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The possibility of nanomodification of eutectic alloys by fast heating slightly 

above eutectic temperature with subsequent very fast cooling or just quench-
ing is analysed. The basic physical effect that may be a basis of such a ‘ther-
mal prick’ idea is the following: (1) short-time contact melting of any inter-
phase interface leads to the formation of a thin liquid layer instead of a par-
ent solid–solid interface; (2) fast cooling of this thin liquid layer proceeds 

under the step of composition between opposite boundaries. Therefore, the 

phase transformation should be in an open inhomogeneous system. In many 

cases, crystallization is reduced to decomposition under the external compo-
sition gradient and demonstrates quasi-periodic phase formation with nano-
metre separation distance. It means that the special heat treatment, which we 

call the thermal prick, may create additional nanostructured zones around 

each interface within the parent eutectic alloy. 

Key words: eutectic alloy, contact melting, crystallization, diffusion, kinet-
ics, nanostructure. 

Проаналізовано можливість наномодифікування евтектичних стопів 

швидким нагріванням трохи вище евтектичної температури з подальшим 

дуже швидким охолодженням або просто загартуванням. Основний фізи-
чний ефект, який може бути покладений в основу такої ідеї «термічного 
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уколу», полягає в наступному: (1) короткочасне контактне топлення 

будь-якої міжфазної межі поділу евтектичної системи приводить до утво-
рення тонкого рідкого шару замість материнської поверхні поділу між 

твердими фазами; (2) швидке охолодження цього тонкого рідкого шару 

відбувається в умовах зовнішнього ґрадієнту концентрації між протиле-
жними стінками прошарку. У багатьох випадках кристалізація зводиться 

до розпаду у полі зовнішнього ґрадієнту концентрації та демонструє ква-
зиперіодичне фазоутворення з нанометровими періодами. Це означає, що 

спеціяльне термічне оброблення, яке ми називаємо термічним уколом, 
може створювати додаткові наноструктуровані зони навколо кожної межі 
поділу у материнському евтектичному стопі. 

Ключові слова: евтектичний стоп, контактне топлення, кристалізація, 
дифузія, кінетика, наноструктура. 
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1. INTRODUCTION 

In this paper, we try to combine the simple engineering idea (sugges-
tion of thermal prick method for the heat treatment of the eutectic al-
loys) with the fundamental concept of phase transformations in open 

non-uniform systems. 

1.1. Idea of Thermal Spike Method 

During the last two decades, eutectic alloys have been more and more 

applied not only as solders but as well as self-organized two-phase or 

multiphase materials in photonics, energy storage, and conversion 

[1−9]. For many such applications, a fraction of internal interphase 

surfaces becomes important. Therefore, it might be interesting for 

practice to have the ability to increase the total interphase surface of 

already produced eutectic alloys. We may call our aim ‘the nanomodi-
fication of structure’. If eutectic alloy is produced by directional crys-
tallization (for example, by the ‘micropulling-down’ method), it often 

demonstrates lamellar or rod-like structures [7−10]. At that, typical 
diameters of rods or thicknesses of lamellae of the primary phase have 

the order of few microns, as well as distances between rods or lamellae. 
In short, the main idea is to apply to such alloys a special regime of heat 

treatment, which we call a ‘thermal prick (spike)’fast heating over 

the eutectic temperature (but below the melting points of both phases 

of the eutectic couple) for some short time, and then, fast cooling (or 

just quenching). One might expect that during heating over eutectic 

temperature the partial melting of the eutectic alloy should start. (We 

emphasize that the aim of the thermal prick (spike) is not complete but 

only partial melting with remaining significant regions of alloy in the 
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solid state.) Theoretically, above the eutectic temperature, contact 

melting should start at each internal interphase interface after some 

nucleation period (nucleation of the first liquid droplet), which we ex-
pect to be short [11]. According to the idea of a ‘thermal prick’, if the 

time of this local melting is short enough, we can convert all (or a sig-
nificant part of) interfaces into such liquid layers with a concentration 

gradient inside the molten layer when the thickness of this layer (say, 
500 nm or 1 micron) is less than the size of single-phase regions. When, 
after this short period of growth, these molten layers crystallize back 

