
MATERIALSCIENCE – MATHEMATICS AND PHYSICS FOR EVALUATION OF 

LIQUIDS IN FOUNDRY 

 
Chi. Ass. Eng. A. Maheva, PhD., Ass. Prof. Eng. St. Bushev, PhD., 

Institute of Metal Science, Equipment and Technologies With Hydro- and 

Aerodynamics Center „Acad. A. Balevski“ 

Sofia 1574, 67 „Shipchenski prohod“ blvd. Bulgaria 

Bulgarian academy of sciences 

anna13@abv.bg, stbushev@abv.bg 
 

Abstract The base process was obtained: 3D hardening temperature field for the K-test under heat transfer at conditions with maximum 

intensity. A methodology for determining macro-level defects in aluminum alloys. It is definitely the placement of the K-test method in the 

process of creating the first order phase transition in a casting technology. The idea of interaction between the classical theory of 

crystallization and quantum mechanics for the processes of structure formation at casting was introduced by Stefan’s task in volume with 

nano-size. 
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1. Introduction – mathematical basis of the 

foundry; material evaluation (metal, alloy 

(primary, secondary), ceramic casting) 

The basic processes of material science are: casting and heat 

treatment, collectively called die-casting. On Fig. 1 presents a 

diagram of methodology and connectivity of the most important 

fundamental scientific areas for high-tech production of the smallest 

producer (detail). 

 

Fig. 1 Synergy (a complex combination) of high-tech foundry science of a 

single manufacturer (detail). The connection between mathematics and 

mathematical physics is a science bridge between software MAGMASOFT 
[26] and CASTEP (first-principles calculation) [27]. 

The working properties of the materials are determined by the 

structures, which have to describe their creation through the 

connection between mathematics and mathematical physics from 

the science bridge (Fig. 1). Fundamental knowledge in industry is 

used through computational software (Fig. 1). 

Mathematics we present in general with work [1] and today it is 

used everywhere; in research it has become a working language 

because every science is differentiated through it. Work [2] and the 

whole development of mathematics has shown that there is no 

complete (mathematical) mathematics, but it develops itself from an 

inner necessity without the use of physical experiments. Methods of 

advancement in theoretical physics are presented in [3]: The 

principles of quantum mechanics are new ideas observed in 

experiments and described through mathematical formalism 

(mathematical theories). The functional link [4] entropy (S) and the 

probability of the state () of the system is eq. of Boltzmann in 

general with a constant for determining S = klnπ + const, where k is 

a Boltzmann constant. The difficulty in determining this constant is 

the separation of the set of dynamic states of the phase space (2f), 

where f – the number of degrees of freedom of the system. 

Трудностите за определяне на тази константа е разделяне на 

множеството от динамични състояния на фазовото 

пространство (2f ), където f – брой на степени на свобода на 

системата. Thus (2f) is separated into very small cells of the same 

(hyper-volume) : 1. Classical statistical mechanics - indefinite 

multiplier in ; 2. Quantum mechanics - introduces discrete 

quantum states: the division of (2f) is of cells with hyper-volume 

hf, where h - the plane of Planck. In [4] is presented the atomic heat 

capacity based on the Debye temperature quantum mechanics. 

Experimentally, a reduction in nanocrystalline Cu and Pd grain 

size reduction was observed [5]. 

The material science we present on [6, 7, 8, 9, 10, 11, 12, 13, 

and 14]: 1. Metal science and hardening [6, 7] - from the electronic 

structure of the atoms, between atomic bonds, crystal structure, 

defects and real crystal, properties, X-ray analysis, crystallization 

and solidification of metals and their alloys; 2. Solid State Theory 

and Physics of Metal [8, 9, 10, 11,] Atomic view of building-

properties from classical physics and quantum mechanics. We note 

a natural methodological connection from a fundamental point of 

view between works [611]. Work [12] is an important 

development for a generalized pattern of strength properties - 

toughness and resistance to demolition materials; 3. The history of 

material science is presented by work through separate editions of 

[13] i.e. a dynamic process of developing learning to teach. We are 

interested in the theory of alloys. In different editions, the emphasis 

is on the inclusion of new knowledge of competition in the 

economy. A problem is a release of knowledge; 4. Principles and 

system of stereometric metallography methods are presented in 

[14]. 

