h. The 

mechanical alloying was carried out in a SPEX 8000M Mixer/Mill® in a tungsten carbide 

medium. The milled powders then were cold-compacted and sintered in a tube furnace at 1300°C 

for 25h. The cold compaction and the sintering routines were repeated for a total of 100h 

sintering followed by quenching (step 1 and 2 in Fig. 6.1). Sintered samples then were cut and 

isothermally aged in salt baths at temperatures ranging from 910°C to 1050°C for up to 10h (step 

3 in Fig. 6.1). X-ray diffraction was performed on samples before and after aging.   

 

Figure  6.1 Partial phase diagram of Ni-Mo system with the heat-treatment steps: (1) sintering/solutionized 

at 1300°C for total 100h; (2) quenching; (3) aging at temperatures between 910°C-1050°C for up to 10h 

followed by quenching. 
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Optical and scanning electron microscopes (SEM) were performed on sintered and aged samples. 

Vickers microhardness values were measured for all samples using a LECO DM-400 with a    

100 gf and 5 second dwell time. 

6.4. Results  

X-ray diffraction profiles of blended Ni-Mo powder, 10h mechanically alloyed powder 

and sintered bulk samples are shown in Fig. 4.2a-c. Representative XRD profiles of aged 

samples at 910°C, 970°C, and 1050°C are shown in Figs. 6.2 to 6.4. As expected, the two phases 

α-Ni and δ-NiMo were identified with α-Ni being the dominant phase at all aging temperatures. 

The α-Ni peaks at all heat treatment temperatures were doubled after 5 min of transformation, 

but disappeared thereafter.  

 

Figure  6.2 XRD patterns of Ni-25at.%Mo alloy aged at 910
°
C for: (a) 5 min, (b) 30 min, (c) 2h, and (d) 

10h.  

(d) 
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(b) 
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910
°
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Figure  6.3 XRD patterns of Ni-25at.%Mo alloy aged at 970
°
C for: (a) 5 min, (b) 30 min, (c) 2h, and (d) 

10h.   

  

 

Figure  6.4 XRD patterns of Ni-25at.%Mo alloy aged at 1050
°
C for: (a) 5 min, (b) 30 min, (c) 2h, and (d) 

5h. 
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The microstructure of the sintered and supersaturated α-Ni is shown in Fig. 6.5. It had 

annealing twins and equiaxed grains, nearly 110 µm in diameter. Backscattered SEM 

microstructures for samples aged at 910°C, 970°C, and 1050°C are shown in Figs. 6.6 to 6.8. At 

910°C, the precipitates were difficult to discern after 5 min (Fig. 6.6a). After 2h, they were still 

fine but had spread throughout the grains of α-Ni, and then coarsened after 10 h as seen in 

Fig.6.6b-c. The microstructural development in samples aged at 970°C and 1050°C was similar 

to that at 910⁰C, except that coarsening was more rapid.  

 
 

Figure  6.5 SEM micrograph of Ni-25at.% Mo alloy sintered at 1300°C for a total 100h followed by 

quenching consisting of annealing twins and equiaxed grains (the black regions are voids). Etchant: FeCl3 

5g, HCl 100 ml, and 10ml H2O.  
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Figure  6.6 SEM micrographs of Ni-25at.% Mo alloy aged at 910°C for: (a) 5 min; (b) 2h; (c) 10h. The 

microstructures are consisting of precipitates of δ-NiMo along and within the grain boundaries of α-Ni 

(the black regions are voids). Etchant: FeCl3 5g, HCl 100 ml, and 10ml H2O.      
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Figure  6.7 SEM micrographs of Ni-25at.% Mo alloy aged at 970°C for: (a) 5 min; (b) 5h. The 

microstructures are showing precipitates of δ-NiMo along and within the grain boundaries of α-Ni (the 

black regions are voids). Etchant: FeCl3 5g, HCl 100 ml, and 10ml H2O.       
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Figure  6.8 SEM micrographs of Ni-25at.% Mo alloy aged at 1050°C for: (a) 5 min; (b) 2h; (c) 5h. The 

microstructures are consisting of δ-NiMo along and within the grain boundaries of α-Ni (the black regions 

are voids). Etchant: FeCl3 5g, HCl 100 ml, and 10ml H2O.     
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Fig. 6.9 shows the result of Vicker’s microhardness measurements on 

sintered/solutionized and aged samples. The curves were similar to traditional aging curves, in 

that hardness was higher for samples aged at lower temperatures and overaged with time.  In this 

case, the sample aged at 910
°
C was the hardest while the one aged at 1050

°
C was the softest.  

The hardness of the sample aged at 910
°
C increased from 420 Kg/mm

2
 to a maximum of 710 

Kg/mm
2
 in 5 min before dropping 

 

Figure  6.9 Microhardness of Ni-25at.% Mo alloy aged plotted against aging time. 
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6.5. Discussion  

The XRD patterns of mechanically alloyed powder and sintered/solutionized sample was 

discussed in Section 4.5. Based on the XRD data, the solid-solution α-Ni phase was the dominant 

phase in all aged samples. Besides that, a small amount of the intermetallic δ-NiMo phase was 

detected. Based on the phase diagram of Ni-Mo system and in the two-phase region, the alloy 

composition (Ni-25at.%Mo) is closer to the α-Ni phase than the δ-NiMo phase. For example, at 

970°C in α-Ni - δ-NiMo region, the percentages of α-Ni and δ-NiMo in the alloy were calculated 

to be ~ 86% and 14% using the lever rule, respectively. Regardless of aging temperatures, after 5 

min of transformation, the double peak was revealed at the α-Ni phase but disappeared thereafter 

as shown in Figs 6.2 to 6.4. This could be the end point of spinodal decomposition. At such a 

high-temperature treatment microstructural coarsening was expected to be very rapid. At all 

aging temperatures, the microstructural development during aging began with the precipitation of 

δ-NiMo phase along and within the grain boundaries of α-Ni phase as shown in Figs. 6.6 to 6.8. 

