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PREFACE 

 

This report on Thermodynamic Properties Measurement Using Knudsen Effusion Mass 

Spectroscopy is prepared under the guidance of Dr Sumanta Samal, Assistant professor, Discipline 

of Metallurgical Engineering and Materials Science, IIT Indore and Shri Uttam Jain, Scientific 

officer-E, BARC Mumbai 

In this report I have measured the partial pressures and calculated the thermodynamic properties 

like enthalpy of vaporization, thermodynamic activities partial molar enthalpy of mixing and other 

thermodynamic properties of fluoride salts, Ni-Cr-Mo alloys which can be used in molten salt 

reactor and borosilicate glasses which are used in nuclear waste immobilization by using Knudsen 

effusion mass spectroscopy. 

I have tried to the best of our abilities and knowledge to explain the content in a lucid manner. I 

have also detailed graphs and figures to make it more illustrative. 
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ABSTRACT 

In the field of Indian nuclear power, thorium has always had a prominent place due to large thorium 

deposits and limited uranium resources in India. To efficiently utilize the available resources in a 

sustainable manner A three-stage program (India's Three-Stage Nuclear Power Program) has been 

designed. Department of Atomic Energy (DAE) India has been focused in the field of utilization 

of thorium in the third stage of the nuclear power program. The most efficient method of fuel 

utilization in the third stage is by the molten salt reactor. BARC (Bhabha Atomic Research Centre) 

has designed an 850 MWe IMSBR (Indian molten salt breeder reactor) which has excellent safety 

and efficient fuel utilization. FLiNaK (Eutectic mixture of LiF-KF-NaF) and FLiBe (a mixture of 

LiF BeF2 in the ratio of 2:1) are the best candidates for molten salt reactors which are used as a 

coolant. Hastelloys (Ni-Cr-Mo alloys) can be used for structural material for molten salts because 

of its high corrosion resistant from molten fluoride. Better understanding of the thermal properties 

of molten salt coolant and Hastelloys are required for design and analysis of the nuclear facilities. 

Apart from these, in nuclear industry, nuclear waste disposal is one of the major challenges. Glass 

vitrification is one of the best disposal methods used by many nuclear industries. For better safety 

and efficiency, it is essential to choose proper composition and processing route on the basis of 

thermodynamic stability. 

 

In this study, vaporization behaviours of molten salt fluorides were done by Knudsen effusion 

mass spectroscopy (KEMS) in temperature range from 900-1000K. Hastelloys measurement were 

taken in the temperature range 1400-1500K and for borosilicate glasses 950-1050k. Vapor pressure 

and thermodynamic activities were computed by mass spectroscopy relations. From these 

thermodynamic parameters, the materials thermal stabilities were discussed. Knudsen effusion 

mass spectroscopy is most efficient method for analysing vapour species in equilibrium with 

condensed phase at very high temperature. This method enables identification of gaseous species 

and determination of individual partial pressures. Once partial pressure and its dependency with 

temperature is determined one can obtain vaporization behaviour, thermodynamic parameters like 

activity, enthalpy of vaporization, partial molar/molar quantities of enthalpy of mixing, free energy 

of formation, excess free energy and other thermodynamic functions which are essential for 

developing CALPHAD type thermodynamic descriptions. 
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CHAPTER 1 

1 INTRODUCTION 

Material selection is an essential application of material science. Materials selection is made 

based on their properties, cost, availability among other characteristics. Most of the materials 

in engineering applications are to have better mechanical and physical properties. But in the 

case of high-temperature applications, it is required to know the material’s thermal stability as 

well. High-temperature materials are used in different areas like aerospace, nuclear reactor, 

thermal power plant, etc. 

Thermodynamic properties like thermodynamic activities, enthalpies, free energy, specific heat, 

and other partial molar properties will decide the stability of materials at high-temperature 

conditions. These thermodynamic properties are the basic criteria for selecting any material or 

any alloy for the use in high temperatures. There are electrochemical and calorimetric 

techniques to measure the thermodynamic properties, but these instruments are unable to work 

at high temperatures. Knudsen effusion mass spectrometer (KEMS) also known as high-

temperature mass spectrometry can go as high as 2000oC via the electron bombardment furnace. 

There are mainly two techniques to study high-temperature vapor pressures: (1) Mass 

spectrometer combines with Knudsen cell or some other source of equilibrium vapor (2) Mass 

spectrometer combines with Langmuir or under non-equilibrium conditions. In the case of 

Knudsen cell mass spectroscopy (KEMS/KCMS), we can efficiently measure vapor pressure of 

the condensed phase at temperature as high as 2000oC with more accuracy. It is one of the most 

innovative methods for this use, which able to obtain information on vaporization processes and 

partial thermodynamic properties of components of the multi-component system at high 

temperatures. 

In databases like JANAF SGTE, most of vapor pressure data are recorded using Knudsen 

effusion mass spectrometer. For developing CALPHAD (Calculation of Phase Diagrams) type 

thermodynamic descriptions, it is essential to know the thermodynamic functions, especially 

the activity of the elements [1]. It is crucial to know the activity or partial pressure of highly 

volatile species like Cr and Mn. These elements in the alloy for long periods at high 

temperatures can result in a change in its composition which could result in a change in its 

mechanical properties. By Knudsen effusion mass spectroscopy technique vapor pressure in the 
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order of 10-10-8 Pa can be measured. Today several groups are applying KEMS to measure 

thermodynamic functions in multicomponent metallic and ceramic systems.  

1.1 EFFUSION AND DIFFUSION 

The movements of gas molecules from one chamber to another can be divided into two. 

Effusion is defined as the movement of gas molecules from one chamber to another through a 

tiny hole where the mean free path of the molecule is larger than the hole diameter. Whereas in 

diffusion, it is the movement of gas molecules through one or more additional types of gas via 

random molecular motion. In diffusion, the movement of molecules are much more complicated 

as collisions occur between molecules that change the direction and speed of the molecules and 

can cause back diffusion. As a result of these collisions, the path a molecule travels in diffusion 

is made up of random straight, short segments. 

 
Figure 1.1 (a) diffusion, (b) effusion 

1.2 A HISTORICAL PERSPECTIVE OF KNUDSEN EFFUSION 

In the early 1900s, Martin Knudsen developed the Knudsen effusion method for vapor-pressure 

determination [2]. He studied the effusion through the near-ideal round and cylindrical orifices 

and using the kinetic theory of gases, he found that too much sample effused through the orifice 

when the pressure of the effusing vapor was high. He correlated these results with the mean-

free path for the gaseous molecules and found that the orifice transmission probability increased 

when the ratio of mean-free path length to the orifice diameter (Knudsen number) was more 

than 10. This is used as a criterion for the distinction between molecular flow and the 

hydrodynamic flow. Thus, In the Knudsen effusion technique, molecular flow takes place and 

effusing species are in equilibrium with condensed phases in the Knudsen cell and outside the 
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cell vacuum is maintained. 

In 1948 Ionov developed the mass spectrometer combined with the Knudsen effusion method 

to find the partial pressures of alkali metal halides [3]. This study was followed by Chupka and 

Inghram [4] as well as by Honig [5] to study the free evaporation behavior of carbon. Since that 

time, Knudsen effusion mass spectrometry, with its attractive features of high sensitivity and 

resolution under high vacuum conditions, has become a useful tool for the qualitative and 

quantitative detection of gaseous species effusing from the Knudsen cell. Almost all groups of 

inorganic materials were taken into investigations, such as borides, carbides, fullerenes, nitrates, 

sulphates, halides, metals, alloys, oxides, glasses, ceramics. taken from [6] 

1.3 KNUDSEN AND LANGMUIR METHOD 

Knudsen and Langmuir method are similar methods to find vapour pressure. Langmuir 

calculated the vapour pressure of high melting metals from measurements of weight loss from 

the filament metal having a known area [7]. If the metal is at ToK and surrounded by its 

equilibrium vapour at P atm, the number of molecules striking a unit surface area is given by 

                                                                  𝑣𝑣 = 𝑃𝑃𝑃𝑃
4𝐾𝐾𝐾𝐾

                                                                     (1.1) 

Where c is the average molecular velocity. At equilibrium, the number of molecules striking 

the surface and sticking must be equal the number of leaving. The fraction of the molecules 

striking which stick is α, the condensation coefficient. The number of molecules striking unit 

area is proportional to the equilibrium vapour pressure thus 

                                               𝑣𝑣𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = α𝑣𝑣𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = α𝑃𝑃𝑃𝑃
4𝐾𝐾𝐾𝐾

                                   (1.2) 

If m is the rate of weight loss per unit area then 

                                                           Pequilibrium = 𝑚𝑚
α
�2𝜋𝜋𝜋𝜋𝜋𝜋

𝑀𝑀
�
1
2                                                 (1.3) 

There are difficulties in obtaining satisfactory result by Langmuir method since one needs a 

surface of known area, an independent method for evaluating α if equilibrium vapour pressure 

is desired. The ratio PL/PK can be used to obtain an independent value of  α where PL is the 

Langmuir vapour pressure = αPequilibrium and PK is the Knudsen vapour pressure. 
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In Knudsen method, the effusion of a gas through a hole of small diameter and infinitely small 

thickness is desired for equilibrium vapour pressure measurement. If the region into which the 

molecules escape is filled with gas of high density, collision may occur in the orifice or back-

diffusion may return the molecule into the system. If the region is evacuated, re-entry is 

negligible. The number of molecules striking unit surface area in unit time is given by equation 

(1). With low pressure P1 on one side of the hole and P2 on the other, the pressures being such 

that the means free paths are at least ten times the diameter of the hole, the net rate of transfer 

of molecules is       𝑣𝑣1−2 − 𝑣𝑣2−1 = (𝑃𝑃1 − 𝑃𝑃2) ∗ 𝑐𝑐/4𝐾𝐾𝐾𝐾                                   (1.4) 

If P2 is equal to 0, the vapor pressure is given by 

                                                          Pequilibrium = 𝑚𝑚�2𝜋𝜋𝜋𝜋𝜋𝜋
𝑀𝑀
�
1
2                                            (1.5) 

At pressure lower than 10-3atm, almost all molecules striking the hole escape. Interference can 

arise from the edge of the hole because of the thickness of the hole walls. In ideal Knudsen 

equation a hole with infinitely thin edge is assumed. 

