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Synopsis on “Studies on the Preparation and Characterization of 

U3Si2 intermetallic and U-Mo alloys” 

This thesis deals primarily with the development of process route/s for 

the preparation of high density uranium compound/alloys, to fulfill the 

requirement of upcoming and future Indian Nuclear Research and Test 

Reactors. It is of relevance to mention that due to the recent policy shift of 

Government of India which is also in trend with the present international 

practice, the development of LEU (Low Enriched Uranium) based fuel cycle 

programme for our existing and upcoming research and test reactors has 

become a major thrust area in the Department of Atomic Energy (DAE). In 

this context, nuclear fuels viz. uranium silicide (i.e. U3Si2) and U-Mo alloys 

are eminent candidate materials. Further, a processing method for their 

preparation needs to be developed keeping in view our special approach and 

specific requirements, where LEU is produced in metal powder form as well.  

This study on the alloying of uranium silicide compound (i.e. U3Si2) by 

powder metallurgy route is perhaps the first reported attempt to systematically 

evaluate the effect of novel set of process parameters on the product 

characteristics. Further, the study on the preparation of U-Mo alloys with 

elemental powders as starting material has also been attempted for the first 

time. However, work on U-Mo alloy granule preparation by HDH (hydriding-

dehydriding) process has been carried out and reported in Korea, Belgium, 

USA, France, Brazil etc. The process includes preparation of alloy by either 

induction or arc melting, followed by microstructure tailoring and grain 

spalling by HDH technique.  
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The U3Si2 compound and U-Mo alloys (three compositions) used in 

this study were prepared by powder processing route, using natural uranium 

and silicon powders in the first case and by using natural uranium and 

molybdenum metal powders in the second case. However, U-Mo alloys with 

seven different compositions were also prepared by conventional induction 

melting process where natural uranium and molybdenum metal pellets were 

used as starting materials.           

Nuclear research and test reactors comprise a wide range of civil and 

commercial reactors that are not used for power generation purpose and their 

primary objective is to provide high emission rate (beam/irradiation position) 

neutron source [1]. Nuclear research reactors play a very crucial role in the 

peaceful use of nuclear energy such as production of radioisotopes, 

transmutation doping of silicon, testing of nuclear fuel and structural material, 

gem stone irradiation, nuclear physics and solid state physics studies involving 

neutron beam research and neutron radiography [2].  

Fuel assemblies of these research reactors are made in various designs, 

typically plates, cylinders, convolutes etc. with uranium-aluminium alloy (U-

Al) clad in nuclear grade commercially pure aluminium/alloy. HEU 

(U
235

>85%) based fuels allow more compact cores, with high neutron fluxes 

and high burnup, therefore, reactors up to the 1970’s have used this fuel 

technology. However, with time growing concerns related to fissile material 

diversion and proliferation gave rise to internationally accepted stipulation of 

20% enrichment limit, thus emerging guidelines of LEU (Low Enriched 

Uranium) fuels. It was therefore required to develop high density fuel 
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compound/alloys to successfully convert the existing reactor cores from HEU 

based fuels to LEU based fuels, without altering the basic reactor core design 

and other features [3].  

Studies on various alloys systems to address the issues mentioned 

above gave rise to U-Si binary alloy system, which is still the most widely 

used option. Out of various line compounds existing in the U-Si system, U3Si 

has the highest density. However, this phase is formed by peritectoid 

transformation at 925 °C. Also, U3Si is tough and difficult to grind besides 

being prone to oxidation and has higher irradiation swelling. In contrast, the 

U3Si2, though has lower density as compared to U3Si, is formed by congruent 

melting at 1665 °C, has better swelling characteristics on irradiation and is 

extremely friable, hence could be converted easily to powder form [4].  All 

these characteristics of U3Si2 have resulted in being the most favored/better 

compound for dispersion fuel application. In fact worldwide research reactor 

core conversions till date are based on U3Si2 compound dispersed in 

aluminium matrix and with Al alloy clad.  

Aluminium base dispersion fuel with U3Si2 compound as fuel material 

was very useful to achieve heavy metal loading of up to 5 gm/cm
3 

in the fuel 

meat. However, in order to achieve higher metal loading of 8 to 9 gm/cm
3
 in 

the fuel meat with aluminium based dispersion fuel for ultra high flux research 

reactor, heavier compounds of uranium like U6X (X: Mn, Fe, Ni) or Uranium 

alloys were attempted. It may be noted here that Uranium in the elemental 

form alone, cannot be used as dispersoid because of its poor chemical stability 
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with the matrix at fuel fabrication and reactor operating conditions and also 

due to irradiation induced detrimental effects.  

Uranium exists in three allotropic forms, α (Room Temperature to 668 

°C orthorhombic crystal structure), β (668 to 775 °C, base centered tetragonal) 

and γ (775 °C to Melting Point, body centered cubic crystal structure). Out of 

these, γ-phase is the most stable under irradiation. This phase is 

thermodynamically not stable below 775 °C, however, there are some alloying 

elements which can metastabilize γ-uranium at room temperature [5]. 

Later, the use of U6X compounds as fuel dispersoids was not found 

suitable because of their inherent break-away swelling characteristics. Hence 

the only choice left was to use uranium alloys as dispersoids for this purpose 

[6-7]. Most of these elements which form solid solution with uranium and 

stabilize γ-phase are transition metals, particularly from Group IVA to Group 

VIIIA of the periodic table. The stabilizing power of these elements to retain 

or metastabilize cubic γ-phase at room temperature increases with their atomic 

number, since more and more d-electrons participates in bonding due to 

hybridization with s- and p- orbital electrons. However, their solubility in 

uranium decreases because of the increase in atom size difference. Therefore, 

the choice of U-Mo system is identified as the best compromise between these 

two extreme ends [8]. 

The fuel compounds/alloys which have been discussed above are 

mostly prepared by induction or arc melting techniques. However, much of the 

literature on their preparation, characterization and basic metallurgy exists in 
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classified work and only part of it is available in open literature [9]. It was also 

observed that the arc and induction melting technologies for preparing these 

compounds/alloys have their own difficulties and challenges. The major 

difficulties and challenges with induction melting technique while minimizing 

the segregation (mainly due to large density difference between the constituent 

elements in liquid phase) are impurity pickup due to crucible contamination, 

additional step for product homogenization and therefore leading to further 

product contamination and higher uranium losses because of higher processing 

temperatures, and are difficult to overcome. On the other hand, the 

compounds/alloys prepared by arc melting technique are with low impurity 

pickup but the product inhomogenity and the limitation for cost effective mass 

scale production had posed many challenges and involved repeated melting. 

In this work, a systematic approach has been adopted for the 

preparation of U3Si2 compound and U-Mo alloys by powder metallurgy 

technique using elemental powders as starting material, so as to address 

the fuel fabrication requirements for modified core of APSARA and 

upcoming High Flux Research Reactors in India.  

To fulfill the objectives of this study, the congruent melting U3Si2 

compound was prepared with uranium metal powder and silicon powder as 

starting materials and processed at suitable temperature, so as to avoid any 

bulk liquid phase formation.  

In a similar way, U-Mo alloys with three different compositions (i.e. 2, 

5 & 10 wt% Mo) were also prepared by powder metallurgy technique with 

uranium and molybdenum metal powder as starting material. The chosen 
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compositions were based upon the phase transformations expected from U-Mo 

phase diagram. The most dilute U-Mo alloy (2 wt% Mo) selected in the study, 

remains as γ-phase at high temperature and passes through β-phase field 

before transforming into equilibrium phase products, U2Mo and α.  The 

medium composition in the alloy was selected because γ-phase transforms 

directly to equilibrium phases and thus avoid transformation through β-phase 

field. The basis for selecting higher composition was to study the phase 

transformation in the alloy at near eutectoid composition. U-Mo alloys with 

above said compositions were also prepared by induction melting technique so 

as to compare the final product characteristics.  

One of the objectives of the present study was to investigate the lowest 

possible concentration of molybdenum required to metastabilize cubic 

uranium phase at room temperature under the given furnace cooling conditions 

because molybdenum has higher parasitic capture cross section and hence its 

higher concentration in the alloy is undesired. For this purpose, seven different 

U-Mo alloys (i.e. 2, 5, 6, 7, 8, 9, 10 wt% Mo) were prepared by induction 

melting technique. It is also of importance that the fuel meat with stabilized γ-

phase must also withstand the processing and reactor operating conditions for 

the life-time of the fuel plates. Therefore, another objective of the study was to 

investigate the effect of hot rolling of some select alloys samples followed by 

their heat treatment at 560 °C. The temperature chosen for the heat treatment 

is below the eutectoid phase transformation, albeit much higher than the 

reactor operating temperature (~250 °C) in this case.  
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As mentioned earlier, one of the motivations behind the present 

investigation has been to explore a processing route of dispersion fuels starting 

with Uranium metal powder. With this in view, select compositions from the 

U-Mo system were also attempted by P/M (Powder Metallurgy) route.  

Having conducted a number of experiments to prepare and characterize 

the alloys and after accomplishing extensive literature survey, the thesis has 

been written and suitably divided into five chapters and further classified into 

sub-chapters and sections, as and when appropriate. The figures and tables are 

also listed as per their order of appearance and relevant context in the 

respective chapters. Chapter 1 is a brief introduction to the present research 

work and its objectives. This chapter starts with a general introduction on how 

the nuclear energy has evolved for peaceful applications, followed by a brief 

account on the global status of research reactors and also on different types of 

research and test reactors which were developed in India, their present status 

and the proposed ones in the near future. A brief discussion in the same 

chapter is also provided on the historic development of dispersion type fuels 

and its connection with RERTR programme.  

Chapter 2 is a review on the existing literature relevant to the present 

work. This chapter starts with concept of basic uranium physical metallurgy, 

describing different types of allotropic forms, its crystal structure and also the 

temperature range over which they are stable. A brief discussion on the 

radioactivity of uranium is also explained in the subsequent section with 

appropriate details on the precautions adopted for safe handling of radioactive 

material and the concept of glove boxes. Next section is devoted to the 
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different types of phase transformations in uranium and then sub-sections are 

written on the phase transformations in various uranium alloys and the effect 

of alloying upon the irradiation behaviour of uranium. The last sub-section is 

written mainly for non-nuclear readers not familiar with nuclear fuels to 

underscore neutron irradiation effects on fuels which has decisive role in 

establishing its usefulness (like low temperature tearing phenomenon observed 

in α-uranium (i.e. cavitation swelling), the concept of adjusted uranium and 

the swelling due to nucleation and growth of fission gas atoms followed by its 

coalescence). The next section is devoted to uranium-silicon and uranium-

molybdenum system. The sub-section on uranium-silicon system explains that 

the compounds like U3Si2 and U3Si5 are formed congruently and therefore are 

more stable if compared with USi2 and U3Si which are formed by sluggish 

peritectoid reaction and with low decomposition temperature [10].  The sub-

section on uranium-molybdenum system elucidates the effect of cooling rates 

on the phase transformation characteristics of dilute U-Mo alloys. In addition, 

the section also reasons about the suppression of β-phase field when the 

cooling rate is increased to 1000 °C/m for very dilute (8 at%Mo) alloys, hence 

allowing them to undergo phase transformation which is similar to that of pure 

uranium [10]. 

The experimental techniques employed in the present study and 

methodologies are described in Chapter 3. In the first two sections a brief 

account on alloy sample preparation and the crucible coating method is 

described. The next section is written on the preparation method for alloying 

of U3Si2 compound and U-Mo alloys by powder metallurgy technique. The 
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process equipment employed in the preparation of compound/alloys are also 

shown there. The next sub-section is written on U-Mo alloy preparation by 

induction melting technique, followed by hot rolling and quartz encapsulation 

so as to perform the heat treatment studies. In the next section, different 

characterization techniques employed in this study are briefly described.  

The results obtained in the present work are presented and analyzed in 

Chapter 4. This chapter is further classified into five sub-chapters: 

Characterization of U3Si2 compound synthesized by powder metallurgy route; 

Characterization of U-Mo alloys synthesized by powder metallurgy and 

melting casting route; Characterization of U-Mo alloys for investigation on 

metastability in cubic uranium; Phase transformation of U-Mo alloys; Study 

on U-Mo diffusion couple. Results show that U3Si2 compound synthesized by 

powder metallurgy process is a single phase compound and no other phases 

were observed in the detectable range of the XRD instrument. The subsequent 

analysis done by optical microstructure on the as synthesized U3Si2 compound 

has also revealed observations leading to the same conclusion. Synthesized 

compound density was found to be around 78 to 80% TD with succinct 

intragranular porosity, as can be observed in the microstructures [11]. 

Similarly the U-Mo alloys with compositions (2, 5, 10 wt% Mo) synthesized 

by powder metallurgy technique and induction melting technique have shown 

very similar phase content and microstructural characteristics. The only 

difference observed in the product characteristics prepared by both the 

processing techniques was density (78 to 80% TD for U-Mo alloys prepared 

by powder metallurgy technique) and the same can also be observed from the 
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optical microstructures of U-Mo alloys prepared by powder processing 

technique (presence of intragranular porosity) [12]. The metastability of cubic 

uranium phase with different molybdenum compositions was also 

characterized and the results obtained from X-ray diffraction analysis and 

optical microstructures clearly indicated the complete metastability of cubic 

uranium phase with minimum addition of 8 wt%Mo. The phase transformation 

characteristics of U-Mo alloys were studied and the results showed that with 

increased molybdenum percentage the metastability of cubic uranium phase 

increased. It was also observed from the X-ray diffraction results that peak 

broadening of γ-phase in heat treated U-Mo alloys after long hours of heat 

treatment has reduced however, there was no marked difference on the peak 

characteristics of α-uranium [13]. The microstructural characterization of heat 

treated U-Mo alloys reveals the presence of eutectoid phase product. A 

diffusion couple between uranium and molybdenum was also prepared and the 

results clearly indicate that although molybdenum has diffused into uranium 

gradually but the reverse is not evident, as uranium concentration after the 

diffusion couple interface has dropped to near zero value.   

 The work in the present study was carried out with the 

objective of preparation and characterization of higher density fuel 

compound/alloys in context of immediate and future requirements in BARC 

(e.g. refueling of modified APSARA reactor core and to achieve high flux in 

the upcoming/proposed reactor core).  

In view of this, a process for the preparation of congruent melting 

U3Si2 line compound phase was developed successfully by powder metallurgy 
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technique with uranium metal powder and silicon powder as starting materials 

at much lower temperature reported so far. The uranium silicide compound 

thus synthesized was then heat treated well below the melting point of U3Si2 

compound, reduced the chance of picking impurity by the product in the 

process to minimum. This was corroborated from the chemical 

characterization results, which showed that the total impurity content of the 

product and the starting materials did not differ much. The final soaking 

temperature of 1550 °C was selected keeping in view of eutectic and peritectic 

reaction temperatures in the system at 1540 °C and 1580 °C respectively. The 

U3Si2 line compound prepared by powder processing technique was found to 

be fairly homogeneous and no other silicide phases could be detected, thus 

ascertaining that the mixing of constituent elemental powder was carried out 

very effectively. Hence, the product prepared by this technique obviated 

additional homogenizing step as may be desired in other preparation 

techniques. The extent of porosity in the clinker suggested that even after 

crushing the clinkers to desired size fraction, a good amount of intragranular 

porosity was available in the fuel granules, which in turn would help in 

retaining fission products.  

  On the other hand, in case of U-Mo alloys (i.e. 2, 5 and 10 wt%Mo) 

prepared by powder processing route, the final soaking temperature was 

restricted to 1050 °C because of complete solid solubility in γ-phase. The final 

soaking temperature of all the three compositions of U-Mo alloys was kept 

same because their respective solidus does not change much [10]. The similar 

compositions of U-Mo alloys prepared by both powder processing and 
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induction melting route did not show any major difference in phase and 

microstructural characterization, except the porosity, which was found in U-

Mo alloys prepared by powder processing technique. As mentioned earlier, the 

presence of some porosity is a desirable microstructural feature in the nuclear 

fuels, as it helps in retention of fission products/gases. The compound/alloy 

prepared by powder processing technique was carried out very carefully by 

using process equipments installed inside glove box only and also under once-

through flow of high purity argon gas atmosphere so that impurity pickup can 

be minimized. The non metallic impurities like carbon and nitrogen were also 

required to be controlled strictly so that undesired phases (like carbides and 

nitrides) in the product can be minimized or avoided because being actinide, 

uranium has more affinity towards these elements. It was observed that among 

the different combinations, U-2wt%Mo alloy prepared by only powder 

processing technique could be crushed in desired size fraction while all the 

other compositions prepared by either route were unsuitable for granulation by 

crushing. This is most likely because increased volume percentage of cubic 

phase being ductile rendered the product un-friable [13].   

 Based on the results obtained, it can be clearly concluded that a 

complete retention of cubic uranium phase under furnace cooling condition at 

room temperature was achieved with minimum 8wt%Mo addition in uranium. 

This implies that molybdenum percentage in uranium could be reduced to 

lower values in order to metastabilize the cubic uranium phase. This 

conclusion is significant from neutron economy view point so that alloying 

content in U-Mo should be reduced to as low as reasonably required.  
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The nuclear fuel, once loaded in the reactor, must withstand the 

operating temperature for the life-time of fuel elements. Keeping this in view, 

U-Mo alloy compositions which exhibited stability of γ-phase (>8 wt.% Mo) 

were hot-rolled followed by heat-treatment at 500°C up to 240 h. The heat-

treated samples did exhibit decomposition of γ-phase into U2Mo and α, 

however, the extent of transformation was found to decrease with increasing 

Mo-content in the alloys [14]. Further, though the amount of transformed 

phases were more in samples heat-treated for longer times, as expected, the 

total retained γ-phase quantity was found to be significant, as evidenced by 

XRD as well as microscopy. This finding is remarkable because it indicated 

sufficiently long life of U-Mo alloys (≥ 8wt% Mo) thus confirming them as 

potential candidate materials. These studies also provide basis for further 

investigation on the transformation kinetics under influence of neutron flux to 

establish these compositions as potential fuel for the next generation research 

reactors for the Indian Programme.  
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1. Introduction 

1.1 General 

1.1.1 History of self-sustaining chain reaction 

 In the early part of 1930’s, physicist Enrico Fermi and many other 

competing groups like Otto Hahn, Strassman and Lise Meitner’s team in 

Germany had started independent experiments on splitting of heavy atoms into 

relatively lighter elements under neutron bombardment. Later, Lise Meitner 

migrated to Denmark due to the problems in Nazi Germany. Meanwhile Fermi 

conducted his experiments by bombarding uranium with neutrons. The results 

from these experiments were completely unexpected as the reaction product 

had different elements [1]. Independently, by the end of 1938, Otto Hahn and 

Fritz Strassman also conducted similar experiment, where neutrons from a 

source (like radium and beryllium) were bombarded into uranium. The results 

from the experiment were much to surprise, since they also found lighter 

elements such as barium in the left over material. During that time Lise 

Meitner in Copenhagen discovered the theory of mass difference between 

fission products and uranium [2-3]. After that she used Einstein’s theory to 

explain the conversion of lost mass into energy. At that time this theory had 

opened a completely different arena of nuclear energy [4]. However, from the 

history it is clear that though Lise Meitner did not get her due for discovery of 

Nuclear Fission with Otto Hahn, her contributions were appreciated and 

accorded by many. In fact, Enrico Fermi was awarded Nobel Prize for 
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discovery of Transuranic elements (which were actually fission products) and 

Otto Hahn for discovery of Nuclear Fission. 

 In 1939, Bohr came to America and shared the discovery of Hahn-

Strassman-Meitner with Einstein and also met Fermi at an international 

conference on theoretical physics in Washington D.C. to discuss the 

possibility of self sustaining chain reaction. It was by this time, that scientists 

all around the world began to believe the possibility of self sustaining chain 

reaction with critical mass of uranium. In early 1942, a group of scientists led 

by Fermi gathered at the University of Chicago to test their theories and by 

November 1942, they were ready to begin the construction of world’s first 

nuclear reactor which was later named as Chicago Pile-1 [5]. The reactor was 

constructed on the floor of a squash court beneath the University of Chicago’s 

athletic stadium. Uranium was used as fuel with graphite as moderator and 

cadmium metal rods were used to control chain reaction. On the morning of 

December 2, 1942 the scientists began demonstration of Chicago Pile-1 and 

finally at 3:25 p.m., Chicago time, the nuclear reaction became self-sustaining 

and the world entered into the Nuclear Age [6].  

 

1.1.2 Nuclear energy for peaceful application  

 Chicago Pile-1 was the beginning of civil nuclear programme since 

most of the earlier atomic research was focused on the development of 

effective weapon programme used in World War II and was done under the 

code name ‘Manhattan Project’ [7-8]. It was only after the war, the United 

States Government encouraged the development of nuclear energy for 
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peaceful civilian purposes, mainly because the economically recoverable 

resources of nuclear fuel materials (uranium and thorium) had the potential to 

provide energy that was several times larger than any other resource of fossil 

fuel. A single atom of uranium-235 isotope under fission would release around 

200 MeV of energy which is well above the energy released by the 

combustion of a carbon atom (e.g. 4 eV). In addition to this, increase of oil 

price all around the world had also given an impetus on economical and 

commercial utilization of this large energy reservoir. It was also realized that 

the fertile isotopes such as uranium-238 in natural uranium and thorium-232 

alone cannot sustain chain reaction. However, they can be converted into 

fissile isotopes of plutonium-239 and uranium-233 respectively by neutron 

absorption followed by beta decays. This had provided a great solution and 

opened up a completely different avenue to fulfill the increased global energy 

demand.          

 In 1946 the US congress had created the Atomic Energy 

Commission (AEC) to address this objective. The AEC authorized the 

construction of Experimental Breeder Reactor-I at a site in Idaho and the 

reactor had generated the first electricity from nuclear energy on December 

20, 1951 [9]. To achieve the major goal of peaceful application of nuclear 

energy for the production of electricity on commercial scale, the first 

commercial electricity-generating plant powered by nuclear energy was 

located in Shippingport, Pennsylvania and was operated at full design power 

in 1957 [10]. Although the main objective, for the peaceful application of 

nuclear energy programme around the world was to generate electric power, 
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but there were many other areas, where it had helped enormously in the 

betterment of society. In this regard, nuclear research reactors have played a 

very crucial role, in the production of radioisotopes, transmutation doping of 

silicon, testing of nuclear fuel and structural material, gem stone irradiation, 

nuclear physics and solid state physics studies involving neutron beam 

research and neutron radiography [11-12]. 

 

1.2 Research Reactors 

1.2.1 Global scenario 

 In the present days, the worldwide demand of research reactors for 

nuclear science research, technology development, reactor services & for 

personnel education and training does not require their large numbers, unlike 

in the 70’s and 80’s. Therefore, research reactors that stand out in the present 

generation were either with special attributes (i.e. a high neutron flux, a cold 

source and in-core loops to simulate power reactor conditions) or with 

diversified applications, to take advantage of commercial opportunities (i.e. 

radioisotope production, gem coloring or silicon doping). In addition, research 

reactors also provide important training to the scientists/engineers and help in 

generating a pool of skilled human resource for future requirements. 

 For over 50 years, research reactors had made valuable 

contributions in the field of nuclear energy. As per IAEA database, there were 

672 research reactors all over the world, 274 were operational in 56 countries 
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(85 in 39 developing countries), 214 were shutdown, 168 decommissioned and 

16 others planned or under construction as in June 2004 [12-14].  
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Fig. 1.1 Graphical representation on the status of research reactor (numbers 

in developed and developing countries) [12]. 

