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Contact heat transfer in the foundry — Tunnel effect
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Abstract: Mathematical methods of quantum mechanics are needed to describe the contact phenomena of the boundary casting/mold.
Apart from the macro-level, the contact phenomena are part of the technological processes first order phase transition and second order
phase transition. Need for professional software for mathematical simulation at macro- and micro-level in foundry. Education in basic
mathematics and mathematical physics is also required for engineers. The branch machine-building infrastructure must develop a
mechanism for inclusion in the computing infrastructure of the micro-foundries.
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1. Introduction developing mathematical
modeling gas pressing casting method

Crystallization in a high pressure casting process has a higher
solidification rate; lower likelihood of suction than atmospheric
pressure casting [1, 2 and 3]. The boundary condition at the mold
work surface (Bys) is:

contact

—Ag VT 1By s=Byys

321 (TC\BWS_ TM|BWS}= _AMVTMWWS, 1)

where indexes C (casting)and M (mold); A is thermal conductivity
coefficient: @aws " is Newton's heat transfer coefficient: I ¢lBws and
TmiBws are the temperatures of the casting and the mold; VT ¢iys

and YT MIBus are the temperature gradients of the casting and the
mold.

The influence of the high gas pressure Pgs on the coefficient of
contact heat exchange in eq. (1), which is a complex function. The
more interesting question of the influence of gas pressure on the

first or;ier oE ph'z:lse transition (solidification) [8, 9, 10 and 16]:
irst order phase
QY

transition
and the casting final structure by the heat-treating [4 and 5] - second
order phase transition:

Liquid Solid ,

Second order phase
transition

Solid Solid,

B)

The aim of this work is to show the need to use quantum
mechanics in the evaluation of contact heat transfer.

2. Solid state physics

Works [9 and 11] complement each other very well
methodologically [12] i.e. metal science is based on the physics of
metals and the more general scientific field of solid state physics.
The methodology encompasses all scientific knowledge [12] as new
scientific fields are constantly emerging, which interact through
mathematical logic and mathematics. As an example of work [12]
here we accept works [13 and 16] and as an engineering necessity
of quantum mechanics [14] and quantum physics [15].

3. Quantum mechanics and Quantum physics

M. Planck, L. de Broyle, W. Heisenberg, E. Schrodinger, M.
Bourne, P. Dirac and others. There are two areas of quantum
mechanics: non-relativistic studies motion with small velocities
(v((c); relativistic quantum mechanics studying the motions of
microparticles at high velocities (vac) [14]. Quantum mechanics
describes the behavior of microparticles; at distances of the order of
10" + 10 m; new principles are introduced [14]; and quantum
mechanics is a fundamental field of theoretical physics.
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To refine the analysis of the contact heat transfer coefficient
@iis™ the description [6] of: phonon transfer; thermal
conductivity of free electron gas using the Schrodinger equation. In
quantum mechanics, the closest phenomenon to an example is: the
passage of an microparticle through a potential barrier [14] (see
Fig.1). A stationary equation of Schrodinger is used, the form of
which for the individual regions is as follows [14]:

Schrodinger equations and Solutions for regions 1 and 3
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Schridinger equations and Solutions for region 2
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where h=h/2 =t is Planck's constant; A; and B; are constants at i=1;
2; 3; particle energy is E, and Uy is barrier energy; y; i=1; 2, 3 are
waves functions in every regions; ki=v2mE/h  and
ky =2m(E - Uo)/h s imaginary number if E<Uy; m is particle
mass. Then, we lay k, = ik, where k=+v2mUo—E)/h for the
solution y,(x) we obtain [14]: Solutions 2 and 3 consist of two
monochromatic waves propagating in two opposite directions 0X
and -0X: such as wave on the 0X direction to the potential barrier is
A1e™1* and the reflected wave is in the -0X direction is Bie™"*
[14]. 1A11* determines the probability the move to the barrier, and
IB1I* is the probability the move in the opposite direction. The
reflection coefficient of the barrier is called R the ratio [14]:

R =1441%/1B41?,

4)
i.e. R is the probability that the microparticle will be reflected by
the potential barrier. By analogy 42¢™*** and B2e™*** describe the
motion of the particle in the two opposite directions in region 2 (see
Fig. 1). Region 3 is from | to o and therefore there is no wave
reflected in it, i.e. B, = 0 and the solution for this region is of type
w3(x) = A3¢'* and corresponds to the wave that has passed,
propagating only in the positive direction 0X [14]. The ratio of the
square of the amplitude of the wave passing through the barrier
1431 1o the square of the amplitude of the incident wave 14417 js
called the barrier transparency coefficient D:

D = |A3]%/144% ()

Between R and D 3 relations
R+D=1: (6)

and at R = 1, D = 0 = we have the micro-particle reflection from
potential barrier; at R = 0 and D = 1 = the micro-particle has
crossed the potential barrier [14]. Eq. (3) show that event at E < Uy
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the micro-particle is likely to cross the potential barrier (i.e. to be in
region 2 (Fig. 1)). This shows that the behavior of micro-particles
considered in quantum mechanics is different that of particles in
classical physics [14]. The condition of continuity of the wave
function and its derivatives at the limit of the potential barrier of the
solutions (2 and 3)