A difficulty in the Knudsen and Langmuir method is that of unequivocal identification of vapour 

species involved. In mass spectrometer combined with Knudsen/Langmuir system, 

identification can made of all molecules in vapour as long as they may be ionized to +1 ions by 

electron bombardment without spontaneous dissociation. The absolute vapour pressures can be 

calculated by comparing the intensity of substance under study with that of for a calibrating 

substance eg: Ag, Cu for which the vapour pressure is well known. 

1.4 OBJECTIVES OF THIS PROJECT 

• Identify all gaseous species which are in equilibrium with the materials: Fluorides, 

Hastelloys, and borosilicate glasses. 

• Measure the equilibrium partial vapor pressures and total vapor pressure of these 

materials by Knudsen effusion mass spectroscopy. 

• Calculate the thermodynamic properties of gaseous molecules and condensed phases 

from the partial pressures and their temperature dependencies, for example, enthalpies 

and entropies of vaporization, thermodynamic activity partial Gibbs free energy of 

formation and analyze the results. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 MATERIALS IN MOLTEN SALT REACTOR 

India’s three-stage nuclear power program is aimed at the optimum utilization of India’s nuclear 

resource thorium. The three stages are (i) natural uranium-fuelled pressurized heavy water 

reactors (PHWRs), (ii) plutonium-fuelled fast breeder reactors (FBRs), including metallic 

fuelled ones and (iii) 233U-fuelled systems [8]. The spent fuel of one stage is used as a resource 

for the subsequent stages. When the spent fuel is reprocessed to produce fuel for the next stage, 

it multiplies the energy potential of the fuel many-fold and greatly reduces the quantity of waste. 

As a long-term program, and to effectively utilize thorium for the third stage of its nuclear 

power program, India is working on the development of technologies for the molten salt breeder 

reactor (MSBR) [8], which can breed fissile material effectively. Molten salt reactor is a fission 

reactor where the fuel and coolant in molten salt form. 

the coolants must have the following characteristics: 

• Chemical stability at operating temperature (500–800°C). 

• stability in a high radiation environment (for primary coolant only). 

• Melting point as low as possible, preferably lower than 525°C. 

• Large specific heat and thermal conductivity. 

• Low vapor pressures that are substantially less than one atmosphere at operating 

temperatures and are thus not volatile. 

• Compatible with high-temperature structural materials. 

Several types of molten salts, including LiF-NaF-KF (46.5, 11.5, and 52 mol%, respectively; 

also known as FLiNaK), LiF-BeF2 (67 and 33 mol%, respectively; also known as FLiBe), and 

KCl-MgCl2 (67 and 33 mol%, respectively), have been suggested for molten salt reactor out 

of that  FLiBe and FLiNaK has excellent properties discussed by [9-10]. FLiBe is been avoided 

due to its toxicity, so in this study, FLiNaK vaporization behavior has been studied.  

Eutectic mixture (low melting point) is chosen so that salt will not solidify as it cooled in the 

heat exchanger. It is necessary to know the coolant salt vapors pressure and thermal stability at 

operating temperature since the reactor is designed to work at low pressure (1atm pressure) 
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compare with conventional heavy water reactors. In this work vaporization behavior of FLiNaK 

was done by Knudsen effusion mass spectroscopy and calculated its vapor pressure, activity 

and other thermodynamic parameters. It is required to know if there is any selective 

vaporization of more volatile species resulting which can cause composition change thereby 

increase in the melting point (shift from eutectic composition) so chances of failure by 

solidification will be more.  

2.1.1 HASTELLOYS 

Hastelloys are a group of corrosion-resistant nickel alloys, namely the Ni-Mo and the Ni-Cr-

Mo alloys. Hastelloys contain varying amounts of Mo (up to 30 percent), Cr (up to 23 percent), 

Fe (up to 29 percent), and C (up to 0.15 percent). Some are alloyed with W, Si, Co, or Cu, V, 

Ta, Nb, and other elements [22]. Hastelloys have a unique combination of properties that 

provide them with significantly stronger corrosion resistance capabilities compared to 

traditional alloys. The stability of the molten salts with structural alloys was studied in [11]. 

Nickel and high-temperature alloys with dense Ni coatings are effectively inert to corrosion in 

fluorides. In chromium-containing alloys like Hastelloy N, Haynes 230, Hastelloy N shows the 

best corrosion resistance in fluorides, while Haynes 230 was the most resistant in chloride. In 

general, alloys with increasing carbon and chromium content are increasingly subject to 

corrosion by the fluoride salts FLiBe and FLiNaK due to the attack and dissolution of the 

intergranular chromium carbide[11].  

In this work vaporization behavior of three alloys containing Ni-Cr-Mo was done by Knudsen 

effusion mass spectroscopy. Partial pressure, activity, and other partial thermodynamic 

properties were calculated to check the thermal stability of the alloy and to select the best 

composition of Hastelloy. It is important to know the effect of the composition of Ni and Mo 

on the activity of Cr since Cr is a more volatile compound also it can cause intergranular 

corrosion. 

2.2 GLASSES FOR NUCLEAR WASTE VITRIFICATION 

Nuclear waste immobilization is defined as the conversion of nuclear waste into a waste form 

by vitrification, embedding or encapsulation. It helps in handling the wastes, transporting, 

storage and disposal of radioactive wastes. 
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The two main glass types that have been accepted for nuclear waste immobilization are 

Borosilicates and Phosphates. Vitrification involves the melting of waste materials with glass-

forming additives so that the final product incorporates the waste materials in a stable form. 

Vitrification should be performed at temperatures below 1200oC because of the volatility of 

fission products. In contrast to borosilicate melts molten phosphate glasses are highly corrosive 

to refractory linings, because of this behavior it is not widely used. The processing of 

vitrification can be seen from the figure (2.1) 

In this work two sodium borosilicate glasses, one containing Ba another containing Ca were 

tested by using Knudsen effusion mass spectroscopy. It is necessary to know the total vapor 

pressure because of volatile loss of oxides can lead to composition change while processing in 

the molten state. Vaporization behaviors of both sodium borosilicate glasses and volatile fission 

products, which are incorporated into the glasses, are related to the safety requirements for the 

design of off-gas systems in the vitrification processes and the storage facilities. Also, it is 

essential to accumulate the knowledge of the chemical forms of vapors and the compositional 

dependence of their partial pressures over various sodium borosilicate glasses 

.  

Figure 2.1 Flow chart of glass vitrification 

2.3 INTERPRETATION OF VAPOUR PRESSURE DATA 

If the effusion of vapor species from an orifice of the Knudsen cell satisfies the molecular 

flow condition, the partial vapor pressure p; of the vapor species i can be related with the 

measured Intensity as follows: 

                                                                𝑝𝑝𝑖𝑖 = 𝐾𝐾𝐼𝐼𝑖𝑖𝑇𝑇
𝜎𝜎𝑖𝑖𝐴𝐴𝑖𝑖

                                                            (2.1)                  
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Where K is a constant which depends on the Knudsen cell orifice size, volume, and position. 𝐼𝐼𝑖𝑖 

is the current(intensity) of the ion formed from the vapor species i alone, a is the ionization 

cross-section to form this ion, T the absolute temperature of the sample, and 𝐴𝐴𝑖𝑖 is the natural 

isotopic abundance of Vapour species that measured. 

