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            ©Freund Publishing House Ltd. International Journal ofNonlinear Sciences and Numerical Simulation ,8(2),171-178, 2007 A Practical Thermodynamic Method to Calculate the Best Glass-forming Composition for Bulk Metallic Glasses H. Wang* a , H. M. Fu b c , H. F. Zhang", Z. Q. Hu b a. Faculty of Engineering and Surveying, The University of Southern Queensland, Toowoomba, QLD 4350, Australia. E-mail: [email protected] b. Shenyang National Laboratory for Materials Science, Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110016, China c. School of Engineering, The University of Queensland, St Lucia, QLD 4072, Australia Abstract Bulk metallic glasses are regarded as a new class of engineering materials because of their extraordinary high strength, great elasticity, and high corrosion and wear resistance. The selection of good glass-forming composition is the most important issue in BMG development. In this paper, a thermodynamic method, which combines element substitution and mixing enthalpy calculation, has been successfully developed to predict the optimum glass-forming compositions in Cu-Zr-Ti, Cu-Hf-Ti, Cu-Zr-Hf-Ti and Pd-Ni-P alloy systems. Alloy compositions with the largest glass-forming ability are always accompanied with the smallest enthalpy value for the alloy systems. The prediction results have been confirmed by experiments. It is concluded that the thermodynamic method provides a practical and effective tool to find the optimum glass forming composition. Keywords: bulk metallic glasses, glass-forming ability, Miedema's model, mixing enthalpy 1. Introduction Amorphous alloys or metallic glasses have attracted considerable attention due to their unique properties in mechanical, magnetic, electronic, chemical, optical and other applications. To solidify a melt into an amorphous structure, usually very high cooling rates are required [1,2]. Initially an amorphous structure was produced using the melt spinning method, in which molten metal was poured onto a spinning casting wheel, producing metallic glass ribbon [3], The requirement for high cooling rate means that metallic glasses can only be produced in very thin shapes, which precludes these materials for any structural applications. In the late 1980's, Inoue et al. in Tohoku University discovered that some multi-component alloys exhibited exceptional high glass-forming ability (GFA) [4,5]. The discovery means that metallic glasses can be produced in bulk shapes, bulk metallic glasses (BMGs), using conventional casting methods in these alloy systems. To develop an alloy with high GFA, multiple elements, sometimes four or five elements, are used to form a complex system. The complexity of the alloy system increases the difficulty of atomic rearrangement for crystallization, therefore suppressing nucleation and grain growth of any crystalline phase. Based on extensive experimental data, Inoue proposed three empirical rules for the achievement of high GFA: (1) multi-component alloy systems consisting of more than three elements; (2) significant difference in atomic size ratios, above 12%, among the three main constituent elements; and (3) negative heats of mixing among the three main constituent elements. These rules have successfully acted as a guiding principle for the search of new glass-forming composition, and a great number of new BMGs have been identified. In practice, it is still difficulty to navigate in multi-component composition space to locate the best glass-forming composition. Hundreds of trial-and-error runs are required to cover the entire ternary or quaternary composition space. In this paper, based on the three empirical rules, Brought to you by | University of Queensland - UQ Library Authenticated Download Date | 10/29/15 1:10 AM 
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 A Practical Thermodynamic Method to Calculate the Best Glass-forming Composition for Bulk Metallic Glasses
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 b. Shenyang National Laboratory for Materials Science, Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110016, China
 c. School of Engineering, The University of Queensland, St Lucia, QLD 4072, Australia
 Abstract Bulk metallic glasses are regarded as a new class of engineering materials because of their extraordinary
