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Abstract  

The aim of this work was further experimental verification of the existence of the phenomenon of 

electrochemical phase formation in metals and alloys via a supercooled liquid state stage. 

According to proposed idea the slowing down of the process of polymorphic transformation in a 

metal being electrodeposited should be accompanied by an intensive formation of the texture of 

the metastable modification and suppression of the texture development of the stable modification. 

The results of the texture analysis of electrodeposited cobalt as a model metal showed that under 

slowing down the polymorphic transformation process in a metal being electrodeposited, the 

texture formation is intensified in the metastable modification, but suppressed in the stable 

modification. The finding is another proof of the existence of the phenomenon of electrochemical 

phase formation in metals and alloys through a supercooled liquid state stage. 
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1 Introduction 

The search for new methods and options for obtaining electrodeposited metals and alloys in the 

form of electrochemical coatings with improved physical-mechanical or chemical properties is 

hardly possible without information about their structure, texture, substructure, surface 

morphology and structural defects. Control of these structural characteristics that affect the 

properties of the resulting electrodeposited coatings is based on the concepts of the 

electrochemical phase formation of metals and alloys. 

A previously unknown phenomenon of electrochemical phase formation in metals and alloys 

through a supercooled liquid state stage has been found relatively recently [1, 2]. The phenomenon 

occurs during the electrochemical deposition of metals or alloys in an aqueous medium onto a 

solid cathode, when a deeply supercooled metal liquid evolves in the form of multitude liquid 

atomic clusters that appear in an avalanche-like manner at various places near the cathode or the 

growing deposit, and then solidifies ultra-rapidly at the deposition temperature. 

The discovered phenomenon is due to an extremely rapid, burst-like liberation of the metal or 

alloy, resulting from a chain reaction of electrochemical formation of atoms and transition of the 

atomic clusters or their associations from a liquid to a more stable solid state [1]. 

Later, numerous works ([3-6] are the most recent) were published, in which the occurrence of this 

phenomenon was experimentally proved. 

https://mbox2.i.ua/compose/1682082446/?cto=tpi%2BusCllLVNttA%3D
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The proposed concept is fundamentally different from the existing ones, according to which, the 

phase formation in electrodeposited metal or alloy occurs by embedding ions from an aqueous 

solution, or atoms formed on their surfaces, into their crystal lattice [7-11]. These concepts have 

received theoretical development in recent publications [12-15] on the electrochemical phase 

formation in metals and alloys. 

Since the proposed concept of electrochemical phase formation in metals and alloys through a 

supercooled liquid state stage [1-6] has not yet received any objections or refutations, the authors 

continue to develop it with the introduction and implementation of new hypotheses and ideas. 
 
 

2 Principal Hypothesis 

It is known that in the process of solidification from the liquid state, the metallurgical polymorphic 

metals go through metastable phase states and crystallize as a modification that is stable under 

given thermodynamic conditions [16, 17]. If the phase transformation of a metastable modification 

into a stable one is slowed down or partially suppressed, a dual-phase state of the metal will 

eventually be formed. In the case of complete prevention of this phase transition, the solidified 

metal will stay in the metastable phase state.  

The basic hypothesis of the experiments performed was that, in accordance with the phenomenon 

under discussion, the crystallization of a polymorphic metal being electrodeposited from the 

supercooled liquid state should be viewed as its sequential going through metastable modifications 

and, at the last stage of phase formation, emerging a modification that is stable under given 

deposition conditions. 
 
 

3 Idea of Experiment 

If polymorphic metals, being electrodeposited, indeed crystallize from the supercooled metallic 

liquid formed in the micro volumes near the surface of a deposit, then one can expect quite 

predictable features of the oriented grain growth in metastable and stable modifications in case 

the process of polymorphic transformation slows down during electrochemical phase formation. 

Specifically, in this case, the texturing of metastable modification of a polymorphic metal should 

intensify, while the texture development of a stable modification should be hindered. 

The above texturing features in the metastable and stable modifications in the electrodeposits of 

polymorphic metals will testify to the phenomenon of electrochemical phase formation in metals 

and alloys through a supercooled liquid state stage. 
 
 

4 The Aim and Objectives of the Study 

The aim of this study was to further experimentally verify the existence of the phenomenon under 

discussion by investigating the features of texture formation in polymorphic metals. To achieve 

the object, the following tasks were set:  

 qualitatively and quantitatively assess the crystallographic texture of metastable and 

stable modifications of a model polymorphic metal; 

 investigate the change in the degree of texture perfection in each modification of the 

polymorphic metal under aggravating the conditions that slow down the phase 

transformation of the metastable modification into a stable one; 

 compare the obtained dependences with the predicted changes in the texture of various 

modifications of the polymorphic metal in the case of slowing down the process of 

polymorphic transformation during the electrochemical phase formation; 
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 perform additional verification experiments to make sure that the obtained results were 

correctly interpreted.  
 