The Ionization cross sections and Isotopic abundance of ions are listed in the table (2.1) in which 

ionization cross-sections are taken from [12] For compounds it is calculated by .75 multiplied 

by sum atomic cross-sections of atoms as proposed by Miller [13] 

Table 2.1 Electron ionization cross section and isotopic abundance of ions 

Ions 

Ionization 

cross sections 

Ao2 (35eV) 

Isotopic 

abundance 
Ions 

Ionization 

cross sections 

Ao2 (35eV) 

Isotopic 

abundance 

Ag+ 5.04 0.51839 Cu+ 3.77 0.6917 

Cr+ 4.89 0.83789 K+ 5.80 0.9325 

Li+ 2.57 0.9241 KF+ 4.91 0.9325 

LiF+ 2.49 .9241 K2F+ 9.26 0.8695 

Li2F+ 4.42 0.8539 K3F2
+ 14.18 0.8108 

Li3F2
+ 6.92 0.7891 KLiF+ 6.84 0.8617 

Na+ 3.07 1 NaLiF+ 4.79925 0.9241 

NaF+ 2.87 1 NaKF+ 7.22 0.9325 

Na2F+ 5.17 1 Ni+ 5.46 0.6807 

Na3F2
+ 8.04 1 NaO+ 3.08 0.9975 

NaBO2
+ 5.79 0.7966 B+ 2.58 0.8010 

Na2BO2+ 8.104 0.7966 Ca+ 10.04 0.9694 

 

For the reaction at ToK, 

                                                               𝑀𝑀(𝑠𝑠 𝑜𝑜𝑜𝑜 𝑙𝑙) ⇌ 𝑀𝑀(𝑔𝑔)                                                 (2.2) 

                                                   ∆𝐺𝐺𝑇𝑇𝑜𝑜 = ∆𝐻𝐻𝑇𝑇𝑜𝑜 − 𝑇𝑇∆𝑆𝑆𝑇𝑇𝑜𝑜 = −𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝑃𝑃𝑀𝑀)                                 (2.3) 

If ∆𝐶𝐶𝑝𝑝 ≈ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 for the reaction, 
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                                          ∆𝐻𝐻𝑇𝑇𝑜𝑜 = ∆𝐻𝐻′ + ∫ ∆𝐶𝐶𝑝𝑝𝑑𝑑𝑑𝑑 =𝑇𝑇
𝑇𝑇′ ∆𝐻𝐻′ + ∆𝐶𝐶𝑝𝑝(𝑇𝑇 − 𝑇𝑇′)                        (2.4) 

Similarly, 

                                          ∆𝑆𝑆𝑇𝑇𝑜𝑜 = ∆𝑆𝑆′ + ∫
∆𝐶𝐶𝑝𝑝𝑑𝑑𝑑𝑑
𝑇𝑇

=𝑇𝑇
𝑇𝑇′ ∆𝑆𝑆′ + ∆𝐶𝐶𝑝𝑝𝑙𝑙𝑙𝑙( 𝑇𝑇

𝑇𝑇′
)                                (2.5) 

Where T’ is a reference temperature, usually 298K. 

                                                 𝑙𝑙𝑙𝑙(𝑃𝑃𝑀𝑀) = −∆𝐺𝐺𝑇𝑇
𝑅𝑅𝑅𝑅

= −∆𝐻𝐻𝑇𝑇
𝑅𝑅𝑅𝑅

+ ∆𝑆𝑆𝑇𝑇
𝑅𝑅

                                           (2.6) 

For the reaction (2.2) ∆𝐻𝐻𝑇𝑇 and ∆𝑆𝑆𝑇𝑇 will be enthalpy and entropy of sublimation/vaporization. 

2.3.1 Thermodynamic Activity of a component in a solution: 

At temperature ToK, the thermodynamic activity of a component/element in a state is defined 

as the ratio of fugacity of the substance in that state to its fugacity in standard state, 

                                                      𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝑖𝑖 = 𝑎𝑎𝑖𝑖 = 𝑓𝑓𝑖𝑖
𝑓𝑓𝑖𝑖
𝑜𝑜                                                  (2.7) 

In a condensed solution, 𝑓𝑓𝑖𝑖 is the fugacity of the component i in the solution at the temperature 

T, and 𝑓𝑓𝑖𝑖𝑜𝑜 is the fugacity of pure i (the standard state) at the temperature T. If the vapor in 

equilibrium with the condensed solution is assume to be ideal, then 𝑓𝑓𝑖𝑖 =pi, in which case 

                                                                         𝑎𝑎𝑖𝑖 = 𝑝𝑝𝑖𝑖
𝑝𝑝𝑖𝑖
𝑜𝑜                                                         (2.8) 

If component i exhibit Raoultian behavior, then  

                                                                          𝑎𝑎𝑖𝑖 = 𝑋𝑋𝑖𝑖                                                         (2.9) 

A non-ideal solution is one which the activities of components are not equal to their mole 

fractions. The activity coefficient of a component is defined as the ratio of the activity of the 

component to its mole fraction i.e., for the component i 

                                                                         𝑎𝑎𝑖𝑖 = 𝛾𝛾𝑖𝑖𝑋𝑋𝑖𝑖                                                     (2.10) 

If The value of  𝛾𝛾𝑖𝑖 is greater than unity, then the component i is said to exhibit a positive 

deviation from Raoultian ideal behavior, and, if  𝛾𝛾𝑖𝑖< 1, then the component I is said to exhibit 

a negative deviation from Raoult’s law 

 

 



10 | P a g e  
 

2.3.2 Partial Molar Gibbs free energies of Components 

The molar Gibbs free energy of the solution for a binary A-B solution at fixed temperature and 

pressure, is  

                                                               𝐺𝐺 = 𝑋𝑋𝐴𝐴𝐺̅𝐺𝐴𝐴 + 𝑋𝑋𝐵𝐵𝐺̅𝐺𝐵𝐵                                                (2.11) 

Where 𝐺̅𝐺𝐴𝐴, 𝐺̅𝐺𝐵𝐵 are, respectively, the partial molar Gibbs free energies of A and B in the solution. 

The change in Gibbs free energy accompanying the solution of 1 mole of A in the solution is 

                                    ∆𝐺̅𝐺𝐴𝐴𝑀𝑀 = ∆𝜇𝜇𝐴𝐴 = 𝐺̅𝐺𝐴𝐴 − 𝐺̅𝐺𝐴𝐴𝑜𝑜 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝑎𝑎𝐴𝐴) = ∆𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑇𝑇∆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚            (2.12) 

Since G = Gideal - Gexcess, the excess partial Gibbs free energy of A in solution is given by 

                                      ∆𝐺̅𝐺𝐴𝐴𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = ∆𝜇𝜇𝐴𝐴𝐸𝐸 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝑎𝑎𝐴𝐴) − 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝑋𝑋𝐴𝐴) = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝛾𝛾𝐴𝐴)              (2.13) 

The molar Gibbs free energy of mixing and excess free energy of solution is given by, 

                                      ∆𝐺𝐺 = 𝑋𝑋𝐴𝐴∆𝐺̅𝐺𝐴𝐴 + 𝑋𝑋𝐵𝐵∆𝐺̅𝐺𝐵𝐵 = 𝑅𝑅𝑅𝑅(𝑋𝑋𝐵𝐵 ln(𝑎𝑎𝐵𝐵) + 𝑋𝑋𝐴𝐴 ln(𝑎𝑎𝐴𝐴))               (2.14) 

                                                   ∆𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑋𝑋𝐴𝐴∆𝐺̅𝐺𝐴𝐴𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 + 𝑋𝑋𝐵𝐵∆𝐺̅𝐺𝐵𝐵𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸                            (2.15) 
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which is proportional to m/z ratio of the ions while the intensity of signal reflects concentration 

of sample. These induced current frequencies further result in an image current and then 

converted mathematically by Fourier transformation to obtain spectrum in computer. 

3.1.6 Ionization Gauges: 

Two BA ionization pressure gauges are used to measure the pressure in both chambers. Ionizing 

particles enter the ionizing space containing gas molecules at reduced pressure from a 

thermionic source. Inelastic collisions of the electrons with gas molecules produce ion/electron 

pairs these ions are collected by the suitably biased lower electrode. The electrometer in the 

external circuit measures the ion current as an indirect measure of gas pressure. 

Some contents are taken from Raj [14]. Figure 3.4 shows the instrument used for this project 

Figure 3.5 KEMS instrument 

3.2 EXPERIMENTAL METHODOLOGY: 

For each measurement, The Knudsen chamber is opened to insert the sample (before opening 

the chamber, both chambers are isolated by a shutter (only after furnace cooldown) and vacuum 

is removed from the Knudsen chamber) and carefully remove the Ta shields and replace the 

Knudsen chamber

Vacuum isolation shutters

Beam shutter

Turbo pumps

Pyrometer

Water cooling

Ion chamber

Pressure gauge

Pressure reading 

Vacuum system operator 

Temperature reading 
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cell. After closing the furnace, the vacuum system can be turned on and the isolation shutter 

can be opened once vacuum in the furnace chamber reaches 10-5mbar or less. EB furnace 

heating can be achieved by applying a voltage and current to the W wire after the water-cooling 

system turned on. When heating started, a lot of foreign particles gets evaporated and reduce 

the vacuum, so keep furnace at low temperature (100-200oC) by turning off and on the current 

supply and let the volatile gases to escape. Once the vacuum in the Knudsen chamber reaches 

10-6mbar and in ion chamber 10-9 mbar, the mass spectrometer can turn on for measurement.