Upon prolonged aging, these precipitates coarsened with aging temperature as well. For instance, 

the effect of aging time can be seen in Fig. 6.8a-c. A sample aged at a lower temperature, i. e. 

910°C, was harder than the one aged at a higher temperature, i. e. 1050°C. Like traditional aging 

curves, hardness increased and then overaged with time. Hardness decreased with aging 

temperature as well as time which was due to grain growth and precipitate coarsening. The 

average grain size of the samples before aging was around 110 µm, while after aging the average 

grain size increased by about 13.6% at 910°C, 31.8% at 970°C, and 90.9% at 1050°C.  Besides 

that, the precipitates size increased with aging times which led to losing coherency between 

precipitate particles and the matrix. That illustrates why hardness decreased with aging 

temperatures as well as time. 
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6.6. Summary  

The microstructural evolution during the aging of the supersaturated α-Ni alloy was 

studied. Cut samples of the alloy were aged between temperatures of 910°C and 1050°C for up to 

10h. The δ-NiMo phase developed as precipitates along and within grain boundaries of the α-Ni 

matrix, and then they coarsened with the transformation temperature and time. Schematic 

diagram of the phase transformation of Ni-25at.%Mo alloy during heat treatment between 

910°C-1050°C and different heat treatment times is shown in Fig. 6.10.  Hardness increased, 

peaked and then quickly decreased with the transformation temperature and time as the 

precipitates coarsened for aged samples. For the sample aged at 910°C, the hardness increased 

from the pre-aging value of 420 Kg/mm
2
 to as high as 710 Kg/mm

2
.         

 

Figure  6.10 Schematic diagram summarizing the phase transformation of the supersaturated Ni-25at.%Mo 

alloy during heat treatment between 910°C-1050°C (y-axis) and different heat treatment times (x-axis). 

 

5 15 600 

910 

970 

1050 

Heat treatment Time [minute] 

H
ea

t 
tr

ea
tm

en
t 

T
em

p
er

at
u
re

 [
°C

] 

α-Ni 
α-Ni 

α-Ni 

δ-NiMo 

α-Ni 

δ-NiMo 

δ-NiMo 



Chapter Seven  

77 

 

 Thesis Summary  7.

High-energy ball milling and powder metallurgy methods were used to prepare bulk Ni-

25at.%Mo alloy. Nickel and molybdenum powders were milled for 10h, cold-compacted, and 

sintered/solutionized at 1300°C for 25h under hydrogen and argon gases flow followed by 

quenching. The cold compaction and the sintering routines were repeated for a total of 100h 

sintering followed by quenching. The goal of these routines was to improve the density of the 

bulk samples, and the density was about 8.754 g/cc (~93.8% out of the theoretical density). The 

microstructural evolution and their related hardness in bulk supersaturated Ni-25at.%Mo alloy 

were investigated in three different cases. The results of the three cases have led to the following 

conclusions:   

The first case: 

i. The microstructural development of γ-Ni3Mo phase during aging between 600°C and 

900°C for up to 100h from the supersaturated solid solution α-Ni was studied.  

ii. The equilibrium γ-Ni3Mo was formed at 600°C after 100h. The transformation began with 

the precipitation of Ni2Mo, β-Ni4Mo, and γ-Ni3Mo and then eventually the equilibrium γ-

Ni3Mo became the dominant phase after 100h.  

iii. At aging temperatures between 650°C and 850°C, the transformation to the equilibrium γ-

Ni3Mo was not completed because aging at these temperatures for 25h was not sufficient to 

complete the transformation.  

iv. The formation of the intermetallic δ-NiMo phase was observed only at 900°C as a cellular 

structure after 2h and a basket structure after 25h.  
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v. In general, hardness increased by about 113.6%, and overaging occurred with aging time. 

For example, at an aging temperature of 600°C, hardness increased and peaked with the 

complete formation of γ-Ni3Mo phase.    

The second case: 

i. The microstructural evolution of the α-Ni and δ-NiMo from γ-Ni3Mo was studied.  

ii. Samples were first heat-treated at 600°C for 100h, to form the equilibrium γ-Ni3Mo phase. 

Subsequently, other heat treatments were performed at temperatures ranging from 910°C to 

1050°C for up to 10h followed by quenching.  

iii. In all samples, the formation of the α-Ni phase always occurred first and followed by the 

precipitation of the δ-NiMo phase along and within grain boundaries.  

iv. The equilibrium γ-Ni3Mo phase was not stable above the peritectoid temperature 910°C. 

v. The microhardness increased by about 90.5% very rapidly after 5 minutes and peaked with 

heat-treatment time as the microstructure coarsened. 

The third case: 

i. The microstructural evolution of supersaturated α-Ni alloy in the two-phase region during 

aging was studied. After sintering/solutionizing followed by quenching the samples were 

aged at temperatures ranging from 910°C to 1050°C for up to 10h.  

ii. The δ-NiMo phase was developed as precipitates along and within the grain boundaries of 

the α-Ni phase, and then they coarsened with aging temperature as well as time.  

iii. Hardness increased by about 77.2%, peaked, and then quickly decreased with aging 

temperature and time as the precipitates coarsened.  
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