during fast cooling, they may form additional nanosize two-phase 

structures around each ‘parent’ internal interface. Recently, we dis-
covered the formation of the quasi-periodic spinodal-type nanostruc-
ture within the region of the liquid layer in the sharp concentration 

gradient for eutectic systems like Cu−Ag [11]. This system has the 

same type of lattice for both components and has a decomposition cupo-
la with a critical temperature above eutectic. This leads to an interest-
ing interplay of eutectic and spinodal decomposition. 
 So, our working hypothesis is to apply the fast heating above eutec-
tic temperature (but below melting temperatures of components) fol-
lowed by fast cooling. Such thermal spike may convert each internal 
interphase interface of the eutectic alloy into micron-sized or submi-
cron-sized nanostructured layers consisting of alternating nanolayers 

of both phases or just from a mixture of nanograins of both phases. 
Thus, the area of interphase surfaces will grow significantly. 

1.2. Crystallization of thin Molten Layer between Different Phases as 

a Problem of Decomposition in an Open Non-Uniform System 

Crystallization of narrow molten alloy between different phases at the 

‘left’ and ‘right’ boundaries is, actually, the phase transformation in 

an open inhomogeneous system (under external gradient of composi-
tions and chemical potentials and/or external flux of matter and/or 

energy). We may call such systems ‘driven’ (following the terminology 

of Georges Martin et al. [12−14]). Development of such an approach for 

the case of flux-driven nucleation, growth, and ripening in open sys-
tems can be found in Refs. [15, 16]. Decomposition in open inhomoge-
neous systems has been analysed so far only partially. Actually, de-
composition may be of spinodal type, precipitation-and-growth type, 
and cellular-decomposition-via-moving-boundaries type under frozen 

bulk diffusion. So far, we have analysed and compared with experi-
ment only flux-driven cellular decomposition [17−19] for various sys-
tems. Spinodal decomposition in an open system has been partially ana-
lysed recently [11] and is analysed and simulated with more details be-
low. Decomposition by precipitation-growth in an open system is simu-
lated below for the first time (to the best of our knowledge). 
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1.3. Structure of the Paper 

First, we will model the first stage of thermal spike pro-
cessingcontact melting of internal interfaces within the eutectic al-
loy (Sec. 2). Let the interface between the two phases be locally planar, 
and the temperature slightly (by several degrees) above the eutectic 

one. In general, contact melting includes three stages. The first stage 

is a nucleation of the first droplets. The second stage is a lateral 
growth of the liquid phase along the interface with the formation of a 

continuous liquid layer. The third (final) stage is the normal growth of 

the formed thin liquid phase layer due to the fast diffusion of compo-
nents across this layer from one solid phase to another. For nucleation-
stage estimation, we use the recently developed theory of nucleation in 

contact melting (see Ref. [11]). The lateral spreading stage is typically 

very short. The normal growth stage is described in Sec. 2 according to 

the common description of reactive diffusion. 
 In Section 3, we try to model the more complicated phenome-
noncrystallization of the liquid interface layer between two members 

of the eutectic couple. This crystallization may proceed via various 

modes, depending on system type and kinetic factors. 
 We will analyse two types of systems. The first type is a eutectic 

couple of the Cu−Ag-type, which has the same structure of both com-
ponents, positive mixing energy, and decomposition cupola with the 

top (critical temperature) higher than the eutectic one (Fig. 1). It 

means that, below the eutectic temperature, the liquid alloy may crys-
tallize as minimum via two modes: (1) by nucleation and growth of the 

primary phase and the secondary phase, and (2) by a two-step process, 
consisting of, first, polymorphic (at frozen long-range diffusion) 
freezing into solid solution, which is unstable in respect to spinodal 
decomposition, and (second) this very spinodal decomposition and con-
sequent coarsening. 