This mass spectrometer has two modes of measurements which are profile mode and MIB. The

profile mode is a plot between intensity and m/z which used to find the accurate mass value of

the sample for the measurement. MID is the plot between Intensity and time for selective masses

that we are interested in, which is used here for measuring intensity at different temperatures in

open and closed conditions of molecular beam shutter. For each measurement samples were

taken in powder or small pieces (to have large surface area). Knudsen cell material is chosen to

be one that doesn’t react with the sample (usually oxides for metal samples/ metals for oxides

samples). The cell dimensions are inner diameter 7.5 mm, outer diameter 10.0 mm, height: 10.0

mm with lid having knife-edged orifice with diameter .2/.1 mm. Pyrometer calibration is done

by finding the melting point of pure metals. Instrument calibration is done by pure Silver, Cr or

other pure metals whose partial pressures are well defined. From the pressure calibration

constant of the Knudsen cell, one can calculate the partial pressure of any samples.

Measurements are done once the vacuum is stabilized and reached to less than 10-6mbar in the

Knudsen chamber and 10-9 mbar in the mass spectroscopy chamber in heated condition for

better results. After each experiment furnace is heated to high temperature (1600-1700oC) in an

empty cell so that residuals that are deposited from the previous experiment will evaporate off

which will take around 5-6 hrs.
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CHAPTER 4 

4 RESULTS AND DISCUSSION 

4.1 Temperature calibration of radiation pyrometer 

The temperature calibration was done by measuring the melting point of silver and Ni. It was 

found that silver melts at temperature 65oC more than the actual melting point and in the case 

of Ni it was found that melting occurs at temperature 74oC more than the actual melting point. 

So, a straight-line plot has been made for the remaining temperature range to find the actual 

temperature. These measurements were repeated 3-4 times for more confidence in the results. 

4.2 Setting Mass Spectroscopy parameters 

Silver measurements were done at different values of parameters like electron energy, multiplier 

voltage, emission current and set the values which can give enough counts and least error. The 

electron energy was set to 35eV for ionizing the vapors and emission current set to 100µA. The 

secondary electron detector’s multiplier voltage was found by plotting ion count of H2O vs. 

multiplier voltage and finding the Knee of the plateau scan (multiplier voltage is 200V passed 

the knee of the plateau scan) which is 2350V (from figure 4.1). 

 
Figure 4.1 Plateau scan of multiplier voltage 

4.3 VAPORIZATION STUDY OF Ag AND FINDING CELL CONSTANT 

Pure Silver (99.999%) taken in graphite cell with Ta lid was studied in KEMS in the temperature 

range of 1000-1100K. In the course of the measurement, the temperature of the Knudsen cell 

was decreased step-by-step between 1000K and 1100 K. The mass spectrometer data at different 

temperatures in the open and closed conditions of the beam shutter is plotted with respect to 

time. The intensity was chosen by taking the average in that region.  
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Figure 4.2 Mass spectrometer data of Silver 

Figure 4.2 shows the intensity of Ag+ ion of mass/charge ratio 106.8 m/z (taken the peak 

intensity in that value range by profile mode in mass spectrometer) which corresponds to isotope 

107 also the temperature during the measurement shown in the figure. It can be seen that the 

intensities are decreasing while decreasing the temperature. 

 
Figure 4.3 Logarithm of (Ag+ ion intensity x temperature) vs reciprocal of temperature 
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From the equation (2.1), partial pressure is directly related to IT, and from equation (2.6), ln (P) 

vs 1/T gives a straight line. Figure 4.3 which is the plot between Ln (IT) vs reciprocal of 

temperature gives a straight-line and slope will be equal to the -∆Hvaporization/R (The constant in 

Pressure IT relation won’t affect the slope but just shift the graph). 

From the graph, the enthalpy of vaporization of Ag at temperature range 1000-1100K was found 

to be 279.6+2.8KJ/mol (By multiplying slope with negative of the gas constant, From equation 

(2.6)) which is matches with literature value [15-16] (278.5KJ/Mol). The Kcell (Pressure 

calibration constant) is equal to 2.5X10-14 barAo2/counts*Kelvin. 

4.4 Vaporization study of Cr and finding cell constant 

Similar Method of Ag was done for Cr in alumina and yttria coated Ta Knudsen cell with 

tantalum lid in the temperature range of 1320-1520K. In the course of the measurement, the 

temperature of the Knudsen cell was decreased step-by-step between 1520K and 1320K. The 

mass spectrometer data is given in figure (4.4) also the Plot between Ln (IT) and reciprocal of 

Temperature is given in figure (4.5). 

 
Figure 4.4 Mass spectrometer data of Cr+ 
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Figure 4.4 shows the intensity of Cr+ which has a mass to charge ratio 51.70 which corresponds 

to its isotope 52. 13 readings have been done for getting a better result. 

 

Figure 4.5 Logarithm of (Cr+ ion intensity x temperature) vs reciprocal of temperature 

Figure 4.8 is plotted by the same method in case of Ag, and the graph doesn’t show any variation 

from the straight line  

From figure (4.5) the enthalpy of vaporization is calculated as 379.3±2.3KJ/Mol which is close 

to literature data [15,16] (384KJ/mol), also pressure calibration constant calculated is 2.41E-14 

barAo2/counts*Kelvin which is matching with silver pressure calibration constant value. 

4.5 VAPORIZATION STUDY OF FLURIDES 

Fluorides include pure salts NaF, KF, LiF all have purity 99.99% and their ternary eutectic 

mixture FLiNaK which has a composition (46.5, 11.5, and 52 mol%, for LiF, NaF and KF 

respectively). Pure salt’s partial pressures were calculated to measure the activity and other 

thermodynamic properties also to check the vaporization behavior of fluorides. 
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4.5.1 VAPORIZATION STUDY OF PURE LiF 

Pure LiF (99.99%) sample taken in the platinum cell which was kept inside graphite Knudsen 

cell (Cell volume is same as that of alumina cell) and tantalum lid (Pt was used because of 

fluoride reaction with graphite). In the course of measurement, the temperature was decreased 

in step by step between 1029-954K. Ions of Li3F2
+, Li2F+, Li+, LiF+ were observed in the mass 

spectrometer. There were no other ions detected which were coming from the sample. The 

intensity time plots of these ions are given in figure 4.6 also the temperature during the 

measurement shown in the figure. 

 

Figure 4.6 Mass spectrometer data of LiF 
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From the figure the intensity is in order of Li+>Li2F+>LiF+>Li3F2
+. In these studies, it assumed 

that Li+ ions are formed mostly from monomer LiF (Fragmentation LiF + e- => Li+ + F- +e- )  

and small amount from dimer (Li2F2+e-=>Li++LiF2
-+e-). In case of LiF+ the most contribution 

is from by monomer (ionization LiF + e- => LiF+ +2e-) followed by small amount from dimer 

(Li2F2+ e- =>LiF++LiF-+e-). In Li2F+ contribution is by dimer (Li2F2+ e- =>Li2F++F-+e-) and in 

Li3F2
+ contribution is by trimer (Li3F3+e-=>Li3F2

++F-+e-). These reactions are discussed in [17]. 

Ions that are detected are only coming from monomer, dimer and trimer. These assumptions 

were made based on the ions appearance potential curve obtained for pure LiF. 

 
Figure 4.7 partial pressure in bar (logarithmic scale) vs reciprocal of temperature of LiF 

sample 

Partial pressures were calculated from equation (2.1), ionization cross sections at 35eV were 

taken from the table (2.1) and the plot between partial pressure (in logarithmic scale) and 

reciprocal of Temperature is given in figure (4.7). since the percentage of contribution from 

different molecules for the ions are unknown the vapor pressures of monomer, dimer, and trimer 

cannot calculate separately but the partial pressure of ions can be calculated which may be 
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contributed by two or more types of gaseous molecules (in case of Li+ monomer and dimer) 

and the total vapor pressure shown in the same graph (by adding all partial pressure of ions) 

which is in range of 10-6-10-7Bar in temperature range 954-1029K. The enthalpy of vaporization 

calculated from the slope of total vapor pressure is 290.45+1.304KJ/Mol. 

4.5.2 VAPORIZATION STUDY OF PURE NaF 

Pure NaF (99.99%) sample taken in the platinum cell which was kept inside graphite Knudsen 

cell and tantalum lid was measured in the temperature range of 900-1000K. In the course of 

measurement, the temperature was decreased in step by step between 1000-900K. Ions of 

Na3F2
+, Na2F+, Na+, NaF+ were observed in mass spectrometer. But the counts of Na3F2

+is so 

low that variation with respected to temperature cannot be determined. Ions are formed the same 

reactions as that in LiF discussed above. The mass spectrometer data is given in figure (4.8) 

also the Plot between partial pressure (in logarithmic scale) and reciprocal of Temperature is 

given in figure (4.9).

 

Figure 4.8 Mass spectrometer data of NaF 
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Figure 4.8 shows the intensity of ions when the shutter closed and open conditions also the 

temperature with respect to time. It can be seen that the ions intensities are in the order of 

Na+>Na2F+>NaF+>Na3F2
+ which is the same as that of LiF. 

