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Abstract. The article deals with the state of production of bulk amorphous 
and nanocrystalline materials. Conditions for the preservation of the "X-
ray" amorphous state in compact materials obtained by explosive pressing 
of amorphous alloy powders are formulated. The two-front Stefan problem 
is solved and it is shown that the cooling rate of liquid layers on the contact 
surfaces of powder particles under explosive loading corresponds to the 
critical quenching rate of the formation of amorphous structures in metal 
alloys. 

1 Introduction 
Amorphous metals are a relatively new class of metallic materials, which were of great 
interest in the middle and end of the last century and have an extensive bibliography [1-7]. 
Obtaining the amorphous state of metals in the solid phase is associated with the 
achievement of very high cooling rates (on average 106 K/s), which is achievable in cross 
sections up to several tens of micrometers. Therefore, the main form of obtaining 
amorphous metals is thin tapes, powders or microwires. A number of papers present the 
results of obtaining compacts from amorphous alloy powders [8-12]. However, amorphous 
metals in the form of tapes, microwires and compacts have received limited practical use 
due to the low crystallization temperature and technological difficulties in manufacturing 
products of complex shapes. 

Currently, there is an increased interest in materials with a nanocrystalline structure, for 
which there are no operational limitations inherent in amorphous metals [13-18]. One of the 
ways to obtain nanocrystalline structures is controlled crystallization of amorphous alloys 
[19-24], so it seems relevant to discuss the issues of preserving the amorphous state of 
compacts of amorphous alloy powders during shock-wave processing. 

In [8], it is shown that when compacting dispersed media by the method of explosive 
pressing, due to the adiabatic nature of the process the entropy of the system increases and 
the powder body is heated. Estimates of the temperature averaged over the volume of the 
compressed dispersed medium for the thermodynamically equilibrium state behind the 
shock wave front [8] give temperatures up to 1400 K. The upper temperature values exceed 
the crystallization temperature of most amorphous alloys (700 ... 800 K), but the material 
remains "X-ray" amorphous, which is confirmed by Figure 1 [8]. 
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Fig. 1. The function of the radial distribution of atoms (FRRA)  
1-5 – the explosive loading velocity of 560 ... 1070 m/s; r1 – the radius of the first coordination 
sphere; h1 – the height of the first maximum on the FRRA curve; n1 – the coordination number. 

 
Based on the "X-ray" amorphous state of the alloy, it can be assumed that the main 

thermal processes of shock compression are concentrated on the contact surfaces of the 
particles, the connection of which is carried out by the mechanism of setting in the solid 
phase and through the formation of liquid layers. For the subsequent re-quenching of the 
liquid into an amorphous state, cooling rates of the order of 106 K/s are required. The melt 
cooling rate and the temperature distribution in the melt and the solid amorphous substrate 
can be estimated using the instantaneous source approximation, taking into account the heat 
release at the phase front [25]. 

2 Setting the Research Task 
The problem can be formulated as follows: at time t=0, a layer of melt with a thickness of 
2δ was instantly formed between the particles of the solid phase, at the same moment the 
propagation of the phase transformation front deep into the melt and the temperature front 
deep into the solid phase begins. The temperature distribution in the melt and the 
amorphous substrate is determined by the instantaneous heat source at the origin and the 
moving continuous heat sources at the phase front, i.e., the corresponding Stefan problem is 
formulated. When setting the problem, a number of assumptions are used: the ideal thermal 
contact at the substrate-melt interface; the problem is symmetric and heat propagation in the 
half-plane is considered; the thermophysical properties of the media are independent of 
time and temperature and are the same for the amorphous and liquid phases; the boundary 
effects can be neglected. Then, mathematically, the problem can be formulated by writing 
down the equation of thermal conductivity, the heat balance at the phase front z(t), and the 
boundary and initial conditions. 
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where a – coefficient thermal diffusivity (a= 20·10-6 m2/s); λ – coefficient of heat 

conductivity (λ=72 W/(m·K); ρ – density of the amorphous material (p=7,5·103 kg/m3); cp 
– specific heat capacity (cp=0,48 kJ/(kg·K); T0 – the initial temperature of the amorphous 
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substrate (T0=293 K); Tm – the melting point (Tm=1170 K); L – the heat of the phase 
transition (L=77,5 kJ/kg). 

The calculations used data for an amorphous alloy of the composition Fe40Ni40P14B6 
(atomic percentages) obtained by crushing an amorphous tape. 

3 Discussion of the Results 
Due to the nonlinearity of the problem, an exact analytical solution of the heat equation 
with a moving phase transition front is obtained for a number of the simplest cases, but 
even in these cases the solution is expressed by infinite series or special functions. 
Therefore, we used a numerical finite difference method with a combination of sequential 
determination of boundary conditions at the phase front and the run-through method. The 
variable values were the initial temperature and the thickness of the melt zone. Fig. 2,3 
show the individual results of the calculation. 
 

 
Fig. 2. Temperature distribution in the melt and the amorphous substrate (the half-thickness of the 
melt layer δ=3 microns, the initial temperature of the melt – Tr=1173 K; the substrate – T0=293 K). 
1-6: τ=0; 0,31; 0,92; 1,5; 2,0; 4,5 microseconds, respectively. 
 

 
a) 

 

 
b) 

 
Fig. 3. a – temperature distribution in different parts of the melt (δ=3 mm; T r=1173 K; T0=293 K); b 

– the rate of cooling of the melt (δ=1 mm; T r=1173 K; T0=293 K), 1– x= 0; 2= 0,5δ; 3– x= δ 
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Fig. 2 shows that up to a depth of 1,5 microns, the heating temperature of the 
amorphous substrate exceeds the crystallization temperature of the amorphous alloy 
(tcr=4050 C). However, there are no signs of crystallization on the FRRA curves (Fig. 1), 
although there is some ordering of the structure in the form of an increase in the height of 
the first maximum (h1) and an increase in the value of the coordination number (n1). Such a 
result can be interpreted by a symmetric statement of the problem with the condition on the 
phase front T(z,t)=Tm the temperature on the phase front is unknown and is in the Tcr < Tx 
< Tm, and the condition on the phase front should have the form T(z,t)=Tx. In addition, the 
crystallization temperature of the amorphous alloy is not a constant value, but depends on 
the heating rate. When determining the crystallization temperature, the scanning 
microcalorimetry method is used, in which the heating rate does not exceed 100 K/min, 
which does not correspond to the heating rates under dynamic compression. 
3 shows that the cooling rate of the melt exceeds 106 K / s, therefore, there are conditions 
for re-quenching the liquid layers into an amorphous state. As you move away from the 
solid substrate, the cooling rate decreases (Figure 3a), but still exceeds the critical speed. 
The discontinuity of the cooling curves in Fig. 3b indicates that the phase front has reached 
the upper point of the melt layer, the heat generation at the phase front has stopped, and the 
cooling rate has increased. The most important factor, all other things being equal, is the 
nature of the thermal contact at the melt-liquid interface, which is ideally suited for the case 
under consideration. On the other hand, the solid substrate has the same chemical 
composition as the melt, which increases the chance of crystallization. 

4 Conclusions 
In general, the analysis of all the calculated data shows that up to half-thicknesses δ=20 
microns, the cooling rate at the thickness x=δ is at the level of 106 K/s and the ratio of the 
melt thickness to the cooling rate is approximately 1:100. The initial temperature of the 
melt slightly reduces the cooling rate due to the heating of the solid substrate. 
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