 

 The number of countries with at least one research reactor had 

peaked to 60 in the mid-eighties. This had incidentally coincided to its peak of 

41 numbers for developing countries in the same period (as shown in Fig. 1.1) 

[12]. However, the number of developed countries with at least one research 

reactor remained almost constant since 1965 and for developing countries 

since 1985 to the present. Only four developed countries and three developing 
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countries that once had operational research reactor do not have any more 

now.  

 The worldwide distribution of research reactors among the member 

countries of IAEA, suggests that around 70% of them are located in the 

developed countries with Russian Federation and USA having the largest 

numbers (as shown in Fig. 1.2) [15]. It had also been observed that over the 

years there is a considerable decrease in the number of new research reactors 

being brought into operation and at the same time their shutdown numbers 

have also decreased. The present statistics accounts to the fact that nuclear 

energy in the present state has evolved from a relatively new science into an 

established technology.  

 

Fig. 1.2 Status of operational research reactors in IAEA Member States (Total 

numbers of research reactor-273) [15]. 
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 Most of these research reactors were operated with specific 

applications and under stringent safety norms so as to avoid any significant 

consequences in the worst case accidental scenario. Hence, almost 77% of the 

operational research reactors were commissioned with less than 5 MW power 

while 50% research reactors worldwide were operated at either 100 kW power 

or less. A pie chart shown in Fig. 1.3 [15] gives an idea on the distribution of 

thermal powers of currently operating research reactors. The figure also 

confirms that the requirement of reactor core power density is not very high in 

many cases.    

 

  

 

 

Fig. 1.3 PIE chart showing the distribution of thermal powers of operating 

research reactors [15]. 
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1.2.2 Research and test reactors in India 

 One of the earliest milestones in India’s nuclear programme was the 

commissioning of its first nuclear reactor at Trombay, in the year 1956, which 

was named APSARA by then Prime Minister, Pandit Jawaharlal Nehru. 

Incidentally, APSARA happened to be the first of its kind in Asia too. The 

basic design of the reactor was swimming pool type, and the fuel used was 

imported Al clad Al-U (HEU) alloy plate type fuels [16-17].  

 The success of APSARA has provided enough expertise as well as 

experience for DAE to come up with many other types of research reactors 

with different purposes and objectives. In this chain, a zero energy fast reactor 

PURNIMA-I was made critical on 18 May, 1972 at Trombay, by using PuO2 

pellets stacked inside stainless steel tube as fuel. Incidentally, this campaign 

was the first major plutonium based fuel fabrication activity in India. In the 

early 70’s Al clad Al-Pu (≤20% Pu; Al-10wt%Pu & 18wt%Pu) plate type fuel 

elements were fabricated at Trombay by “picture frame” technique (as shown 

in Fig. 1.4) followed by “roll bonding” for reactor physics experiments in 

ZERLINA critical assembly at Trombay [18]. It is also well established from 

the literature that aluminium has very poor solid solubility with uranium and 

plutonium. Therefore, in order to minimize the segregation between heavy 

metal and aluminium, a master alloy was prepared and then diluted to the 

desired composition [19]. The alloy was then picture framed and hot roll 

bonded to fabricate fuel plates of desired specification. Later, the knowhow 

was further developed and utilized for 30 kWth neutron source reactor, 

KAMINI at Kalpakkam. In total 9 fuel sub-assemblies were fabricated with Al 
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clad Al-20%U
233

 and 3 sub-assemblies with Al clad Al-23%Pu for KAMINI 

[20-26]. A Fast Breeder Test Reactor is also in operation at Kalpakkam with 

mixed U-Pu carbide fuel and is mainly used for experiments related to fast 

reactor system. There are two more research reactors namely CIRUS and 

DHRUVA with 40MW and 100MW power respectively, and are located at 

Trombay. The fuel elements for these reactors are natural uranium rods clad in 

1S aluminium. The APSARA research and test reactor is presently undergoing 

core conversion programme and will be upgraded to 2MW power with 

indigenous LEU based plate type fuel elements [16]. A brief description on the 

present status of Indian research reactors (i.e. decommissioned, operational & 

planned in future) is shown in Table 1.1. 

   

 

Fig. 1.4 Schematic of plate fuel fabrication by picture frame technique. 
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Name of the 

reactor 

Reactor 

Power 

Date of 

criticality 

Present status Fuel employed 

APSARA 1 MW August 4, 

1956 

Loading of 1
st
 fuel 

charge was on July 

30, 1956 & was 

removed from core in 

1965  

U-Al alloy 

with 46% 

enrichment 

(Imported) 

Loading of 2
nd

 fuel 

charge was on May 4, 

1965 & was removed 

from core in 1983  

U-Al alloy 

with 80% 

enrichment 

(Imported) 

Loading of 3
rd

 fuel 

charge was on August 

1983 & was removed 

from core in 2010 

U-Al alloy 

with 93% 

enrichment 

(Imported) 

CIRUS 40 MW July 10, 

1960 

Permanently shut 

down on December 

31, 2010 

Natural 

uranium rod 

with 1S Al-

clad 

ZERLINA 100 

watt 

January 

14, 1961 

Decommissioned in 

1983 

Natural 

uranium with 

imported heavy 

water 

PURNIMA-I 1 watt May 18, 

1972 

Decommissioned in 

1974  

21.6 kg of 

Pu
239

 in the 

form of PuO2 

pellets stacked 

in SS 

PURNIMA-

II 

10 watt May 10, 

1984 

Decommissioned in 

1986 

400 gram U
233

 

in nitrate 

solution form  

* Table continued in the next page 
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DHRUVA 100 

MW 

August 8, 

1985 

In service Natural 

uranium rod 

with 1S Al-

clad 

PURNIMA-

III 

1 watt November 

9, 1990 

Decommissioned in 

1991 

600 gm U
233

 in 

plate type fuel  

KAMINI 30 kW October 

29, 1996 

In service 9 SFA with U-

20%U
233

 & 3 

SFA with U-

23%Pu
239

 

FBTR 40 MW October 

18, 1985 

In service Uranium and 

Plutonium 

mixed carbide 

fuel  

Modified 

APSARA 

2 MW Expected 

in 2014 

Construction stage LEU based 

U3Si2 dispersed 

in Al-matrix 

and with Al-

alloy clad 

HFRR 30 MW Expected 

in 2019 

Plan project stage LEU based 

U3Si2 dispersed 

in Al-matrix 

and with Al-

alloy clad 

DHRUVA-II 125 

MW 

Expected 

in 2020 

Plan project stage Mixed core of 

Natural and 

SEU metal rod 

in Al-clad 

 

Table 1.1 Research reactors in India. 
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1.3 Research reactor fuel and its development 

 The fuel elements that have mainly been used in research reactors 

include; uranium metal, uranium alloys, dispersions in aluminium (UAlx, 

U3O8, U3Si2), dispersions in graphite and stainless steel (UO2), UZr-hydride, 

aqueous solutions (uranyl sulfate, nitrate or phosphate) [27-31] etc. A 

significant knowledge on experimental fuel and reactor concepts exists at the 

present moment however the majority of the fuel/reactor designs are based 

upon either MTR or Triga concept [32]. In the year 1952, the starting up of 

high-flux 45 MWth Material Test Reactor (MTR) at Idaho, gave origin to a 

wide group of similar types of research reactors with similar fuel concept and 

power installations to test materials in intense radiation field. In 1950s and 

1960s, lower power research reactors were also built around the world using 

MTR type fuel elements containing low enriched uranium fuel; LEU (U
235 

< 

20 wt%). However, in contrary, to low power research reactors based upon 

MTR fuel design which have utilized low enriched uranium for fuel, the high 

power research and test reactors have used high enriched uranium HEU (U
235 

≅ 85 wt%). The use of HEU has some benefits such as; it avoids the need of 

higher uranium concentration in the fuel, offers longer core resident time, 

higher specific reactivity and lower fuel costs. The above referred advantages 

with HEU based fuel, derived the designers to gradually convert the core from 

LEU to HEU even for the lower power reactors in the early years [33-34].  

 It was only when the concerns related to proliferation and diversion 

with HEU was raised in the United States, the commerce in HEU for research 

reactors fuel fabrication was discouraged. In general, to achieve the objective 
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of complete elimination of HEU in the fuel cycle, the United States later 

introduced the Reduced Enrichment for Research and Test Reactors (RERTR) 

programme in 1978 [35-45]. A similar programme was also initiated in the 

former Soviet Union for their research and test reactors. In the later years both 

the programmes were merged together after Russian Federation became full 

partner to RERTR. It is also important to point out that three different types of 

fuels systems were in use with high enriched uranium (HEU) namely UAlx-Al 

dispersion fuel with uranium densities up to 1.7 g/cm
3
, U3O8-Al dispersion fuel 

with uranium densities up to 1.3 g/cm
3
, and UZrHx alloy fuel with uranium 

densities up to 0.5 g/cm
3
 (8.5 wt% U) prior to the inception of RERTR 

programme. UAlx-Al (or aluminide) fuel was developed at the Idaho National 

Engineering Laboratory in the 1960s for use in the 250 MW ATR reactor. 

U3O8-Al (or oxide) fuel was developed at the Oak Ridge National Laboratory 

in the 1960s for use in the 100 MW HFIR reactor while UZrHx (or TRIGA) 

fuel was developed by General Atomics and used in TRIGA reactors with 

power levels up to 14 MW [46-58]. A major component of RERTR 

programme is the development and qualification of new, high-density, LEU 

fuels based on uranium silicon and later with uranium molybdenum alloys. 

The programme was focused with two major objectives, first to enable further 

conversions of reactors from HEU to LEU without effecting any major 

modification in the core and second to develop a substitute for LEU silicides 

which can be reprocessed more easily [59-62]. 
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Dispersion fuel 

 Over the years plate fuel technology was established as the most 

proven and reliable method for the fabrication of fuels for research and test 

reactors all over the world. However, it was also reported that Russia had 

pursued their design of tube type fuel assembly and later converted to rod type 

design for their research reactors [34]. The advantage of tube/rod type fuel 

design over plate type geometry is its better geometrical stability (i.e. hoop 

stress). However, plate type fuel geometry provides higher heat transfer rate 

because of its large surface area [63-65]. This attribute of plate fuel allows it 

to operate almost in cold condition leading to higher neutron flux in the 

reactor. In view of this, many materials (like Mg, Graphite, Be, Zr and Al) 

were initially considered for clad but aluminium and its alloys had found edge 

over others due to the ease in fabrication, high thermal conductivity, excellent 

irradiation stability, good corrosion resistance in water at reactor operating 

temperatures, adequate mechanical property and low parasitic capture cross 

section for thermal neutrons. The relevant properties of alloyed and unalloyed 

aluminium are shown in Table 1.2 [18].  

 A thermal neutron flux of the order 10
13

 to 10
14 

n/cm
2
/s could be 

achieved easily with the existing conventional fuel design and fuel fabrication 

technology. However, when the neutron flux was required to increase by an 

order or two then a new design philosophy was desired. The objective of 

increase in neutron flux could be achieved either by increasing fissile atom 

density or by changing the fuel geometry.  
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Alloy Number ALCOA (US) 1050 1100 5052 6061 

IS (INDIA) 19500 19000 52000 65032 

Composition 

(wt%) 

Aluminium 99.5 99 Balance Balance 

Magnesium - - 2.5 1.2 

Silicon - - - 0.8 

Temperatures 

(
0
C) 

Liquidus 657 657 649 652 

Solidus 646 643 607 582 

Annealing 345 345 345 - 

Solution Treatment - - - 530 

Aging - - - 175 

Properties Tensile 

Strength 

Ksi 11 13 28 18 

MPa 76 90 193 124 

Yield Strength Ksi 4 5 16 8 

MPa 28 34 110 55 

Shear 

Strength 

Ksi 9 9 18 12 

MPa 62 62 125 83 

Total Elongation (%) 39 35 30 25 

Hardness (500 kg, 

10mm ball) 

19 23 47 60 

Specific Heat (J/Kg/K) 900 904 895 896 

Thermal Conductivity 

(W/m/K) 

231 222 218 180 

 

Table 1.2 Mechanical & Other relevant properties of unalloyed aluminium 

and its alloys [18]. 
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 An inevitable consequence of the requirement for these ultrahigh 

flux intensities in a reactor was a tenfold increase in core power density, which 

would put an enormous burden on burnup reactivity and core cycle length 

(and consequently on fuel cycle cost). In the earlier days, of fuel design and 

technology development, enrichment of fissile atom was increased up to 

~95wt%U
235

 to achieve this goal but due to issues related to proliferation and 

international policy of LEU usage in research reactor this technology had 

received a setback. Hence, alternate methods were explored and developed for 

the purpose [66-68]. In an alternate method the requirement to achieve 

ultrahigh thermal flux intensities in a large reflector volume surrounding the 

core lead to core designs that would reduce internal neutron moderation and 

enhance neutron leakage. Neutron leakage could be maximized for core 

configuration with following ways [69-70]:  

i. A relatively hard neutron energy spectrum which would enhance the 

probability of fast neutron leakage into the reflector/moderator.  

ii. High surface to volume ratio.  

iii. Selection of different moderating materials (such as D2O) with a 

longer neutron mean free path when compared to the dimensions of 

the fuel region.  

 High neutron flux intensity of the order 10
15

 to 10
16

 n/cm
2
/s required 

high fission rate densities which in turn would require a small and compact 

core volume while keeping the total reactor power as low as possible. The 

required high core power density resulted in relatively high heat flux value 
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which was a major challenge for effective core cooling. However the 

challenge could be encountered by number of ways [71]: 

i. Thickness of fuel plates could be reduced so that a large fuel plate 

surface area per unit core volume was created. 

ii. The coolant flow velocity would also been increased. 

iii. Shortening flow path and efficient hydraulic geometries could have 

been introduced.  

 There were many high flux reactors which were designed as central 

flux trap machines for material irradiation and isotope production. In this 

design an annulus region was made by combining different numbers of curved 

shape fuel plates. The neutrons were under moderated in this location and then 

the leaked neutrons were moderated efficiently by the combination of 

reflector/moderator near specific irradiation locations [72].  

 

1.4 Aim of the present investigation 

 The aim of the present work was primarily to study process route/s 

for the preparation of high density uranium compound/alloys. However, the 

basic knowhow of plate type fuel technology did exist in BARC. In the earlier 

developmental work U-Al alloy and Pu-Al alloy was employed as fuel meat 

and was sandwiched between aluminium plates for physics experiments and 

later in KAMINI reactor. The uranium used was in U
233

 isotopic form for 

KAMINI fuel plates. BARC also commissioned studies yielding significant 

amount of development and research work on the phase stability of UAl3 

compound. [26]. The work reported, in this thesis was successfully adapted for 
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fuel fabrication activity to make nine fuel assemblies with U-20%U
233

 and 

three fuel assemblies with U-23% Pu
239

. Thus part of the motivation for the 

present work was derived from the success story of fuel development activity 

carried out for KAMINI in the past. 

 It may be stated that due to our recent policy shift and also keeping 

in trend with the prevailing international practice, the development of LEU 

(Low Enriched Uranium) based fuels Research & Development activities for 

our existing and upcoming research and test reactors would become a major 

thrust area in BARC, in lieu of HEU (High Enriched Uranium). In fact, the 

motivation for the present work also came from the requirement and need to 

develop indigenous fuel for the modified core of APSARA reactor. APSARA 

reactor has so far utilized imported fuel from UK in all its three refueling 

cycles (as can be seen from Table 1.1). It was only after 2010, the need for 

developing LEU based indigenous fuel for the modified core of APSARA was 

realized by the department. In this context, it was identified that nuclear fuels 

viz. uranium silicide (i.e. U3Si2) and U-Mo alloys are the potential candidate 

materials. Therefore, the aim of the present work was to develop a processing 

method for their alloying keeping in view our unique and specific 

requirements, where LEU is available in metal powder form. The aim of this 

present work was also to employ the economical and feasible methodology of 

fuel development work which could easily be converted to fuel production 

activity. 

 

 



19 

 

1.5 Scope and objective of the present work  

  It is well understood from the previous chapters that fuel assemblies 

of most of the research reactors employed in the past are typically plates or 

cylinders of HEU based uranium-aluminium alloy (U-Al) clad in nuclear 

grade commercially pure aluminium/alloy. However, as already explained in 

section 1.3, studies on various alloys systems were carried out all over the 

world to encourage the commerce in LEU without employing any major 

design implications on the basic reactor core design. The results obtained from 

these studies have indicated the distinct advantages of U-Si binary alloy 

system. In fact U-Si system is still one of the most popular choice amongst the 

furl designers, mainly because of higher heavy metal density in the compound 

and its stable in pile characteristics under specified and desired reactor 

operating conditions. However, it is also known that U-Si system has 

extremely poor solid solubility with large number of intermediate phases of 

fixed stoichiometry.  

 Out of the seven line compounds existing in U-Si system, U3Si2 has 

evolved as the most practical and better compound for dispersion fuel 

application because of better swelling characteristics after irradiation, ease in 

fabrication and high heavy metal density. In contrary, if the heavy metal 

loading in aluminium based fuel meat is required to increase to 8-9 gm/cm
3
 

then uranium alloys are the only choice for dispersoids. Out of the many 

uranium alloys considered for the purpose, U-Mo has achieved the most 

favored attention because of its best compromise between solid solubility and 

intermetallic phase formation. 
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 The fuel compounds/alloys which have been discussed above are 

mostly prepared by induction or arc melting techniques. However, much of the 

literature on their preparation, characterization and general metallurgy existed 

in classified work and only part of it is available in open literature after 

declassification [73]. It was also observed that the arc and induction melting 

technologies for preparing these compounds/alloys have their own difficulties 

and challenges. The major difficulties and challenges with induction melting 

technique are segregation (mainly due to large density difference between the 

constituent elements), impurity pickup due to crucible contamination, 

additional step for product homogenization and therefore leading to further 

product contamination and higher uranium losses because of higher processing 

temperature. On the other hand, the compounds/alloys prepared by arc melting 

technique are with lower impurity pickup but the product inhomogenity and 

the limitation for cost effective mass scale production had posed many 

challenges.     

 In this work, a systematic approach has been adopted for the 

preparation of U3Si2 compound and U-Mo alloys by powder metallurgy 

technique, so as to address the fuel fabrication requirements for modified core 

of APSARA and upcoming high flux research reactors in India. This study on 

the alloying of uranium silicide compound (i.e. U3Si2) and U-Mo alloys by 

powder metallurgy route is perhaps the first attempt to systematically evaluate 

the effect of process parameters on the final product characteristics. The U3Si2 

compound and U-Mo alloys used in this study were synthesized by powder 

processing route, using natural uranium and silicon powders in first case and 
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by using natural uranium and molybdenum metal powders in the second case 

so as to address our unique requirement, where LEU is present in metal 

powder form.  

 Therefore, the first objective of the present work was to develop a 

solid state alloying process for the preparation of homogeneous U3Si2 line 

compound phase. The final heat treatment temperature was also desired to be 

kept well below the liquidus of U3Si2. As mentioned earlier, one of the 

motivations behind the present investigation has been to scout for a processing 

route of dispersoid fuels starting with Uranium metal powder. With this in 

view, select compositions from the U-Mo system were also attempted by P/M 

(Powder Metallurgy) route. These compositions were carefully selected and 

were based upon the different phase transformations expected from U-Mo 

phase diagram. It was observed that the most dilute U-Mo alloy selected in the 

study undergo phase transformation from γ to β first before transforming into 

equilibrium phase products. The medium composition in the alloy was 

selected because γ-phase transforms directly to equilibrium phases and thus 

avoid transformation through β-phase field. The basis for selecting higher 

composition was to study the phase transformation in the alloy at near 

eutectoid composition. U-Mo alloys with above said compositions were also 

prepared by induction melting technique so as to compare the final product 

characteristics. The objective was also to achieve excellent product 

characteristics by powder processing route, with low impurity pickup, low 

crucible/tray contamination and with no additional homogenization step.   
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 One of the objectives of the present study was also to investigate the 

minimum quantity of molybdenum required to metastabilize cubic uranium 

phase at room temperature under furnace cooling conditions because 

molybdenum has higher parasitic capture cross section. For this purpose, 

seven different U-Mo alloys (i.e. 2, 5, 6, 7, 8, 9, 10wt%Mo) were prepared by 

induction melting technique. The fuel meat with stabilized γ-phase must 

withstand the processing and reactor operating conditions for the life-time of 

the fuel plates. Therefore, another objective of the study was to investigate the 

effect of hot rolling of some select alloys samples followed by their heat 

treatment at 500 °C. The temperature chosen for the heat treatment is below 

the eutectoid phase transformation, albeit much higher than the reactor 

operating temperature (~250 °C) in this case.  

 

1.6 Outline of the thesis 

 The thesis is organized in five chapters which are further classified 

into sub-chapters and sections, as and when appropriate. Chapter 1 is a brief 

introduction on the present work and its objective. The chapter starts with 

history of self sustaining chain reaction and the evolution of nuclear energy for 

peaceful application. This is followed by a global perspective on the 

development of research reactor followed by a brief overview on the present 

status of Indian research and test reactor programme. In the next section a 

brief account on the development of dispersion fuel and the influence of 
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RERTR programme on LEU fuel development is mentioned. This is followed 

by a section on the scope and objective of the present research programme.  

  Chapter 2 is written on literature review relevant to the present 

work. The chapter starts with small discussion on physical metallurgy of 

uranium and a brief note on the issue related to handling and radioactivity of 

uranium. The section on uranium physical metallurgy is then divided in four 

sub-sections, describing crystal structures, phase transformations and the 

effect of alloying addition on the irradiation behavior of uranium. Next section 

describes the most common fuel fabrication technology developed and 

followed by many around the world. It is then followed by the sections, where 

a brief discussion on uranium-molybdenum alloy system and uranium-silicon 

has been presented. In the last section of this chapter, the research approach 

adopted in the present work to achieve the desired objective has been 

discussed.  

  The experimental techniques employed in the present study and 

methodologies are described in Chapter 3. In the first section a brief account 

on the preparation of U-Mo alloy by induction melting technique and the 

methodology adopted for the coating of graphite crucible is presented. The 

next section describes preparation of U3Si2 compound and U-Mo alloys by 

powder processing route. The following section mentions the hot rolling of 

uranium molybdenum alloys followed by quartz encapsulation and its heat 

treatment. The section is then followed by a brief description on various 

characterization techniques employed in the present work.  
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 The results obtained in the present work are presented and analyzed 

in Chapter 4. This chapter is further classified into five sub-chapters, where 

results are shown one after another on: alloying of U3Si2 compound by powder 

metallurgy route; alloying of U-Mo alloys by powder metallurgy and melting 

casting route; metastability of U-Mo alloys; phase transformation of U-Mo 

alloys; study on U-Mo diffusion couple.  

 Results obtained from the experiments and their analyses, as 

described in chapter 4 eventually lead to conclusions, as summarized in 

subsequent chapter 5. List of references, in the order of appearance, is given at 

the end of the thesis.  
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2. Literature Review 

2.1 Physical metallurgy of uranium 

 In general uranium is used as major alloying element for dispersion 

fuels, however plutonium based alloys have also been tried in many places but 

their application is limited and were used in special cases only. Therefore, it is 

pertinent to give a brief account on the physical metallurgy of uranium, an 

actinide in the periodic table. It is also important to note that due to the 

electronic configuration its alloying behavior is very complex and it does not 

exhibit large solubility with most elements. 

 

2.1.1 Crystal structures of uranium 

 Solid elemental uranium exhibit three polymorphic forms: bcc γ 

phase (>775 °C), tetragonal β phase (between 668 °C and 775 °C) and 

orthorhombic α phase (<668 °C). 