 
Figure 4.9 Partial pressure in bar (logarithmic scale) vs reciprocal of temperature of NaF 

sample 

From figure 4.9, the partial pressure from Na+ is highest followed by Na2F+ and NaF. It can 

be seen that the plot of NaF+ shows some deviation from straight at low temperatures because 

of low counts. The enthalpy of vaporization calculated from the slope of total vapor pressure is 

275.31 ± 2.751KJ/Mol. 

4.5.3 VAPORIZATION STUDY OF PURE KF 

Pure KF (99.99%) sample taken in the platinum cell which was kept inside graphite Knudsen 

cell and tantalum lid was measured in the temperature range of 953-985K. In the course of 

measurement, the temperature was decreased in step by step between 985-953K. Ions of K3F2
+, 

K2F+, K+, KF+ were observed in the mass spectrometer. Ions are formed the same reactions as 

that in LiF and NaF which was discussed above. The mass spectrometer data is given in figure 
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(4.10) also the Plot between partial pressure (in logarithmic scale) and reciprocal of 

Temperature is given in figure (4.11). 

 
Figure 4.10 Mass spectrometer data of KF 

From figure 4.10 the intensities of ions are in the order of K+>K2F+>KF+>K3F2
+ (K3F2

+ is not 

included here because of its low counts compare with other ions) which is same as that of 

previous fluoride behavior. It can be seen that the counts are much higher than that of pure NaF 

and LiF samples at similar temperatures. 

 
Figure 4.11 Partial pressure in bar (logarithmic scale) vs reciprocal of temperature of KF 

sample 
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From figure 4.11, the partial pressure from K+ is highest followed by K2F+ and KF+. The 

enthalpy of vaporization calculated from the slope of total vapor pressure is 

205.713+13.26KJ/Mol and it shows larger vapor pressure compare with NaF and LiF. Here the 

K3F2+ is excluded from the figure. 

4.5.4 Vaporization study of FLiNaK 

FLiNaK (46.5-11.5-42 mol %) sample taken in the platinum cell which was kept inside graphite 

Knudsen cell and tantalum lid was measured in the temperature range of 900-1010K. In the 

course of measurement, the temperature was increased in step by step between 900-1010K.  

 

Figure 4.124 mass spectrometer data of effective ion intensities (removed the background 

intensity) for FLiNaK sample 

Ions of Li3F2
+, Li2F+, Li+, LiF+, K3F2

+, K2F+, K+, KF+, Na3F2
+, Na2F+, Na+, NaF+, NaKF+, KLiF+, 

NaKF+ were observed in mass spectrometer which can be seen from the figure (4.12). NaKF+, 

KLiF+, NaKF+ were formed from fragmentation of NaKF2 KLiF2 NaKF2 respectively (e.g. 

NaKF2+e-=>NaKF++F-+e-). Since both 23Na2F+ and 39K7LiF+ m/z values are matching,40K7LiF 

intensity was measured and from that the intensity of 39K7LiF obtained (from vapor pressure of 
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KLiF2) and subtracted from total intensity which corresponded to both 23Na2F+ and 39K7LiF+ 

and calculated intensity from Na2F+. The mass spectrometer data is given in figure (4.13). The 

first four graphs show the intensities of all the ions (different scales for different graphs) and 

the last graph shows the temperature during the measurement. 

 

Figure 4.13 Mass spectrometer data of FLiNaK 
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The Plot between partial pressure (in logarithmic scale) and reciprocal of Temperature is given 

in figure (4.14). from the figure it can be seen that most of the pressure is coming from K+ (in 

the range of 10-6bar) then KLiF+, Li+, Na+, K2F+, etc. Here the straight line shows some 

deviation in NaF+, Li3F2
+, K3F2

+, Na3F2
+ which are because of high residual counts in case of 

NaF+ and very low counts of trimer ions. 

 
Figure 4.14 Partial pressure in bar (logarithmic scale) vs reciprocal of temperature of FLiNaK 

sample  

The activity of LiF, KF and NaF were calculated using equation (2.8) and plotted with respect 

to reciprocal of temperature in logarithmic scale is given in figure (4.14). For calculating the 

partial pressure of LiF in FLiNaK, all the ions which contains Li+ are considered (Li+, NaLiF+, 

KLiF+, Li2F+, LiF+, Li3F2
+), similar for remaining NaF and KF. from the figure it can be seen 

that the slopes are positive which means that the partial molar enthalpy of formation of all 

components are positive (consist of partial molar enthalpy of mixing and enthalpy of melting 

since FLiNaK is in liquid-state whereas pure LiF NaF and KF are in solid-state in the measured 

temperature) and the slope is highest for NaF followed by LiF and KF also from activity point 

of view NaF shows positive deviation whereas LiF and KF shows negative deviation. 
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Figure 4.15 Activity of fluorides (logarithmic scale) vs reciprocal of temperature  

4.5.5 Discussion 

By Knudsen effusion mass spectroscopy study the vapor species present on LiF, NaF, KF and 

FLiNaK were identified and partial pressures of these fluorides were calculated which are given 

in table (4.1). It was found that the vapour pressures are in the order of NaF<LiF<KF at the 

temperature range 900-1000K. For all three pure salts, it is found that the partial pressures of 

monomer, dimer, and trimer are in the order of Monomer>dimer>Trimer. The enthalpies of 

vaporization of salts are in the order of LiF>NaF>KF. In the case of FLiNaK sample, from the 

figure (4.14), partial pressure is highest for KF followed by KNaF2, LiF and NaF. The graphs 

of Li3F2
+ Na3F2

+ Li3F2
+ were showing deviation because of low counts from mass spectroscopy. 

Also due to a lot of background intensity the graph of NaF+ was showing some deviation. The 

total vapor pressure of FLiNaK is in the order of 10-6 bar which is less than the vapor pressure 

of pure KF (of the order of 10-5 bar) at temperature 1000K. The partial pressure of salts in 

FLiNaK are listed in the table (4.1). Figure (4.18) is obtained from finding the activity by using 

equation (2.12). The activity calculated for NaF shows positive deviation from Raoultian ideal 
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behavior whereas in LiF and KF it showing negative deviation from Raoultian behavior. Even 

though the activities are negatively deviating from Raoultian ideal behavior, the slope is 

showing large positive value (according to equation 2.12 it should show negative value since 

enthalpy of mixing is negative for salt that showing negative deviation in activity) which due 

to the slope is partial molar enthalpy of formation of that composition which is composed of 

two enthalpies which are partial molar enthalpy of mixing and enthalpy of melting since the 

FLiNaK at measuring temperature is in liquid state whereas pure fluoride salts are in solid-state. 

So, to find the partial molar enthalpy of mixing one needs to subtract enthalpy of melting of 

pure fluoride salt from the partial molar enthalpy of formation at that temperature. The 

Raoultian activity coefficient at temperature 1000K calculated using equation (2.10) are 0.495, 

1.968 and 0.395 for LiF, NaF, KF respectively. Thermodynamic activity shows negative 

deviating which means that thermodynamically KF/LiF as pure in the condensed phase is less 

stable than KF/LiF in FLiNaK at the same temperature. The partial molar Gibbs free energy of 

formation, excess partial molar Gibbs free energy of formation Gibbs free energy of 

vaporization can be calculated by using equations (2.12), (2.13), (2.3), respectively. 

Table 4.1 thermodynamic parameters of Fluoride salts 

Compoun

ds 

Vapor pressure curve (P in bar, Tin K) Temperatu

re 

range (K) 

Vapor 

Pressure 

(bar) at 

1000K 
 

Activity/Enth

alpy of 

vaporization 

at 1000K 

LiF(99.99

%) 

𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿 = -(1.51 ± 0.0068) 104/T+ (9.27± 0.068) 954-1028 

K 

1.2682E-06 290.45+1.30

4KJ/Mol 

NaF(99.9

9%) 

𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃𝑁𝑁𝑁𝑁𝑁𝑁 = -(1.438± 0.0143) 104/T+ (8.336± 

0.15) 
 

907-1005 

K 

9.0219E-07 
 

275.31+2.75

1KJ/Mol 

KF(99.99

%) 

𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃𝐾𝐾𝐾𝐾= -(1.0746± 0.692) 104/T+ (5.841± 0.72) 953-985 K 1.24E-05 
 

205.713+13.

26KJ/Mol 

FLiNaK 𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿= -(1.121± 0.009) 104/T+ (4.6± 0.10) 950-1006 

K 

2.9865E-07 
 

0.2354 
 

Ln(aLiF)=(3958.7±99.39)/T-(4.59±0.1) 
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𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃𝐾𝐾𝐾𝐾  = -(7.659± 0.0114) 104/T+ (1.9± 0.11) 

2.0136E-06 
 

0.1618 
 Ln(aKF)=(3086.9±114.68)/T-(3.68±0.11) 

𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃𝑁𝑁𝑁𝑁𝑁𝑁 = -(8.732± 0.0183) 104/T+ (2.04± 0.18) 

2.0589E-07 
 

0.2282 
 Ln(aNaF)=(5648.6±183.8)/T-(6.2±0.18) 

4.6 Vaporization Study of Hastelloys and Pure Ni, Cr, Mo: 

The compositions of Hastelloys that have been tested using Knudsen effusion mass 

spectrometer are given in table 4.2 at all these compositions the alloy contains ᵞ phase. 