The mathematical experiment is a basic tool besides for 

research [15] (in pure mathematics discoveries, supporting 

theorems, and last but not least appraisal of applications [1, 2]). The 

mathematical experiment was imposed in the industry through the 

rapid development of mathematical modeling [16]. The [17] is a 

presentation of the need of using modern computer technology as an 

active tool in mathematical research. For example, MAGMASOFT 

is based on modern computer technologies that are constantly being 

upgraded for high competition. Work is [18] a fundamental example 

of industrial mathematical physics - nano-particles of gold become 

corrosively unsustainable. Mathematics is generally a tool that is 

often stimulated by need for hypothesis assessment and/or 

predictive discovery (in mathematical and theoretical physics). 
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Modern Quantum Theory of Solids [19] and modern ideas such 

as quantum fluctuations and strong electronic correlations. Different 

topics are dealt with: the general theory of phase transitions, 

harmonic and anharmonic grids, Bose condensation and 

superfluidity, modern aspects of magnetism including resonant 

valence bonds, electrons in metals, and strong electron correlations 

are seen in terms of ordering and elementary excitement. 

The theory of the solid body [20] (or the physics of condensed 

matter) evolved after the discovery of quantum mechanics. It deals 

with problems related to materials from fundamental to 

technological problems (quantum mechanics industry). The 

progress of industrialized countries is largely a consequence of 

quantum mechanics [20]. Condensed matter (solids) consists of 

atomic nuclei (ions) and electrons arranged in an elastic recess. 

Describe their interaction. Typical scales known from atomic and 

molecular systems are: Radius length of Bohr; Energy: Hartree with 

a constant for fine structure. The fundamental theory of common 

origin of states is sought: electrons interact with each other and 

through ionic coulombic interaction. Effective (reduced) theories 

are formulated as an important step (part) of the condensed matter 

physics of various common Earth states: metal theory, 

semiconductors, superconductivity. 

In [21] are presented the main ideas and methods for the current 

applications of the variation theory in theoretical physics and 

chemistry. The known variational principles of classical mechanics 

and optimization theory are addressed by the variation principles, 

formalism, and computational methodology of connected and 

continuous quantum states of interacting electrons in atoms, 

molecules, and condensed matter 

From the works [19, 20, and 21] follows the mandatory use of 

quantum mechanics in the industry. For example, 34% of the US 

economy is based on quantum mechanics. The application of 

quantum mechanics in foundry as a first step in Bulgaria is the 

methodological proximity of works [6 and 9]. 

The use of quantum mechanics in the foundry should be from 

the preparation of the material to the casting and more important 

structural factors influencing the properties of Al-alloys are [24]: 
macro size of the grains of the solid solution and the state of their 

boundaries; the amount, shape and temperature of the eutectic 

crystallization; the amount and size of the secondary phases and their 

interaction with the solid solution during the heating process. Physics-

chemical properties affecting the casting strength: micro-resistance of 

the solid solution; energetic state of the crystalline lattice of the solid 

solution (interatomic interaction forces, character state); atomic diffusion 

coefficient of aluminum and diffusion of the atoms of the alloying 

elements and impurities in the crystalline grid of the solid solution; 

quantity and nature of distribution of crystal lattice defects (vacancies, 

dislocation, impurity atoms) and their interaction with the atoms of the 

alloying elements. Quantum numbers are: the quantum number is n 

and accepts only positive values n = 1, 2, 3, …; an orbital quantum 

number l = 0, 1, 2, 3, … , n-1, 0  l  n – 1; magnetic quantum 

number mi = 0, 1, 2, … , l, |mi|  l; spin quantum number s - 

which occupies only  1/2 and defines the moment of impulse of 

the electron . Pauli's principle: In the metal, every 

possible state of the electron can be occupied by an electron. The 

electronic state is uniquely defined by the four quantum numbers; 