 high strength, great elasticity, and high corrosion and wear resistance. The selection of good glass-forming composition is the most important issue in BMG development. In this paper, a thermodynamic method, which combines element substitution and mixing enthalpy calculation, has been successfully developed to predict the optimum glass-forming compositions in Cu-Zr-Ti, Cu-Hf-Ti, Cu-Zr-Hf-Ti and Pd-Ni-P alloy systems. Alloy compositions with the largest glass-forming ability are always accompanied with the smallest enthalpy value for the alloy systems. The prediction results have been confirmed by experiments. It is concluded that the thermodynamic method provides a practical and effective tool to find the optimum glass forming composition.
 Keywords: bulk metallic glasses, glass-forming ability, Miedema's model, mixing enthalpy
 1. Introduction
 Amorphous alloys or metallic glasses have attracted considerable attention due to their unique properties in mechanical, magnetic, electronic, chemical, optical and other applications. To solidify a melt into an amorphous structure, usually very high cooling rates are required [1,2]. Initially an amorphous structure was produced using the melt spinning method, in which molten metal was poured onto a spinning casting wheel, producing metallic glass ribbon [3], The requirement for high cooling rate means that metallic glasses can only be produced in very thin shapes, which precludes these materials for any structural applications. In the late 1980's, Inoue et al. in Tohoku University discovered that some multi-component alloys exhibited exceptional high glass-forming ability (GFA) [4,5]. The discovery means that metallic glasses can be produced in bulk shapes, bulk metallic glasses (BMGs), using conventional casting methods in these alloy systems. To
 develop an alloy with high GFA, multiple elements, sometimes four or five elements, are used to form a complex system. The complexity of the alloy system increases the difficulty of atomic rearrangement for crystallization, therefore suppressing nucleation and grain growth of any crystalline phase. Based on extensive experimental data, Inoue proposed three empirical rules for the achievement of high GFA: (1) multi-component alloy systems consisting of more than three elements; (2) significant difference in atomic size ratios, above 12%, among the three main constituent elements; and (3) negative heats of mixing among the three main constituent elements. These rules have successfully acted as a guiding principle for the search of new glass-forming composition, and a great number of new BMGs have been identified.
 In practice, it is still difficulty to navigate in multi-component composition space to locate the best glass-forming composition. Hundreds of trial-and-error runs are required to cover the entire ternary or quaternary composition space. In this paper, based on the three empirical rules,
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 we developed a practical method to predict the best glass-forming composition for BMGs using element substitution with thermodynamic calculation. The method has been applied successfully in Cu-Zr(Hf) and Ni-P systems, where the best glass-forming compositions are identified.
 2. Thermodynamic model
 The principle of the method can be described as follows: (1) start from some of the well investigated high glass-forming binary alloy systems; (2) use the element that is in the same period or group in the period table to partially substitute the existing constituent element. (3) use thermodynamic model to calculate the mixing enthalpy in the new system, and hence determine the best substitution level. Because the substitution element used has the similar atomic size and property nature, we expect that such a substitution will increase the number of the element components without the increase of mismatch entropy, which will satisfy the first and second terms of the empirical rules. The calculation of the mixing enthalpy corresponds to the third term of the rules. The best GFA comes from the composition with the lowest negative heats of mixing.
 For a ternary system A-B-C or a quaternary system A-B-C-D, the mixing heat is the sum of the mixing enthalpy of the binary solid solutions in the system, which is calculated using Miedema's model [6]. Therefore,
 AH. •AHAB + AHAC + AHBC (1) and
 AHABCD = Δ Η Α Η + AHAC + AH AD
 +AHBC + AHBD + AHCD
 respectively. AH is the mixing enthalpy of binary solid solution, which results from the changes in electron concentration and electronegativity when the two elements form a solid solution. Using Miedema's model, AH can be obtained:
 AH = f(xA, V)g{xA, nws )p[q / p{An^s )2
 -ρ(Αφ)2 -a(r/p)]