α-uranium 

 The orthorhombic α-uranium phase is stable from room temperature 

to 668 °C. Jacob and Warren [74], in 1937, first described the crystal structure 

of α-uranium by powder diffraction technique. It is clearly seen from the 

structure that the (010) plane is corrugated and from experiments it has been 

established that during heating it’s a and c axis get expanded where as b axis 

contracts. The space group of α-U is determined as Cmcm with 4 atoms per 

unit cell. The coordinate of the four atoms are given as (0, y, ¼), (0, -y, ¾), 

(½, y+½, ¼) and (½, ½-y, ¾); where y=0.1025. 
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β-uranium 

 The tetragonal β-uranium phase is stable from 668 °C to 775 °C. 

Tucker [75], in 1950 first described the crystal structure of β-U by high 

temperature powder diffraction technique. The space group of β-U is 

determined as P42nm with 30 atoms per unit. The coordinate of the atoms are 

given as follows, using the Wyckoff notations: 2 atoms are in b position, 4 

atoms in f position (x=0.1033), 8 atoms are in j position (x=0.3183, z=0.27), 8 

atoms are in I position (x=0.3667, y=0.0383) and 8 atoms are in I position 

(x=0.5608, y=0.2354). The crystal structure is considered to be composed of 

two densely populated planes (B and C) with one less populated rumpled 

intermediate plane A. So the structure can be reproduced with AB AC AB AC 

stacking in [001]. 

γ-uranium 

 The body centered cubic phase (BCC) of γ-uranium phase (space 

group Im3m) is stable between 775 °C and 1132 °C. Wilson and Rundle [76], 

in 1939, first described the crystal structure of γ-U by high temperature 

powder diffraction technique. At 800 °C temperature the lattice parameter of 

γ-U was found to be 3.538 Å. 

 

2.1.2 Phase transformation in uranium 

 It has been shown by Duwez [77] that it is improbable that any rate 

of cooling from the gamma phase will prevent the formation of first beta and 

then the alpha phase in pure uranium. The range in temperature over which the 
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beta uranium phase exists is in fact increases with increasing cooling rates and 

the DTA result supports the same fact. Klepfer and Chiotti [78] have studied 

the rate and amount of transformation as a function of isothermal holding time 

in regions near each equilibrium transformation temperature. Their study 

included the transformations γ→β, β→α and vice versa and the work was 

done with uranium containing less than 150 ppm of impurities. The percent of 

metal transformed near each equilibrium transformation temperature was 

evidently a function of the isothermal temperature [79]. Under isothermal 

conditions, the rate of transformation proceeded rapidly at first and then 

slowed down to zero as an apparent end of transformation was reached and 

further change in isothermal temperature would cause additional 

transformation. These effects are similar to classical martensitic behavior and 

therefore all the transformations in pure uranium were defined as coherently 

nucleated martensite like transformation. 

β→α transformations 

 For pure uranium TTT curve shows two ‘C’ shaped curves [80]. The 

curve near equilibrium temperature corresponds to diffusion controlled 

transformation whereas the lower ‘C’ curve stands for martensitic 

transformation. For pure uranium the lower ‘C’ curve is most predominant but 

with increasing alloying addition it has been seen that the diffusion controlled 

mechanism is prevalent. The salient features of β to α formation by martensitic 

transformation are as follows [81]:  
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i. The transformation occurred by the growth of plates of alpha on preferred 

habit planes in the beta matrix. These habit planes have been identified as 

principally the {321} plane. 

ii. The plates grow by a mechanism that involves shear of the uranium metal 

within the beta plate. Hence straight surface scrathes in the beta matrix are 

observed to be sheared by the formation of the alpha plates. 

iii. The rate of growth of the plates of alpha under isothermal condition is 

slow, yet much too rapid to the diffusion controlled even at room 

temperature. The rates of growth of these plates have been observed as 

few millimeters an hour.  

iv. The plates of martensite are profusely twinned, a process that seems to be 

required to relieve the stress. 

v. The transformation seems to go to completion isothermally even at room 

temperature. Plates already formed catalyze the formation of others in the 

regions between existing plates. 

 The principal {321} habit plane is crystallographically unimportant 

because of less population of atoms. It seems that the relief of shear stresses 

using martensitic transformation, is easier across poorly matched, 

crystallographically unimportant interfaces. Two different important 

crystallographic relationships were established; {001}α ║ {101}β and {001}α 

║ {212}β and for both the cases it was observed that <021>α ║ <410>β. The 

twinning within the alpha plates seems to be exclusively {130}. These {130} 

are not far from the habit plane of the alpha plates and thus they relieve the 

shear stress readily as the plate grows. Most likely there is no matching of 
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atoms between the two structures across the habit plane, which results in 

forked or flamelike ends of the growing alpha plates [82]. 

γ→β transformation 

 Based on metallography, the gamma to beta transformation in pure 

uranium appears to be a normal nucleation and growth type mechanism. 

However, Klepfer’s [83] data indicates that at least coherent nucleation may be 

involved. Quantitative model proposed by Kitchingman [84] postulates that 

the main layers of beta uranium are produced by a shifting together of the A, B 

and C atom layers that lie normal to a given [111]γ direction in the A2 

arrangement. Lattice relationships are predicted to be (111)γ ║ (001)β and 

[110]γ ║ [140]β. However, no experimental verification of these relationships 

has been established.  

γ→α transformation 

 As stated earlier in pure uranium, alpha phase does not form directly 

from gamma phase. However, it is possible to have retained gamma phase in 

many of the uranium alloys; like U-Mo, U-Zr, U-V and U-Nb. The quantity of 

the alloying elements and cooling rate required to accomplish the gamma 

phase retention varies greatly with each element. The retained gamma can be 

transformed to alpha either by diffusion controlled mechanism during 

continuous cooling or by martensitic mechanism with applied deformation 

[85]. 

 One curious fact stands out in the information on phase 

transformations is that the beta to alpha martensites seems to grow slowly, 

whereas gamma to alpha martensite in many instances seems to grow very 
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rapidly upon quenching. Although inadequate data and an interesting 

speculation is that martensite formed in the gamma-alpha transformation 

grows very rapidly, like the martensite in steel because the matrix is a ductile 

bcc metal. Thus the instantaneous growth of alpha martensite plates, in gamma 

matrix, is possible because matrix shear strains are easily accommodated, 

while beta-alpha martensite is slow because matrix shear strains are difficult 

and the martensite plates must twin, as previously discussed [86].   

 

2.1.3 Phase transformation in uranium alloy systems 

 Uranium is frequently alloyed to improve its corrosion resistance 

and/or to modify its mechanical properties. These alloys are mostly fabricated 

by vacuum induction or arc melting technique. Solubility of various alloying 

elements is different in different phases. In most cases α-phase cannot dissolve 

any element in more than 0.3%, however extent of dissolution varies from 

element to element and also with temperature. β-phase can dissolve alloying 

elements to the tune of 1%. Alloying elements, like Mo, Nb, Ti, Zr can form a 

solid solution with γ-phase with a concentration ranging from 20% or higher, 

whereas Au, Pd, Pt, Re, Rh, Ru and V are soluble to γ-phase with 2% to 10% 

concentration [87]. In U-Zr system, for example γ-U can dissolve 100 at% Zr 

but β phase can dissolve maximum 1 at% Zr at 965K and that alpha phase can 

dissolve only about 0.6 at% Zr maximum at 935K. By and large slow cooling 

permits the γ-phase to decompose to two-phase structures morphologically 

similar to pearlite in steel. Rapid quenching suppresses these diffusional 

decomposition modes, resulting in various metastable phases. The 
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microstructure and hardness produced by quenching are summarized in Fig. 

2.1 [88].  

 

 

 

 

 

 

 

 

 

             

 

Fig. 2.1 Effect of alloy concentration on structure and hardness of quenched 

alloys [88]. 

 Very dilute alloys exhibit supersaturated α-phase with irregular 

grain morphology similar to that of unalloyed uranium. Slightly more 

concentrated alloys exhibit acicular martensite microstructures. Both of these 

micro constituent are orthorhombic variants of α-uranium. Their hardness and 

yield strength increase with increasing alloy content due to solid solution 

effect. Further increase in alloy content cause a transition to a thermoelastic, or 

banded, martensite. The hardness and yield strength of the thermoelastic 

martensite decreases with increasing alloy content which is apparently due to 

increasing mobility of the boundaries of the many fine twins produced during 
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the transformation. Midway in the thermoelastic martensite composition 

range, the crystal structure changes to monoclinic, as one lattice angle departs 

gradually from 90
0
. This change in crystal structure has little apparent effect 

on mechanical behavior. These martensitic variants of α-uranium are 

frequently termed as a′a, a′b and a″b where the subscripts a and b denote the 

acicular and banded morphology respectively and the prime and double prime 

subscript denotes the orthorhombic and monoclinic crystal structure 

respectively. Additional increase in alloy content produces a transition to γ0
, 

an ordered tetragonal variant of high temperature γ-phase. Further alloy 

addition cause retention of the cubic γ-phase. These variants of the γ-phase 

can be distinguished by X-ray diffraction but not by metallography [89].  

 From the previous discussion it can be concluded that with 

increasing concentration of alloying elements, the quenched specimen of 

uranium alloys from the γ-phase field, exhibit a sequence of structures at room 

temperature. The general sequence progress from α→β→ a′a→a′b→a″b→ γ0→ 

γs→ γ [90], here γs 
is variant of bcc γ with small distortions. However, all the 

phases in the sequence are not observed in every system and some systems 

may exhibit other metastable states such as omega phase that occurs in Ti and 

Zr alloys. Moreover, quenched structure is quite sensitive to gammatizing 

temperature and cooling rate, implying that stresses due to quenching, 

ordering and/or retained vacancy concentration are important.  
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2.1.4 Effect of alloying on irradiation behaviour of uranium  

 A great deal of effort had gone into attempts to reduce swelling of 

uranium by means of alloying. By and large this method was very successful 

in delaying the onset of high swelling rates to higher burnup levels so as to 

yield satisfactory fuel performance in thermal reactors. This had led to the 

development of adjusted uranium where uranium was alloyed with small 

amounts of Al, Fe or Si. These alloying elements form small precipitate phases 

which control the point defect behavior by pinning the defects, thereby 

reducing the low burnup tearing phenomenon [91-94]. Low burnup tearing 

phenomenon can again be explained as cavitation swelling mechanism. In this 

case even when the fission atom gas density is lower the swelling is observed 

due to the anisotropy of material; which in turn assist the irradiation growth. In 

addition, development work on high density uranium alloys was focused on a 

group of elements that form extensive solid solutions with uranium in high 

temperature cubic γ-phase. These elements lower the temperature of cubic γ-

phase boundary, allowing more of the fuel to operate in the isotropic γ-phase 

[95-101]. 

  The swelling behaviour of these alloys at low burnup was mainly 

driven by the relative stability of the γ-phase at low temperatures (as shown in 

Fig 2.2) [88]. The cooling curve shown in Fig 2.2 explains the effect of 

cooling rate on the phase transformation product. As can be observed from Fig 

2.2 that if the nose of the curve could be avoided by increasing the rate of 

cooling to that of critical cooling rate then the cubic γ-uranium will not break 

into equilibrium phase products at room temperature and will metastabilize.  
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Fig. 2.2 Transformation of γ-uranium alloys (solution heat treated at 900 
0
C) 

[88]. 

 The equilibrium phase products in different uranium alloy systems 

was explained and determined from their respective equilibrium phase 

diagrams. For example the cubic phase of U-Nb alloys decomposes very 

quickly into two phases (predominantly to orthorhombic α-phase) even at 

moderate temperatures. In turn, the swelling in these alloys was characterized 

by the rapid cavitation in α-phase, which in turn is similar to that of α-U in the 

temperature range of 300 to 400 °C. The cavitation swelling in uranium could 

also be suppressed with the addition of Zr and could further be decreased with 

the addition of Mo as shown in Fig 2.3 [88]. On the other hand swelling, in γ-

phase was due to the formation of fission gas atom followed by its 

coalescence. Hence, if the operational temperature of fuel is reduced then at 
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very high fission rates, γ-phase will remain stable and cavitation swelling 

under those conditions could be suppressed [98].  

 A two stage swelling behavior was observed in UO2 and U3Si2 

compounds. Hence, their swelling behavior increases abruptly after certain 

fission density. The reason for increased swelling was the formation of sub 

grains, which in turn give shorter path for the migration of fission gas atoms 

[99].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3 Swelling rate of various γ-stabilized uranium alloys as a function of 

irradiation temperature [88]. 
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2.2 Some nuclear properties of uranium  

 Natural uranium consists of three isotopes: U
234

 (0.006%), U
235

 

(0.72%) and U
238

 (99.274%); however from strategic point of view U
235

 is of 

more importance. Depending upon the isotopic content of U
235

 there are two 

grades of metallic uranium. Enriched uranium (EU), sometimes called 

“oralloy” consists of more than 0.7% U
235

; whereas depleted uranium (DU), 

sometimes termed “tuballoy” or D-38 contains only about 0.2% of U
235

 [102]. 

Density of natural uranium is 19.1 g/cc and is around 68% greater than lead. 

 There are also other isotopes of uranium that are produced by 

mutation reaction from the other nuclides. Most of the uranium isotopes are 

having α-decays and the relevant data is tabulated in Table 2.1 [103].   

 Other than the α-decays, U
235

 undergoes γ-decays, U
237

 undergoes 

both γ and β decays only. On the other hand when neutronic reactions (fission, 

absorption etc.) are concerned only three isotopes of uranium are of 

importance and is tabulated in Table 2.2 [104]. The data presented in Table 2.2 

clearly indicates that though the specific activity of natural uranium is very 

low, the specific activity of enriched uranium increases proportionately with 

enrichment. However, the biological half life of uranium is very low (145 

days), therefore handling and fuel processing difficulties are not so stringent as 

in case of actinides with higher atomic number and fission fragments. 

 Nonetheless, the safe working limits for handling uranium or LEU 

are again derived from the guidelines given by either ICRP or AERB. 

Therefore, the annual dose limit for occupational worker is 50 mSv and is 

restricted to 100 mSv for five year plan.  
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Isotope Specific Activity 

(Ci/gm) 

Energy of α (MeV) and   

Yield (%) 

Average Half 

Life (years) 

U
230

 9.99 X 10
14

 5.815 (32%), 5.889 (67.4%) --- 

U
232

 7.77 X 10
11

 5.320 (68.6%), 5.264 (31.7%) 72 

U
233

 3.52 X 10
8
 4.783 (14.9%), 4.824 (82.7%) 1.59 X 10

5
 

U
234

 2.29 X 10
8
 4.775 (72.5%), 4.724 (28.4%) 2.44 X 10

5
 

U
235

 7.77 X 10
4
 4.556 (4.2%), 4.40 (55%), 

4.365 (17%), 4.218 (5.7%), 

4.599 (5%), 4.445 (26%) 

7.03 X 10
8
 

U
236

 2.33 X 10
6
 4.494 (74%) 2.37 X 10

7
 

U
238

 1.22 X 10
4
 4.147 (23%), 4.196 (77%) 4.47 X 10

9
 

Nat. U 2.63 X 104 From appropriate isotopes --- 

 

Table 2.1 Details of α-decays of different uranium isotopes [103]. 

 

 In addition, the powder form of uranium is highly pyrophoric and if 

handled without adequate care then it may cause fire and also enter the body 

by means of inhalation. Once the uranium is entered by inhalation then it 

would give internal dose until removed completely from the body by means of 

urine and faeces. The internal exposure in this case is measured in terms of 

ALI (Annual Limit of Intake), which is cumulative for both internal and 

external exposures [105]. Hence, extreme care and precautions were taken in 
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alloy & sample preparation and characterization. Therefore, the uranium 

powder was handled inside special designed glove boxes maintain under 

negative pressure and under once through flow of argon cover gas. These 

glove boxes are adequately kept in the amber zone of radioactive laboratory. 

The laboratories in radioactive area are classified in different zones and their 

classification depends completely upon the amount of activity handled, 

pressure gradients and dose levels. The other advantage of handling uranium 

metal powder inside glove box was careful material accounting.  

 

 

 Isotope Fast Neutron Slow Neutron 

Absorption Fission Absorption Fission 

U
233

 --- --- 47 531 

U
235

 0 1.3 98 580 

U
238

 2 0.5 2.8 0.0005 

 

Table 2.2 Cross sections (in barn: 1 barn = 10
-28

 m
2
) of different uranium 

isotopes for absorption and fission under high (fast) and low (slow) energy 

neutron fluence [104]. 

 

2.3 Dispersion fuel fabrication aspects 

 Fuel cycle based on LEU either requires increase of fuel volume 

loading in the meat or high density uranium compounds/alloys to compensate 
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lower fissile enrichment. The two most common fuel fabrication techniques 

employed globally for LEU fuel preparation were roll bonding process for 

plate geometry and extrusion process for rod or tube geometry [63, 106-108].  

Roll bonding process was suitable for the loading of fuel particle up to around 

55 vol% and extrusion method was likely to have a lower maximum fuel 

particle volume limit [54]. 

  However, the development of high uranium density fuel 

compounds/alloys was imperative to fulfill the objective of increasing heavy 

metal loading up to 8-9 g/cm
3 

so as to render the demand for high thermal 

neutron flux density to perform superior quality experiments. It was also 

observed that high uranium density compounds like U3Si and U6Me (where 

Me can be Fe, Ni, Mn, Co or Ge) was not formed suitable because of their 

inherent break-away swelling characteristics even at relatively lower burnup 

[91-92, 109-118]. 

 It may also be noted that uranium in the elemental form alone, 

cannot be used as dispersoid for the purpose because of its poor chemical 

stability with the matrix at fuel fabrication and reactor operating conditions 

and also due to irradiation induced detrimental effects. Uranium exists in three 

allotropic forms, α (Room Temperature to 668 °C orthorhombic crystal 

structure), β (668 to 775 °C, base centered tetragonal) and γ (775 to Melting 

Point, body centered cubic crystal structure). Out of these, γ-phase is the most 

stable under irradiation as compared with α-uranium because swelling takes 

place mainly due to fission gas nucleation and growth mechanism as against 

by cavitation in α-uranium. This phase is thermodynamically not stable below 
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775 °C, however, there are some alloying elements which can metastabilize γ-

uranium at room temperature [119]. Several transition metals, particularly 

from Group IVA to Group VIIIA of periodic table form solid solution with γ-

uranium to metastabilize γ-phase at room temperature upon cooling. The 

stabilizing power of these elements to retain or metastabilize cubic γ-phase at 

room temperature increases with their atomic number, since more and more d-

electrons participates in bonding due to hybridization with s- and p- orbital 

electrons. However, their solubility in uranium decreases because of the 

increase in atom size difference.  

 In addition, the increase in atom size difference between transition 

element and uranium favor intermetallic compound formation instead of a 

solid solution. The uranium alloys which have a tendency to form stable cubic 

phase at room temperature are U-Zr, U-Mo, U-Nb, U-Re, U-Ru, U-Ti etc. The 

first two transition elements of 4d series (i.e. Zr & Nb) forms complete solid 

solution with γ-uranium but complete retention of cubic γ-phase at room 

temperature, require their large concentration in uranium [120-122]. On the 

other extreme, Pd and Pt are very strong stabilizers of cubic γ-uranium at 

room temperature under furnace cooling condition but their limited solid 

solubility in uranium (only ~2 at%) leads to various intermetallic compounds. 

Therefore, the choice of U-Mo system is identified as the best compromise 

between these two extreme ends [123-127].     
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2.4 Uranium-Silicon alloy system 

 The solid solubility of silicon in all the three allotropes of uranium is 

negligible. Similarly the solid solubility of α-uranium in silicon is only 0.025 

at% at room temperature and does not change much with the increase of 

temperature. In total there are seven intermediate phases in U-Si system and 

are stoichiometric line compounds (as shown in Fig. 2.4). Amongst them, 

U3Si2 and U3Si5 are formed congruently at 1665 °°°°C and 1770 °°°°C respectively. 

Therefore these compounds were formed directly from the liquid melt and 

they do not undergo any phase transformation until melting. USi1.88 and USi3 

are formed by peritectic reactions at 1710 °°°°C and 1510 °°°°C respectively, (L + 

U3Si5 ↔ USi1.88 and L + USi1.88 ↔ USi3) respectively. The compounds like 

USi2 and U3Si are formed by sluggish peritectoid reaction at 450 °°°°C and 930 

°°°°C respectively, (USi3 + USi1.88 ↔ USi2 and U3Si2 + U ↔ U3Si). There is also 

a eutectic temperature of 1315 °°°°C at 58 wt% U in the system [128-133]. Detail 

information of uranium silicon system has been compiled and is shown in 

Table 2.3. A further, magnified view of U-Si phase diagram with region of 

interest in the present study is also shown in Fig. 2.5   
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Fig. 2.4 Uranium - silicon phase diagram [113]. 
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Fig. 2.5 Magnified view of Uranium - silicon phase diagram [113]. 

 

2.5 Uranium-Molybdenum alloy system 

 In uranium molybdenum system, below 560 °C, γ-phase exist only 

in a metastable state because under equilibrium cooling condition, below 560 

°C the cubic γ-phase with the space group Im3m will transform into 
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orthorhombic α-phase of space group Cmcm and body centered tetragonal γ΄-

phase (U2Mo) of space group I4/mmm (as shown in Fig 2.6). Therefore, the 

prospect of using U-Mo alloy as reactor fuel was closely connected with the 

possibility of retaining metastable γ-phase at temperature below 560
0
C under 

fabrication and reactor operating conditions. The metastable cubic γ-phase 

could be retained below 560 °C either by rapid cooling from γ-phase field or 

by adding sufficient quantities of molybdenum as alloying element in uranium 

under normal furnace cooling condition. It was reported in the literature that 

uranium molybdenum alloy with maximum 11 at% Mo under water quenching 

condition will transform into metastable α′ and α″ phases, which are slight 

variant of the orthorhombic lattice of α-uranium. On the other hand alloys 

containing 11.39-12.73 at% Mo, under water quenching condition will 

undergo an ordered γ°-phase with an ordered tetragonal structure [50-54]. This 

structure is derived from the high temperature bcc cell by doubling ‘a’ and ‘b’ 

axis and contracting the original ‘c’ axis. Hence water quenched uranium 

alloys containing up to about 11 at% Mo are termed as “alpha phase” alloys 

and with more than 11 at% Mo as “gamma phase” alloys. It has also been 

reported that under critical cooling condition the high temperature cubic γ-

phase can be retained in metastable condition and by shear mechanism it will 

transform to distorted alpha which is termed as α′.  
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Fig. 2.6 Uranium - Molybdenum phase diagram [113]. 
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 The literature also confirms that X-ray diffraction pattern of α′ 

phase shows lattice contraction in ‘a’ and ‘b’ direction of the normal 

orthorhombic alpha cell. A monoclinic structure called α″ has also been 

reported in the as quenched alloys containing 4.6 to 9.4 at% Mo [134]. 

 It was later shown by Duwez that cooling rates of 10000
 °C/sec do 

not prevent the formation of beta and alpha phase in pure uranium and in case 

of U-Mo system, the β and (β+γ) phase fields extend up to about 2 and 8 at% 

Molybdenum respectively. Hence it was of interest to know if the formation of 

intermediate β phase is suppressed during the formation of α′ or α″ phase 

when uranium alloys containing up to 8 at% Mo were water quenched from 

the γ phase and was later shown that by water quenching the formation of 

intermediate β phase in these alloys was strongly dependent upon the 

molybdenum addition. So the γ phase in U-Mo alloys containing up to 0.69 

at% Mo transform to α′ via phase β by a mechanism similar to that of pure 

uranium and in alloys with 2.9 at% Mo or more the bcc γ phase transforms 

directly to α′ phase without going through the intermediate β phase. The 

metastable phase (i.e. cubic γ-uranium) was important to characterize for fuel 

storage point of view in U-Mo alloy system. The study had also shown that γ-

phase of U-2wt%Mo alloy transform to α-uranium and γ′-U2Mo phase after 

annealing it for 100 hrs at 400 °C but the γ-phase of U-10wt%Mo alloy 

remains as it is under similar annealing conditions [135-138]. 