there are no two electrons of conductivity with the same four 

quantum numbers. Not to be taken into account  Pauli's principle 

is: each state is described by three quantum numbers and can be 

encountered twice; it is understood that the two electrons in this 

state must have the opposite spin. In the electronic gas the impulses 

ps (or p) do not have a forward direction, so all p are located within 

a sphere with max radius p0 and volume , where p0 is the 

maximum impulse corresponding to the energy of Fermi's energy 

E0: , where m – electron mass. [10]. The p0 and E0 

dimensions are defined by Pauli's general quantum theorem: At any 

state of any z-dimensional system corresponds volume ℏ z in the 

phase space (in the impulse space and coordinates). The aim of 

work is shown in Fig. 2 

 

Fig. 2 The place of the K-test in the process of forming the structure in a 

first-order phase transition in a casting technology. 

2. Computational Physics - Melt Solidification 

Temperature Range in the K-Test 

The mathematical model for the calculation of the hardening 

temperature field is the 3D task of Stefan-Schwarz realized with the 

finite element method at the dates: C|M = 56000 w/m2 K, M|Ar.media 

= 28000 w/m2 K, L =104 w/m K, cL = 30,54 J/kg K, L = 2500 

kg/m3, S = 83 w/m s K, cS =30,54 J/kg K, S = 2500 kg/m3, Tm  

= 554  3,5 o C, QL = 160000 J/kg T0|M = 20 o C, T0|C = 558 o C 

 

a) Cast and mold for K-test; 

 

b) Temperature field of solidification in K-test; 

Fig. 3 The role of K-test for the first order phase transition before every 

castings is the give important technological information. 
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The K-test is a visual estimate of the number of non-metallic 

inclusions of the rapidly-validated sample castings (Figure 3a) from 

a casting grade. Repeat gravitational flooding in a molten metallic 

form is done several times. The transverse grooves on the top and 

bottom surfaces of the slab form the places of rupture. It is believed 

that the retention of non-metallic inclusions from the melt increases 

in the channels due to some retention effect.  

In Fig. 4 are represented by: a rapid crystallized test sample for 

the K-test (Fig 3a) and the resultant casting structure of a type of 

care wheel 

 

Fig. 4 Lom on the K-test for visual observation. Polycrystalline structures 

obtained in local casting volumes: 1 macro-grinding; micro-grindings: (2,1 

2,2 2,3); Phases in solid material 3. 

Fig. 3 is the most important information: K-test of liquids  

phase transition of first order  real structure of solid body  

work properties. Fig. 4 introduced mathematical experiment: 

numerical investigation of the solidification and results Local 

solidification velocity. Stefan-Schwartz task is the bridge (Fig. 1) 

and it is bridge between theoretical thermodynamics and (metal 

physics + theory of solid body). 

 

Fig. 5 Mathematical experiment and Computational physics. 

Types of Chemical connection: Ion crystals Ion crystals - the 

crystal lattice is composed of oppositely charged ions connected by 

an ionic bond; Valence crystals - the atoms are connected in a 

crystal lattice with covalent (or homeopolar) bonds; Metals - a 

crystalline lattice made up of positive ions, whose repulsive senses 

are counterbalanced by free electrons; Molecular crystals - a grid 

built of separate molecules or atoms interconnected with 

intermolecular (of Van der Waals) forces. It is well known, that 

electrostatic nature of chemical connection is attraction and 

repulsion of electrical charges [9]. Chemical connection are defined 

from electron structure of the interaction atoms and effects of 

quantum character of the electrons movement: The energy of 

ionization J of a neutral atom is the difference with a negative sign 

(-) between the energy of the atom in its basic state and the energy 

of the single (+) ion (also in the basic state). J (measured eV), 

associated with the electronic structure, and the periodic change of 

the properties of the chemical elements; Energy of the kernel of 

electrons (electronic affinity) . Many atoms of chemical elements 

are connected to an additional electron by releasing energy equal to 

the difference between the energy of the neutral atom in basic state 

and the energy of the basic state of the corresponding negative ion; 