 where xA , η^ , Anws and Αφ are the bulk concentration of element A, the density of electrons, the changes of electrons density and the changes of electronegativity, respectively. / ( x A , K) is a function dependent on xA and volume V , and g(xA, nws) on xA
 and nws. ρ and q are empirical constants. Term
 r is justified heuristically as the hybridization or interaction energy between the electrons of elements. The value of a is 0.73 for liquid alloys and 1 for solid.
 When element A is combined with element Β to form a binary solid solution or an alloy, the energy effects upon alloying are assumed to be generated at the contact surface between dissimilar cells, therefore, the surface concentrations xs
 A and xsB are more relevant
 than the bulk concentrations xA and xB. xsA can
 be defined by χ V A
 Y ΛΑ 2/3
 XA^AA + XB^BA 2/3 (4)
 where VA and VB are the molar volumes of the
 pure elements. VAa and VBa are the molar volumes
 of the alloy elements. xsB = 1 - . So the
 assumption that f(xA,V) follows the zeroth
 approximation to the regular solutions is adapted. Withx* substituted forxA:
 f{xA,V)^f{x'A,xsB) = x\xs
 B (5) The surface concentration xA should be
 expressed in terms of the volumes in the alloy VAa instead of VA . The crude empirical
 relation yielding VA0/3:
 + μΑΧ.(ΦΛ-φΒ)] (6) Where μΑ is a constant. φΑ and φΒ are the electronegativity of the pure elements A and B.
 The function g(xA ,nws) can be expressed as:
 2x V2/3 +2x V2'3 e ( x η W ΔΧΑΝΑΑ Β BA (ΗΧ
 Substitution of equation (3)-(7) into equation (2) yields:
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 A H = f A B Q (8)
 where
 P = X A V T [ X + μ Α { Φ Λ ~ Φ Β ) ] + Χ Β ν Γ [ Χ + μ Β (ΦΒ ~ ΦΑ ) ]
 r _ Α Β ννλ
 ( ^ r i / 3 + ( « s r , / 3 M'.V W.V
 The mixing enthalpy AH of amorphous phase is obtained by multiplying the factor of l+5( λ:̂ xs
 B )2, which is used to account for the short range order observed in the amorphous phases.
 3. Results
 3.1 Cu-Zr(Hf) system Cu-Zr and Cu-Hf systems were chosen
 because they are the few systems that GFA is so high that BMGs can be found even in binary alloys. We started with these two binary alloy systems and calculated the mixing enthalpy for CuIOo-xZrx and Cui0o-xHfx (x = 0-100). The results are shown in Fig. 1. The mixing enthalpy has a negative value and its composition dependency exhibits a "U" shape for both alloy systems with a minimum value when χ = 44. The mixing enthalpies for Cu54Zr44 and Cu54Hf44 are -37.7 and - 29.3 KJ/mol respectively. They are the compositions with the lowest mixing enthalpy in their binary systems, which can be expected for the best GFA. In experiments, Inoue et al. reported that the best GFA compositions were Cu60Zr40 and Cu55Hf45 [7], Others reported that Cu64 5Zr35.5 alloy had the best GFA [8]. We can say that the model predicted the composition reasonably well.
 Moving to the next step, Cu6oZr(Hf)40 was chosen as the base alloy, using element Ti to partially substitute Zr and Hf to turn the binary system into a Cu-Zr(Hf)-Ti ternary system. Ti is in the same group as Zr and Hf in the periodic table, Group IVA. Ti is in Period 4, while Zr and Hf are in Period 5 and 6 respectively. The reason for using Cu60Zr(Hf)4o instead of Cu54Zr(Hf)44 is because more experimental data are available for comparison. The calculation of the mixing
 enthalpy for Cu6oZr40.xTix and Cu6oHf40.xTix are shown in Fig. 2. Substitution by Ti initially further reduces the mixing enthalpy. After reaching the minimum value, the mixing enthalpy is increased again. For Cu6oZr40.xTix, AH reaches the minimum value (-39.1 KJ/mol) when χ = 10, while for Cu60Hf40.xTix, χ = 15 and the value is -32.2 KJ/mol. In experiments, Inoue et al. reported [9,10] the largest diameter BMG rods of 2 mm were formed in Cu6oZr3oTiio and Cu6oHf25Tii5. The compositions were exactly what the model predicted. In summary, increasing the component number from 2 to 3 to become a ternary system, further reduces the heats of mixing for the systems, therefore the GFA is increased and the critical sizes of the BMG sample are increased.
 Following the same method, we now substitute Zr and Hf with each other to further increase the component number from 3 to 4, forming a quaternary system. For Cu6oZr30Tii0, Zr is partially substituted by Hf, forming Cu6oZr3o.xHfxTiio. While for Cu6oHf25Tii5, Hf is partially substituted by Zr, forming Cu60Hf25.xZr.xTii5. Fig. 3 shows the calculation results of the mixing enthalpy for the quaternary systems. Partial substitution of Zr and Hf, further brings down the mixing enthalpy for the alloy systems. For Cu60Zr30.xHfxTii0, the substitution leads to the minimum heat of mixing at -41.0 KJ/mol when χ = 10. The model prediction again lies exactly with the experimental results, which reported that Cu6oZr2oHf10Ti10 has the best GFA in Cu-Zr-Hf-Ti quaternary system [9,11], The substitution in Cu60Hf25_xZr_xTii5 results in a minimum mixing enthalpy value when χ = 6. Unfortunately, there is no experimental result available to check the GFA for this composition.
