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Abstract: At high speeds of cooling of a metal melt after action of a laser impulse in a surface layer is formed a metastructural condition of 
the alloy. The sizes of proeutectoid constituents in such structure are 0,1 - 0,4 mcm. The mathematical model of proeutectoid constituents 
formation is developed for the description of conditions of structure formation at pulse laser action. There are determined boundary 
conditions of formation of a metastructure objects. Observable distribution of proeutectoid constituents in the sizes will are agreed with 
theoretical calculation. 
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1. Introduction 
 

At action of a laser impulse with specific energy 2,5-3 
МДж/м2 on a metal surface the bath of liquid metal will be formed. 
After cancellation of a laser impulse liquid metal is refrigerated 
with very high speed. Thermal calculations have shown that speed 
of cooling can reach values 105-106 К/с [1]. At such speed of 
refrigeration the time interval during which proeutectoid 
constituents can be formed, is reduced to several milliseconds. 
Microstructure researches show that in the alloyed metal alloys in a 
surface layer after pulse laser influence the disperse metastructure 
with uniform distribution of particles of proeutectoid constituents 
within area of influence of laser radiation is formed (fig. 1). 

 

  
a       b 

 
Fig. 1. Microstructure of a surface layer of the steel 

sated with chrome and boron, after action of a laser impulse [2] 
a - chrome carbides, b - iron and chromium borides. 

 
In the present work the mathematical model of formation of 

the crystallisation centres of proeutectoid constituents is presented. 
 

2. Preconditions and means for resolving the 
problem 

 
At cooling of the fused metal the crystallisation centres of 

proeutectoid constituents are formed as a result of formation of 
concentration fluctuations. 

At slow cooling ability of the formed nucleating centre to 
growth is defined by the diagramme of a condition of an alloy. In 
stationary conditions of crystallisation for growth of nucleating 
centre of metastable phases under the set conditions there is a 
thermodynamic interdiction irrespective of their size. For stable 
phases the surface formation of surface between solid and liquid 
phases leads to suppression of growth and dissolution of nucleating 
centre in the size less critical r0. The generated nucleating centre of 

high concentrated phases by means of diffusion turn to the phases 
defined by position of an alloy on the structural diagram. Diffusion 
process also provides growth of nucleating centre of proeutectoid 
constituents. Their final size is defined by time of course an active 
diffusion processes. 

In non-stationary conditions of passing of processes of 
formation of solid phases are began to play a leading role kinetic 
processes on which are imposed the temporary restrictions 
connected with high speed of passage of a temperature interval of 
active diffusion moving of atoms. At fast cooling the crystallisation 
time interval is so small that influence of diffusion on 
transformation of particles of proeutectoid constituents is 
insignificant. Considerable overcooling concerning equilibrium 
temperature leads to formation of a great number of the 
crystallisation centres. Besides, the big degree of overcooling slows 
down integrated growth rate of the formed nucleating centers. Thus, 
cooling after action of a laser impulse "freezes" the structure which 
has arisen at the initial stage of crystallization. 

The main task arising at attempt of the description of 
mechanisms of phase transition with allocation of particles of the 
second phase, consists in a finding of function of distribution in the 
sizes f (r) nucleating centers both for stable phases, and for 
metastable phases. 
 

3. The decision of a considered problem 
 

At intensive agitation of substance in volume of a liquid metal 
bath nucleating centers of any crystal structures with any chemical 
compound can be formed. Their further growth or disappearance 
depends on their thermodynamic stability and is defined by the 
mechanism of diffusion moving of substance of a liquid metal bath. 
According to the thermodynamic theory of fluctuations, the 
probability of occurrence of a nucleating centers of a new phase at 

temperature Т is proportional , where R - a universal gas 

constant, Er - activation energy of formation of a nucleating 
centre's. For spherical nucleating centers of radius r activation 
energy Er can be found as the sum of volume energy EV and of 
surface energy ES 
 
(1)   
 

The volume energy size of a nucleating centers of the spherical 
form as a first approximation can be defined through Gibbs energy 
EG ( the energy module of a solid phase at the big degrees of 
overcooling is many times more than energy module of an equal 
volume of a liquid phase) 
 

(2)  4  

 
EL – molar energy of a liquid phase;  – molar volume of a 

solid phase, μ and ρ – molar weight and density of a solid phase 
accordingly. 