 

Fig. 1. In the case of the Cu−Ag system, the second mode (polymorphous freez-
ing into an unstable solid solution that decomposes spinodal into two solid so-
lutions) was predicted [11] to become preferential at T < 970 K, which is not 

very far from eutectic and should become realistic with fast cooling. 
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 The second mode of crystallization of the first-type systems becomes 

preferential at fast cooling below some threshold temperature, at 

which the W-curve of the solid solution becomes lower than the g-curve 

of the liquid phase [11]. 
 Systems of the second type contain several intermediate ordered 

phases (compounds) with narrow concentration ranges. They are char-
acterized by negative mixing energy for interactions within the first 

coordination shell (and, possibly though not necessary, positive mix-
ing energy with the second coordination shell). Such a system tends to 

an ordering within narrow concentration ranges around stoichiometric 

compounds, and decomposition into two ordered compounds AB + A3B, 
or rather one compound and one marginal solid solution A3B + A, be-
yond the mentioned concentration ranges. 
 Namely, we will limit ourselves to two kinds of structural phase 

transformations forming the f.c.c. lattice: (1)decomposition into 

two solid solutions, (2) decomposition into solid solution plus ordered 

compound L12, and (3) decomposition into two different ordered com-
pounds L12 and L10see Fig. 2, b. 

2. ESTIMATION OF TIME NECESSARY TO CONVERT SOLID 

INTERFACE INTO A MOLTEN LAYER OF NECESSARY 

THICKNESS VIA CONTACT MELTING 

We want to melt the interfaces between two phases with the formation 

of liquid layers at the base of each interface. The thickness of the liquid 

layer should be less than the thickness of alpha and beta lamellae or 

rods. Moreover, maximal temperature of the thermal prick should be 

higher than the eutectic one but lower than the melting of pure compo-
nents. As mentioned in the Introduction, contact melting should start 

from nucleation in concentration gradients within parent solid phases, 
due to interpenetration of components within the contact zone. For the 

case of Cu−Ag contact melting, the threshold interpenetration zone is 

about 10−20 nm and the time for its formation by solid-state diffusion 

may be (under reasonable nucleation conditions and parameters) a few 

milliseconds. We will see that the characteristic time of normal 
growth, necessary to reach a liquid layer thickness of about a micron, 
is about one or a few seconds. Therefore, in what follows below, we ne-
glect the nucleation time of the liquid phase at the beginning of contact 

melting. Then, the kinetics of widening of the molten layer can be de-
scribed by the following equations of mass balance at the moving inter-
faces YR

 (between liquid layer and BETA-phase) and YL
 (between liquid 

layer and ALPHA-phase): 

 ( ) −
− =

−

R LR
R melt melt

beta melt melt R L

C CdY
C C D

dt Y Y
, (1) 
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 ( ) −
− = −
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R LL
L melt melt
melt alpha melt R L

C CdY
C C D
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, (2) 
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/ / / /
eut eutR L

melt melt eutR L R L
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T T T T
C C T T

T C T C T C T C
. (3) 

 

Fig. 2. Two types of binary systems analysed in this paper, characterized by 

(up) composition dependencies of Gibbs free energy and (bottom) phase dia-
grams: apositive mixing energy and corresponding W-shaped g(C)-curve 

leading to decomposition into two solid solutions (at least in the bulk if the 

bulk diffusion is not frozen), bnegative mixing energy for the nearest neigh-
bours and positive mixing energy for the next nearest neighbours, leading to 

the ordering of compounds within narrow concentration ranges around 1/4, 
1/2, 3/4, and leading to decomposition into A3B compound + A(B) solution or 

A3B compound + AB compound, etc., beyond the mentioned narrow ranges. 
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 According to the phase diagram and our rough estimations for 

Ag−Cu system (see Fig. 3), 

 ∂ ∂ − ∂ ∂ ≈/ / 0.0004,R L
liq liqT C T C   

 ( )
( ) ( ) ( )

 −
 ∆ = ⋅ ⋅ −
 − − 

2
2 0.004beta alpha

melt melt eut

beta eut eut alpha

C C
d Y D T T dt

C C C C
, (4) 

 
( )

( ) ( ) ( )

∆
=

 −
  ⋅ ⋅ −
 − − 

2

2 0.004

melt
melt

beta alpha
melt eut

beta eut eut alpha

Y
t

C C
D T T

C C C C

. (5) 

 If, say, ∆Ymelt = 2⋅10−6
 m, Dmelt = 0.5⋅10−9

 m2/s, Сalpha = 0.1, Сeut = 0.95, 
T − Teut = 2 K, then, ≈ 0.1secmeltt . 
 So, if we keep the interface at a temperature of 2 K higher than eu-
tectic for about 0.1 seconds, it may convert into a liquid layer of a 

thickness of 2 microns, of course, if nucleation of the liquid phase pro-
ceeds even faster. 