For
¥, (0) =y, and (1) =y, (D) bundary
dy,(0)  dy,(0) dy, (D dy, (D conditions:
dx  dx dx  dx continuity,
derivaties

are determined by the constants A; and B;. For the rectangular
battier (Fig.1) the coefficient D is determined by the formula:
D= DOE—ZH — Doe_%’zmw"_m’ (7)
where I =+2ZmUo - E)/h (at E<Ug); Dy ~ 1; m is microparticle
mass. D depends on m, | and (Up - E) as their probability of the
microparticle passing through the barrier increases. Hence the
conclusion: that for macrobodies quantum mechanics passes into

the classical one: particles with large mass do not pass through the
barrier.

L—G

E
_l)
—

0

Fig.1 Free micro-particle motion through potential barrier: width | and
height U, barrier energy; space is divided into three areas [14]: 1 (x <0), 2
(x €(0,1))and 3 (x >I); direction of movement along the 0X axis; E is the
total energy of a particle; the particle £ > U, passes over the barrier, at E <

U, it cannot pass through the barrier and reaches a height allowed by E.
According to quantum mechanics, there is a probability =0 (E <U,) that the

particle will cross the barrier and the motion is described by eq. (5,
Schrodinger stationary equation,).

The passage of a microparticle through a potential barrier is
called the tunnel effect. This effect explains many phenomena in
physics: cold emission of electrons from metals (separation of
electrons from the surface of a metal under the action of an external
electric field); a-decay of radioactive nuclei; contact phenomena at
the boundary between solids etc. The tunnel effect is specific
quantum phenomenon and is observed only at a very small width of
the potential barrier (of the order of the size of atoms 107° m) [14].

Quantum physics tries (should) answer two fundamental
question are being sought [15]: What are the elementary
components of matter? AND What are fundamental forces
controlling their behavior? In [15] the scientific disciplines related
to these questions are presented as: |. Basic task of physics; Il.
Particle physics; Ill. Quantum physics: I11.1 Open questions of
physics; [111.2 Basic task of physics. [15]. The scale of the
considered processes and phenomena in physics are [15]:

-llof!d1‘0730107&:1‘0722lloflﬁlofm-l‘ﬂfl(?-llof(:-l.,‘n .1.06 1‘0"' -1I014 1‘018 1|022 ]p?.fz

Quantum physics unites: quantum mechanics; quantum field theory
applied in particle physics, nuclear physics, high energy physics,
solid state physics, astrophysics and many other branches of
Physics. The particle physic gives many important answers of the
two questions, which are relevant to all physics; in particular, our
interest in material science and in all knowledge. An important
result for unification in physics is the standard model in elementary
particles [15 and 17]. The main interaction in nature are: strong,
weak, electromagnetic and gravitational. The standard model
combines strong, weak and electromagnetic [15 and 17].
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4. Materials Science — Contact Phenomena

First order phase transition (A) and second order phase
transition (B) are the two fundamental processes of the material
science.

In [18] the connection between the classical and quantum
penetration barrier is shown as the length of the potential barrier is
of the order of the de Broglie wavelength. The type of barrier
potential is trapezoidal [18]. Some particles cross the barrier due to
"strong fluctuations in the quantum mechanical potential”. Other
particles cross the barrier due to thermal fluctuations [18]. The
tunnel effect is presented in lectures in courses for students such as
one of the mysteries of quantum mechanics [19]. Contact
phenomena of the macro level at the first order phase transition is
eg. (1); but contact phenomena have in the same process of casting
formation; metal glass production by quenching. In the second order
phase transition contact phenomena is interest in the quenching
process.

5. Multiscale Modelling — Material Science

Multiscale mathematical modeling: The need for the physical
problem to be considered simultaneously hierarchical scales (103 +
10%) [14 and 15]; Choice from the area of macro-scales (10° =
10%) for example casting volume of kg/m? choosing for the
specific task the necessary ,fundamental level: crystallization
theory “this can be the size of a micro-particle or an atom, (or
micro-particles with atom), (or micro-particles with atoms in
nucleus). It follows that the field of consideration may be (104 +
10" = 10®) i.e. use of mathematical fields and the parent methods
created in them. In conformation of a multi-scale approach for us
are the works [6, 8, 13 and 16].

In work [20] a scientific project is considered of Max-Planck-
Institute fiir Eisnforschung GmbH Diisseldorf, Germany on the
topic: Modeling of Materials: Development with Simulation —
Discoveries through Simulation with participants F. Roters, T.
Hickel, J. Neugebauer, M. Friak, C. Tasan, M. Diehl, D. Raabe.
Complex alloys are an essential response to the challenges of
sustainable societies [20]. Application of modeling and simulation
in the design of complex materials from nano-level in real-world
conditions to atomic scales [20]. Scientific mission: complex
materials in real environments [20].