 The transformation reaction of γ-phase in U-2wt%Mo alloy tends to 

be more thermodynamically favored with lamellar structures of α-uranium and 
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γ′-U2Mo phase in the heat treated product. However it was also confirmed that 

the above said reaction was nucleated primarily at prior γ-uranium grain 

boundary which was followed by transformation of γ-uranium grains into α-

uranium and γ-uranium (with higher molybdenum content) rather than γ′ 

directly. Thereafter, the matrix will transform again by so called low 

temperature mechanism in which transformation was initiated by the 

formation of ordered γ′-U2Mo. Consequently transformation occurs 

continuously involving the formation of an ordered intermediate γ′ with α-

uranium presumably formed from the solute depleted matrix around grain 

boundary. In case with U-10wt%Mo alloy the γ-phase remains untransformed 

under the condition stated above because large substitution of molybdenum 

atoms within the uranium lattice causes uranium atoms to become immobile 

due to the lower diffusivity of molybdenum [139].  

 The potential usage of U-Mo alloys is to substitute research reactor 

cores of very high enriched uranium to achieve high neutron flux. This also 

confirms their tremendous potential for use in dispersion fuels, where heavy 

metal loading requirement is high enough. However, latest investigation had 

also shown that U-Mo alloy fuel granules reacts with aluminium metal matrix 

at fuel fabrication temperature and will lead to undesired swelling [140-141]. 

 In fact, the interaction product between U-Mo alloy granule and 

aluminium metal matrix has lower density with interconnected and isolated 

porosity, which in turn would increase the fuel plate swelling. The interaction 

of alloy fuel granule with aluminium matrix could be retarded either by 

putting barrier layer in the form of fuel granule coating or by developing 
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ternary alloy system with lower chemical interaction potential [142-143]. It 

was also analyzed that coating of a barrier layer on dispersoids is not cost 

effective. Hence, a complete different approach was employed and adopted to 

solve the problem. In this case a monolithic layer of U-Mo alloy was 

introduced in between aluminium alloy cladding; therefore surface area for 

fuel matrix interaction was lowered. In addition, to avoid further interaction 

between fuel meat and cladding, a barrier layer of zirconium was placed in 

between the meat and cladding [144].  

Crystallography data of U-Mo system  

 In contrast, to uranium-silicon system the uranium-molybdenum 

system exhibits excellent solid solubility of molybdenum in uranium with only 

one intermetallic compound U2Mo. It was also observed that cubic γ-uranium 

will undergo eutectoid decomposition to form α-U and U2Mo compound 

below 560 °C. Detail information of uranium molybdenum system are shown 

in Table 2.4 
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2.6 Summary of earlier studies & work carried on similar 

type of fuel and their reactor performance 

 Most of the earlier work, carried out in the development of ‘LEU’ 

based fuel around the world for research and test reactor application was done 

under RERTR programme. Therefore, the earlier development work focused 

on the development of different types of dispersion fuel systems, including 

their fabrication, out of pile and in pile characterization was centered in USA, 

Russia, Korea, UK and France mostly. However, the major thrust on its 

development came from military application point of view (i.e. rocket 

propulsion programme, advance fuel for submarine programme etc.) [32]. 

Therefore, many of the experimental results on dispersion fuel derived for 

military application are classified and not available in open literature. It may 

also be noted that during earlier times and even now also for specific 

applications, the most proven dispersoid as fuel for research reactor 

application is UAlx in aluminium matrix. Dispersoids of uranium aluminide 

had shown excellent resistance to swelling characteristics even at a burn up of 

50 to 60 at% [145-150]. In most cases, UAlx intermetallic is prepared by 

induction melting technique where master alloy is first prepared and then 

diluted to desired chemical composition. However, there are instances where 

UAlx compound is prepared by powder metallurgy route but their details are 

not available in the open literature. The major problem of using UAlx type 

dispersoid as fuel is its chemical interaction with either excess aluminium in 

the compound or from the matrix during fabrication and reactor operation 
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condition, to form lower density compound UAl4. The formation of UAl4, 

would cause swelling because its density is lower if compared with UAl3 

(density of UAl3 and UAl4 are 6.8 g/cm
3
 and 5.7 g/cm

3
 respectively).. Hence, 

in order to reduce the chemical interaction of fuel phase with matrix 

aluminium, it is highly desired to either operate the reactor at lower 

temperature or to stabilize the fuel phase with third element. The issue 

becomes more complicated when the desired burnup of the fuel and its 

operating temperature are both higher (i.e. of the order of 60 to 70 at% and 

500 °C respectively).  

 There are instances when UO2 and UC have also been tried as fuel 

dispersoids and their reactor performance is documented elaborately in the 

literature [151]. Report on the use of UO2 dispersoid in stainless steel matrix 

are also available in brief because the main application was for military 

submarine programme in USA, hence classified. However, stainless steel 

alone is never recommended for matrix material because during irradiation it 

may lead to irradiation embrittlement and also due to overlapping of fission 

induced recoil zones the matrix ligament will crumble under applied stress and 

cause fuel failure. One more type of dispersion fuel design is under discussion 

for many a time. The design has been realized with potential to succeed for 

dispersion type fuel in the upcoming reactors desired to operate at higher 

temperatures. In this design the enriched UO2 dispersoid will be dispersed in 

aluminium. During reactor operating conditions, the aluminium will cause 

partial reduction of uranium oxide, to form aluminium oxide (with variable 

stoichiometry) at the fuel matrix interface. The formation of aluminium oxide 
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at fuel matrix interface would lower the fuel matrix thermal conductivity but at 

the same time would allow the operator to increase the fuel temperature 

(melting point of Al2O3 is higher than aluminium). This would eventually 

allow the reactor to operate at higher power and hence would increase the 

neutron flux.  

 Another type of dispersion fuel design was employed and was 

named Triga fuel. Here, UZr2 was dispersed in ZrH1.6 matrix and curved plates 

were used in the reactor. [152]. This design has attracted the attention of many 

fuel designers because the typical combination of fuel dispersoid and matrix 

result in the self controlling of nuclear chain reaction by expansion and 

contraction of ZrH1.6 lattice under temperature. However, it must also be 

realized that the fabrication of UZr2 intermetallic itself is a challenge because 

the formation is by peritectoid reaction. Therefore, it can be prepared either by 

powder metallurgy route or by soaking U-Zr alloy for prolonged duration. It is 

also important to note that the handling and processing of zirconium metal 

powder itself is a big challenge because oxygen and nitrogen stabilizes 

zirconium room temperature allotrope and exhibit further chemical interaction 

with constituent elemental powder.  

 The most proven and widely accepted fuel compound for LEU fuel 

application till date is dispersion of U3Si2 in aluminium matrix. In general, all 

over world almost 90% of the research reactor core conversion from HEU 

based fuel to LEU based fuel has been accomplished by using U3Si2 

compound as dispersoid. The reason is mainly attributed to the fact that the 

interaction of U3Si2 with matrix aluminium is less if the reactor is operated at 
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lower temperatures [153-156]. The work carried out by Yeon Soo Kim and his 

co-workers in determining the swelling characteristics of U3Si2 dispersoids 

under high temperature and fluence has further given the insight on its 

application at lower reactor operating temperatures [157].   

 In view of the limitations imposed on U3Si2-Al dispersion type fuel 

and also because of the fact that core conversion of ultra high enriched 

research reactor cannot be accomplished using uranium silicide dispersoid in 

aluminium matrix, a new set of compounds/alloys were considered for the 

purpose. In this connection, U-Mo alloys and other higher density uranium 

compounds (like U6X: X = Fe, Ni, Mn etc) were tried and developed. It is also 

important to note that the major challenge imposed by U-Mo alloy usage as 

dispersoid is its increased chemical interaction with aluminium matrix which 

increases further under the fluence of neutron [158]. The efforts are put by 

many fuel designers/fabricators to address the issue either by selection of 

particular alloy composition/microstructure or by addition of third element in 

the fuel/matrix phase. Since molybdenum offers a very good solid solubility in 

uranium a complete set of trials with different Mo concentration in uranium is 

underway throughout the world [159]. In addition one more type of design 

where U-Mo alloy in monolithic form and sandwich between aluminium alloy 

is also being considered for the purpose [160].  

 In this regard metallurgical investigations presented in the current 

dissertation for different compositions of U-Mo alloys may provide valuable 

input in solving some core issues. 
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2.7 Research approach and methodology 

 In order to accomplish the objective (as described in Section 1.5) in 

the present work, the research approach adopted was as follows: 

 It was identified from the literature that most of the work reported was 

focused on fuel performance. However, much of the literature on their 

preparation, characterization and basic metallurgy existed in classified work 

and some part of it is available in open literature. Further, reported processing 

methods for preparation of dispersoids included either induction or arc melting 

techniques. In some instances, inert gas atomization (argon gas) was also used 

to prepare the dispersoids, though it involves processing the compound/alloy 

in liquid form. It was also noted that the arc and induction melting 

technologies have their own difficulties and challenges, such as segregation 

and impurity pickup. In view of preparing fuel compound/alloy with good 

homogeneity, minimum impurity pickup and also to incorporate desired 

porosity, a new technique was explored (by Powder Metallurgy technique) to 

prepare the fuel dispersoids. The powder processing method was also taken up 

keeping in view our unique and specific requirements, where LEU is available 

in metal powder form. Two completely different alloy systems were selected 

(i.e. U-Si and U-Mo) for the purpose. Though most of this work has a direct 

relevance to LEU based fuel, studies on uranium alloys were carried out using 

natural uranium only, because isotopic concentration would not affect 

chemical characteristics of material.  

 As stated earlier, the study on the alloying of uranium silicide 

compound (i.e. U3Si2) by powder metallurgy route is perhaps the first reported 
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attempt to systematically evaluate the effect of process parameters on the final 

product characteristics. Therefore, it becomes imperative to study, optimize 

and standardize all the process variables to evolve a process flow-sheet that 

can be scaled up for larger batch production.  

 On the other hand, the study on the alloying of U-Mo alloys with 

elemental powders as starting materials has also been attempted indigenously 

for the first time, though literature suggests U-Mo alloy granule preparation by 

HDH (hydriding-dehydriding) process. Based on the phase-diagram of U-Mo 

system, select compositions from the U-Mo system (i.e. 2, 5 and 10 wt% Mo) 

were also attempted by P/M (Powder Metallurgy) route. U-Mo alloys were 

also prepared by induction melting technique, so that the final product 

characteristics could be compared. 

 The U-Mo alloy should have cubic structure, for it to be resistant to 

irradiation during application as a nuclear fuel. Since the equilibrium phases in 

these alloys are undesirable alpha-U and U2Mo compounds, it becomes 

important to study the metastability of cubic γ-phase in these alloys with Mo-

content. With this background, various alloys with varying Mo-compositions 

(2-10wt%Mo) were prepared. A detailed study of these alloys under furnace 

cooling conditions, such as microstructural examination and phase-analysis 

would provide crucial understanding about this alloy system.  

 Further, the fuel fabrication and reactor operation steps involve high 

temperature exposure to fuel dispersoids, during which the metastabilized γ-

phase may undergo transformation into irradiation-incompatible equilibrium 

phases. Therefore, a study of decomposition of cubic phase was planned. It 
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may be noted that the actual temperature the nuclear fuel dispersoids 

encounter during reactor operation may be quite low (~200 °C), an accelerated 

test at higher temperature would be significant to assess the suitability of the 

alloy as potential nuclear metallic fuel. The alloy samples for this purpose 

subjected to heat treatment at different time and the evolved phase content 

need to be evaluated. 
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3. Experimental Work & Technique 

3.1 Experimental techniques 

 In the present work alloy samples of U3Si2 compound and U-Mo 

alloys with (2, 5 and 10 wt% Mo) compositions were prepared by powder 

processing technique while U-Mo alloy samples of seven different 

compositions (i.e. 2, 5, 6, 7, 8, 9 and 10 wt% Mo) were prepared by induction 

melting technique. The details of their preparation and characterization 

process are further described below.  

  

3.1.1 A brief account on alloy sample preparation 

 Alloying of uranium based compounds/alloys by powder metallurgy 

route in general poses difficulty owing to the fact that uranium in small 

particulate size has strong affinity for impurities like moisture, oxygen, 

nitrogen etc. In addition it is highly pyrophoric and therefore requires very 

careful handling inside glove box under proper ventilation under once through 

flow of high purity argon gas atmosphere. In the same way, silicon and 

molybdenum powders also require careful handling and processing.  

 Similarly, melting of uranium alloy sample also poses difficulties 

but they are less prone to impurity pick up if compared with alloy preparation 

by powder processing route (surface area of uranium metal button is less 

when compared with uranium metal powder). It is thus favorable to melt lab 

scale U-Mo alloys in a chamber pressurized with argon/helium instead of 

using high vacuum system (10
-3

 mbar or less). Arc melting practice was 
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definitely superior in that respect but there were some obvious limitations in 

the process (as described in section 1.5). In order to assure good chemical 

homogeneity the standard practice was to re-melt the alloy several times by 

turning the alloy button/finger. However, in lab scale arc melting route one 

cannot melt the entire sample at once, unless sample size is quite small. So, 

the second problem of arc melting route was the limitation in the size of the 

sample. Therefore, the arc melting route offers a tradeoff between the alloy 

homogeneity and the size of the alloy sample. On the other hand induction 

melting does not pose such problems. Owing to the magnetic churning effect 

in the melt a good homogeneity was assured and the shape and size of crucible 

defined the sample size. The only problem with induction melting was the 

impurity pickup since at high temperature melt could react with the crucible. It 

was also important to state that in this case the crucible was not water cooled 

(unless one goes for skull melting practice) unlike arc-melting. Comparing all 

the advantages and disadvantages between the arc melting and induction 

melting routes, the later was found more suitable keeping in mind the amount 

of the alloy sample required in the successive experiments.  

 

3.1.2 Crucible coating 

 In induction melting practice, crucible coating was an important 

parameter that would affect the impurity pickup of the alloy from the graphite 

crucible other than the contamination from the chamber environment. This 

effect becomes more of concern for alloy preparation of uranium and other 

reactive metals. Graphite crucible of 60mm height, 30mm OD and 13mm ID 
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was used throughout in the present study. This graphite crucible acts as a 

susceptor as well as the mould, where the liquid melt gets solidified upon 

cooling. The coating materials for the graphite crucible must have the 

following parameters- 

i. Structural stability at high temperature. 

ii. It shall not react with either graphite or with alloying constituents. 

iii. It shall not outgas at high vacuum level or high temperature during 

melting. 

iv. Coating must be adherent and exhibit no cracking during application, 

drying and curing. 

 Alcohol based Al2O3 or Y2O3 slurry can be used as coating material 

on graphite crucible. However, it has been found that such thin coating of 

Al2O3 or Y2O3 is not stable in contact with graphite at temperature above 1000 

°C. On the other hand it is also not possible to apply a thick coating of alcohol 

based slurry onto the graphite surface because it develops cracks after drying. 

In fact, graphite being a lubricating material is a tough candidate to make any 

coating adhere to it. Hence the first attempt was to find some means by which 

one can apply a relatively thick coating of Al2O3 or Y2O3. This means that a 

good binder is essential that ensures excellent binding of the coating to the 

graphite surface with relatively higher coating thickness. Also at higher 

temperature the binder must go out either by decomposition or by simple 

evaporation leaving a monolithic mass of Al2O3 or Y2O3 inside the crucible. 

Another important aspect is that during the decomposition or evaporation of 

the binder it should not create any crack or blister on the coating. 
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 In order to make the coating composition useful it is necessary that 

the Y2O3 particles must be in suspension in an aqueous Na-CMC (chemical 

formula: [C6H7O2(OH)2OCH2COONa]n) solution. An operable range of Na-

CMC concentration is about 1.5 to 4% by weight with respect to water 

volume. Below about 1.5% of Na-CMC, Y2O3 particles settles too rapidly and 

greater than about 4% provides an excessively viscous solution which is not 

easy to work with. It is also reported in the literature that a 3% aqueous CMC 

solution is the preferred concentration for suspending Y2O3 particles. It is also 

important to note that since Na-CMC is not easy to disperse in water and the 

moment it is added into water it coagulates which is difficult to disperse. 

Therefore it was identified that around 70 °C to 90 °C the rate of dispersion is 

optimum with continuous stirring with an electric hand mixer. For the present 

purpose two coating compositions with different Y2O3 concentrations were 

selected. Firstly, the Na-CMC solution was prepared by adding 3 gm of 

standard refined industrial grade CMC per 100 ml of water. The first coating 

composition was prepared by dispersing 50 gm of Y2O3 powder (99% pure) 

per 100 ml of aqueous Na-CMC solution. The second coating composition 

was prepared in a like manner by dispersing 100 gm of Y2O3 powder per 100 

ml of the CMC solution.  

 Prior to the application of the coating the high density graphite 

crucible was de-dusted by ultrasonic cleaning in hot water. After the crucible 

was allowed to cool and dried with a hair drier. The first coating composition, 

containing 50gm yttria powder, was applied with a piece of sponge tightly 

held by a pair of tweezers. After the first coating composition was applied the 
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crucible was allowed to dry under forced hot air for almost 30 minutes and 

then kept inside the furnace at 120 °C. After that the crucible was taken out of 

the furnace and then allowed to cool in air. Once the crucible attains room 

temperature the second coating is applied that contains 100 gm yttria powder. 

In this process the coating solution was poured inside the crucible and after 

filling it completely the solution was poured out, therefore a layer was 

established inside the crucible. Proper drying of the coating gives a milky 

white and smooth monolithic finish (as shown in Fig. 3.1). The crucible is 

then loaded into induction furnace chamber without any charge material and 

was heated upto 300 °C under vacuum of 10
-2

 mbar. After this curing there 

was no visible crack on the coating or release of yttria powder was observed.      

 

   

Fig. 3.1 Photograph of graphite crucibles (a) Top view of high density 

graphite crucible used for induction melting of U-Mo alloys, (b) Interior view 

of Na-CMC water solution based Y2O3 coated graphite crucible after curing. 

(b) 

(a) 
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3.2 Preparation of compound/alloy 

3.2.1 Alloying of U3Si2 compound by powder metallurgy route 

 The starting material for the alloying reaction of U3Si2 compound 

was uranium metal powder (as shown in Fig. 3.2 (a)) with average particle 

size of around 25 µm and silicon powder. These were received from Uranium 

Extraction Division (UED, BARC) and M/s Alpha Azer, USA respectively. 

Alternately, silicon chunks (as shown in Fig. 3.2 (b)) were also crushed and 

sieved to get silicon powder (as shown in Fig. 3.2 (c)) with average particle 

size of around 20 µm. The purity of uranium and silicon powders used for this 

study was 99.6 and 98.5 wt % respectively.  

                   

 

 

Fig. 3.2 Photographs of starting materials (a) Uranium metal powder (b) 

Silicon chunks (c) Silicon powder. 

(a) (b) 

(c) 

50 mm 
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 Chemical characterization of uranium metal powder and silicon 

powder used in this study is shown in Table 3.1 and Table 3.2 respectively. 

The chemical analysis of as synthesized U3Si2 compound was done by an in-

house classified procedure where chemical titration, inert gas fusion method 

and mass spectroscopy were used to determine different elemental content. 

Apparent density and tap density of uranium metal powder used in the study 

was calculated and is shown in Table 3.3. In addition the pycnometer density 

and surface area of silicon powder was also calculated by ATC Helium gas 

pycnometer and BET respectively, which are listed in Table 3.4. 

 

 

Element Concentration (wt%) 

U 99.6±0.1 

C 0.063 

N 0.050 

O 0.150 

Fe 0.300 

Ni 0.020 

B 0.0001 

 

Table 3.1 Chemical analysis results of uranium metal powder. 
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Element Concentration (wt%) 

Si 98.5±0.1 

C 0.240 

N 0.140 

O 0.950 

B 0.0002 

 

Table 3.2 Chemical analysis results of silicon powder. 

  

 

 

Element Apparent Density 

(gm/cc) 

Tap Density     

(gm/cc) 

U 10.2 11.5 

 

Table 3.3 Apparent and tap density of uranium metal powder. 

 

 

 

Element Pycnometer Density 

(gm/cc) 

Specific Surface Area     

(cm
2
/gm) 

Si 2.2834 1.8 

 

Table 3.4 Pycnometer density and specific surface area of silicon powder. 

  

 The entire powder handling process was carried out inside glove 

box and extreme care was taken to avoid any impurity pick up. The glove 
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boxes were flushed with once through high purity argon gas with oxygen and 

moisture content limited to 10 ppm and 5 ppm respectively. The alloying was 

carried out initially with a batch size of 200 gm which was later increased to 

one kilogram level. The oxygen pickup of uranium during heating was 

avoided by continuously purging the furnace glovebox housing with high 

purity argon gas. The process instruments used inside glovebox train for the 

alloying of compound/alloy are shown in Fig. 3.3 and Fig. 3.4.  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3 Facility for preparation of U3Si2 compound and U-Mo alloys by 

powder metallurgy route.  
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Fig. 3.4 Photographs of process equipment installed inside glove box           

(a) Blender, (b) Hydraulic Press, (c) Furnace, (d) Jaw Crusher,                    

(e) Sieve Shaker. 

 

(a) 

(c) (d) 

(b) 

(e) 
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 A process flow-sheet has also been developed for the fabrication of 

U3Si2 fuel granules and is shown in Fig. 3.5. The uranium metal powder and 

silicon powder were first weighed in required proportion/stoichiometry and 

later mixed in a cubical blender for 4 hours. The powders were mixed 

thoroughly because this stage has large influence on the product homogeneity. 

The mixture was then compacted in a hydraulic press in the form of 

cylindrical pellets. During mixing, no admixed binder/lubricant was added to 

the mixture and only die-wall lubrication was used in the compaction. The 

pellets were compacted at 40 TSi pressure in a 20 mm diameter die and L/D 

ratio was kept at around 0.5 to 0.75. The green pellets were then loaded in 

molybdenum trays coated with plasma sprayed yttria. The charge carrier was 

then loaded in a 10 kW resistance heating furnace with graphite as heating 

element and alloying was carried out under vacuum of 10
-2

 mbar at 1550±10 

°C for 4 hours. During the heating cycle, intermittent soaking was also carried 

out at 1000 °C and 1400 °C for one hour each.  

 The alloying temperature was kept well below the melting point of 

U3Si2 compound and was selected very carefully because the other silicide 

phase present nearby U3Si2 compound had a peritectic reaction temperature of 

1580
0
C and at no stage liquid phase was desired in the process. Hence liquid 

formation was avoided in the process which had eventually made the product 

more clean (i.e. low impurity pick up) as compared to the one synthesized by 

the conventional route of melting and casting. Once the furnace was cooled to 

room temperature, the synthesized U3Si2 clinkers were taken out. Pellets of 

U3Si2 compound synthesized by this method are shown in Fig. 3.6. The 
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chemical analysis (characterization) is carried out by an in-house classified 

procedure (RCIG, BARC).  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Fig. 3.5 Flow-sheet for fabrication of U3Si2 fuel granules by powder 

metallurgy route. 

U-metal powder 

(92.5 wt%) 

Silicon powder 

(7.5 wt%) 

Mixing (Cubical Blender) 

(4 hours) 

Compaction (Hydraulic Press) 

(20mm diameter pellet, 40 TSi) 

 

Chemical analysis 

for uranium metal 

content & impurities 

 

Chemical 

analysis for 

silicon content & 

Synthesis (High Temperature Furnace) 

(1550 ±10°C, 4 hours, 10
-2 

mbar) 

 

Total weight 

check 

Weighing & Packaging of U3Si2 

pellets 

 

XRD for phase analysis & 

chemical analysis for ‘U’, 

‘Si’ & impurities 

Crushing and Sieving 

(Jaw crusher & vibratory sieve shaker) 
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 In brief, the methodology adopted for uranium was chemical 

titration and the impurities were measured by inert gas fusion technique and 

mass spectroscopy. The results for as synthesized U3Si2 compound are shown 

in Table 3.5. 