 3.2 Ni-P system Ni-P is another binary alloy system that has a
 large GFA. Metallic glass has been obtained in N180P20 alloy using melt spinning method [12]. It has been reported that GFA is significantly improved when palladium is introduced to make the binary system into a ternary system [13]. To determine the best composition for formation of BMGs, He et al. [13] experimentally investigated the whole composition range of the system. The
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 results concluded that BMG (diameter range between 10-25 mm) can be synthesized within the composition range 25-60 at.% Pd, 20-57 at.% Ni and 16-22 at.% P. Of all the alloy compositions examined, Ni4oPd4oP2o had the highest glass formability with an amorphous cylinder at 25 mm in diameter. These conclusions were derived after numerous experimental trials to cover the whole composition space.
 Here again, we used the thermodynamic method, calculating the heats of mixing for the system. Ni80P2o was chosen as the base alloy, and palladium was used to partially substitute nickel, forming Nigo-xPdxP20· Pd and Ni are in the same group (Group VIII) in the period table. The calculation of the mixing enthalpy is shown in Fig. 4. The mixing enthalpy has a negative value and exhibits a "U" shape for its composition dependency. The bottom of the mixing enthalpy is relatively flat, with a minimum value of about 270 KJ/mol when χ = 33-41. The result agrees well with the experimental results from He et al., where χ = 40 was identified as the best glass forming alloy. The large negative value also indicates why such a large critical size of BMG was fabricated in this alloy. It is very likely that we can use the same method to extend the ternary alloy system further into a quaternary system to achieve an even better GFA.
 4. Discussion
 To determine the GFA and locate the composition with a high GFA upon melt solidification, several criteria have been developed. Among them, the more commonly used are the reduced glass-transition temperature Trg (= Tg/T|, where Tg and T| are the glass-transition temperature and liquidus temperature, respectively) and the supercooled liquid region ΔΤ ( = Tx-Tg, where Tx is the onset crystallization temperature) [14], These criteria seemed to work well in many amorphous alloy systems developed in the early stage. However, they cannot successfully predict the trend of GFA in many recently developed bulk amorphous systems. Lu [14] et al. combined these two parameter together and introduced a new criterion γ = Tx/(Tg+T,). These criteria usually do
 not have the desired predictive power to capture the composition dependency of GFA, and require input (temperature parameters) that has to be obtained only after the glasses are formed. Therefore we could not reduce the number of the experimental trials. Currently the most widely and practically adopted approach to improving the GFA of an alloy is the multi-component recipe, which follows Inoue's empirical rules [15]. The Inoue's rules actually contain the components of reduced glass-transition temperature and supercooled liquid region. The three terms of the rules, i.e. the number of element, atomic size difference and the heat of mixing, can be expressed by the thermodynamic functions for the multi-component systems, i.e. mismatch entropy and mixing enthalpy. If the substitution element comes from the same group in the periodic table, they have a similar atomic size and the same crystal structure, as illustrated in Table 1. The mismatch entropy due to the difference of atomic size is very small compared to the mixing enthalpy and can be ignored. Therefore we use the calculation of the mixing enthalpy to describe the GFA, which will give a direct composition dependency of GFA. Table 2 summarizes the comparison of the calculated results and the experimental results. The thermodynamic method successfully predicted the best composition for BMG formation. As we increased the number of element component, moving from binary system, ternary system, to quaternary system, the calculated mixing enthalpy led to a bigger negative value, and in experiments such increase also led to a larger critical size for produced BMG. Hence in the same alloy system, the mixing enthalpy can be used to describe GFA when the mismatch entropy is constant.