SCIENTIFIC PROCEEDINGS IX INTERNATIONAL CONGRESS "MACHINES, TECHNOLОGIES, MATERIALS" 2012 PRINT ISSN 1310-3946

YEAR XX, VOLUME 1, P.P. 52-55 (2012)52



It is possible to present volume energy EV of a nucleating 
centers of radius r through quantity NV of molecular units 
 

(3)  ⇒  

 
NA – Avogadro number. Molar volume ϑ and volume of elementary 
cell Vc are connected by a parity 
 

(4)    

 
nV – number of molecular units in one elementary cell. It allows to 
present quantity of molecular units NV in a kind 
 

(5)   

 
In this case the size of volume energy EV can be presented a parity 
 

(6)   

 
Definition of size of surface energy of a nucleating centre's 

represents the greatest difficulty in a considered problem. Now 
calculations of surface (interphase) energy fulfill more often by the 
formula [3]: 
 

1,5 ∙ 3 ∙
, ∙

∙ ∆ ∙
∆

∙
∆

  

 
k – Boltzmann constant; T – temperature of solidification of metal 
with updating on overcooling, ΔHVt – warmth of fusion of unit of 
volume of metal; Na – Avogadro number; Vm – molar volume; h – 
Planck's constant; ΔGac – energy of activation of transition of atom 
from a liquid into a crystal. Despite satisfactory enough results of 
calculations the physical sense of this formula is not absolutely 
clear. Besides, this formula does not consider feature of a crystal 
structure of arising superfluous phases. 

More correct result it is possible to reach, if size of superficial 
energy of a nucleating centre's to present in the form of the total 
energy of the uncompensated links of surface atoms. For this 
purpose it is necessary to present volume energy of a nucleating 
centre's through total energy of interatomic links. 
 

One molecular unit contains the volume energy εV 
 

(7)    

 
One molecular unit of a surface of a nucleating centers 

contains surface energy εS. The size εS for NS surface molecular 
units defines value of surface energy ES 
 
(8)    
 

Molecular units on a nucleating centre surface have higher 
value of energy owing to the uncompensated intermolecular 
linkages. Each molecular unit on a nucleating centre surface can 
have k uncompensated linkages with energy εk, and the total of such 
linkages nk=kNS defines value of surface energy of nucleating 
centre ES 

 
(9)    
 

The size of energy of uncompensated linkage εk as a first 
approximation can be defined through the relation of the module of 
volume energy of molecular unit εV to quantity of linkages kV into 
molecular unit 

(10)   
| |

 

It allows to present size of surface energy of a nucleating centre 
through the same sizes, as well as for volume energy 

 

(11)   

If the nucleating centre surface is limited by crystallographic planes 
of the most dense packing (that usually is observed at growing 
crystals of a solid phase) the quantity of molecular units in surface 
layer NS can be defined from a parity 
 

(12)   

 
Sc – the size of a limiting crystallographic plane within an 
elementary cell, nS – molecular units quantity which contain on the 
limiting crystallographic plane within an elementary cell. In this 
case the size of surface energy will be defined by a parity 
 

(13)   

 
Thus, finite formula for activation energy Er will become 

 

 (14)  4  

 
It is necessary to consider that consideration of process of 
nucleating centre's formation of a solid phase makes sense only 
under condition of EG – EL<0. In this case the final formula for 
energy of activation will be presented by parity 
 

(15)  | | | |  

 
In the course of cooling of liquid metal there can be nucleating 

centers of the different sizes. Ability of the arisen nucleating centers 

to the subsequent growth is defined by condition 0. This 

condition allows to define the minimum size r0 a nucleating centre 
which growth will lead to reduction of its total energy. The critical 
size of a nucleating centre r0 can be defined from equality 
 

(16) 4 2 | | 3 | | 0 

 
From this equality follows 
 

(17)  2
| |

| |
 

 
3. Results and discussion 

 
The offered model has been realised at calculation of the size 

of nucleating centre of iron borides and of chrome carbides which 
are the basic phases from superfluous phases in the processing of a 
surface of steels by the pulsed laser with simultaneous alloy 
building of surface by chrome and by boron carbide. 

Carbide of chrome Cr3C2 has a rhombic lattice (fig. 2) in 
which each of 8 atoms of carbon is located in the centre of a 
trihedral prism in which corners contain atoms of chrome. Four 
hybrid covalent sp-links connect atoms of carbon to atoms of 
chrome, and chrome atoms form the spatial sublattice. Chrome 
atoms in this sublattice connect to carbon by hybrid covalent sd-
links, and with the chrome atoms the link type is close to metallic. 

At formation of a nucleating centre its surface is limited by 
planes of the most dense packing (211). It means that at formation 
of an interphase surface in each molecular unit arises six 
uncompensated links of metal type. 