 

Fig. 3. Typical phase diagram of the eutectic couple. At temperature T slight-
ly above eutectic one, Teut, the concentration range of the growing intermedi-
ate liquid phase is determined by the derivatives of the liquidus lines left and 

right of the eutectic point: 

( ) ( )
 −

− ≈ + −  ∂ ∂ ∂ ∂ 

11
.

/ /
R L
melt melt eutR L

liq liq

C C T T
T C T C
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3. CRYSTALLIZATION OF LIQUID LAYER BETWEEN THE 

COMPONENTS OF THE EUTECTIC SYSTEM 

3.1. Crystallization of the First-Type Eutectic Interface Alloy 

At first, we simulated the two-stage crystallization of the first type of 

alloy (Cu−Ag-type) under fast heating. We used a new simulation 

method Generalized Stochastic Kinetic Mean−Field (GSKMF) devel-
oped recently [11]. This method simulates simultaneously the time 

evolution of the liquid–solid order parameter, as well as the spatial re-
distribution of components. Results of the GSKMF application demon-
strated [11] that the obtained morphology practically coincides with 

that obtained by simulation of spinodal decomposition in a solid state 

in an inhomogeneous open systemwith fixed phases alpha and beta at 

the opposite sides of the crystallized layer. Therefore, here (below), 

instead of GSKMF, we use a more known simulation tool SKMF (Sto-
chastic Kinetic Mean−Field in solid state) [20−27] for the calculation of 

occupation probabilities at the sites of rigid f.c.c. lattice. The typical 
result of such simulation for Ag−Cu is shown in Fig. 4 (left): quasi-
periodic formation of several nanolayers along the former interface. 
 In Figure 4 (right), we demonstrate the result of spinodal decompo-
sition at the same parameters but in a closed system with periodic 

boundary conditions. We see that the morphology of the crystallized 

eutectic layer strongly depends on the boundary conditions. 

 

Fig. 4. Typical morphologies simulated for the case of a thermal prick of the 

interphase interface (left) and spinodal decomposition in homogeneous exter-
nal conditions (right). In the first case, crystallization is reduced to spinodal 
decomposition in the open inhomogeneous system under differences in com-
positions and chemical potentials of two adjacent phases. 
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3.2. Crystallization of the Second-Type Eutectic Interface Alloy 

System of the second type was also simulated by the SKMF method and 

was characterized by the following interaction energies within two co-
ordination shells leading to the phase diagram shown in Fig. 2, b: 

− −= = = − ⋅•− 21 2110 , 3.9 10I I I
AA BB ABV V J V J , 

− −= = − ⋅ ⋅• = −21 218.76 10 , 2 10II II II
AA BB ABV V J V J . 

 Peculiarities of the SKMF algorithm in the case of interactions 

within two shells were discussed recently [23]. Peculiarities of the de-
scription of the compounds A3B and AB with local compositions and 

with so-called ‘local long-range-order parameters’ were explained also 

[22, 23]. Like in the previous subsection, instead of liquid, we took, as 

an initial state of quenched liquid, the random alloy at the f.c.c. rigid 

(already formed) lattice. 
 In parallel, we simulated the same system evolution with the same 

boundary conditions by the standard Monte Carlo method (exchange 

mechanism, Metropolis algorithm). 
 We considered two cases of initial states. 
 1. Random alloy with 0.125 fraction of B. This random alloy is un-
stable and should decompose into the ordered compound A3B (with a 

composition close to stoichiometric one) and a weak solution of B in A. 
 2. Random alloy with 0.375 fraction of B. This random alloy is also 

unstable and should decompose into the ordered compound A3B (struc-
ture L12 with a composition close to stoichiometric) and another or-
dered compound AB (structure L10 with a composition close to stoichi-
ometric). 
 At that, we characterized each site by local mean concentration, av-
eraged over this very site and 12 nearest neighbours:  

 ( )
( ) ( )

=

+
=

∑
12

1

1

4
4
in

mean

C i C in
C i . (6) 

 In homogeneous ordered phases, this parameter remains the same 

for all sublattices in A3B and AB compounds. Therefore, oscillations of 

Cmean indeed, demonstrate the quasi-periodic formation of phases in-
stead of transitions between sublattices (see below). 