Table 4.2 Composition of Hastelloys 

Alloys Ni (at%) Cr (at%) Mo (at%) 

Alloy1 77 23 0 

Alloy2 71 23 6 

Alloy3 74 13 13 

4.6.1 Vaporization study of Pure Ni: 

Pure Ni (99.99%) sample taken in yttria coated Ta Knudsen cell with tantalum lid was measured 

in the temperature range of 1495-1586K. In the course of measurement, the temperature was 

increased in step by step between 1495-1586K. 

 
Figure 4.16 Mass spectrometer data of Ni 
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Figure 4.16 shows the intensity of Ni with respect to time also the temperature during the 

measurement shown in the same figure. The counts of Ni are quite low compared with Cr and 

Ag. 

 
Figure 4.17 Partial pressure in bar (logarithmic scale) vs reciprocal of temperature of Ni 

sample 

Figure 4.17 shows the partial pressure calculated by using equation (2.1) with respect to the 

reciprocal of temperature. The enthalpy of vaporization of Ni at this temperature range 

calculated by using equation (2.6) is 411.03±8.70KJ/Mol. 

4.6.2 Vaporization Study of Mo: 

Pure Mo (99.99%) sample taken in yttria coated Ta Knudsen cell with tantalum lid was 

measured in the temperature range of 2092-2211K. In the course of measurement, the 

temperature was increased in step by step between 2092-2211K. 

Figure 4.18 shows the intensity of Mo with mass/charge ratio 94.87m/z which corresponds to 
95Mo isotope (abundance 15.87%). Since there was a lot of residual in the mass range 98, 98Mo 

(abundance 24.29%) was avoided from the measurement. The temperature during the 

measurement also shown in the same figure. It can be seen that the ions counts are in the range 
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of 10-50 counts/sec even at a temperature as high as 2200K which due to its low vapor pressure 

also its low isotopic abundance (15.87%). 

 
Figure 4.18 Mass spectrometer data of Mo 

 
Figure 4.19 Partial pressure in bar (logarithmic scale) vs reciprocal of temperature of Mo 

sample 
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Figure 4.19 shows the partial pressure calculated by using equation (2.1) with respect to the 

reciprocal of temperature. The enthalpy of vaporization of Ni at this temperature range 

calculated by using equation (2.6) is 696.84+44.55 KJ/Mol. 

4.6.3 Vaporization study of Hastelloy 1:  

Hastelloy 1 sample (prepared by vacuum arc melting unit and composition measured by EDS, 

The sample cut to small pieced by using diamond cutter) taken in alumina Knudsen cell with 

new tantalum lid (pressure calibration constant is calculated by using pure silver and found out 

to be 1.00E-12 barAo2/counts*Kelvin) was measured in the temperature range of 1475-1529K. 

In the course of measurement, the temperature was decreased in step by step between 1529-

1475K. 

 
Figure 4.20 Mass spectrometer data of Hastelloy 1 

Figure 4.20 shows the intensities of Ni and Cr in alloy 1, also the temperate during the 

measurement shown in the same figure. The intensity of Cr is comparatively higher than that of 
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Ni even though the alloy contains more Ni than Cr it is because of the partial pressure of Cr is 

larger than that of Ni in the same temperature 

 
Figure 4.21 Partial pressure in bar (logarithmic scale) vs reciprocal of temperature of 

Hastelloy 1 sample 

Figure 4.21 shows the partial pressure calculated by using equation (2.1) with respect to the 

reciprocal of temperature. Also, the partial pressure of pure Cr and Ni are shown in the same 

figure for comparing the partial pressures. For both Cr and Ni, the partial pressures are lower 

than that of their pure states. The difference in the slope of the partial pressure of element in 

alloy and standard state is the partial molar enthalpy of formation in here it is partial molar 

enthalpy of mixing. It can be seen that the slope of Pcr in the alloy is lesser than that of Po
cr pure 

which means that it requires lesser enthalpy to vaporize compare with pure means the stability 

of Cr in the alloy (condensed phase) is less compared to the pure state. similarly, for Ni in alloy 

shows a larger slope compare with pure which means Ni is stable in alloy compare with pure 

state 
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The calculated activity is plotted in figure 4.22 with respect to reciprocal of temperature also 

the activity coefficient calculated using equation (2.10) plotted in the second graph. From the 

graph, it can be seen that activity shows a slight positive deviation in the case of Cr and a 

negative deviation in the case of Ni. The partial molar enthalpy of mixing of Ni and Cr are -

23.18±5.7, 13.87±8.12 KJ/mol respectively.  

 

 
Figure 4.22 Activity and activity coefficient of Ni and Cr (in logarithmic scale) vs reciprocal 

of temperature 

4.6.4 Vaporization study of Hastelloy 2: 

Hastelloy 2 sample (cut by using diamond cutter) taken in alumina Knudsen cell with new 

tantalum lid was measured in the temperature range of 1427-1470K. In the course of 

measurement, the temperature was increased in step by step between 1427-1470K. 

Figure 4.23 shows the intensities of Ni and Cr and Mo in alloy 2 also the temperate during the 

measurement shown in the same figure. The intensity of Cr is comparatively higher than that of 

Ni even though the alloy contains more Ni than Cr. There is no evident change in the counts of 

Mo when there is any change in the temperature which means that the partial pressure of Mo is 
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negligibly small compared with Cr and Ni. Only four readings have been done due to fault in 

the voltage supply to the electron bombardment furnace which was because of failure in the W 

filament. 

 
Figure 4.23 Mass spectrometer data of Hastelloy 2 

 
Figure 4.24 Partial pressure in bar (logarithmic scale) vs reciprocal of temperature of 

Hastelloy 2 sample 
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Figure 4.24 shows the partial pressure calculated by using equation (2.1) with respect to the 

reciprocal of temperature. Also, the partial pressure of pure Cr and Ni are shown in the same 

figure for comparing the vapor pressures. For both Cr and Ni, the partial pressures are lower 

than that of their pure states. It can be seen that the slope difference is more evident than in 

alloy 1.  

 
Figure 4.25 Activity and activity coefficient of Ni and Cr (in logarithmic scale) vs reciprocal 

of temperature 

The calculated activity is plotted in figure 4.25 with respect to reciprocal of temperature also 

the activity coefficient calculated using equation (2.10) plotted in the second graph. From the 

graph, it can be seen that activity shows positive deviation in case of Cr and negative deviation 

in the case of Ni. The partial molar enthalpy of mixing of Ni and Cr are -106±7.9, 

45.718±4.2KJ/mol respectively. Yaqoob et al [18] showed that in Ni-Mo system, Ni shows large 

negative deviation and Jindal [19-20] et al showed that in Cr- Mo system, Cr shows positive 

deviation which is consistent with the result from Hastelloy 1 and 2 where the addition of Mo 

increases the activity of Cr and decreases the activity of Ni. The partial molar enthalpy of mixing 

also increased with the addition of Mo (in magnitude). 

4.6.5 Vaporization study of Hastalloy3 

Hastelloy 1 (99.99%) sample (cut by using diamond cutter) taken in alumina Knudsen cell with 

new tantalum lid was measured in the temperature range of 1447-1532K. In the course of 
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measurement, the temperature was increased in step by step between 1447-1532K.  

Figure 4.26 shows the intensities of Ni and Cr and Mo in alloy 3 also the temperate during the 

measurement shown in the same figure. There is no evident change in the counts of Mo when 

there is any change in the temperature 

 
Figure 4.26 Mass spectrometer data of Hastelloy 3 

 

 
Figure 4.27 Partial pressure in bar (logarithmic scale) vs reciprocal of temperature of 

Hastelloy 3 sample 
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Figure 4.27 shows the partial pressure calculated by using equation (2.1) with respect to the 

reciprocal of temperature. Also, the partial pressure of pure Cr and Ni are shown in the same 

figure for comparing the vapor pressures. For both Cr and Ni, the partial pressures are lower 

than that of their pure states. The slope differences are increased compares with the previous 

two alloys. 