5. Quantum Chemistry — Physics Solids

Quantum chemical methods are shown on Fig.2 [26]:

Schrodingen(1926)

Moler & plessed
(1934)

® @ @ @
E1 Orbitals Orbitals Orbitals Density
ExcOrbitals Orbitals+  Density Density
Density

Fig.2. Evolution and classification of quantum chemical methods [26].
Er is kinetic energy of the electrons; Exc is exchange functionality.

It is well known that quantum mechanics was created to
describe the properties of metals (metal physics) and is quite
naturally applied in solid state physics [21, 11, 6].
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Properties [22] of binary aluminum alloys Al — TM (TM = Ti,
Zr and Hf) energy of alloying, formation enthalpies, intermetallic
layers, lattice parameters, elastic properties are calculated with
methodology is on the base: 1. CALPHAD thermodynamic
calculations modeling for phase stability, phase transformation
kinetics in complex systems with multicomponent alloys [22]; 2. Ab
initio or first-principles methods based upon electronic density-
functional theory (DFT) [22].

Powerful applications of quantum physics are professional
software science products [27], for example CASTEP [7], VASP
[22].

6. Multiscale Modelling — Creating Software

In [23], a combination of the finite size scaling method is
proposed. A procedure for obtaining quantum critical parameters
for a quantum system has been created. Results for the Yukawa
potential were obtained by the finite element method [23]. The
finite size scaling method is used to determine critical system
parameters [23]. In work [24] criterion is derived for the
determination of parameter domains of first order phase transitions
in quantum mechanical tunneling models. This criterion [24] is
tested by models for the study of spin tunneling in macroscopic
particles. Preliminary heuristic identification domains are sought,
with which agreement is sought in each case [24].

7. Conclusions - Materials Science of Macro- and
Meso level

Overview of macroscopic quantum tunneling and quantum-
classical phase transition of the evacuation rate in large spin system
ideas are introduced by simple calculations [25]. Base ideas [25]
path integral (PI), path integral formulation (PIF) or (FPI): 1.
Original form PIF of quantum mechanics using the orthonormal
position and momentum basis [25]; 2. The FPI with imaginary time
(Eucledian) with application for particle tunneling in a forbidden
region is applied to the tunneling in the potential of double wells
[25]; 3. The PIF of single-molecular magnets (spin system) is
required: the use of nonortonormal spin coherence states in a
(2s+1)D Hilbert space, the coordinate-independent and coordinate-
dependent shape of Pl of the coherence state of spine are
derivatives. These two (equivalent) forms of the coherent Pl of
rotation of the state are applied to the tunneling of single molecular
magnets through a magnetic anisotropic barrier[25]; 4. Tunneling
suppression: half-odd integer spin (spin-parity effect) at zero
magnetic field is derivative on the base of the both forms of spin
coherent state Pl and is shown that (spin-parity effect) is
independent of the choice of coordinate [25]; 5. They are presented
experimental and theoretical result at zero magnetic field: is from
the oscillation of tunneling splitting as a function of the applied
magnetic field applied along the spin hard anisotropy axis direction
[25]; 6. Tunneling in a model of dimeric antiferromagnetic
exchange is considered [25]; 7. The formalism of the PI of the spin
of the coherent state is a semiclassical method: an alternative exact
mapping of the Hamiltonian of the spin to the Hamiltonian of a
particle with potential field (effective potential method) is derived
[25]. The methods from 1 to 7 in [25] are applied in different
models of spin.

Here it is important to know that research is divided into two
parts: 1. Basic research based on complete fundamental knowledge
in mathematics; mathematical and theoretical physics; with 1.1
Fundamental experiments; 2. Applied research: based on the results
of 1. And 1.1; Duration of research: the history of science and
especially of the 20" century has shown [12] that the duration is
almost the same, i.e. (Duration of studies 1. And 1.1) ~ (Duration of
studies 2.); 3. Research funding: Fundamental research is funded by
the state; Applied research is funded by industry. The ideal lattice
[21 and 20] is without defects and at the macro level is a mono
crystal. Areal lattice [21 and 20] has defects and at the macro level
is a polycrystalline. The defects are [21 and 20]: dislocation;
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polycrystalline grain formation (surface); precipitates; phases,
cracks.

CASTEP is professional software introduced in BOVIA
Materials Studio 2020 « CASTEP Guide [7]. Task in CASTEP:
Single-point energy calculation; Geometry optimization; Molecular
dynamics; Elastic constants calculation; Transition state search;
Transition state confirmation. Mathematics and mathematical
physics [14 and 15] must need of engineers [13], i.e. the curricula of
the Faculties of Mathematics and Physics of Sofia University must
also be curricula and for engineers [1, 2, 3, 4 and 5] to have
maximum orientation in the methodology of science [12].

1. Contact phenomena are important part of macro- and micro-
level of casting process.

2. Tunnel effect is describing by quantum mechanics.

3. To use professional software requires supercomputer
resources with very good computing infrastructure.

4. Multiscale mathematical modeling is becoming a basic
approach to work in fundamental and applied research as well as
production skills to any company.

5. Mathematical provision of micro-foundries: inclusion in the
computing infrastructure through the Machine Building.
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