Electro-negative based on J and  characterizes the ability of atoms 

in a molecule to attract electrons to itself, atom A associates an 

electron by cleavage from atom B. When JB – A < JA – B or JA + 

A > JB + B the electron will strive to move from atom B to atom A 

i.e. JA + A or the semi-sum x = (JA + A)/2 (Mulliken) is a 

quantitative measure of electro-negative. The energy of the ionic 

(chemical) bond U is the difference from the interaction energy W 

and the difference (– J + ) needed to form neutral positive and 

neutral ions U = W – (– J + ) = W + J – . The energy of the ion 

crystal lattice between i-th and j-th ions is sum: a potential energy 

of interaction Wij; repulsing forces; potential energy of coulomb 

interaction Wi = j Wij. If the surface effects are neglected, the full 

energy U of a crystal composed of 2N ion or N molecules is: U = 

NWi = NW. Methodology for application is – the necessary work  

spent on approaching two charges or half a crystal (K/2) is: 

,  

, or , where  

corresponds of ln2  there is a need for work to create a 3D lattice 

of a large number of particles, among which only coulomb forces 

, where ELettice is the lattice energy,  is 

constant of Madelung [10].In the metal bond, valence electrons are 

also called generic. They move in the force field of the atoms of the 

lattice, forming the lattice; are not localized around their atoms but 

move freely; and interact with one another. In their movement 

electrons do not disturb the chemical properties of metals. The 

number of electrons of each atom does not change. The energy of 

each individual bond in the metal grid is smaller than in a two-atom 

metal molecule, and the inter-atomic distances are correspondingly 

larger. Metal alloys are solid solutions. The crystal lattices of the 

alloys can be: substitution solutions at comparable sizes of different 

atoms; incorporation solutions when smaller size atoms are 

introduced into the crystal lattice by atoms of larger size. For 

describing the structures and properties of metals and materials in 

general, quantum mechanics is used to search for the corresponding 

solutions of the Schrödinger equation  

, 

, 

, 

where m is the mass of the electron; ℏ  is a Planck constant; V is the 

periodic potential of the interaction electron/(all other electrons);  

is a wave function, a solution to the Schrödinger equation; k is a 

vector defined by the vector base t1, t2 and t3 of the crystal Brave 

lattice Tn1n2n3 = n1t1+n2t2+n3t3  Tn, n is the number of the ordered 

numbers (n1, n2, n3); uk is a periodic function with the period of V. 

 

Fig. 6 Character phases (Fig. 4, 3); sphere R = 50 nm which cannot see in 

the scale 20 m; Local Crystallization Time LCT = (20/10)3=8 s. 

Stefan's task in a sphere with a radius of Rnm = 50 nm is our 

proposal for a bridge between the task of Stephen-Schwartz (the 

first-order phase transition) and the general theorem of Pauli's 

quantum mechanics [10]. V is volume in Euclidean space; N is the 

sum of the electrons of the conductivity (e-gas) n = N/V and: 

, (1) 
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for a particular material (alloy), a necessary geometric matching is 

sought for the formation of the polycrystalline structure in the die 

by Stefan's task in the sphere volume with radius R = 50 nm: 

 

Fig. 7 Time-temperature curve of solidification of nano-sphere from melt of 

aluminum alloy (Fig. 3), i. e. conditions of local solidification. 

The process of solidification in a radius sphere, 50 nm is a 

convenient tool for connecting foundry (MAGMASOFT) and 

Quantum mechanics (CASTEP) software (first-principles). This 

software are convention for using the methodology of mathematical 

experiment and computational physics [16, 17]. Application of 

CASTEP (or other software) to form a real polycrystalline structure 

is an important manufacturing tool.  

3. Conclusions  

1. A 3D Stefan-Schwartz mathematical model is applied in heat 

transfer with maximum intensity for a K-test. It is obtain the basic 

process in the real casting volume: the non-stationary temperature 

field of solidification (separating the latent heat) in the real macro-

geometry in the phase transition zone. 

2. Stephen's task in nano-volume was chosen as a bridge 

between software of quantum mechanics to description of structure 

formation at casting and for example MAGMASOFT. 
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