 

 

 

Fig. 3.6 Photograph of U3Si2 pellets after synthesis. 

 

 

 

Element Concentration (wt%) 

U  92.4±0.1 

Si 7.3±0.1 

C 0.075 

N 0.050 

O 0.200 

B 0.0001 

 

Table 3.5 Chemical analysis results of as synthesized U3Si2 compound. 

 

 

20 mm 



71 

 

3.2.2 Powder metallurgy route for U-Mo alloys 

 Three different compositions of U-Mo alloys were also prepared by 

powder metallurgy route and the starting materials for the purpose was 

uranium metal powder with average particle size of around 25 µm (shown in 

Fig 3.7(a)) and molybdenum metal powder with average particle size of 

around 20 µm (shown in Fig 3.7(b)). These were received from Uranium 

Extraction Division (UED, BARC) and M/s Metal Works, PLANSEE 

respectively. Uranium metal powder was having 99.6 wt% ‘U’ metal content 

and molybdenum metal powder was having 99.9 wt% ‘Mo’ metal content. The 

chemical analysis of uranium metal powder and molybdenum metal powder 

batch used in this study is shown in Table 3.1 and Table 3.6 respectively. The 

chemical analysis was carried out by chemical titration, inert gas fussion 

method and mass spectroscopy for different elemental content. The 

pycnometer density and specific surface area of molybdenum metal powder 

determined by ATC Helium Gas Pycnometer and BET are shown in Table 3.7. 

 

                

Fig. 3.7 Photographs of starting materials (a) Uranium metal powder (b) 

Molybdenum metal powder. 

(a) (b) 
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Element Concentration (wt%) 

Mo 99.8±0.1 

C 0.050 

N 0.010 

O 0.020 

B 0.0001 

 

Table 3.6 Chemical analysis results of molybdenum metal powder. 

 

 

Element Pycnometer Density 

(gm/cc) 

Specific Surface Area     

(cm
2
/gm) 

Mo 10.0667 3.2 

 

Table 3.7 Pycnometer density and specific surface area of molybdenum metal 

powder. 

 

 Uranium metal powder was highly prone to oxidation hence extreme 

care was taken during the powder handling stage. Specially designed glove 

boxes with very good leak tightness were used for the purpose. These glove 

boxes were circulated with once through high purity argon gas. The uranium 

and molybdenum metal powders were thoroughly mixed in required 

proportion for all the three compositions. The mixing was carried out in a 

small blender for 4 hours to get good homogeneous mixture. Here also during 

mixing no admixed binder was added. The mixture was then compacted at 40 

TSi pressure in a 20 mm die into cylindrical pellets. Die wall lubrication 
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(mixture of 90vol% ethyl alcohol and 10vol% glycerol) was used during 

compaction to reduce die wall friction. The L/D ratio of compacted pellets was 

kept around 0.5. The green pellets were then loaded on molybdenum trays 

coated with plasma sprayed yttria. The charge carrier was then loaded inside 

the 10 kW resistance heated furnace and the compacts were heated at 1050±10 

°C for 6 hours under vacuum of 10
-2

 mbar. The temperature was kept just 

below the solidous for all the three alloy compositions, hence liquid formation 

was avoided which enables the product cleaner (e.g. low impurity pick up) as 

compared to the conventional alloying route of melting and casting. The 

impurity pick up during high temperature alloying reaction was avoided by 

purging the furnace housing inside the glove box with once through high 

purity argon gas. The furnace was allowed to cool under vacuum and the 

product i.e. U-Mo alloy pellets were taken out (shown in Fig 3.8). The 

chemical analysis of as synthesized U-Mo alloys was done by an in-house 

procedure where chemical titration, inert gas fusion method and mass 

spectroscopy were used to determine different elemental content. The results 

of the chemical analysis are shown in Table 3.8. The process flow sheet used 

for U-Mo alloy preparation is shown in Fig 3.9. 
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Fig. 3.8 Photograph of U-Mo alloy pellets prepared by powder metallurgy 

route. 

 

Element U-2wt%Mo 

Concentration (wt%) 

U-5wt%Mo 

Concentration (wt%) 

U-10wt%Mo 

Concentration (wt%) 

U 97.8±0.1 94.8±0.1 89.9±0.1 

Mo 1.9±0.1 4.85±0.1 9.8±0.1 

C 0.160 0.174 0.090 

N 0.080 0.105 0.075 

O 0.150 0.135 0.120 

B 0.0001 0.0001 0.0001 

 

Table 3.8 Chemical analysis results of as synthesized U-Mo alloys by powder 

metallurgy route. 

5 mm 

U-10wt%Mo alloy pellet 

U-5wt%Mo alloy pellet 
U-2wt%Mo alloy pellet 

20 mm 
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Fig. 3.9 Process flow sheet for preparation of U-Mo alloys by powder 

metallurgy route. 

 

3.2.3 Induction melting route for U-Mo alloys 

 The starting materials for the purpose were cylindrical uranium 

metal pellets (shown in Fig 3.10(a)) and molybdenum metal pieces (shown in 

Fig 3.10(b)). In the present study uranium metal pieces were having 99.9 wt% 

Molybdenum metal powder 

(as per required proportion) 

Chemical 

analysis for Mo 

content & 

U-metal powder 

(as per required proportion) 

Mixing (Cubical Blender) 

(4 hours) 

Compaction (Hydraulic Press) 

(20mm diameter pellet, 600 MPa) 

 

Chemical analysis 

for uranium metal 

content & impurities 

 

Synthesis (High Temperature Furnace) 

(1050 ±10 °C, 6 hours, 10
-2 

mm of Hg) 

 

Weighing & Packaging of U-Mo 

alloy pellets 

 

Total weight 

check 

XRD for phase analysis & 

chemical analysis for ‘U’, 

‘Mo’ & impurities 
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‘U-content’ and molybdenum metal pieces were having 99.8 wt% ‘Mo-

content’. The uranium metal pellets used in the study were received from 

Atomic Fuels Division (AFD, BARC) in approximately 12 mm diameter and 

around 10 mm length, while molybdenum metal pieces were received from 

(M/s Metal Works, PLANSEE), which were then cut in small disks of around 

3.5 mm diameter and 2 mm height. Uranium metal pieces were then 

electropolished using orthophosphoric acid to remove any surface oxide layer. 

The electropolished uranium metal pieces and molybdenum metal disks were 

then ultrasonically cleaned. The chemical analysis of uranium metal pellets 

and molybdenum metal pieces used in the present study is shown in Table 3.9 

and Table 3.10 respectively. The chemical analysis was carried out by 

chemical titration, inert gas fusion technique and mass spectroscopy for 

different element content.  

 

    

 

Fig. 3.10 Photograph of (a) Uranium metal pellets, (b) Molybdenum metal 

pieces. 

 Uranium metal pellets were then charged in yttria coated graphite 

crucible along (as shown in Fig 3.1) with molybdenum metal pieces in 

(a) (b) 20 mm 20 mm 
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required quantity, to perform melting. The crucible was then loaded in an 

induction heating furnace and melting was carried out at 1500±10 °C for 30 

minutes under vacuum of 10
-5

 mbar. 

 

Element Concentration (wt%) 

U 99.9±0.1 

C 0.040 

N 0.005 

O 0.010 

B 0.0001 

 

Table 3.9 Chemical analysis results of uranium metal pellet. 

 

 

Element Concentration (wt%) 

Mo 99.9±0.1 

C 0.040 

N 0.009 

O 0.010 

B 0.0001 

 

Table 3.10 Chemical analysis results of molybdenum metal piece. 

 

 

 The induction furnace was flushed thrice with high purity argon gas 

to remove any oxygen trace before heating. Melting was done consistently at 

1500 °C for all U-Mo alloy compositions, since the solidus temperature for all 
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the different compositions of U-Mo alloys discussed in the present study were 

around 1140±20 °C. Once the melting completed, the furnace was cooled 

under vacuum and U-Mo alloy ingots were taken out. The ingots were 

ultrasonically cleaned and weight was taken in a micro balance. U-Mo alloys 

with seven different compositions (i.e. U-2wt%Mo, U-5wt%Mo, U-6wt%Mo, 

U-7wt%Mo, U-8wt%Mo, U-9wt%Mo & U-10wt%Mo) were prepared to study 

the effect of molybdenum addition on uranium and to study the metastability 

of cubic γ-uranium. The U-Mo alloy ingots prepared by induction melting 

technique were having typical dimension of around 15mm diameter and 40mm 

length (as shown in Fig. 3.11). The final weight of all alloy ingots was 

recorded and is shown in Table 3.11. A typical chemical characterization 

result carried out by chemical titration, inert gas fusion and mass spectroscopy 

for as synthesized U-Mo alloys is shown in Table 3.12. 

  

 

Fig. 3.11 Photograph of as cast U-Mo alloy ingots. 

20 mm 
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Composition of 

U-Mo alloy 

Uranium weight 

(gm) 

Molybdenum 

weight (gm) 

U-Mo alloy 

weight (gm) 

U-2wt%Mo 88.40 1.8 90.30 

U-5wt%Mo 61.20 3.22 64.44 

U-6wt%Mo 63.94 4.14 68.07 

U-7wt%Mo 64.89 4.90 69.78 

U-8wt%Mo 63.4 5.46 68.87 

U-9wt%Mo 64.79 6.41 71.24 

U-10wt%Mo 67.11 7.40 74.53 

 

Table 3.11 Weights of constituent elements and cast U-Mo alloys. 

 

3.3 Heat treatment 

 In order to break the as cast structure of U-Mo alloys before actually 

performing any heat treatment operation, U-Mo alloy slugs were first cut into 

50 mm long piece. The rest of the alloy slug was kept separately for the 

characterization and property evaluation of as cast ingot. The 50 mm long slug 

was then ultrasonically cleaned in water and nitric acid mixture (1:1 v/v) to 

remove all the oxide scale from the surface and then washed with water. It was 

then followed by ultrasonic cleaning in acetone. The samples for chemical 

analysis were also provided from the slugs only. These slugs were further 

processed to facilitate heat treatment by the method described in the following 

section. 
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3.3.1 Hot rolling of as cast U-Mo alloy ingots 

 The cast U-Mo alloy ingot samples were first hot rolled to break 

their as-cast structure. In the process, ingots were first jacketed in copper 

casing with typical wall thickness of around 500 µm (as shown in Fig. 3.12). 

The copper jacketed alloy ingots were heated in a resistance heating furnace at 

900 °C (γ-phase region in U-Mo phase diagram) (as shown in Fig. 3.13). 

Selection of heat treatment temperature for different U-Mo alloys is shown in 

Fig. 3.14. The copper jacketed pieces were then hot rolled to reduce the ingot 

cross section by more than 50% which is further shown in Fig 3.15. These hot 

rolled U-Mo alloy ingots were then dejacketed from copper casing and were 

cleaned in an ultrasonic cleaner. A 2-high reversible hot rolling machine used 

for the hot rolling of alloy samples is shown in Fig. 3.16. 

 

 

Fig. 3.12 Photograph of copper jacketed as cast U-Mo alloy samples. 
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Fig. 3.13 Photograph of heat treatment furnace. 

 

 

 

 

 

Weight percentage Uranium 

Fig. 3.14 Magnified view of U-Mo phase diagram and the basis for the 

selection of heat treatment [113]. 

γU (10.2 wt% Mo) ↔ αU (0.5wt% Mo)        

+ U2Mo (16.4-17.2 wt% Mo) 

βU (0.8 wt% Mo) ↔ αU (0.3wt% Mo)        

+ γU (4.1 wt% Mo) 

2 wt% Mo 
10 wt% Mo 

5 wt% Mo 
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Fig. 3.15 Photograph of rolled copper jacketed U-Mo alloy samples (a) U-

8wt%Mo, (b) U-9wt%Mo and (c) U-10wt%Mo. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.16 Photograph of 2-high reversible hot rolling mill. 

25 mm 25 mm 

25 mm 

(a) (b) 

(c) 
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3.3.2 Quartz encapsulation and heat treatment of U-Mo alloy 

ingots 

 The hot rolled U-Mo alloy ingots were then encapsulated in a quartz 

tube under the partial pressure of helium at 10
-1

 mbar (as shown in Fig 3.17). 

The U-Mo alloy ingots were then heat treated in a resistance heating furnace at 

500 °C for 68 hrs and 240 hrs, so that metastable cubic γ-phase can transform 

to equilibrium phases of α-uranium and U2Mo intermetallic compound. Two 

sets of U-Mo alloy samples with quartz encapsulation were prepared, so as to 

perform two different heat treatments cycles. The heat treated alloy pieces 

were then taken out of quartz tube by breaking them at room temperature.  

  

 

 

Fig. 3.17 Photograph of quartz encapsulated U-Mo alloy pieces. 

 

 

 

25 mm 
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3.4 Characterization  

 The U3Si2 compound and U-Mo alloys with different molybdenum 

percentage were characterized chemically to determine the elemental content 

and also by XRD for phases. In addition, optical microstructure of the 

compound and alloys were also developed. Similarly, to study the effect of 

molybdenum addition on uranium lattice and out of pile characterization on 

metastable cubic γ-uranium, the X-ray diffraction analysis was carried out for 

phase & lattice parameter determination and optical microstructures were 

developed.  

 

3.4.1 Chemical analysis 

 Chemical analysis for the metallic content of U3Si2 compound and 

U-Mo alloys were carried out using standard analytical chemistry 

methodology and the results are presented from Table 3.1 to Table 3.10 and in 

Table 3.12. However, the analysis for non-metallic impurities (i.e. Carbon, 

Oxygen and Nitrogen) was carried out using standard CNO analyzer.  

  

3.4.2 X-ray diffraction (XRD) analysis 

 Samples were prepared to carry out phase analysis of U3Si2 

compound, where synthesized U3Si2 powders were compacted in 20 mm 

diameter tablet. The XRD pattern was generated in standard θ-θ equipment (as 

shown in Fig. 3.18) with the scan rate of 1 °/min. Tube voltage and current 

was kept at 40kV and 30 mA respectively. The X-Ray diffraction patterns of 
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the pellets were obtained by using CuKα radiation and monochromatized with 

curved graphite monochromator. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.18 Photograph of θ-θ XRD machine. 

 

 The three different compositions of U-Mo alloys prepared by both 

the powder metallurgy and induction melting route were characterized by 

XRD for phase determination, where scan rate was kept at 0.5°/minute. 

Standard θ-θ machine was used for the purpose. The source was Cu Kα and 

the tube voltage and current was 35.0 KV and 28.4 mA respectively. The 
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tablets of uranium molybdenum alloys prepared by powder metallurgy route 

were directly used as sample for the analysis. The XRD samples for induction 

melted alloys were prepared by cutting the cast ingots in the form of small 

disk using silicon carbide wheel. These disks were then grinded in 600 µm 

emery paper, followed by polishing with 2 µm diamond paste to achieve good 

surface finish. 

 

3.4.3 Metallography practice 

 The standard metallography practice adopted for uranium 

compounds/alloys in the present study was followed as per the guidelines 

mentioned in ASM Metal’s Handbook [161]. Samples for U3Si2 pellet were 

prepared by first cold mounting them in 25 mm diameter mold followed by 

grinding in standard metallography equipment. The sample was then polished 

mechanically using 2µm diamond paste and finally etched with freshly 

prepared etchant (very dilute phosphoric acid). 

  Slow speed SiC cut-off wheels (M/s Struers, DENMARK) was used 

to cut U-Mo alloy samples under constant flow of water. Cold mounting resin 

was used to mount the sample in 25.4 mm ID Teflon mold. It is also important 

to state that only cold setting resins were used because edge retention was not 

important in preparing the sample for present course of study. After the mount 

was solidified (usually within 20 minutes) a hole was made on the opposite 

side of the mount to facilitate an electric contact for consecutive electro 

polishing/etching. However the electro polishing/etching methodology was not 

used in as cast and hot rolled U-Mo alloys, therefore in these samples drilling 
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on the mold was not required while in rest it was done categorically. Grinding 

of the samples were carried out in water resistant SiC abrasive paper of 

different grit size as desired, while maintaining a constant water flow over the 

sample. Wet grinding with constant water flow was essential to avoid 

unwanted heat generation in the samples and more importantly to avoid fire 

hazard due to fines generated from U-Mo alloys. Final metallography grinding 

was done using 600 grit SiC paper and polishing was carried out using 2µm 

diamond slurry in alcohol based lubricating media. It was also found that the 

samples of U3Si2 compound and U-Mo alloys synthesized by powder 

metallurgy route are extremely difficult to polish, because during polishing the 

particulates in the samples tend to sprawl out. However, the use of low speed 

of polishing wheel (around 50 to 100 rpm) had yielded satisfactory results. On 

the other hand it was also found out that in U-Mo alloys with higher 

molybdenum content it was extremely difficult to remove the scratches by 600 

grit paper grinding only and additionally prolonged polishing had given 

unwanted edge rounding and polishing artifacts in the sample.  

 Electro polishing and electro etching were employed for heat treated 

U-Mo alloy samples and for U-Mo alloys with low molybdenum content. 

However, it was also observed that electro polishing itself in many instances 

had revealed the microstructure of the sample under optical microscope. 

Selectable constant potential and constant current source were locally 

procured ((M/s Sairush, INDIA) for electro polishing and electro etching. The 

etchant details for different compounds and alloys which were used in the 

present study are shown in Table 3.13. In all the cases of electro polishing and 
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electro etching pot made of SS 304 was used as cathode. During electro 

polishing a constant 25V DC potential was applied whereas, in electro etching 

the potential was dropped to 5V DC. Both electro polishing and electro 

etching was limited to 2 to 5 seconds initially and only after making due 

observations further application of potential was decided. 

 

Composition of alloy Etchant composition and 

process details 

U3Si2 compound Dilute phosphoric acid (2 part 

acid and 100 part water) 

As cast and hot rolled U-8wt%Mo, U-

9wt%Mo and U-10wt%Mo  

1 part orthophosphoric acid, 2 

part H2SO4 and 2 part H2O. 

Used as chemical etchant, 

freshly polished sample is 

attacked with few drops. 

Heat treated U-8wt%Mo, U-9wt%Mo 

and U-10wt%Mo and U-Mo alloys 

with composition 2wt%Mo, 5wt%Mo, 

6wt%Mo, 7wt%Mo 

5 part orthophosphoric acid and 

100 part H2O. 2-2.5 V open 

circuit, stainless steel cathode is 

used for electrolytic etching. 

 

Table 3.13 Description of etchants used for U3Si2 compound and U-Mo alloys 

in as cast, hot rolled and heat treated condition. 

 

3.4.4 Optical microscopy 

 Microstructures in U3Si2 compound and U-Mo alloys were 

developed using inverted optical microscope, (i.e. DMI 5000M from M/s 
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Leica, GERMANY). The inverted optical microscope contains selectable green 

light and day light filters for bright field and polarized light illumination 

respectively with 100W light source. A mono CCD chip with 8 mega pixel 

resolution camera of M/s Lieca, Germany was used to capture the 

microphotographs.      

 

3.4.4.1 Phase analysis 

 Statistical determination of the volume phases and constituents from 

the respective microstructures was calculated by using Leica Metallography 

Work Station Software. The test method used by the purpose was based upon 

ASTM E562 standard. This test method describes a systematic point count 

procedure for statistical estimation of volume fraction from an identifiable 

constituent or phase from a section through the microstructure using a point 

grid. The method is based on the principal that when an array of points is 

systematically placed over a two dimensional section of a microstructure, the 

proportion of points that fall within a randomly distributed second phase is 

equal to the area fraction and volume fraction of the second phase in the 

microstructure. This mathematical relationship is shown in equation 3.1. 

P

P

A

A

V

V

V
V

ααα ===                                                                           (3.1) 

 Here VV is the volume fraction of the alpha phase. Vα is the volume 

of the ‘α’ phase in the sample. V is the total volume of the three dimensional 

sample. Aα is the area of the ‘α’ phase in a random planar section. A is the 

total area of the random planar section. Pα is the number of points falling in 
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the ‘α’ phase in a random planar section. P is the total number of points laid 

down in the random planar section [162-163]. 

 It is also important that the sample selected for the purpose shall be 

the representative of microstructure. Therefore all the image analysis was 

carried out on four sets of microstructures for each alloy composition, with 

different preparation and heat treatment history.   

 

3.4.4.2 Grain size determination 

 The grain size of different optical microstructures was calculated 

using Leica Metallography Work Station Software. The analysis method used 

to determine average grain size is based upon ASTM 1382 intercept using 

automatic image analysis. This standard defines test methods for determining 

ASTM grain size using the following methods: Measurement of grain 

intercept lengths, intercept counts, intersection counts, grain boundary length 

and grain areas. However, this method has the limitation and is applicable 

provided that the grain boundaries can be segregated. Hence, this is strongly 

dependant on the composition of the sample and the preparation, which 

requires good polishing to remove scratches and etching methodology to 

expose the grain boundaries for a better view. It is also important to note that 

the accuracy of grain size measurements is highly dependent on the 

delineation of the grain boundaries on the specimen, since this has a direct 

effect on the ability of the automated image analysis system to segregate grain 

boundaries. 
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 The simplest procedure for determining grain size is to detect the 

grain boundaries using grey level threshold. The boundaries that intersect with 

the image boundaries are not removed. The total length of the boundaries in 

the field is measured, which is then divided by the length of field area to 

obtain the grain boundary length per unit area in mm/mm
2
 LiA. The value of 

LiA is then divided by π/2 to obtain PLi, which is the number of grain boundary 

intersections per unit length of test line for each field and then is applied to 

calculate the mean linear intercept length for all measured fields. The standard 

deviation should also be calculated. The formula shown in equation 3.2 

represents the grain boundary intersections per unit length [164-167].  

2/π
Ai

L

Li
P =                                                                                              (3.2) 

 In addition mean intercept length is also calculated which is the 

reciprocal of the number of intersections per unit length. 

l
P

l
1

=                                                                                                       (3.3) 

 The results were calculated on average five microphotographs of 

each alloy composition with particular history and then the average value has 

been reported to minimize error in calculation/analysis. 

A general correlation between the grain sizes and the ASTM grain size 

number is shown in equation 3.4. 

1
2

−
=

G
n                                                                                                (3.4) 
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Here, ‘n’ is the number of grains per square inch at 100X magnification and 

‘G’ is the ASTM grain size number.  

 

3.5 Preparation of U-Mo diffusion couple & its 

characterization 

 A diffusion couple between uranium and molybdenum was prepared 

to study the diffusion of elements in each other. The diffusion couple was 

prepared by two different techniques. In the first method, uranium and 

molybdenum pieces in desired dimension was cut using SiC cut off wheel and 

then wrapped inside tantalum foil (as shown in Fig. 3.19). It was then loaded 

in special designed inconel assembly and the top lid was screw tightened. The 

entire assembly was encapsulated in quartz tube under partial pressure of 

helium (i.e. 10
-1

 mbar) and was heat treated at 900 °C for 24 hours in a 

resistance heated furnace (as shown in Fig. 3.20). The heat treated diffusion 

couple was then retrieved by first breaking the quartz tube and then 

unscrewing the top. The discs of uranium and molybdenum received after this 

experimentation is shown in Fig. 3.21. 

 In another case the diffusion couple was prepared in hot press under 

vacuum of 10
-5

 mbar. In this case the pieces of uranium and molybdenum 

were first cut in the desired dimension and then polished to get scratch free 

surface. These pieces were then stacked in the sequence shown in Fig. 3.22. 
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Fig. 3.19 Photograph showing uranium and molybdenum pieces wrapped 

inside tantalum foil and loaded in inconel assembly. 

