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The article investigates the influence of high cooling rates during quenching from the melt on the 

formation of metastable phases and the appearance of metastable equilibrium diagrams. It is shown that 

with increasing cooling rate, both an increase in the existence region of strongly supersaturated solid 

solutions and the formation of new metastable phases in binary Fe-P and Sb-Zn alloys are observed. 

Mechanisms of non-equilibrium crystallization during quenching from the melt are proposed, the influence 

of large supercooling under high cooling rate conditions on changes in the kinetics of occurring 

crystallization and the emerging competition during non-equilibrium crystallization of congruent and 

incongruent phases are demonstrated. The validity of the newly formed metastable phase in the Sb-Zn alloy 

is confirmed by the correctness of the dependencies of specific atomic volumes of equilibrium phases 

calculated using Vegard's approximation. The lattice parameters of the emerging stable and metastable 

phases in the alloys are calculated. 
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1. Introduction 

Diagrams of metastable equilibrium indicate the thermodynamic possibility of 
metastable phase formation in one or another temperature-concentration region. In addition, 

knowing the established line of metastable equilibrium allows one to have a reference point 

for determining the driving force for the formation and growth of metastable phases. 
Therefore, it is very important to know the layout of these lines, i.e. to have a diagram of 

metastable equilibrium, which will allow finding the reasons for their displacement or non-

compliance of real processes of structural formation with the accepted scheme of the 

arrangement of lines. Determination of the melting temperature of metastable phases, as well 
as estimation of the level of their metastability, are very important for the construction of 

diagrams of metastable equilibrium. It should be noted that the melting temperature of the 

metastable phase means the temperature of its metastable equilibrium with its own melt. In 
particular, if rapid heating prevents the disintegration of the metastable phase, it must melt at 

the temperature of its metastable equilibrium with the liquid.  

It should also be emphasized that the metastability value is characterized by the 
difference between the free energies of a metastable phase formation and a mixture of stable 

phases of the same composition. It is important to note that the amount of the metastable 

phase recorded in the rapidly cooled samples is not directly dependent on the level of its 

metastability, since the output of the phase is also determined by the kinetic factors of its 
nucleation and growth from the liquid and decay already in the solid state. Diagrams of 

metastable equilibrium in general do not differ from diagrams of stable equilibrium. The 

difference lies only in the fact that the lines of the stable diagram determine the composition 
of phases in stable equilibrium, and the lines of the metastable diagram in metastable 

equilibrium. 

The well-known method of quenching from the melt is accompanied by the 
implementation of new effects useful for practice during crystallization: the formation of 

highly supersaturated solid solutions (up to the formation of a continuous series of solid 

solutions), crystallization of new metastable phases and the emergence of a solid amorphous 

state in alloys [1-7]. 
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Many of these phases have a unique combination of improved physicochemical 

characteristics.  
Therefore, there is a constant need both to obtain new metastable phases and to study 

their practical properties. The most popular for such studies are phase diagrams with the 

presence of eutectics in them [4]. In addition, cases of metastable eutectics crystallization are 
known, primarily these are Fe-P, Sb-Zn alloys, in which, according to [8], stable incongruent 

phases of Fe3P and Zn-Sb do not crystallize at all without seeding. As a result, metastable 

eutectics (α1 + Fe3P) and (α1 + Zn4Sb3) are formed in these systems. At the same time, 

experiments on quenching these alloys from the melt showed that the true situation during 
nonequilibrium crystallization is significantly more complex than shown in [8] and requires 

additional research. 

2. Experimental details 

High-purity (99.9%) elements were used to fabricate the Fe-P and Sb-Zn alloys. First, 

bulk ingots were produced in a Tamman electric furnace under argon protection with a 
cooling rate of ~102 K/s. These ingots were then subjected to splat-quenching, where the 

molten droplets were ejected on to the inner wall of a hollow copper cylinder (R=135 mm) 

rotating at ∼8000 rpm. The cooling rate for the films was derived to be ~ 106 K/s, determined 
from the film thickness (δ), heat transfer coefficient (α), density (ρ), and heat capacity (c) as 

described in references [9–12]. 

The phase composition and periods of crystal lattices were studied using the diffraction 

method of the DRON-2.0 X-ray diffractometer in monochromatic copper radiation, the 
accuracy of determining the lattice period was ±0.0002 nm. 

3. Results and discussion 

It follows from the obtained results that at all the investigated cooling rates, up to the 

formation of a solid amorphous state (108 K/s) in the composition range from 19 to 25 at. % 

phosphorus, a mixture of stable phases crystallizes in iron-phosphorus alloys: α-Fe + Fe3P, 
and in splat-quenched (SQ) alloys with a phosphorus content of up to 19%, homogeneous 

highly supersaturated solid solutions are formed. A decrease in the cooling rate to 106 K/s 

leads to a sharp saturation of the solid solution to a value not exceeding the maximum 
solubility of phosphorus at the eutectic temperature (~4.9%). The excess phase here is the 

stable phase Fe3P. The results obtained in the work are not consistent with the data presented 

in [4]. A possible reason for this may be the final purity of the materials used in melting. 