 The Miedema's model is obtained by expanding the Wigner-Seitz theory for pure element, and the elements in binary alloy are thought as a hypothetical mechanical mixture of atoms [6], For the Zr-Ti, Zr-Hf, Hf-Ti and Ni-Pd binary systems, they all form complete solid solutions, as shown in Fig. 5 [16], which means the premise of Miedema's model has been met. From the Miedema's model, the mixing enthalpies between different elements can be
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 obtained. In the Cu-Zr(Hf) system, the mixing enthalpies between the main constituent elements are -28.86 kJ/mol for Cu-Zr, -22.51 kJ/mol for Cu-Hf and -17.57 kJ/mol for Cu-Ti. The mixing enthalpies between the substitution element and the element to be substituted are -0.06 kJ/mol for Zr-Ti, -0.21 kJ/mol for Zr-Hf and 0.13 kJ/mol for Ti-Hf. We can see the interactions between these elements are small. The interactions of Cu-Zr,
 Cu-Hf and Cu-Ti play a decisive role in the final mixing enthalpies of amorphous alloys. Similarly, in Ni-P system, the mixing enthalpies between the large and small atoms are -178.54 kJ/mol for Ni-P and -193.72 kJ/mol for Pd-P, while the mixing enthalpy between Pd and Ni is -0.05 kJ/mol. It is the interactions between the large and small atoms that controls the GFA, which has also been experimentally proven [17].
 Table. 1 Atomic radius, crystal structure and position in the period table of the elements in the studied alloy systems Element Zr Hf Ti Ni Pd
 Atomic radius(Ä) 2.16 2.16 2.00 1.62 1.79 Crystal structure Hexagonal Hexagonal Hexagonal fee fee Group IVA IVA IVA VIIIA VIII Period 5 6 4 4 5
 Table 2. The comparison of experimental and calculated results
 Alloy system Best composition from calculation
 ΔΗ (KJ/mol)
 Best composition from experiment
 BMG critical size from experiment
 Cu-Zr binary Cu5 6Zr44 -37.7 Cu60Zr40 [7] Cu64.5Zr35.5 [8]
 >1 mm
 Cu-Zr-Ti ternary Cu6oZr3oTiio -39.1 Cu6oZr3oTiio [9] 2 mm Cu-Zr-Hf-Ti C UöoZr2oHfi oTi ι ο -41.0 Cu6oZr2oHfioTi,o[ll] 4 mm Cu-Hf binary CU5fiHf44 -29.3 Cu55Hf45 [7] Ribbon
 Cu-Hf-Ti ternary Cu60Hf25Ti,5 -32.2 Cu60Hf25Ti15 [9] 2 mm Cu-Hf-Zr-Ti CuöoZrigHfs fii5 -39 —
 40 60
 x, ZrorHf 100
 Fig. 1 The mixing enthalpy AH dependence of the atomic percentage χ in Cuioo-xZrx and Cu100-xHfx binary alloys
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 Fig. 2 The mixing enthalpy AH dependence of the atomic percentage χ in Cu6oZr40.xTix and Cu6oHf4o.xTix ternary alloys
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 Fig. 3 The mixing enthalpy AH dependence of the atomic percentage χ in Cu 6 0 Zr 3 o. x Hf x Tiio and Cu6oHf25.xZr.xTi15 quaternary alloys
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 ο ε
 σ> c
 ' χ
 χ, Pd
 Fig.4 The mixing enthalpy AH dependence of the atomic percentage χ in Ni8o.xPdxP2o ternary alloys 30 40 60 80 0 10 SO 90 40 60 00
 (ßTi.ßZr)
 ~«06*C
 (aTi^Zr)
 10 SO 30 40 80 80 70 A t o m i c P e r c e n t Z i r c o n i u m
 80 »0 100
 Zr
 tö6i°C
 (ßZrjSHf)
 (aZr.aHf)
 Β 0 10 «0 30 40 60 80 70 80 90 100
 Zr Atomic P e r c e n t H a f n i u m Hi
 10 SO 30 40 0 10 SO 30 4 0 60 80 TO
 SO 30 4 0 60 80 70 80 »0 100 Atomic P e r c e n t H a f n i u m Hf
 D 10 SO 30 40 60 eo
 Ni Atomic P e r c e n t P a l l a d i u m eo ao too
 Pd
 Fig. 5 the phase diagrams of (a) Zr-Ti, (b) Zr-Hf, (c) Hf-Ti and (d) Ni-Pd binary alloys
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 5. Conclusions [6]
 A practical method has been developed to predict the best glass-forming composition for [7] bulk metallic glasses. The method combines element substitution, which uses the elements in the same period or group in the period table for substitution, and thermodynamic calculation of ^ mixing enthalpy for substitution levels. Alloy compositions with the smallest enthalpy value have the best GFA. The method has been tested in Cu-Zr-Ti, Cu-Hf-Ti, Cu-Zr-Hf-Ti and Pd-Ni-P 1 J
 alloy systems, and the calculated composition successfully predicted the experimental results. The method provides a practical and effective ^QJ tool for the development of new bulk amorphous alloys.
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                                13 SPONTANEOUS PROCESSES AND THERMODYNAMIC …gencheminkaist.pe.kr/Lecturenotes/CH101/Chap13_2020.pdf · Calculate the entropy of a tiny solid made up of four diatomic molecules