 

 

 

 

 

Fig. 3.20 Photograph of quartz encapsulated diffusion couple. 

 

 

 

 

Fig. 3.21 Photograph of uranium and molybdenum pieces taken out after 

diffusion couple experimentation. 

15 mm 

‘Mo’ disc ‘Mo’ disc 

‘U’ disc 

15 mm 

15 mm 
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Fig. 3.22 Schematic of uranium and molybdenum piece used in hot pressing. 

 

 The sample (as shown in Fig. 3.22) was then loaded in a vacuum hot 

press. The hot press chamber was first evacuated to 10
-5

 mbar pressure and 

heating was started. Once the set temperature (i.e. 900 °C) was achieved then a 

load of 13.5 MPa was applied on the sample for 3 hours. The furnace was then 

allowed to cool under vacuum and the sample was removed from the hot 

press. The photograph shown in Fig. 3.23 represents uranium molybdenum 

diffusion couple after vacuum hot pressing at above described parameters.    

 The diffusion couple prepared between uranium and molybdenum 

by above referred technique was then cut in longitudinal section and mounted 

for metallographic examinations using cold setting resin. The sample was then 

evaluated in optical and SEM microscopy to develop microstructures. The 

sample was also examined using EPMA and chemical compositions of 

molybdenum and uranium across the diffusion zone was determined. 

 

 

 

Stainless steel piece Tantalum Foil 

‘Mo’ pellet 

‘U’ pellet 
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Fig. 3.23 Photographs of U-Mo diffusion couple after vacuum hot pressing (a) 

Horizontal image, (b) Vertical image. 

 

  

 

 

 

Stainless steel disc 

Tantalum foil Tantalum foil Uranium piece 

Molybdenum piece 

(a) 

(b) 
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4. Results & Discussion 

4.1 Characterization of U3Si2 compound prepared by 

powder metallurgy route 

4.1.1 Phase analysis 

 As stated earlier in chapter-3, the alloying of U3Si2 compound was 

accomplished in a single-step process. The uranium and silicon elemental 

powders were mixed in a cubical blender, followed by a heating profile with 

controlled dwell time and heating rates. The U3Si2 pellets thus obtained 

exhibited good pellet integrity without cracks, as shown in Fig.3.6.  The 

chemical analyses of elemental powders as well as that of U3Si2 compound 

shown in Tables 3.1, 3.2 and 3.5 respectively, confirms no impurity pickup 

during processing. This reflects the adequate care and precautions taken 

during powder processing stage. Fig. 4.1 shows the XRD pattern of as 

synthesized compound. All the major peaks in the XRD pattern could be 

indexed to the U3Si2 phase and no other silicide or impurity phase/s could be 

observed within the detectable limit. It may be noted that the U-Si phase 

diagram contains several intermediate phases, therefore starting with 

elemental powders could result in the presence of one or more of them, due to 

local variations in relative concentrations. Further, the density difference 

between uranium and silicon is significant, i.e. density of uranium is 19.7 

g/cm
3
 and that of silicon is 2.33 g/cm

3
. It is well known that mixing of dry 

powders with large differences in their densities may result in segregation of 

the constituents. Various mechanisms viz. agglomeration, floating, percolation 
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or trajectory separation, generally utilized as a tool for mineral beneficiation, 

pose difficulties in obtaining a homogenous mixture of heavy and light 

constituent powders [168]. Therefore, it becomes imperative to select blender 

or mixer which may minimize the segregation of powders. Keeping this in 

view, a cubical blender was used to mix the metal powders in this study. 

Further, the mixture of powders requires intimate mixing of constituents for 

effective alloying reaction to take place. Therefore, the mixed powders were 

compacted at 600 MPa, to ensure plastic flow of constituent powder particles.  

 

 

Fig. 4.1 XRD pattern of synthesized product (U3Si2) prepared by powder 

processing route. 
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 In addition, as stated earlier, uranium being radioactive (mainly 

alpha emitter), special precautions for handling and safety are needed while 

processing (under glove boxes with once through argon ventilation). 

Therefore, the choice of equipment becomes a constraint. Hence, in order to 

overcome any perceived variations in the local composition, soaking steps at 

950 °C (1 hour), 1400 °C (30 minutes) and 1550 °C (4 hours) were 

introduced. Therefore, it may be surmised that the combination of mixing 

procedure in the cubical blender and intermittent soaking steps in the heating 

schedule achieved the desired single-phase product as mentioned above. The 

XRD pattern also shows some minor peaks which were attributed to UO2. 

Since the oxygen content of starting uranium as well as silicon powders was 

1500 and 9500 ppm respectively, it lead to formation of UO2. The oxygen 

content (i.e. 2000 ppm) found in the synthesized compound may, therefore be 

in the form of UO2 phase formed. UO2 being stable compound for irradiation 

points of view, the presence in these quantities may not be harmful. Therefore, 

the presence of oxygen which originates in the processing of uranium as well 

silicon powders, may be accepted as tolerable impurity in the intended U3Si2 

to be used as dispersion fuel. 

   

4.1.2 Microstructural analysis  

 Fig. 4.2 show bright field optical micrograph of as synthesized U3Si2 

clinker after polishing and etching. The microstructure show equiaxed grains 

of single phase material, besides some pull-outs and etch pits. The density of 

the clinker was found to be between 75-80% TD, as measured by immersion 
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technique using alcohol medium (Archimedes principle). This low density is 

expected in the pellets, because the pellets were synthesized from elemental 

powders and were heated in stages. The first soaking was carried out at 950 °C 

for 1 hour to accomplish the alloying reaction between uranium and silicon. 

Subsequently the temperature was raised and heating was carried out at 1400 

°C for 30 minutes.  

 These two intermediate soaking steps were employed to ensure that 

neither uranium nor silicon remains in elemental form, when the temperature 

was raised above their melting points, thereby eliminate the possibility of bulk 

melting. Soaking at 950 °C was critical because any free uranium after this 

stage would lead to local melting and hereby disturbing the stoichiometry 

(uranium metal volume fraction is more if compared with silicon). The 

selection of temperature was on the basis of eutectic point at 985 °C. The 

duration for every step of soaking was optimized after repeated 

experimentation. It could further be illustrated that after first stage of soaking 

the temperature inside the furnace was raised slowly (~3°C/minute) until the 

next stage (1400 °C). The step was extremely critical in the formation of U3Si2 

single phase compound because any stoichiometric deviation at localized 

micro scale would lead to hypo or hyper composition. In the first case if the 

localized micro scale composition goes hyper then further increase in 

temperature beyond 950 °C would result in small liquid phase generation. The 

formation of liquid phase at localized region would facilitate elemental 

diffusivity and result in homogeneous U3Si2 product phase by peritectic 

reaction. The results obtained in Appendix-1 also indicate that the relative 
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phase volume percentage of U3Si2 and liquid phase will vary opposite to each 

other with the change in temperature. In fact the liquid phase volume 

percentage increases with temperature, therefore result in better homogeneous 

product phase (U3Si2). The microstructure also confirms that any bulk melting 

in the process was avoided however formation of small liquid phase during 

alloying was possible (as grain boundary does not show sharp edges).  

 Similarly the results derived in Appendix-1 also shows that any 

hypo composition during alloying at localized micro scale does not result in 

liquid phase formation until the temperature is raised beyond 1540 °C. 

Therefore, in order to homogenize the product phase even better by facilitating 

diffusion of elements at higher temperature the final soaking was 

accomplished at 1550 °C for 4 hours in a pressure less mode. The final 

soaking temperature of 1550 °C was selected on the basis of eutectic and 

peritectic reaction temperatures in the system at 1540 °C and 1580 °C 

respectively. Therefore, soaking at 1550 °C would help in improving the local 

alloying reaction kinetics because any small change in stoichiometry at the 

temperature may allow the product to enter into mushy zone (liquid plus solid) 

and favor U3Si2 formation (as shown in Appendix-1). The same was 

confirmed from the optical microstructure where no evidence of bulk liquid 

phase formation was observed. This could well be explained from U-Si phase 

diagram. It could be observed that small addition of silicon in the phase, near 

congruent compound composition increases the liquidus sharply, thereby 

eliminating any small possibility of bulk liquid phase formation.   
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 It is also well known that the reaction between uranium and silicon 

is exothermic with heat of reaction -46.8KJ/mol [169]. This may lead to highly 

agglomerated product, full of porosity. Generally, compound formed in such 

process is crushed to break agglomerates followed by sintering to impart high 

densities [170]. In contrast to this, U3Si2 was heated directly, without 

employing any pre-compaction stage because, porosity in the synthesized 

compound is considered beneficial for the intended application and grinding of 

alloy product was considered futile due to men-rem considerations. The 

presence of porosity in the grains of U3Si2 can also be seen clearly in Fig. 4.3 

showing SEM micrograph of the fracture surface of pellets. On the other hand, 

optical microscopy did not reveal the porosity, (Fig. 4.2). This may be 

attributed to highly friable nature of the pellets and re-entering of polished 

particles in the microstructure during polishing [171]. Nonetheless, optical 

microscopy exhibited a single-phase U3Si2 compound, which matches with 

XRD data. The ASTM grain size of U3Si2 clinker was found to be 1.2 

(equivalent to 234 µm). 
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Fig. 4.2 Optical microstructure of U3Si2 clinker. 

    
Fig. 4.3 (a). 
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Fig. 4.3 SEM photomicrographs of U3Si2 clinker (a) at 1500 magnification 

and (b) at 1200 magnification. 

 

4.2 Characterization of U-Mo alloys prepared by powder 

metallurgy and melting casting routes 

4.2.1 Phase analysis  

 The XRD patterns for U-Mo alloys prepared by powder metallurgy 

as well as induction melting routes are shown in Fig. 4.4 to 4.6.  U-2wt%Mo 

and U-5wt%Mo alloys show that the major phase in these alloy compositions 

was α-uranium with minor phases γ-uranium and U2Mo intermetallic. The 

amount of γ-phase was more in 5wt%Mo alloy as compared to those with 
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2wt%Mo. In alloys with 10wt%Mo, only gamma phase could be detected, thus 

indicating metastabiity of same with increased Mo content. Also, the XRD 

patterns for alloys with same compositions were found similar, irrespective of 

their processing method [172]. The increase in the quantity of gamma phase 

with increase in Mo concentration, and its eventual metastability is related to 

shifting of nose of TTT diagram, (Fig. 2.2) towards the right. This is in 

agreement with the related phase stability as depicted by the phase diagram. 

The alloying temperature, for the preparation of U-Mo alloys by powder 

metallurgy route was kept at 1050 °C, well below the melting point of 

constituent elements. Hence, the metallurgical reaction was only solid state 

reaction and the two-phase field (L+γ) was not encountered.   

 

 
Fig. 4.4 (a). 
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Fig. 4.4 X-ray diffraction patterns of U-2wt%Mo alloy prepared by (a) 

powder metallurgy route (b) induction melting route. 

 

 

               
Fig. 4.5 (a). 



107 

 

 
 

Fig. 4.5 X-ray diffraction patterns of U-5wt%Mo alloy prepared by (a) 

powder metallurgy route (b) induction melting route. 

 

 

 
 

Fig. 4.6(a). 
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Fig. 4.6 X-ray diffraction patterns of U-10wt%Mo alloy prepared by (a) 

powder metallurgy route (b) induction melting route. 

 

 Due to this reason, the U-Mo alloys prepared by P/M route did not 

require any re-sintering or additional homogenization step. It may be recalled 

here that sufficient care was taken during mixing of elemental metal powders 

and also the compaction pressures (600 MPa) were beyond the flow-stress for 

constituent metals, the resultant product homogeneity was due to uniform and 

intimate particle to particle contacts. As for U-Si compound, the entire 

operation was carried out in glove box with once through flow of high purity 

argon gas to avoid any significant impurity pickup, which is also evident from 

its chemical analysis. A detailed chemical analysis of U-Mo alloys prepared by 

powder metallurgy route and by induction melting route is shown in Table 3.8 

and Table 3.12 respectively. The chemical characterization result in Table 3.8 
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also confirms that during U-Mo alloy preparation by induction melting 

technique, the oxygen pick up was completely eliminated, by putting oxygen 

getters in the form of zirconium over the crucible lid. 

 

4.2.2 Microstructural analysis 

 The microstructure of U-2wt%Mo alloy prepared by powder 

metallurgy route is shown in Fig. 4.7(a), whereas the microstructure of as cast 

U-2wt%Mo alloy is shown in Fig. 4.7 (b). Grey value difference in the 

microstructure may be related to the orientation difference between the grains. 

The microstructure of U3Si2 clinker prepared by powder metallurgy route (as 

shown in Fig. 4.7(a)) clearly reveals prior particle boundaries. The 

microstructure also exhibits typical widmanstatten pattern which indicates the 

phase transformation in U-2wt%Mo alloy and also the lamellar decomposition 

can be observed at some regions. The presence of widmanstatten pattern and 

lamellar decomposition suggests that the cooling rates along the pellet and 

ingot were not identical and the preferable nucleation site for the alloy 

prepared by both the routes is grain boundary. The microstructure of U-

5wt%Mo alloy prepared by both powder metallurgy route (as shown in Fig 

4.8(a)) and by induction melting route (as shown in Fig 4.8(b)) shows the 

presence of two phase region where larger grains are of γ-uranium and some 

grain refinement has taken place for α-uranium.  
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Fig. 4.7 Optical microstructures of U-2wt%Mo alloy prepared by (a) 

powder metallurgy route (b) induction melting route. 

(a) 

(b) 
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 Fig. 4.8 Optical microstructures of U-5wt%Mo alloy prepared by (a) 

powder metallurgy route (b) induction melting route. 

(a) 

(b) 
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(a) 

Fig. 4.9 Optical microstructures of U-10wt%Mo alloy prepared by (a) 

powder metallurgy route (b) induction melting route. 
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 The microstructure of U-10wt%Mo alloy prepared by powder 

metallurgy route (as sown in Fig 4.9(a)) and by induction melting route (as 

shown in Fig 4.9(b)) shows single phase grains of only γ-uranium. The 

microstructures are therefore in agreement with the findings of XRD results 

Further, the microstructure of U-Mo alloys prepared by powder metallurgy 

route also show some dark regions. These dark regions could be identified as 

pores, typical of the P/M route, and conform to the density measurements.  As 

stated earlier, these pores may be useful for the accommodation of fission 

gases and fission products during the irradiation. The grain size measurements 

of U-Mo alloys with two different preparation routes are shown in Table 4.1. 

The measurement of grain size was carried out as per the procedure described 

in Section 3.4.4.2.  

 It is evident from the data shown in Table 4.1 that the grain sizes of 

alloys prepared by powder metallurgy technique are larger as compared to 

those of induction melting route. This may be related to the different time and 

temperature regimes followed in both the techniques. The induction melting, 

though carried out at 1300 °C, holds the alloys for 15 minutes, followed by 

quick cooling, however, P/M route involves soaking temperature of 1050 °C 

for 6 hours, followed by long time (~12 hours) for furnace cooling. 
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Table 4.1 ASTM grain size number for different compositions of U-Mo alloys 

with different preparation techniques (calculated as per ASTM 1382 intercept 

method). 

 

4.3 Characterization of U-Mo alloys for investigation on 

metastability in cubic γγγγ-uranium 

4.3.1 Phase analysis 

 The XRD pattern of U-2wt%Mo alloy (Fig 4.10(a)) shows that the 

major phase for this alloy was α-uranium with small amount of γ-uranium and 

U2Mo intermetallic compound. The XRD pattern of U-5wt%Mo alloy (Fig 

4.10(b)) shows presence of γ-uranium as major phase with very small amounts 

of α-uranium and U2Mo intermetallic compound. The XRD patterns U-

6wt%Mo alloy (Fig. 4.10(c)), U-7wt%Mo alloy (Fig 4.10(d)), U-8wt%Mo 

alloy (Fig 4.10(e)), U-9wt%Mo alloy (Fig 4.10(f)) and U-10wt%Mo alloy 

(Fig 4.10(g)) show the presence of cubic γ-uranium phase only. There were no 

oxide and carbide peaks observed in any of the XRD patterns which confirm 

Composition of alloy 

Grain Size (µm)  

Alloy prepared by 

induction melting 

route 

Alloy prepared by 

powder metallurgy 

route 

U-2wt%Mo 160 203 

U-5wt%Mo 155 198 

U-10wt%Mo 153 194 



115 

 

that neither oxygen nor carbon in appreciable quantity was picked up during 

alloy preparation. This was verified by their chemical characterization as 

shown in Table 3.12. The XRD patterns suggest only gamma-phase without 

residual equilibrium phases, for alloys with Mo content of 6wt% and above. 

There could be two possibilities: either minor phases are in very small quantity 

and well below the detection limits of the analytical equipment, or, complete 

cubic γ-uranium has been retained at room temperature. It has been well 

documented that in U-Mo alloys, transformation of γ-phase into the 

equilibrium phases depends strongly on the cooling rate. This feature in U-Mo 

alloys is very similar to eutectoid decomposition in low carbon steels [173]. In 

dilute Mo alloys, the retention of gamma phase has been observed under fast 

cooling conditions [50-54]. Therefore, it is expected that addition of Mo may 

give rise to retention of gamma phase for furnace cooled alloys in this study. 

However, the minimum quantity of Mo, as described above, needs to be 

ascertained further. In this context, microstructural investigation of alloys 

samples was attempted, which is described later.  
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Fig. 4.10 (a) & (b). 
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Fig. 4.10 (c) & (d). 
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Fig. 4.10 (e) & (f). 
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Fig. 4.10 X-ray diffraction patterns of as cast (a) U-2wt%Mo alloy, (b) U-

5wt%Mo alloy, (c) U-6wt%Mo alloy, (d) U-7wt%Mo alloy, (e) U-8wt%Mo 

alloy, (f) U-9wt%Mo alloy and (g) U-10wt%Mo alloy. 

 

 

4.3.2 Precise lattice parameter calculation 

 XRD patterns as shown in the previous section, showed different 

phases present in alloys samples. The intended γ-phase is a substitutional solid 

solution of Mo in bcc-Uranium. Also, there is small, limited solid solubility of 

Mo in α-phase. Therefore, in order to ascertain solubility of Mo in the alloys, 

lattice parameters of both the solid solutions were calculated using the XRD 

patterns. For this purpose, a computer program ‘CELREF’ was used to 

calculate precise lattice parameter of cubic γ-uranium unit cell for different U-

Mo alloys. The program code uses method of least squares to determine the 
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cell parameters [174]. The points were fitted using sigmoidal curve with the 

assumption that the curve may be described quantitatively by the three 

parameter sigmoid function (eq. 4.1), here X1/2 is the point of inflection and k 

is a slope factor (i.e. the change in X corresponding to the most significant 

change in Y values). 

)

)1(
)(

exp1/(810 k

e
XX

Y

−
+

++=                                                               (4.1) 

 The precise lattice parameters thus calculated using this programme, 

were plotted against molybdenum weight percent for different U-Mo alloys 

(Fig 4.11). The lattice parameters of orthorhombic α-uranium were also 

calculated for U-2wt%Mo and U-5wt%Mo alloys (as shown in Table 4.2). The 

same could not be calculated for higher Mo-compositions because the (hkl) 

values of α-uranium peaks were not distinctly visible. The lattice parameter of 

α-uranium in both U-2wt%Mo and U-5wt%Mo alloys did not show any 

appreciable change. This is perhaps due to the fact that the maximum solid 

solubility of molybdenum in uranium is very small, ~1 at% at room 

temperature under equilibrium conditions. On the other hand, shift in lattice 

parameter of cubic γ-uranium was quite appreciable as shown in Fig. 4.12 and 

tabulated in Table 4.3. The decrease in lattice parameter of γ-phase with 

increasing Mo content is attributed to the differences in the atomic radii of Mo 

(145 pm) and U (175pm) [175].    
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Fig. 4.11 Plot showing change in precise lattice parameter of cubic γ-uranium 

with varying amount of molybdenum. 

 

 

  

Table 4.2 Precise lattice parameter and lattice volume of orthorhombic α-

uranium in U-Mo alloys. 

Composition of 

alloy 

Precise lattice parameter of α-phase (A°°°°) Lattice 

volume 

(A
3
) a b c 

Unalloyed α-

uranium at RT 
2.8540 5.8700 4.9550 83.0110 

U-2wt% Mo 2.8603 5.8729 4.9560 83.2434 

U-5wt% Mo 2.8632 5.8741 4.9582 83.3906 

1 2 3 4 5 6 7 8 9 10 11

3.42

3.43

3.44

3.45

3.46

3.47

 

 

P
re

ci
se

 l
a

tt
ic

e 
p

a
ra

m
et

er
 (

C
u

b
ic

 γγ γγ
-u

ra
n

iu
m

) 
(A

0
) 

wt% molybdenum



122 

 

 

Table 4.3 Precise lattice parameter and lattice volume of cubic γ-phase in U-

Mo alloys. 

 

4.3.3 Microstructural analysis 

 The microstructures of as cast U-2wt%Mo alloy, as shown in Fig 

4.13(a & b) shows cellular decomposition and widmanstatten pattern all along 

the prior gamma grain boundary. During alloy cooling a part of γ-uranium had 

undergone eutectoid decomposition to form α-uranium and U2Mo 

intermetallic which is clearly visible as the lamellar region in the 

microstructure while some regions in the microstructure, where diffusion has 

not taken place efficiently can be visualize as woven basket region (i.e. 

widmanstatten pattern). In U-5wt%Mo alloy the microstructure (as shown in 

Fig 4.14(a & b)) shows bright region as equiaxed γ-grains with dark gray 

Composition of alloy 
Precise lattice parameter 

of γγγγ-uranium (A°°°°) 

Lattice volume 

(A
3
) 

Unalloyed γ-uranium at RT 3.4740 41.93 

U-2wt% Mo 3.4683 41.72 

U-5wt% Mo 3.4613 41.74 

U-6wt% Mo 3.4538 41.20 

U-7wt% Mo 3.4444 40.86 

U-8wt% Mo 3.4399 40.70 

U-9wt% Mo 3.4307 40.38 

U-10wt% Mo 3.4213 40.05 
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patches as second phase, which is identified as a mixture of α-uranium and 

U2Mo intermetallic. During cooling, a part of γ-phase was found to be retained 

while the rest had undergone eutectoid decomposition to form α-uranium and 

U2Mo intermetallic phases.  
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 Increasing Mo-content shows increase in retained fraction of γ-

phase, as seen in the microstructure of U-6wt%Mo (as shown in Fig. 4.15) and 

U-7wt%Mo alloys (as shown in Fig 4.16). It is interesting to note that though 

the XRD patterns of the alloy compositions where Mo-content was higher than 

6wt% did not reveal presence of equilibrium phases, as discussion in section 

4.3.1, optical microscopy provided evidence of their presence in the furnace 

Fig. 4.12 Superimposed X-ray diffraction pattern of as cast U-Mo alloys 

with different molybdenum percentage (i.e. 2, 5, 6, 7, 8, 9, 10 wt% 

molybdenum). 
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cooled microstructures. It is also observed from the microstructures that the 

second phase occurs along the grain-boundaries of retained γ-phase. In the 

light of established fact that grain boundaries of the parent phase provide 

preferential sites for the transformation of phases, microstructural examination 

indicates fairly strong metastability, which may be due to small values of 

difference in their free energies, or sluggish kinetics of eutectoid 

decomposition or both. This observation also opens up another possibility that, 

if, grain boundaries of γ-phase of U-Mo could be engineered, so as to make 

them energetically less favorable for precipitation of equilibrium phases, lesser 

amount of Mo may be required to metastabilize the γ-phase.  Unlike lower 

Mo-alloys as discussed above, microstructures of U-8wt%Mo, U-9wt%Mo 

and U-10wt%Mo alloys, as shown in Fig. 4.17, Fig. 4.18 and Fig. 4.19, 

respectively have shown only equiaxed grains of γ-phase without any other 

phase. It is also important to point out that the features appear at the grain 

boundary and also inside the grains in the microstructures (Fig. 4.17 to Fig. 