 
Figure 4.28 Activity and activity coefficient of Ni and Cr (in logarithmic scale) vs reciprocal 

of temperature 

The calculated activity is plotted in figure 4.28 with respect to reciprocal of temperature also 

the activity coefficient calculated using equation (2.10) plotted in the second graph. From the 

graph, it can be seen that activity shows a positive deviation in the case of Cr and negative 

deviation in the case of Ni. The partial molar enthalpy of mixing of Ni and Cr are -110.15±12.6, 

52.16±1.603 KJ/mol respectively. As discussed before the addition of Mo increased the activity 

of Cr and decreased the activity of Ni. The partial molar enthalpy of mixing also increased with 

the addition of Mo (in magnitude). 
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4.6.6 Discussion 

By Knudsen effusion mass spectroscopy study of vaporization was done for three Hastelloys 

and pure Ni, Cr, Mo materials. The partial pressure and thermodynamic activities of Ni and Cr 

are listed in the table (4.3). For pure Ni, Cr, Mo the vapor pressures are in the order of Cr > Ni 

> Mo. The enthalpy of vaporization of Ni, Cr, Mo are in the order of Cr<Ni<Mo (not considered 

temperature dependence). It was found that for alloy 1 (Ni-23Cr), Ni shows a negative deviation 

from Raoult’s ideal behavior whereas Cr shows a positive deviation from ideal behavior. For 

Hastelloy 2 (Ni-23Cr-6Mo), Ni activity (also activity coefficient) decreased compared with 

alloy 1 whereas in the case of Cr the activity (also activity coefficient) got increased. Since Mo 

partial pressure cannot be determined at this temperature, activity or partial enthalpy of mixing 

cannot calculate for Mo. From the figures (4.28,4.25) It shows that the activity/activity 

coefficient of Cr is increased with Mo content and Ni activity/coefficient is decreased. In Alloy 

3, similar to Alloy2 it shows a large negative deviation for Ni and positive deviation for Cr. 

From alloy 2 and 3 the enthalpy of mixing of Cr and Ni got increased with the addition of Mo. 

From these results, it shows that Hastelloys with less Cr is suitable for molten salt reactor also 

it is better to add alloys elements that can reduce Cr activity since Mo cannot be avoided for 

this system. The calculated data are given in the table 4.3 

Table 4.3 Thermodynamic parameters of Hastelloys 

Metals/Al

loys 

Vapor pressure curve (P in bar, T in K) Temperatur

e 

range (K) 

Partial pressure 

(bar)/ Enthalpy of 

mixing at 1470K 

Enthalpy of 
vaporization in 
the temperature 
range /Activity 

at 1470K 
Cr 𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃𝐶𝐶𝐶𝐶 = -(1.98 ± 0.0125) 104/T+ (6.94± 0.088) 1316-1514 

K 

2.96224E-07 379.3±2.3KJ/

Mol 

Ni 𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃𝑁𝑁𝑁𝑁 = -(2.14± 0.045) 104/T+ (7.09± 0.29) 
 

1495-

1586K 

2.57261E-08 
 

411.03+8.70 

KJ/Mol 

Mo 𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃𝑀𝑀𝑀𝑀= -(3.64± 0.23) 104/T+ (7.84± 1.07) 2092-

2211K 

1.197E-17 
 

696.84+44.55 

KJ/Mol 

Hastello

y 1 

𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃𝑁𝑁𝑁𝑁 = -(2.32± 0.027) 104/T+ (7.9± 0.19) 1475-

1529K 

-23.18±5.7KJ/mol 0.58 

𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃𝐶𝐶𝐶𝐶 = -(1.937± 0.0428) 104/T+ (6.15± 0.28) 13.87±8.12 KJ/mol 0.31 
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Hastello

y 2 

𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃𝑁𝑁𝑁𝑁 = -(2.7± 0.0409) 104/T+ (10.51± 0.2) 1427-

1470K 

-106±7.9KJ 

KJ/mol 

0.52 

𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃𝐶𝐶𝐶𝐶 = -(1.77± 0.0223) 104/T+ (5.09± 0.15) 45.718±4.2KJ 

KJ/mol 

0.3357 

Hastello

y 3 

𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃𝑁𝑁𝑁𝑁= -(2.77± 0.065) 104/T+ (10.89± 0.44) 1447-

1532K 

-110.15±12.6KJ 

KJ/mol 

0.4078 

𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃𝐶𝐶𝐶𝐶 = -(1.73± 0.0083) 104/T+ (4.84± 0.056) 52.16±1.603 

KJ/mol 
0.348 

 

 

4.7 VAPORIZATION STUDY OF SODIUM BORO-SILICATE GLASSES: 

Composition of Borosilicate glasses that were tested are given in the table 4.4 

Table 4.4 Composition of Sodium Borosilicate glasses 

Glasses SiO2(at%) B2O3(at%) Na2O(at%) BaO/CaO(at%) TiO2(at%) Al2O3(at%) 

Barium-Glass 35 25 25 10  (BaO) 2 3 

Calcium-Glass 35 25 30 5 (CaO) 2 3 

 

4.7.1 Vaporization study of Barium glass: 

The barium glass sample taken in platinum cell which kept in yttria coated Ta Knudsen cell 

with tantalum lid was measured in the temperature range of 1004-1103K. In the course of 

measurement, the temperature was decreased in step by step between 1103-1004K. The ions 

observed were Na+ NaBO2
+, NaO+, B+, Na2BO2

+ there was no sign of other ions like Ba+ or 

other Ba oxide compounds. These ions are coming from ionization of sodium metaborate 

(NaBO2) or its dimer (Na2B2O4).  

Figure 4.29 shows the intensities of ions also the temperature during the measurement. It can 

be seen that the intensities are in the order of Na+>NaO+>NaBO2
+>Na2BO2

+>B+. The ions 

observed here are coming from NaBO2 and Na2(BO2)2 which already discussed by [21]. 
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Figure 4.29 Mass spectrometer data of Barium glass 

 

Figure 4.30 Partial pressure in bar (logarithmic scale) vs reciprocal of temperature of Ba-

Glass sample 
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Figure 4.30 shows the partial pressure of ions, it can be seen that partial pressure are in order of 

Na+>NaO+>NaBO2
+>B+> Na2BO2

+ here B+ shows higher partial pressure than Na2BO2
+ even 

though intensities are large because of high ionization cross-section (the probability of ionizing 

the molecule) of Na2BO2
+ 

4.7.2 Vaporization study of Ca borosilicate: 

The calcium glass sample taken in platinum cell which kept in graphite coated Ta Knudsen cell 

with new tantalum lid was measured in the temperature range of 946-1011K. In the course of 

measurement, the temperature was increased in step by step between 946-1011K. The ions 

observed were Na+ NaBO2
+, NaO+, B+, Na2BO2

+ and Ca+ there was no sign of other ions like 

CaO+ or other Ca oxide mixture or any silica compounds. These ions are coming from ionization 

of sodium metaborate (NaBO2) or its dimer (Na2B2O4) except Ca+, which is formed by ionizing 

CaO. 

The mass spectrometer data is given in figure (4.31).it shows that the ion intensities are in the 

order Na+>NaO+>NaBO2
+>Na2BO2

+>B+ 

 

 
Figure 4.31 Mass spectrometer data of Ca-Glass 
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Figure 4.32 shows the partial pressure of ions, it can be seen that partial pressure are in order of 

Na+>NaO+>NaBO2
+>Ca+>B+>Na2BO2

+ here B+ shows higher partial pressure than Na2BO2
+ 

even though intensities are large because of high ionization cross-section (measure of 

probability of ionizing the molecule) of Na2BO2
+. Here Ca shows deviation from the straight 

line because of its least intensity and large ionization cross-sections or may due to excessive 

evaporation during measurement. 

 
Figure 4.32 Partial pressure in bar (logarithmic scale) vs reciprocal of temperature of Ca-

Glass sample 

4.7.3 Discussion 

By Knudsen effusion mass spectroscopy vaporization study was done for two borosilicate 

glasses. The vapour pressures and enthalpy of vaporizations of both glasses are given in the 

table (4.5). It is found that the vapor pressure of Ca-borosilicate shows high compare to Ba-

borosilicate even though Ba is easily evaporating compare with Ca. The enthalpy of 

vaporization of Ba-glass is more compare with Ca glass. The vapor species observed are 
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monomer and dimer of sodium metaborate. In the case of Ca glass, a small amount of Ca+ 

observed which may from CaO or other Ca compounds whereas in Ba glass there weren’t any 

Ba ions or any ions that contain Ba observed which means that Ba is quite stable in borosilicate 

matrix. So, from these analyses, Ba glass shows better stability of oxides compared with Ca-

glass at this composition. The high vapor pressure in Ca glass due to more Na2O in the system 

compare to Ba glass also due to less stability because of CaO. Ba as radioactive isotope can be 

incorporated into the glass with this composition since there was no evaporation of Ba or its 

oxide observed. The partial pressure calculated by using this instrument can be used to compute 

the vaporization loss of the volatile species like sodium metaborate while glass processing 

which is important to get the desired composition of glass after the vitrification also for 

designing off-gas systems. 

Table 4.5 Thermodynamic parameters of borosilicate glasses 

Compoun

d 

Vapor pressure curve (P in bar, Tin 

K) 

Temperatur

e 

range (K) 

Vapor 

Pressur

e at 

1000K 

Enthalpy of 

vaporization 

(KJ/mol) 
 

Ba-Glass 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = -(1.417 ± 0.0327) 104/T+ 

(7.51± 

0.30) 

1000-1103 

K 

2.187E-

07 
 

 

271.36±6.26 

Ca-Glass 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = -(0.9025± 0.0304) 104/T+ 

(3.75± 0.30) 
 

946-1011K 5.308E-

06 
 

 

172.78±5.81

9 
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CHAPTER 5 

5.1 CONCLUSION 

Vaporization behavior, partial pressures and thermodynamic activities of fluorides in FLiNaK 

have been determined with particularly high accuracy and precision by using Knudsen effusion 

mass spectrometer. The measurements were performed in the temperature range 900-1000K 

using Knudsen Cell Mass Spectrometry. Pressure calibrations were done by using pure silver 

(in the temperature range of 900-1000K) and chromium (in the temperature range of 1300-

1400K) and other pure metals for better results.  