                            

                                                    
                                Thermodynamic relations

                            

                                                    
                                NASA-CR-174647 N/ A N/ A ... for calculating the thermodynamic performance of jet propulsion engines. To calculate ... Then the values of work coefficient

                            

                                                    
                                Practical Guide international EDEXCEL · Practical Guide international EDEXCEL ... Add a sign and unit ... Step 1: Calculate the energy change for the amount of reactants in the test

                            

                                                    
                                Select Thermodynamic Models for Process Simulation - A Practical Guide to a Three Steps Methodology

                            

                                                    
                                Thermodynamic buleg2

                            

                                                    
                                Sindy Roc o Mojica G omez · black hole and Kerr-Newman AdS with cosmological constant like thermodynamic variable, where the thermodynamic potential allow calculate the heat capacity

                            

                                                    
                                51599335 Thermodynamic

                            

                                                    
                                Characterization, dissolution and solubility of synthetic ... · calculate the thermodynamic properties, Δ0G, ΔH 0, ΔS, and ˜C0 p for the dissolution processes of Cd-HAP and Ca-HAP

                            

                                                    
                                Refrigerant (R-134a)...Refrigerant (R-134a) Thermodynamic Properties (ENG Units) 2 Equations The MBWR equation of state was used to calculate the tables of thermodynamic properties

                            

                                                    
                                Thermodynamic Properties Tables and Charts Properties... · 2021. 4. 6. · Thermodynamic Properties Tables and Charts • Thermodynamic Properties of Steam--- 2 • Thermodynamic

                            

                                                    
                                Thermodynamic cycles

                            

                                                    
                                Practical Problems Revised Grading Scheme · 2017-09-13 · Practical Problems Revised Grading Scheme ... Calculate the acid dissociation constant of bromothymol blue. b1) ... (methyl

                            

                                                    
                                I Determination of the Equilibrium, Kinetic and · Using the thermodynamic equilibrium coefficients obtained at ... used to calculate the equilibrium metal uptake ca- ... metal ion

                            

                                                    
                                Www.sommer-informatik.de Ako practical example.  Introductory Ako provides the possibility to calculate glass thickness of lineal

                            

                                                    
                                Thermodynamic equilibrium calculations in cementitious systems · models, to calculate the interactions with the envi-ronment [19–24]. Since the early 1990s, thermody-namic modeling

                            

                                                    
                                Thermodynamic characterization of paired charge ......Determine partial molar properties of double doped ceria Calculate solar to H 2 ... Partial molar Enthalpy ... Questions & Discussion

                            

                                                    
                                Thermodynamic Wrf

                            

                                                    
                                Regular Article PHYSICAL CHEMISTRY RESEARCH Iranian ... · PERTURBATION THEORY Perturbation theory is a very general approach devised to calculate the thermodynamic properties of

                            

                                                    
                                Thermodynamic lecture

                            

                                                    
                                Manuscript with figures - Harvard University Thermodynamic Efficiency of Infofuse To calculate the efficiency (total transmitted energy from the burning metal salts/total energy of

                            

                                                    
                                Thermodynamic Processes Illustrate how the 1 st law of thermodynamics is a statement of energy conservation Calculate heat, work, and the change in internal

                            

                                                    
                                Paper-11 Indirect Taxation€¦ · Apply Put to practical use Calculate Ascertain or reckon mathematically Demonstrate Prove with certainty or exhibit by practical means Prepare Make

                            

                                                    
                                Thermodynamic Properties of Hydrogen-Water Adsorption at …rua.ua.es/dspace/bitstream/10045/62676/5/2016_Gomez... · 2017. 3. 25. · thermodynamics description are applied to calculate

                            

                                                    
                                THERMODYNAMIC PROPERTIES OF HYDROGEN-HELIUM … · THERMODYNAMIC PROPERTIES OF HYDROGEN-HELIUM PLASMAS ... well with previous thermodynamic property ... of the thermodynamic properties

                            

                                                    
                                PPT Templateiom.invensys.com/EN/userGroupsPresentationsDallas2013/SimSci/SS T… · Introduction ”SELECT THERMODYNAMIC MODELS FOR PROCESS SIMULATION”: A practical Guide using

                            

                                                    
                                A practical guide to writing assessments Providers/exempt/writing...A PRACTICAL GUIDE TO WRITING ASSESSMENTS – MEETING ACCA’S EXEMPTION ACCREDITATION CRITERIA 6 QUESTION a) Calculate

                            

                                                    
                                R152a (1,1-difluoroethane) of State for the Thermodynamic ... · their derivatives) are used by the MBWR fitting routine to define the saturation boundary and calculate values for
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