4.19) as second phase are the artifacts created during sample preparation. It 

may be noted that the corrosion resistance of alloys increase with increase in 

the Mo-content, which is beneficial from the applications point of view. 

However, the same attribute becomes difficult to reveal microstructures, 

because usual etchants lose their potency to reveal grain boundaries. 

Therefore, the alloys with Mo-content ≥8wt% were etched by electro-etching 

to reveal microstructures, which also resulted in some artifacts.  
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Fig. 4.13 Microstructures of as cast (a & b) U-2wt%Mo alloy. 
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 Fig. 4.14 Microstructures of as cast (a & b) U-5wt%Mo alloy. 
(a) 
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Fig. 4.15 Microstructures of as cast (a & b) U-6wt%Mo alloy. 
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Fig. 4.16 Microstructures of as cast (a & b) U-7wt%Mo alloy. 
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Fig. 4.17 Microstructures of as cast (a & b) U-8wt%Mo alloy. 
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Fig. 4.18 Microstructures of as cast (a & b) U-9wt%Mo alloy.  



131 

 

 

 

 

Fig. 4.19 Microstructures of as cast (a & b) U-10wt%Mo alloy. 
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 Based on the basis of the microstructural examination it may be 

safely concluded that γ-phase can be completely retained at room temperature 

during furnace cooling, with the minimum 8wt% molybdenum addition in 

uranium [176]. A quantitative image-analysis of the microstructures discussed 

in this section is described in the proceeding section. 

 

4.3.4 Image analysis 

 The quantitative image analysis was carried out using Metal work 

station programme (as described under the section 3.4.4.1 in this dissertation) 

to determine the quantity of different phases in U-Mo alloy ingot samples. The 

metal work station programme is based on the method described as per ASTM 

E562 standard for quantitative phase analysis. In the image analysis, the α-

uranium and U2Mo intermetallic phase mixture was considered as one phase 

(since α-uranium and U2Mo intermetallic was formed due to the eutectoid 

reaction and they are present in the microstructure as either lamellar 

decomposed product or widmanstatten pattern) and γ-uranium as second 

phase. Image analysis was carried out by averaging fifteen results at different 

sections of microstructures for each U-Mo alloy compositions. The phase 

analysis result of γ-uranium was then plotted against molybdenum weight 

percentage for different U-Mo alloy compositions and is shown in Fig 4.20. 

The results clearly indicate that with minimum 8wt% molybdenum addition in 

uranium complete cubic γ-phase can be retained at room temperature under 

normal furnace cooling condition. Sigmoidal model was used to fit the points 
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with the assumption that the curve may be described quantitatively by the 

three parameter sigmoid function (4.2), here X1/2 is the point of inflection and 

k is a slope factor (i.e. the change in X corresponding to the most significant 

change in Y values).  
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Fig. 4.20 Quantitative analysis (in vol%) of  cubic γ-phase for different 

molybdenum percentage in U-Mo alloys. 

 

 In addition, the microstructures of U-Mo alloy with different 

molybdenum concentration in as cast and as rolled conditions were also 

characterized to determine the grain size by using Lieca Metallographic Work 

Station as described in Section 3.4.4.2. The results are shown in Table 4.4. The 
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grain-sizes of different alloys are within a narrow range (std. deviation <10%), 

and do not follow any particular trend. Since the alloys are subjected to similar 

temperature regimes during processing, occurrence of nearly similar grain 

structure is not unexpected. Further, rolling of alloys at 900° C was not found 

to significantly affect the grain sizes.  

 

 

Table 4.4 Grain size for different compositions of U-Mo alloys (calculated as 

per ASTM 1382 intercept method). 

 

4.4 Study on phase transformation of U-Mo alloys 

 It was observed from the previous section (i.e. section 4.3.4) that in case of 

uranium molybdenum alloys, retention of cubic γ-phase is possible at room 

temperature with minimum 8 wt% molybdenum addition into uranium under 

Composition of alloy 

Grain Size (µµµµm) in as cast and as rolled 

condition 

As cast alloy As rolled alloy 

U-2wt%Mo 186.7 - 

U-5wt%Mo 194.2 - 

U-6wt%Mo 204.4 - 

U-7wt%Mo 193.0 - 

U-8wt%Mo 196.2 135.2 

U-9wt%Mo 188.0 128.8 

U-10wt%Mo 194.5 136.1 
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furnace cooling conditions. However, it is extremely important to examine the 

metastability of this retained cubic phase at higher temperatures to establish 

out of pile fuel performance characteristics. U-Mo phase diagram (Fig. 2.5) 

shows that the cubic phase is stable above 560 °C but as the temperature falls 

below, it will be transformed into equilibrium phases, i.e. orthorhombic α-

phase and body centered tetragonal intermetallic compound U2Mo. The study 

of U-Mo alloys, particularly the eutectoid decomposition becomes more 

important because, as mentioned earlier in chapter-2, orthorhombic α-phase of 

uranium has very little solid solubility for molybdenum and it doesn’t have 

good irradiation property. During operation of the nuclear reactor, more the 

amount of transformed α-phase in the fuel, more will be the probability of 

failure. Therefore, retention of cubic phase in U-Mo alloys was investigated in 

this study. In this context, U-Mo alloys with 8, 9 and 10 wt% Mo composition 

were selected. The reason for selecting these three compositions can be 

answered from the results of previous section, where it was concluded that 

minimum 8 wt% molybdenum addition into uranium under furnace cooling 

conditions would metastabilize cubic phase at room temperature. Hence, the 

heat treated U-Mo alloys (8, 9 and 10 wt% Mo composition) were studied for 

phase identification by XRD, lattice parameter calculation and microstructural 

investigation. The results obtained from each investigation are discussed one 

after another in the proceeding sections.  
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4.4.1 Phase analysis 

 The alloys samples employed for phase transformation study were 

prepared by induction melting technique as described in section 3.2.3. These 

as cast samples were first hot rolled at 900 °C, to eliminate cast structure. The 

hot rolling regime for these alloy samples was scheduled carefully and was 

kept well above the α and β phase field of U-Mo alloy phase diagram, so as to 

avoid cracking and operation difficulty during hot working. It is well 

understood that α phase of uranium is very brittle and the thermal stability of β 

phase is extremely narrow [71]. However, the γ-phase has good thermal 

stability and ductility for the working [47], therefore, the alloys were hot 

rolled in γ-phase region. The alloy samples were carefully jacketed in copper 

tube and the rolling conditions/cycles were controlled to eliminate any 

possibility of crack in the jacket. Therefore, hot rolling was done taking 

necessary precautions as mentioned in chapter-3, so that oxidation of uranium 

could be avoided completely. It is to be noted that uranium has high affinity 

for oxygen and at 900 °C it may oxidize completely and may lead to metal fire 

[177].  

 Therefore, the hot rolled alloy samples were characterized for phase 

by XRD to evaluate if any other minor second phase formation took place in 

the process. The XRD pattern of as cast and hot rolled U-Mo alloys with 8, 9 

and 10 wt% Mo compositions are shown in Fig. 4.21. All the peaks in the 

XRD pattern shown in Fig. 4.21 could be indexed to the γ-phase, and no 

significant change of hot-rolled xrd patterns was observed with those of as-
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cast patterns. It may therefore be surmised that the hot rolling process did not 

give rise to any other second phase viz. oxide and/or equilibrium phase 

product within the detectable range of instrument. It also suggests no oxygen 

pickup in the process.  The hot rolled alloy samples of 8, 9 and 10wt% Mo 

compositions were sealed in quartz tube under partial pressure of helium as 

described in section 3.3.2. The sealing of U-Mo alloy samples in quartz tube 

was carried out under inert atmosphere. These samples were heat treated at 

500 °C, to ensure eutectoid decomposition. It can be observed from U-Mo 

phase diagram that for 8, 9 and 10wt% Mo compositions, the eutectoid 

transition temperature is 560 °C. Therefore, to favor the kinetics of reaction 

and also to ensure transformation the temperature was selected at 500 °C. The 

heating duration of 68 hours and 240 hours were selected purely to facilitate 

operational convenience. The XRD patterns of 8, 9 and 10wt% Mo alloys after 

68 hours and 240 hours of heat treatment are shown in Fig. 4.22 and Fig. 4.23 

respectively.  

 The XRD patterns shown in Fig. 4.22 and Fig. 4.23 clearly indicate 

mixture of phases in the heat treated alloy samples. These phases could be 

identified and indexed as retained cubic γ-phase and equilibrium phase 

mixture of α and U2Mo intermetallic. The presence of α-phase and U2Mo 

intermetallic in heat treated U-Mo alloys is in agreement with the phase 

diagram. However, presence of γ-phase in the heat treated alloys indicate that 

phase transformation (i.e. γ ↔ α + U2Mo) has not accomplished completely 

even after relatively long heating duration (240 hours). This result is important 

to predict the end of life for fuel on completely thermal point of view, which 
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invariably means the fuel performance in zero reactor power and at 500 °C 

fuel operating temperature. A detail discussion on this aspect is presented in 

section 4.4.4.  

 The XRD profile on Fig. 4.22 and Fig. 4.23 also indicate that the 

amount of retained cubic γ-phase is strongly dependent upon duration and 

molybdenum concentration in uranium. A further quantitative investigation on 

retained γ-phase and transformed equilibrium phases (α and U2Mo) was done 

using the computer program ‘POWDER CELL’. The program uses integrated 

intensity method to evaluate relative phase percentage of α, γ and U2Mo phase. 

In this method, the program generates the theoretical profile of expected 

phases based upon their lattice details, space groups and Wyckoff notations. 

The theoretical profiles of different expected phases are then matched with the 

powder diffraction patterns of alloys, to evaluate their relative phase 

percentages. The volume percentage of all the three phases, calculated by the 

method described above is tabulated in Table 4.5.  It can be observed from 

Table 4.5 that U2Mo phase percentage increases slowly if compared with α-

phase for long heat treatment duration. This may be attributed to the lower 

intrinsic diffusion coefficient of molybdenum if compared with uranium [73]. 

A similar effect is shown by bar chart for retained γ-phase (Fig. 4.24). It is 

well understood that α-phase has very limited solid solubility for molybdenum 

therefore, longer duration for transforming higher volume percentage of α-

phase is understandable.    
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Fig. 4.21 (a) & (b). 
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Fig. 4.21 X-ray diffraction patterns of as cast and hot rolled alloys (a) U-

8wt%Mo, (b) U-9wt%Mo and (c) U-10wt%Mo. 

 

 

Fig. 4.22 (a). 
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Fig. 4.22 X-ray diffraction patterns of heat treated U-Mo alloy at 500
0
C for 68 

hrs (a) U-8wt%Mo, (b) U-9wt%Mo, (c) U-10wt%Mo. 
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Fig. 4.23 (a) & (b). 
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Fig. 4.23 X-ray diffractions pattern of heat treated U-Mo alloy at 500
0
C for 

240 hrs (a) U-8wt%Mo, (b) U-9wt%Mo, (c) U-10wt%Mo. 

 

Alloy 

Composition 

Volume percent phase 

after 68 hours of heat 

treatment 

Volume percent phase 

after 240 hours of 

heat treatment 

α U2Mo γγγγ α U2Mo γγγγ 

U-8wt% Mo 24.26 47.13 28.61 33.35 50.17 16.48 

U-9wt% Mo 16.06 48.65 35.29 24.90 54.74 20.36 

U-10wt% Mo 3.72 51.88 44.41 15.17 59.72 25.11 

 

Table 4.5 Volume percentage of phases in U-Mo alloys after different heat 

treatment history (calculated by POWDER CELL method). 
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Fig. 4.24 Bar chart showing volume percentage of retained γ-phase after 

different heat treatment for 8, 9 & 10wt% Mo alloys. 

 

4.4.2 Precise lattice parameter calculation  

 Precise lattice parameter was calculated at every stage during phase 

transformation study to corroborate the discussion in section 4.4.1. As stated 

earlier in section 4.3.2, a computer program ‘CELREF’ was used to calculate 

precise lattice parameters of both hot rolled and heat treated U-Mo alloys. 

Therefore, the lattice parameters of alloy samples (8, 9 and 10wt% Mo) after 

hot working were calculated and shown in Table 4.6. It could be ascertained 

after comparing the data from Table 4.6 and Table 4.3, that precise lattice 

parameter of γ-phase for U-Mo alloys after hot rolling does not show any 

appreciable difference with the as-cast alloys. This reiterates that hot working 
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of U-Mo alloys was accomplished effectively without any residual strain and 

precipitation of second phases.  

  

Alloy      

Composition 

Precise lattice parameter of γγγγ-uranium 

(A°°°°) 
Lattice volume  (A

3
) 

Unalloyed γγγγ-

uranium  
3.4740 41.9266 

Rolled U-8wt%Mo 3.4432 40.8213 

Rolled U-9wt%Mo 3.4308 40.3818 

Rolled U-10wt%Mo 3.4141 39.7950 

 

Table 4.6 Precise lattice parameter and lattice volume of cubic γ-uranium in 

hot rolled U-Mo alloys. 

 

 Similarly the lattice parameters for α-phase of heat treated U-Mo 

alloys (8, 9 and 10wt% Mo) compositions were calculated and shown in Table 

4.7. It can be observed from the table that α-phase lattice does not undergo any 

change even after heat treatment, which is understood from the fact that α-

phase has very restricted solid solubility for molybdenum ~1at%. These 

results could also be used to explain the increase in α-phase volume percent 

after long heat treatment duration and higher molybdenum concentration as 

shown in Table 4.5. The lattice parameter of cubic phase in heat treated alloys 

could not be calculated with accuracy because the solid solution of γ-phase in 

these alloy samples was expected to be inhomogeneous and therefore selection 

of 2θ for γ-phase (hkl) was difficult. However, an assumption for average 2θ 
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value in the calculation did not show any major difference in the lattice 

parameter of γ-phase. Similarly, the lattice parameter of U2Mo was not 

attempted because being an intermetallic compound, its stoichiometry is fixed 

and therefore not much change in its lattice parameter is expected. 

  

Composition of alloy 
Precise lattice parameter of α-uranium (A°°°°) 

Lattice 

volume (A
3
) 

a b c 

Unalloyed α-uranium at RT 2.8540 5.8700 4.9550 83.0110 

U-8wt%Mo after heat 

treatment for 68 hrs at 

500
0
C 

2.8533 5.8595 4.9549 82.8405 

U-8wt%Mo after heat 

treatment for 240 hrs at 

500
0
C 

2.8528 5.8628 4.9560 82.8911 

U-9wt%Mo after heat 

treatment for 68 hrs at 

500
0
C 

2.8528 5.8607 4.9565 82.8696 

U-9wt%Mo after heat 

treatment for 240 hrs at 

500
0
C 

2.8563 5.8658 4.9541 83.0034 

U-10wt%Mo after heat 

treatment for 68 hrs at 

500
0
C 

2.8519 5.8638 4.9546 82.8556 

U-10wt%Mo after heat 

treatment for 240 hrs at 

500
0
C 

2.8542 5.8606 4.9601 82.9692 

 

Table 4.7 Precise lattice parameter and lattice volume of orthorhombic α-

uranium in heat treated U-Mo alloys. 
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4.4.3 Microstructural analysis 

  The microstructure of hot rolled alloy samples of U-8wt%Mo, U-

9wt%Mo and U-10wt%Mo (as shown in Fig 4.25) show single phase equiaxed 

grains without any evidence of second phase [178]. It is also important to 

mention that the features appear at the grain boundary and also inside the 

grains in the microstructures (as shown in Fig 4.25) as second phase are the 

artifacts created during sample preparation. These microstructures does not 

show any preferred grain orientation and dendrite, thus indicate equiaxed 

cubic γ-phase all along the grain. The grain sizes of hot rolled U-Mo alloy and 

the as cast samples are also in close agreement with each other. This indicates 

that alloys were not exposed at high temperature for very long duration and 

hence did not result in grain coarsening (as shown in Table 4.4).   

 The microstructures of U-Mo alloy samples after 68 and 240 hours 

of heat treatment are shown in Fig. 4.26 and Fig. 4.27 respectively. The 

microstructure of each heat treated alloy show two distinct grey colors. The 

bright region in the microstructure is retained γ-phase because the feature 

remain un-etched during sample preparation. This effect is understandable 

because increase of molybdenum percentage in uranium increases its 

resistance to chemical interaction and the same could be observed distinctly in 

the microstructures shown in Fig. 4.26 and Fig. 4.27. It is understood that 

solid solubility of Mo in α-phase is extremely limited when compared with γ-

phase. Therefore, the etching response of both the phases is contrasting to each 

other. The microstructures clearly show prior gamma grain boundaries to 

indicate that recrystallization was not a predominant feature in the heat treated 
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alloys. It confirms that though hot working was performed at higher 

temperatures and recrystallization could be evident however, during heat 

treatment the temperature regime has not favored the effect. It can also be 

observed from the microstructures that prior γ-grain boundaries act as 

preferential nucleation site for eutectoid reaction. It is more evident from the 

heat treated microstructures of U-9wt% and U-10wt% Mo alloys where 

retained γ-phase is present in islands surrounded by equilibrium phase 

products of α-phase and U2Mo. It is also evident from these microstructures 

that the volume of island (γ-phase) increases for higher Mo compositions 

alloys. The presence of lamella could be treated as strong evidence suggesting 

the phase transformation reaction as eutectoid.  

 The microstructures were further examined by image analysis to 

quantify the phases and the values are shown in Table 4.8. Image analysis was 

carried out for two phase system therefore, α and U2Mo phases were assumed 

as one phase system. The approximation was made because both α and U2Mo 

are eutectoid transformed product. The image analysis was not performed for 

heat treated U-8wt% Mo alloy because γ-phase and eutectoid transformed 

products could not be identified without error. Therefore, phase analysis was 

carried out for 9 and 10wt% Mo alloys.  

 It can clearly be seen from Table 4.8 and Table 4.5 that quantitative 

phase analysis results by two independent methods (i.e. POWDER CELL & 

Image analysis) are in close agreement with each other. 
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Alloy Composition 

Heat treatment at 500 °°°°C 

for 68 hours 

Heat treatment at 500 

°°°°C for 240 hours 

Retained 

γγγγ-phase 

(in vol %) 

Eutectoid 

transformed 

product (in 

vol %) 

Retained 

γγγγ-phase 

(in vol %) 

Eutectoid 

transformed 

product (in 

vol %) 

U-8wt% Mo 29.42 70.58 18.84 81.16 

U-9wt% Mo 36.63 63.37 21.48 78.52 

U-10wt% Mo 45.78 54.22 27.36 72.64 

 

Table 4.8 Image analysis result on heat treated U-Mo alloys. 

 

 

 

Fig. 4.25 (a). 
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Fig. 4.25 Microstructures of hot rolled U-Mo alloy (a) U-8wt%Mo, (b) U-

9wt%Mo, (c) U-10wt%Mo. 
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Fig. 4.26 (a) & (b). 

Prior γ-grain boundary 
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Fig. 4.26 (c) & (d). 

Eutectoid phase 
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Fig. 4.26 Microstructures of heat treated U-Mo alloy at 500

0
C for 68 hrs 

(a) & (b) U-8wt%Mo, (c) & (d) U-9wt%Mo, (e) & (f) U-10wt%Mo. 
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Fig. 4.27 (a) & (b). 
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Fig. 4.27 (c) & (d). 
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Fig. 4.27 Microstructures of heat treated U-Mo alloy at 500

0
C for 240 hrs 

(a) & (b) U-8wt%Mo, (c) & (d) U-9wt%Mo, (e) & (f) U-10wt%Mo. 



157 

 

4.4.4 Study on end of life prediction for U-Mo alloys 

 The phase transformation study on U-Mo alloys was further 

extended to evaluate the end of life prediction. This invariably means the time 

required to estimate complete phase transformation of γ-phase to equilibrium 

phase products viz. α-phase and U2Mo at 500 °C. The analysis, as shown in 

Appendix-3 was performed using “Kolmogorov-Johnson-Mehl-Avrami 

equation” [173]. The analysis was done with the approximation that α and 

U2Mo phases are considered as single entity. This approximation is considered 

because both the phases result due to eutectoid phase transformation of γ-

phase. The KJMA equation used in the study is shown as follows 

n
kt

ef
−

−= 1                                                 (4.3) 

 Equation 4.3, correlates fraction of transformed phase with time. 

Here, f indicates fraction of transformed product, k is the value contains all the 

temperature dependent terms because thermal activation affects the growth 

strongly through boundary/interface mobility, and because the nucleation 

density depends very strongly on driving force. Therefore, k in the present 

study is assumed constant because the history of different alloy preparation 

and their heat treatment regime was identical. Here, n in the equation is related 

to the geometry of the transformation. 

 The data shown in Table C-1 and Fig. C-1 from Appendix-3 was 

used to evaluate the relative time required by γ-phase to transform into 

equilibrium phases at 500°C for different compositions of U-Mo alloys and is 

shown in Fig. 4.28.  
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 The plot shown in Fig. 4.28 correlates transformation of equilibrium 

phases in U-Mo alloys upon soaking time, which increases monotonically and 

exponentially. The retained γ-phase fraction would then be found decreasing. 

It can be observed that time required for initial phase transformation for all the 

three compositions are almost same. However, the time required for 

transformation of higher quantity is more dependent upon composition and 

therefore, U-10wt%Mo alloy exhibit highest resistance for the eutectoid 

decomposition of γ-phase in equilibrium phase products of α and U2Mo.  
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Fig. 4.28 Effect of soaking time on volume percentage of transformed phase at 

500 °C. 

 The above calculation may lead to very important life-expectancy of 

dispersions in the fuel plates. The fuels in the nuclear reactor once loaded, in 
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the form of fuel plates, would be expected to undergo fission without 

undergoing transformation or irradiation related defects such as growth or 

swelling. Any such physical change in the fuel may lead to its failure much 

earlier than the expected residence time. The above plot shows that it takes 

more than 50 days for 8 wt.%Mo and 60 days for 10 wt.%Mo to transform 

95% of the retained cubic phase. It is important to note here that these data has 

been collected at 500°C, which is much higher than the actual temperature 

encountered during reactor operation. Therefore, this analysis may well serve 

as an indicator of actual time taken for transformation, hence may be termed 

as accelerated test under out-of-pile condition. Since this decomposition is 

basically diffusion controlled reactions, the fraction transformed is expected to 

be much lesser at lower temperatures, indicating very low possibility of 

deterioration of fuels in research reactors. Further, it may be added that 

additional studies are needed to evaluate the effect of neutron flux on the 

transformation kinetic of cubic phase.  

 

4.5 Study on U-Mo diffusion couple 

 Study on U-Mo diffusion couple was carried out to examine if 

molybdenum diffuses completely in uranium at desired process temperature. 

The study is useful especially, to evaluate the kinetics of U-Mo alloy 

preparation by powder processing route. A detailed calculation to determine 

Mo diffusion length in uranium using U-Mo diffusion couple is shown in 
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Appendix-4. The result obtained from the calculation is discussed later in this 

section.   

 The microstructure of U-Mo diffusion couple prepared by hot 

pressing was evaluated in detail by optical microscope and by SEM. The 

microstructure shown in Fig. 4.29 clearly indicates an interaction layer 

between uranium and molybdenum interface. It can also be observed from the 

microstructure that uranium rich region shows phase transformations up till 

certain distance from the interaction layer. This indicates that molybdenum 

has entered into uranium and depending upon its concentration the lamella and 

other phase transformation product viz. widmanstatten are observed. Similar 

observations could also be established from the BSE images as shown in Fig. 