3.2.1. System A–Frozen Solution–A3B 

The initial state was, from one side, 50 (001)-planes of almost pure A, 
from another side50 (001)-planes of almost stoichiometric ordered 

phase A3B (structure L12), 200 (001)-planes between them are filled 
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with random alloy with atomic fraction 0.125 of B. In KMF simula-
tions, it is realized with just the same (or in some cases with small ini-
tial noise) occupation probability at each site (Fig. 5). In Monte Carlo 

simulations, we randomly filled sites by sort A or B with respective 

probabilities 0.875 and 0.125 (Fig. 7, a). 

3.2.2. System A3B–Frozen Solution–AB 

Similar results have been obtained for the random alloy at the interface 

between two ordered compounds A3B and ABquasi-periodic patterns 

are formed, contrary to a closed system with periodic boundary condi-
tions (Fig. 6). 

 

Fig. 5. Patterns after crystallization and decomposition into A + A3B of molten 

interface, in comparison with decomposition in closed system: 
a) initial noise = 1%, Abottom, A3Btop; 
b) initial noise = 0%, Abottom, A3Btop; 
c) initial noise = 0%, periodic boundary conditions (closed system). 
KMF method, composition scales with colour: 
Column 1initial state, colour corresponds to actual composition of each site; 
Column 2state after 150000 time steps, colour corresponds to actual com-
position; 
Column 3state after 150000 time steps, colour corresponds to Cmean; 
Column 4state after 150000 time steps, sites with Cmean > 0.125; 
Column 5state after 150000 time steps, sites with Cmean < 0.125. 
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3.2.3. Monte Carlo Simulation of the Systems ‘A–Frozen Solution–
A3B’ and ‘A3B–Frozen Solution–AB’ 

We simulated the decomposition of the random solution layer between 

two walls of adjacent parent phases, as well, by Monte Carlo method, 
using the simplest Metropolis algorithm with exchange mechanism. As 

can be seen in Fig. 7, the results also show the formation of some quasi-
periodic pattern. 

4. CONCLUSIONS 

We suggest a simple method of nanostructuring the eutectic alloys by 

special heat treatment, which we call a ‘thermal prick (spike)’: the fast 

 

Fig. 6. Patterns after crystallization and decomposition into A3B + AB of mol-
ten interface, in comparison with decomposition in closed system: 
a) initial noise = 1%, A3Bbottom, ABtop; 
b) initial noise = 0%, A3Bbottom, ABtop; 
c) initial noise = 0%, periodic boundary conditions (closed system). 
KMF method, composition scales with colour: 
Column 1initial state, colour corresponds to actual composition of each site; 
Column 2state after 150000 time steps, colour corresponds to actual com-
position; 
Column 3state after 150000 time steps, colour corresponds to Cmean; 
Column 4state after 150000 time steps, sites with Cmean > 0.375; 
Column 5state after 150000 time steps, sites with Cmean < 0.375. 
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heating to temperatures a few degrees above the eutectic one and fast 

cooling (quenching). This treatment should generate partial internal 
contact melting of the interfaces with subsequent crystallization in the 

non-uniform conditions leading to the formation of additional 
nanostructures around these interfaces. 
 Fast heating, depending on the system, may be realized by passing 

 

Fig. 7. Patterns after crystallization and decomposition into A + A3B (left) 
and A3B + AB (right) of molten interface, in comparison with decomposition in 

closed system. 
Monte Carlo method. 
Column 1initial state, colour corresponds to actual composition of each site; 
Column 2state after 150000 time steps, colour corresponds to actual com-
position;  
Column 3state after 150000 time steps, colour corresponds to Cmean; 
Column 4state after 150000 time steps, sites with Cmean > 0.125 (left) and 

sites with Cmean < 0.125 (right); 
Column 5state after 150000 time steps, sites with Cmean > 0.375 (left) and 

sites with Cmean < 0.375 (right). 
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current, laser pulse, inertial passing through the heating zone, etc. 
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