Thus, in the work [13], on the basis of precise magnetic measurements and thermal analysis, 
it is stated that already at a nitrogen content of 0.005 – 0.008 wt.% in the alloy the metastable 

version of the state diagram is not realized. However, the true reason for this is not exactly 

known, since the purity of the original materials used is unknown. 
Qualitatively new results were obtained in this work in SQ samples with a phosphorus 

content of 25 to 33%. Thus, on the diffraction patterns of Fe72P28 alloy samples with a 

thickness of 5 – 7 nm, lines of three phases are observed: α-Fe, Fe3P, Fe2P, and the 
phosphorus content in the solid solution based on bcc iron exceeds the maximum solubility at 

the eutectic temperature and is 6% (a = 0.2861 nm). In SQ alloys Fe70P30 the degree of 

saturation of the solid solution based on BCC iron increases to 8%, which is in agreement 

with the metastable version of the Fe-P diagram (Fig. 1). During the splat quenching of melts 
with a phosphorus content of more than 25%, a change in the crystal lattice periods of the 

congruent phase Fe2P is observed depending on the composition: thus, for the alloy with 28% 

P, these changes are: a = 0.3438 nm, c = 0.5918 nm; for the alloy with 30% P: a = 0.3453 
nm, c = 0.5890 nm, which indicates the presence of a homogeneity region in this phase. The 
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following should be noted: in the diffraction patterns of the SQ alloys with 28% P at cooling 

rates greater than 107 K/s, the lines of the incongruent phase Fe3P have a narrower 
appearance, which indicates its high growth rate compared to the congruent phase Fe2P. With 

a decrease in the cooling rate to 106 K/s, the lines of both phases become almost identical. 

 

 
Fig. 1. Fe-P system: a) phase equilibrium diagram (stable – solid lines, metastable – dotted lines),               

b) phase composition after splat quenching, cooling rate 10 6 K/s, c) the same, 10 8 K/s. 
 

Fe-P phase diagram that interests us (α1 + Fe2P) is realized at cooling rates of ~ 108 K/s 

only in alloys with a phosphorus content of more than 28%. In this case, the crystallization 
scheme can be as follows: solidification of the alloy begins with the precipitation of crystals 

of the Fe2P phase and, as its amount increases, the composition of the liquid phase changes 

along the equilibrium liquidus line to the point, when crystallization of the Fe3P phase 

becomes possible. However, the latter does not originate in the presence of a congruent phase 
due to kinetic factors and crystallization continues along the metastable diagram. The 

composition of the liquid continues to change along the line until the point E1 is reached, after 

which the metastable eutectic (α1 + Fe2P) crystallizes. 
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A similar crystallization pattern is observed in the Sb-Zn system (Fig. 2). According to 

the data available in the literature [4], the metastable version of the phase diagram (shown in 
Fig. 2 by the dotted line) is also realized at normal cooling rates. The stable version of the 

phase diagram (solid lines) can be realized after introducing ZnSb crystals into the melt as a 

seed. The experiments conducted in this work during the liquid-liquid reaction of this melt 
showed that the metastable version of the diagram Sb+Zn4Sb3 is realized only in alloys 

containing more than 43.8% Zn. In the right part of the diagram, the metastable version can 

also be realized: Zn'+Zn4Sb3 with some expansion of the region of Zn-based solid solutions, 

as evidenced by the change in the periods of its crystal lattice (a from 0.2665 nm to       
0.2671 nm and c from 0.4947 nm to 0.4981 nm).  

 

 

Fig. 2. Zn-Sb system: a) phase equilibrium diagram (stable – solid lines, metastable – dotted lines),             

b) phase composition after splat quenching, cooling rate 10 6 K/s; c) the same, 10 8 K/s. 

A complete summary of the stable and metastable phases obtained in SQ alloys at 

cooling rates of 106 -108 K/s is shown in Fig. 2. It is interesting to note that on the diffraction 
patterns of the SQ alloys Sb +(57-58%) Zn at a rate of ~108 K/s, lines of a new metastable 

phase (αm ) with a BCC lattice with a period of a = 0.3941 nm appear, and the volume per 

atom in the unit cell of this phase is 0.0306 nm3/at, which correlates quite well with the 
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dependence of the specific atomic volumes of the equilibrium phases (Sb and Zn), calculated 

in the Vegard approximation (Fig. 3). Annealing samples with a metastable phase αm at       
300 ºC for 1 min leads to its complete decomposition with the formation of a stable 

compound Zn4Sb3. The formation of this metastable bcc phase of equiatomic composition at 

splat quenching may indicate significant supercooling of the melt, which results in favorable 
thermodynamic and kinetic conditions for the formation of a metastable phase in equilibrium 

with the supercooled liquid. Indirectly, this may also indicate the presence of Sb-Zn clusters 

with an arrangement of atoms close to BCC in the melt.  

 

Fig. 3. Dependence of specific atomic volumes of equilibrium and metastable (αm) phases. 

 

4. Conclusions 

1. The work studies in detail the influence of high quenching rates from the alloy on the 

change in the type of state diagrams and the formation of metastable equilibrium diagrams. 

2. The appearance of a new metastable phase with a BCC lattice in the Sb-Zn system 
has been established, and its periods have been calculated. 

3. The expansion of the homogeneity region of the congruent phase Fe2P is fixed. 
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