From Knudsen effusion mass spectroscopy studies of LiF, KF, NaF, it was found that the vapor 

pressures of pure salts are in the order of KF>LiF>NaF. In Pure Fluoride salts ions of M+, MF+, 

M2F+, M3F2+ are detected by the mass spectrometer (where M=Na, K, Li). These ions are 

corresponding to its monomer, dimer, and trimer which are in the gaseous state. The dimer and 

trimer are formed from a gaseous monomer reaction. M+ ions can be contributed by mostly 

monomer and a small amount by dimer and trimer. The vapor pressure of Monomer is highest 

and followed by dimer and least for trimer. There is no sign of other gaseous species that are 

coming from the sample. Apart from monomer, dimer, and trimer of the constituent of FLiNaK 

vapors of NaKF2, LiKF2, and NaLiF2 were observed from mass spectroscopy which are formed 

by gaseous monomers reaction. The vapor pressure of FLiNaK is very low (order of 10-6bar at 

1000K) compare to the molten salt reactor pressure (1atm) and other salts like FLiBe. So, by 

vapor pressure, it is evident that FLiNaK is suitable for the molten salt reactor. From the activity 

point of view, NaF is showing positive deviation from Raoultian behavior but KF and LiF are 

showing negative deviation in the temperature range 900-1000K. This implies that the NaF has 

more tendency to evaporate in FLiNaK than in pure NaF sample. Since both LiF and KF have 

very low activity and total vapor pressure of FLiNaK is quite low, this material is the best 

candidate for the molten salt reactor from a thermodynamic point of view. 

Vaporization study of three Hastelloys samples have been done in the temperature range 1400-

1500K. Partial pressure, activity, and other thermodynamic parameters have been calculated 

using standard thermodynamic equations. For calculating thermodynamic activity, the partial 

pressures of pure samples were also measured. It is found that in Ni-23Cr alloy Ni shows 

negative deviation and Cr shows positive deviation from Raoult’s ideal behavior. With addition 

of Mo, the Cr activity got increased and Ni activity reduced (in alloy 2). The partial molar 
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enthalpy of mixing of Cr (+ve value) and Ni (-ve value) also increased (magnitude) with the 

addition of Mo. This result is consistent with the values in the alloy 3. From these results, the 

alloy should contain least Cr (best for corrosion resistance) and small amounts of other alloying 

elements which can decrease the activity of Cr and having high corrosion resistance to molten 

salts. larger Mo is desired since the activity of Ni is decreasing with the addition of Mo. 

Vaporization of two borosilicate glasses have been done in temperature range 950-1050K. The 

vaporizing behavior and partial pressures have been determined. It is found that Ca containing 

glass shows larger vapor pressure compare with Ba contained glass. In the case of Ca glass, a 

small amount of Ca+ observed which may be coming from CaO or other Ca compounds 

whereas, in Ba glass, there weren’t any ions observed which are coming from Ba containing 

compounds. which means that Ba is quite stable in the borosilicate matrix. There wasn’t any 

intensity coming from ions of other oxides like Al2O3 TiO2 SiO2. The glass containing Ba is 

comparatively suitable for vitrification because of low vapor pressure. Also, the vapor pressure 

of glass can be used for finding the volatile loss while processing in the vitrification also for 

designing the off-gas system. 

5.2. FUTURE SCOPE  

The materials that have been tested here have enormous applications in the nuclear industry. 

This work can give the thermodynamic stabilities of these materials which can be used to select 

suitable materials for the applications also thermodynamic functions that have been calculated 

by this project can be used for modeling of these materials properties. The activity behavior of 

Cr and Ni when some other alloying elements are added like Fe, W can give a better 

understanding of selecting the best Hastelloy for the molten salt reactor. In the future one can 

test the thermodynamic properties of FLiBe for comparison with FLiNaK, also the effect of the 

thermodynamic property when nuclear fuel added to the salt in the form of fluorides (for 

selecting primary molten salt where it contains UF4-ThF2 dissolved in it) and the vaporization 

behavior of nuclear materials. In case of glasses with more measurements with different 

compositions can give a better understanding of the volatile behaviors of these glasses also 

volatile behaviour of radioactive elements containing these glasses can give a better 

understanding of the high temperature stability of these vitrified products. 



REFERENCES 

[1] Potential of Knudsen Effusion Mass Spectrometry (KEMS) for Thermo Chemical Studies

in Materials Science Torsten Markus Forschungszentrum Juelich GmbH, IEK-2, D-

52425Juelich, Germany

[2] M. Knudsen, Annalen der Physik,vol. 29, pp.75-1301909.

[3] N.I. Ionov, “Ionisation of KI, NaI and CsCl molecules byelectrons,” DoklAkadNauk

SSSR, vol. 59, pp. 467-469, 1948.

[4] W.A. Chupka and M.G. Inghram, “Direct determination of the heat of sublimation of

Carbon with the Mass Spectrometer,” Journal of Physical Chemistry, vol. 59, pp. 100104,

1955.

[5] R.E. Honig, “Mass Spectrometric Study of the Molecular Sublimation of Graphite,”

Journal of Chemical Physics, vol. 22,pp. 126-131, 1954.

[6] Miller, Twenty Years of Knudsen Effusion Mass Spectrometry: Studies Performed in the

Period 1990-2010 The Open Thermodynamics Journal, 2013, 7: 2-9

[7] Langmuir, I. (1913). The Vapor Pressure of Metallic Tungsten. Physical Review, 2(5),

329–342. doi:10.1103/physrev.2.329

[8] VIJAYAN, P. K., BASAK, A., DULERA, I. V., VAZE, K. K., BASU, S., & SINHA, R.

K. (2015). Conceptual design of Indian molten salt breeder reactor. Pramana, 85(3), 539–55.

[9] Manohar S. Sohal., Matthias A., Engineering Database of Liquid Salt Thermophysical and

Thermochemical Properties Manohar 2010-03-01

[10] Serrano-López, R., Fradera, J., & Cuesta-López, S. (2013). Molten salts database for

energy applications. Chemical Engineering and Processing: Process Intensification, 73, 87–

102.

[11] Fukumoto, K., Fujimura, R., Yamawaki, M., & Arita, Y. (2015). Corrosion behavior of

Hastelloy-N alloys in molten salt fluoride in Ar gas or in air. Journal of Nuclear Science and

Technology, 52(10), 1323–1327. doi:10.1080/00223131.2015.1043155



[12] Mann, J. B. (1967). Ionization Cross Sections of the Elements Calculated from Mean‐

Square Radii of Atomic Orbitals. The Journal of Chemical Physics, 46(5), 1646–1651.

[13] I. Lisek, J. Kapała, and M. Miller, “Thermodynamic study of the CsCl-NdCl3 system by

Knudsen effusion mass spectrometry,” Journal of Alloys and Compounds, vol. 278, no. 1-2,

pp. 113–122, 1998.

[14] Raj, D. D. A., Viswanathan, R., & Manikandan, P. (2013). The Design, Construction, and

Testing of a Knudsen Effusion Mass Spectrometric System Suitable for Studies of Nuclear

Fuel Materials. ECS Transactions, 46(1), 77–97

[15] Prof Dr Ing. Ihsan Barin (auth.) Thermochemical data of pure substances

[16] Professor Dr M. Binnewies, Dr E Milke (auth.) Thermochemical Data of Elements and

Compound

[17] Grimley, R. T., Forsman, J. A., & Grindstaff, Q. G. (1978). A mass spectrometric study

of the fragmentation of the lithium fluoride vapor system. The Journal of Physical Chemistry,

82(6), 632–639. doi:10.1021/j100495a002

[18] Yaqoob, K., Crivello, J.-C., & Joubert, J.-M. (2018). Thermodynamic modeling of the

Mo–Ni system. Calphad, 62, 215–222.

[19] Jindal, V., Sarma, B. N., & Lele, S. (2013). A thermodynamic assessment of the Cr–Mo

system using CE-CVM. Calphad, 43, 80–85.

[20] Kallarackel Thomas , Thermodynamic Properties of Cr-Mo Solid Alloys

[21] Asano, M., Kou, T., & Yasue, Y. (1987). Mass spectrometric study of vaporization of

cesium-containing borosilicate glasses. Journal of Non-Crystalline Solids, 92(2-3), 245–260.

[22] https://encyclopedia2.thefreedictionary.com/Hastelloy


	FrontFront
	finalreport160005019
	REPORT FRONT
	PROJECT REPORT CHAPTERS-EDITED
	REFERENCES

	Blank Page