4.30. The diffusion couple sample was polished using 1µm diamond paste and 

was left open in atmosphere for natural etching before being examined under 

microscopy. 

 The diffusion couple sample was then examined under micro probe 

to evaluate molybdenum diffusivity in uranium and vice versa. The results of 

micro probe analyses are shown in Fig. 4.31. 
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(b) 

Fig. 4.29 Optical microstructures of hot pressed U-Mo diffusion couple (a) 

at 500 X and (b) at 1000 X. 

Interaction layer 

(a) 
Interaction layer 
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Fig. 4.30 BSE images of hot pressed U-Mo diffusion couple (a) at lower 

magnification and (b) at higher magnification. 

Interaction layer 

Uranium rich 

region 

Moly rich 

region 

(a) 

(b) 



163 

 

 The micro probe analyses result indicates gradual decrease of 

molybdenum concentration in uranium. However, the same was not observed 

for uranium, therefore uranium concentration decreased abruptly to zero 

counts in molybdenum after the interface as shown in Fig. 4.31(c).  
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(c) 

(d) 

(e) 

Fig. 4.31 EPMA results (a) BSE image, (b) WDS scan on 2
nd

 phase in 

uranium, (c) Intensity profile of U & Mo across the interface, (d) Intensity 

profile of ‘Mo’ on continuous line phase (e) Intensity profile of U & Mo 

across the interface with smaller region. 
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 As was discussed earlier, the molybdenum diffusion length in 

different U-Mo alloy compositions viz. 2, 5 and 10wt% Mo for 6 hours of 

soaking time at 900 °C was calculated as shown in Appendix-4. The 

molybdenum diffusion length calculated for 2, 5 and 10wt% Mo in uranium is 

75.07, 38.96 and 39.98 µm respectively. It can be seen from section 3.2.2 that 

U-Mo alloys prepared by powder processing route has 25µm average uranium 

metal powder size. Therefore, it could be surmised that since the minimum Mo 

diffusion length in uranium at 900 °C for 6 hours of soaking was 38.96 µm 

hence, U-Mo alloys prepared by processing compact elemental powders of 

uranium and molybdenum at 1050 °C for 6 hours would result in further 

increase of Mo diffusion in uranium. This could be attributed from the 

intrinsic diffusivity coefficient data of Mo in uranium at different temperatures 

[73]. Therefore, results obtained from the study on U-Mo diffusion couple 

confirm the homogeneous solid solution for 2, 5 and 10wt% Mo by processing 

the elemental powders at 1050 °C for 6 hours.   
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5. Conclusions 

 The present work on U-Si and U-Mo alloys involves handling of 

radioactive and pyrophoric materials. In addition, considerable effort and great 

care had to be taken, as sample preparation for these materials is highly prone 

to oxidation and degradation. As a result of this extensive study involving 

relevant nuclear fuel system with respect to their fabrication behavior and out 

of pile characterization in detail, the following conclusions were drawn: 

 

5.1 Alloying of U3Si2 intermetallic by powder metallurgy 

route 

 This study showed alloying of a line compound U3Si2 phase by 

powder processing route with uranium metal powder and silicon powder as the 

starting materials. The compound U3Si2 is considered a potential nuclear fuel 

material for the upgraded and modified APSARA Research Reactor. In spite 

of the large density differences between the constituent metal powders, 

uranium (19.7 g/cc) and silicon (2.33 g/cc), a combination of process 

parameters such as  powder mixing, compaction  and homogenization has 

resulted in the desired single phase compound, as shown by XRD studies.  

 The processing did not pick up any significant amount of impurity, 

as evidenced by chemical analysis of starting materials as well as final 

product. Some small quantity of impurities (mainly oxygen) was present in the 

starting materials, which resulted in the formation of minor amounts of UO2 in 

the final compound. However, from the reactor point of view, these were 
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considered as ‘tolerable impurities’. The U3Si2 compound prepared by the 

powder processing route was found with inherent intragranular porosity. The 

porosity, as evidenced by SEM pictures is considered beneficial for the 

performance of nuclear fuel because it is expected it would help in suppressing 

irradiation induced detrimental effects like swelling.  

 The starting powders of uranium and silicon were pressed together 

at high pressures (600 MPa) to induce plastic flow hence ensuring intimate 

contact between powder particles. A small exothermic reaction (∆H = −39.37 

kJ/mole at 750 °C) coupled with external heating was adequate to synthesize 

the compound (as shown in Appendix-2). However, the product was 

deliberately heated in steps (i.e. 950 °C & 1400 °C) to accomplish the 

intended alloying reaction between uranium and silicon and also avoid any 

unalloyed phases. It was necessary to avoid bulk liquid formation in the 

process leading to inhomogeneous product. The product was finally heated at 

1550 °C for 4 hours to complete the alloying to form the congruent melting 

compound well below its liquidus point by taking advantage of mushy zone 

(liquid plus solid region). The sequencing of processes and optimized 

parameters helped in achieving homogeneous product and imparting porosity 

with sufficient handling strength. The steps in the experiments are to be scaled 

to a production level process-flow sheet for large – scale production of nuclear 

fuel.  
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5.2 Alloying of U-Mo by powder metallurgy & induction 

melting routes 

 This study on U-Mo alloy preparation by powder metallurgy route 

showed that 2, 5 and 10wt% Mo concentration in uranium could be prepared 

with uranium and molybdenum metal powders as starting materials. The study 

also showed that proper combination of process parameters viz. mixing, 

compaction and optimized heating regime, would result in homogenized 

product though their melting temperatures differ largely (melting points of 

uranium and molybdenum are 1132 °C and 2623 °C). The phase 

characterization and microscopy results of U-Mo alloys prepared by powder 

processing route were in close agreement with those prepared by induction 

melting route for similar compositions. The only difference observed with U-

Mo alloys synthesized by powder processing was the presence of intragranular 

porosity, which in turn would help in retaining fission products.  

 The chemical characterization results exhibited the care and 

precautions employed during alloy preparation and therefore controlling the 

impurity pick-up. The powder metallurgy processing route also highlighted a 

homogeneous product surmounting high temperatures and repeat melting. In 

this context, this study opens up an entirely innovative fabrication possibility  

where tubes of either zirconium or other structural material for intended 

nuclear reactor application can be compacted with the mixture of constituent 

elemental powders (i.e. uranium and molybdenum), in desired proportions, 

followed by heat treatment to prepare fuel elements directly without 
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employing any melting. However, the feasibility of this innovative fuel 

fabrication route needs further evaluation and study for metallurgical and 

process engineering point of view. Nevertheless, the technique would help in 

reducing the high capital cost and technical complications employed by 

existing process equipments (viz. atomizer, rotating disk and rotating anode) 

for preparing U-Mo granules.  

 

5.3 Evaluation of cubic γγγγ-phase metastability in U-Mo 

alloys 

 The study to evaluate cubic phase metastability in U-Mo alloys was 

carried out to examine the minimum concentration of molybdenum required to 

metastabilize the high temperature γ-phase under furnace cooling condition. 

Reducing molybdenum content in uranium alloys to the best possible extent is 

significant because Mo has higher parasitic neutron capture cross section. 

Therefore, increased Mo percentage would adversely affect the neutron 

economy in the reactor. The present study showed that with minimum addition 

of 8wt% Mo, the cubic γ-phase could be retained at room temperature under 

furnace cooling condition.  

 Analyses of the XRD patterns and precise lattice parameter 

calculations concluded that molybdenum has reacted with uranium to form 

solid solutions and no free molybdenum was leftover. The lattice parameters 

of α-phase did not differ much, due to low solubility of Mo in that phase. On 

the other hand, the lattice parameter of cubic γ-phase was found to decrease 
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monotonically from 3.4683 A° in 2wt%Mo to 3.4213 A° in 10wt%Mo alloys. 

Although the XRD results of alloys ≥6wt% Mo concentration did not exhibit 

the equilibrium phase products viz. α and U2Mo in the cast samples, further 

investigation by microscopy coupled with image analysis resolved that second 

phase (i.e. α and U2Mo) could be removed completely in furnace cooled as 

cast alloys with minimum 8wt% Mo. The microstructural examinations of 

alloys samples showed mixture of three phases, i.e. α-phase, U2Mo and γ-

phase, in 2wt%Mo alloy, whereas the quantity of α-phase and U2Mo 

decreased with increased Mo-content up to 7wt%. In alloys with ≥8wt%Mo, 

only γ-phase could be observed.  

 Therefore it could safely be concluded from the study that use of U-

Mo alloys granules or monolithic with 8wt% Mo concentration would improve 

neutron economy in a reactor when compared with higher Mo concentration 

alloys, while prevailing the fundamental metallurgical requirement of 

retaining complete cubic γ-phase to improve irradiation induced detrimental 

effects.   

 

5.4 Phase transformation in U-Mo alloy 

 A detailed examination was performed to study the decomposition 

of retained γ-phase in U-Mo alloys into equilibrium phase products of α and 

U2Mo. The phase transformation study showed that fraction of equilibrium 

phase product in heat treated alloys increased with heating duration. The 

quantitative phase analysis, as calculated from XRD patterns of heat treated U-
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Mo alloys at 68 hours and 240 hours suggested that by lowering the exposure 

time at 500 °C, the retained cubic γ-phase fraction could be increased. In fact 

the study shows that retained cubic γ-phase volume fraction is 1.75 times more 

in all three U-Mo alloy compositions (i.e. 8, 9 and 10wt% Mo) after 68 hours 

of heat treatment when compared with 240 hours. It could also be concluded 

from the present study that by increase in Mo concentration in uranium, the 

cubic γ-phase exhibits higher resistance for phase transformation  resulting in 

formation of equilibrium phase products viz. α and U2Mo.  

 It could also be concluded from the results obtained using 

“Kolmogorov-Johnson-Mehl-Avrami equation” that the data on phase 

transformation study on 8, 9 and 10wt% Mo alloys may serve as a guideline to 

predict life-expectancy of dispersions in the form of fuel plates under normal 

reactor operating conditions. It is important to note that these data are 

collected at 500°C albeit much higher than the actual temperature encountered 

during reactor operation. Therefore, this analysis may be employed as an 

indicator of actual time taken for transformation. Therefore, it may be termed 

as accelerated test under out-of-pile condition. 

 It could also be concluded from the present study that volume 

fraction of U2Mo intermetallic in the transformed phase does not vary much 

with either soaking time or Mo concentration in the alloy. However, the 

change in volume fraction of α and γ phase with soaking time and Mo 

concentration in the alloy are closely dependent upon each other. Therefore, it 

could be concluded that diffusion of Mo plays a crucial role in the formation 

of equilibrium phases and since α-phase has very poor solubility for Mo, its 
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transformation from γ-phase is sluggish because Mo concentration in this case 

is required to come down from 8, 9 or 10 wt% (depending upon alloy 

composition) to few atom percent. Therefore, it could also be concluded that 

lowering of fuel operating temperature in these alloys may result in lower 

phase transformations thus enhance the fuel performance. However, prediction 

of life expectancy of U-Mo alloys under reactor operation does require its 

detailed study under neutron fluence (i.e. in-pile characterization), which is 

beyond the scope of present investigation.    

 

5.5 Experimentation on U-Mo diffusion couple 

 The study on U-Mo diffusion couple was performed to evaluate the 

desired soaking time for alloying of U-Mo alloys by powder metallurgy route. 

The results derived from U-Mo diffusion couple shows that minimum 

diffusion length for molybdenum in uranium at 900 °C for 6 hours of soaking 

is around 38 µm. Therefore, it may be inferred that molybdenum would 

diffuse completely in uranium after 6 hours of soaking at 900 °C, under 

prevailing experimental conditions. In the present study, U-Mo alloys 

prepared by powder metallurgy route have average uranium particle size of 

~25 µm and the processing was carried out at 1050 °C for 6 hours of heating 

duration. Therefore, under these parameters U-Mo alloys by powder 

metallurgy route is expected to be homogeneous, which is confirmed from the 

XRD and microscopy results of alloys prepared by powder metallurgy route.       
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5.6 Scope for future studies 

 The study performed in the thesis is mainly attributed towards 

development of line compound phase U3Si2 and U-Mo alloys by powder 

processing route so as to comply our specific requirement where LEU is 

present in metal powder form as well. The study was accomplished to the 

desired aim and objective of the thesis and U3Si2 & U-Mo alloys were 

prepared and characterized using standard metallurgical tools. However, like 

always said, science is a never ending process therefore, based upon the 

present investigations, experimentation and results, it is suggested that some of 

the work may be attempted in future for further in-depth understanding of 

systems investigated and also from technological development points, 

especially in  INDIAN context. Therefore the scope of future studies suggested 

is as follows: 

 

� It may be noted here that most of the work attempted in the present study is 

intended for dispersion type fuel and either U3Si2 or U-Mo alloy granules 

can be used as dispersoid, depending upon desired in-core reactivity and 

fabrication convenience. In most cases the fuel elements would be with 

plate geometry and aluminium as matrix and clad. Therefore, a detailed 

evaluation on chemical interaction between dispersoid and matrix is always 

valuable. Hence, study could be planned in future to examine the time and 

temperature dependence of chemical interaction between dispersoid and 

matrix. This study would also help in finding the life expectancy of fuel 

elements.  
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� As discussed earlier in section 5.2, the scope of future work could be on 

exploring and developing the technology to fabricate fuel elements, with 

uranium and molybdenum metal powder as starting materials.    

� A detailed metallurgical examination may be planned for future studies on 

U-Mo alloys, so that effect of cooling rates on cubic phase metastability 

can be established. In fact, attempts must be made to evaluate the cooling 

curves with different U-Mo compositions. The study will serve as the basis 

in designing the process equipment and also the experimental data would 

result in imparting in-depth and basic understanding for fuel designers. 

� A future study can also be planned on predicting transformation kinetics of 

cubic γ-phase on actual reactor operating temperatures.  

� As stated in the literature survey that attempts were carried out in past to 

prepare ternary uranium alloys. However, presence of many line 

compounds in ternary uranium alloys inhibits its further development. 

Therefore, study on the development of ternary uranium alloys can be 

planned in future so as to offer increased metastability to cubic γ-phase. In 

addition development of these alloys can also be attempted by powder 

processing route to check if any advantage can be drawn. 

� A future study can also be attempted to evaluate the diffusion kinetics in 

more detail. In addition in-pile study on U-Mo phase transformation can be 

evaluated as future work.  
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Appendix-1 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A-1 Uranium - silicon phase diagram with desired composition and data 

points to evaluate different phase percentages [113]. 

The phase diagram (as shown in Fig. A-1) was used to calculate different 

volume percentage of the liquid and U3Si2 phases at various temperatures for 

both hypo and hyper compositions. Three different alloy compositions, 

namely A (hypo), B and C (both hyper) were assumed hypothetically for the 

above mentioned purpose. The alloy compositions were chosen on random 

basis to facilitate the calculation. The alloy composition with lower uranium 

percentage (if compared with U3Si2 composition) is termed as hypo and with 
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higher uranium percentage is termed as hyper. Similar terminology is used 

elsewhere in this chapter for convenience. The volume percentage of liquid 

and U3Si2 phases at different temperatures were calculated using Lever Rule 

and the result is surmised in Table A-1 and Fig. A-2. A schematic of heating 

profile followed in the alloying of U3Si2 is shown in Fig. A-3.  

 

Table A-1 Phase volume percentage calculation of liquid phase for off-

stoichiometry compositions (e.g. 92.5wt% U & 7.5wt% Si). 

 

The liquid and U3Si2 phase volume percentage was calculated at various 

temperatures for hyper composition, however for hypo composition it was 

Temperature 

(°°°°C) 

Stages in 

alloying 

Reaction 

condition 

Volume percent of 

liquid phase  

   A B C 

RT-950 Solid state 

reaction 
Slope heating Nil Nil Nil 

1030 Peritectic Slope heating Nil 15.38 46.15 

1080 Peritectic Slope heating Nil 16.66 50.00 

1160 Peritectic Slope heating Nil 17.24 51.72 

1210 Peritectic Slope heating Nil 17.54 52.63 

1280 Peritectic Slope heating Nil 18.18 54.54 

1340 Peritectic Slope heating Nil 20.00 60.00 

1400 Peritectic Step heating Nil 20.83 62.80 

1420 Peritectic Slope heating Nil 23.81 71.43 

1480 Peritectic Slope heating Nil 25.00 75.00 

1550 Peritectic Step heating 75.00 28.57 85.71 
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calculated only at 1550 °C because no liquid phase is shown below 1540 °C in 

U-Si phase diagram. 
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Fig. A-2 Plot between liquid and U3Si2 volume percentage for hyper 

composition and temperature. 
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Fig. A-3 Schematic of heating profile followed in the alloying of U3Si2. 
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Appendix-2 

The alloying reaction between uranium and silicon to form U3Si2 is 

represented below in equation B-1: 

3U + 2Si → U3Si2                                      B-1 

On the basis of equation B-1, the enthalpy for 1 mole of U3Si2 at temperature, 

T is shown in equation B-2, 

 

           B-2 

The value of 
o

298H∆  for U3Si2 formation is known from the literature as 

−35.95 kJ/mol [179] 

In addition the values of  ∫∫
1023

298

1023

298

),(&),( dTSicdTUc pp  from the computer 

generated program (ASTD) were calculated as 32.3668 and 20.4567 KJ/mol 

[180]. It may also be noted that enthalpy of uranium was calculated by taking 

in account its allotropic transformation at 668 °C.  

In addition, the cp for U3Si2 as a function of temperature could also be found 

as [181]: 

)000104.0199.0(),( 23 TSiUc p +=  J/g-K 

Molecular weight of U3Si2 is 770, hence the above equation can be re-written 

as:  

}770)000104.0199.0{(),( 23 ×+= TSiUc p J/mol-K                   B-3 

∫ ∫ ∫−−+∆=∆
T T T

dTSi
p

cdTU
p

cdTSiU
p

cH
T

H

298 298 298

),(2),(3)
23

,(
298298

o
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Equation A-3 was applied for the calculation of U3Si2 heat of formation at 750 

°C. Therefore the function shown in equation B-3 is plotted in Fig. B-1 and 

the area under the curve from 25 °C to 750 °C was calculated. 
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Fig. B-1 Data plot of cp as a function of temperature in the range 25 °C to 750 

°C for U3Si2. 

Therefore, the value of ∫
1023

298

23 ),( dTSiUc p  is 133.589 kJ/mol. If the values are 

now put in equation B-1, then enthalpy of formation of U3Si2 will be: 

37.40)( 23

1023

298 −=∆ SiUH kJ/mol 

With the assumption that at 725 °C the reaction between uranium and silicon 

completes, then the enthalpy of U3Si2 from 750 °C to 925 ° C can be 

calculated using equation B-3, 55.38)( 23

1198

1023 =∆ SiUH kJ/mol. 

Similarly, for 998.151)( 23

1823

1223 =∆ SiUH  kJ/mol 
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                      Appendix-3 

Equation 4.3, described in section 4.4.4 can be re-written as: 

( )
n

kt
ef

−
=−1                                                                                            C-1 

n
kt

f
=

− 













1

1
ln                                              C-2 

[ ] [ ]tnk
f

lnln
1

1
lnln +=

− 





















                                 C-3 

The value of ‘f’ is taken from Table 4.5 and the left hand side function viz. 























− f1

1
lnln is calculated. For convenience this function is hence worth 

termed as ‘y’ 

 

Case I: U-8wt% Mo after 68 hours of heat treatment 

f = {(24.26+47.13)/100} 

= 0.7139 

y = 0.2243 

Case II: U-8wt% Mo after 240 hours of heat treatment 

f = {(33.35+50.17)/100} 

= 0.8352 

y = 0.5895 

Case III: U-9wt% Mo after 68 hours of heat treatment 

f = {(16.06+48.65)/100} 
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= 0.6471 

y = 0.0407 

Case IV: U-9wt% Mo after 240 hours of heat treatment 

f = {(24.90+54.74)/100} 

= 0.7964 

y = 0.4647 

Case V: U-10wt% Mo after 68 hours of heat treatment 

f = {(3.72+51.88)/100} 

= 0.5560 

y = -0.2083 

Case VI: U-10wt% Mo after 240 hours of heat treatment 

f = {(15.17+59.72)/100} 

= 0.7489 

y = 0.3235 

The value for X-axis i.e. [ ]tln is shown below and for convenience this 

function is hence worth termed as ‘x’: 

For 68 hours 

x = 12.4082 seconds 

For 240 hours 

x = 13.6693 seconds 

As described in section 4.4.4, equation 4.3 was used to calculate the function 

[ ] 













− f1

1
lnln for Y-axis and ( )[ ]tln for X-axis values respectively and is 

shown in Table C-1. This data is then plotted and shown in Fig. C-1.        
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Alloy Composition & 

Heat treatment cycle 
y = [ ] 













− f1

1
lnln  x = ( )[ ]tln  

U-8wt% 

Mo 

68 h 0.2243 12.4082 

240 h 0.5895 13.6693 

U-9wt% 

Mo 

68 h 0.2053 12.4082 

240 h 0.2877 13.6693 

U-10wt% 

Mo 

68 h -0.2083 12.4082 

240 h 0.3235 13.6693 

 

Table C-1 Transformation kinetics data. 
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Fig. C-1 Plot between transformed product and time. 
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Appendix-4 

The U-Mo diffusion couple discussed in section 4.5 may be considered as the 

case for ‘Thin Film method. Therefore, the solution could be derived from 

equation D-1. 

( )









 −

=
tD

x

Mo

Moe
tD

B
txC

4

2

,
π

                                                  D-1 

In equation D-1, C(x,t) is the solute concentration at a distance x and  time t. B 

is a constant, DMo is the intrinsic diffusivity coefficient of Mo, x is distance in 

millimeter and t is time in seconds. The Fig. 4.31(c) was used to determine the 

values for equation D-1 and is as follows: 

The counts observed for pure Mo (i.e. 100 wt%) in Fig 4.31(c) is 2050 cps, 

therefore 103 cps would correspond to 4.976 wt% Mo in uranium. 

Hence, C(x,t) = 0.04976 

x = 6µm = 6 x 10
-6 

m 

t = 3 hours = 1.08 x 10
4
 seconds 

DMo = 5.2 x 10
-14

 m
2
/second 

The above mentioned values are put in equation 4.7 to find the value for B and 

are as follows: 

 ( )


















××××
=















××××

×−

−

−

414

26

1008.1102.54

106414

1

1008.1102.514157.3
04976.0

e

B
 

B = 4.164 x 10
-6

 m 

Equation 4.7 can be re-written as: 
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( )[ ]
tD

x

tD

B
txC

MoMo
4

ln,ln
2

−











=

π
                                        D-2 

The value of B as derived above is substituted in equation B-2 to determine the 

Mo diffusion length in U-Mo alloys. It is also important to note that 

calculation is carried out for 6 hours (2.16 x 10
4
 seconds) of heat treatment at 

900 °C. Mo diffusion length under these conditions for U-Mo alloys of 2, 5 

and 10wt% compositions are shown below: 

 

Case-I: U-2wt% Mo alloy 

( ) 








××××
−










××××

×
=

−−

−

414

2

414

6

1016.2102.541016.2102.514157.3

10164.4
ln02.0ln

x

x = 75.07 µm 

 

Case-II: U-5wt% Mo alloy 

( ) 








××××
−










××××

×
=

−−

−

414

2

414

6

1016.2102.541016.2102.514157.3

10164.4
ln05.0ln

x

x = 38.96 µm 

 

Case-III: U-10wt% Mo alloy 

( ) 








××××
−










××××

×
=

−−

−

414

2

414

6

1016.2102.541016.2102.514157.3

10164.4
ln1.0ln

x

x = 39.98 µm 
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