Calculations for chrome carbide Cr3C2 show that in the 
interval of temperatures of active crystallisation (1300°С ÷ 1500°С) 
the critical size of nucleating centre composes ~ 80 nanometers. 
The size of nucleating centre r * which possess the maximum 
probability of formation, can be found from condition Er = 0. The 
relation r * = 3r0/2 follows from this condition that gives size ~ 120 
nanometers, well enough coinciding with size observed 
experimentally (100 ÷ 400 nanometers). 
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Fig. 2. Crystal structure of chrome carbide Cr3C2 and 
arrangement of polyhedrons. 

 
Carbide of chrome Cr7C3 has a lattice of rhombic type (fig. 3) 

with a complicated relative positioning of atoms of chrome and 
carbon. The lattice structure contains a combination of two a few 
different structural elements (the direct and the deformed trigonal 
prisms). Atoms of carbon take place only in direct trigonal prisms. 
Formation of an interphase surface leads to origination also six 
uncompensated links of metal type. It assumes that the size of 
nucleating centre r *, which possesses the maximum probability of 
formation, also constitute ~ 120 nanometers. X-ray analysis 
confirms that in experimental samples quantity of carbides of both 
kinds approximately equally. 

 

 
 

Fig. 3. Polyhedrons arrangement in chrome carbide Cr7C3 and a 
projection of atoms position to a basic plane (00l). 

 
The lowest of carbide of chrome Cr23C6 (the basic carbide in 

chromic steels) has very difficult crystal structure. The germ surface 
can be limited to several crystallographic planes (511, 844, 971). It 
leads to formation enough considerable quantity of uncompensated 
links counting on one formular unit (7-8). For this reason the critical 
size of germ of this carbide is great enough and it can be formed 
only by a diffusive way. 

Iron boride Fe2B has a tetragonal lattice with four formular 
units (fig. 4). Each formular unit from outside boron atom contains 
three covalent hybrid sp-links. Three covalent hybrid sd-links 
connect atoms of iron with boron atoms, and other hybrid links 
form a skeleton of iron atoms. At formation of an interphase surface 
in each formular unit on a surface of a nucleating centre remain 
uncompensated four links. Calculations show that the size of 
nucleating centre's of iron boride Fe2B r *, which possesses the 
maximum probability of formation, constitute ~ 70 nanometers. It 
will well be co-ordinated with experimentally observable size (100 
ч 200 nanometers). 

 
 

 
 

Fig. 4. Crystal structure of iron boride Fe2B. 
 

The crystal structure of iron boride FeB (fig. 5) consists of the 
trigonal prisms formed by iron atoms in which boron atoms are 
asymmetrically located. In a combination to enough considerable 
quantity of possible bounding planes (111, 200, 021, 210, 122, 212) 
the quantity of uncompensated links in surface molecular units is 
great enough. For this reason the iron boride FeB seldom meets in 
structure which is received by pulse laser processing. 

 

 
Fig. 5. Crystal structure of iron boride FeB 

 

If to make replacement | |
| |

 it is 

possible to present an activation energy in a kind 
 

(18)  | | 1  

 

Exhibitor  abruptly decreases in the range of values 

from 1,5r0 to 2r0 (fig. 5). The thermodynamic ban is imposed on an 
interval of values from r0 to 1,5r0 and consequently the probability 
of occurrence of nucleating centers in this interval is very small. 
 

 
 

Fig. 5. Dependence of relative probability of nucleating centre 
formation from the relative size r/r0. 

 

0

0.2

0.4

0.6

0.8

1

1 1.5 2 2.5 3

R
el

at
iv

e 
pr

ob
ab

il
it

y 
of

 f
or

m
at

io
n

The relative size of a nucleating centre r/r0

SCIENTIFIC PROCEEDINGS IX INTERNATIONAL CONGRESS "MACHINES, TECHNOLОGIES, MATERIALS" 2012 PRINT ISSN 1310-3946

YEAR XX, VOLUME 1, P.P. 52-55 (2012)54



4. Conclusion 
 

The received distribution on the sizes of nucleating centers 
will well be co-ordinated with real distribution of particles of 
superfluous phases (the interval of the sizes of particles makes 0,1 ÷ 
0,4 micron) which are formed at cooling of a liquid solution after 
action of a laser impulse. Thus it is necessary take into 
consideration that after action of a laser impulse with duration 4 ms 
and with power density ~ 2,5·109 W/m2 the speed of cooling of 
liquid metal in the interval of active crystallisation of proeutectoid 
constituents composes ~ 103 °C/sec. At such cooling speed the 
presence time of melt in the interval of crystallisation composes 4 - 
6 мсек. It means, what even considerable overcooling of melt 
cannot cause appreciable growth of the formed particles of 
proeutectoid constituents. 
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