 

5 Materials and Methods 

5.1   Obtaining electrodeposited polymorphic metals 

As a model polymorphic metal, cobalt was used that exists in two modifications: a metastable -

modification with a face-centered cubic lattice (-Co), and a stable -modification with a 

hexagonal close-packed lattice (-Co). Cobalt coatings 20 μm thick were obtained by the method 

of electrodeposition at a temperature of 25 °C in a solution of the composition (g/l): CoSO4·7H2O 

– 300, H3BO3 – 40, NaCl – 20. The current density was changed over the interval from 0.5 to 

10.0 A/dm2, with the conventional adoption of 0.5-1.0 as mild, 1.5-6.5 as average and 7.0-

10.0 A/dm2 as hard electrodeposition conditions.  

With an increase in the current density, the rate of electrochemical crystallization of cobalt 

increases [18], which in the case of an insignificant change in the current yield of cobalt leads to 

an increase in the amount of the metastable -Co phase. Given the -Co → -Co polymorphic 

transformation in cobalt through the shear mechanism, an increase in the amount of the metastable 

-Co modification will contribute to slowing down the process of polymorphic transformation. 
 
 

5.2   Study of the textural and structural characteristics 

The crystallographic texture of the electrodeposited cobalt was investigated using a modernized 

X-ray diffractometer DRON-2 (Russia) in Cr-K radiation. Preliminary experiments revealed that 

the cobalt coatings under study featured both the stable -Co phase and metastable -Co phase. 

Given the two-phase structure of cobalt coatings, the preferred grain orientation in each phase was 

determined by a combination of direct pole figures. The technique involved recording texture-

relevant curves of interference by {111} for -Co and {10.1} for -Co, which were then used to 

plot (111) and (10.1) direct pole figures for - and -modifications of cobalt, respectively. For the 

quantitative estimation of the degree of texture perfection of two-phase cobalt coatings, the 

average scattering angle of the texture in each modification was used. 

The surface morphology of the coatings was studied using a scanning electron microscope REM-

106I (Ukraine), operating in the mode of image formation by secondary electrons.  
 
 

6 Results 

As a result of the experiments performed, it was established that in all the modes of obtaining the 

coatings, both modifications of electrodeposited cobalt are textured. Moreover, a comparative 

analysis of texture-relevant curves of interferences by {111} for -Co (Fig. 1, a, c, e) and 

interferences by {10.1} for -Co (Fig. 1, b, d, f) shows that the texture axes do not change with 

an increase in the rate of cobalt coating deposition; it is only the degree of perfection of the 

preferred grains orientation that undergoes changes in each phase. 

The analysis of direct pole figures (111) for -modification (Fig. 2, a) and (10.1) for -

modification (Fig. 2, b) of electrodeposited cobalt showed that its texture is described by two axial 

orientations with [110] axis for -Co and [11.0] for -Co, perpendicular to the sample surface, 

and by a random component.  

Indeed, the presence of the textural maximum of the axial orientation of the grains with the [110] 

axis at an angle of 35.3º in pole figure (111) for the -modification of a two-phase cobalt sample 

(Fig. 2, a) in combination with the texture maximum of the axial orientation of the grains with the 
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[11.0] axis at an angle of 40.1º in (10.1) pole figure for the -modification of the same sample 

(Fig. 2, b) allowed this conclusion. It should be noted that in the hexagonal close-packed system, 

where -Co belongs, the [11.0] crystallographic direction and the (11.0) crystallographic plane 

are mutually perpendicular. 
 

         
   (a)          (b) 

         
   (c)          (d) 

         
   (e)          (f) 

Fig. 1 Texture-relevant curves of interference by {111} for -modification (a, c, e) and {10.1} 

for -modification (b, d, f) of cobalt electrocoatings, obtained at a current density of 0.5 

(a, b); 2.5 (c, d) and 10.0 A/dm2 (e, f): 1 and 2 – texture curves for the coating and reference, 

respectively, 3 – background curve 

 

Indeed, the presence of the textural maximum of the axial orientation of the grains with the [110] 

axis at an angle of 35.3º in pole figure (111) for the -modification of a two-phase cobalt sample 

(Fig. 2, a) in combination with the texture maximum of the axial orientation of the grains with the 

[11.0] axis at an angle of 40.1º in (10.1) pole figure for the -modification of the same sample 

(Fig. 2, b) allowed this conclusion. It should be noted that in the hexagonal close-packed system, 

where -Co belongs, the [11.0] crystallographic direction and the (11.0) crystallographic plane 

are mutually perpendicular. 
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          (a)      (b) 

Fig. 2 Direct pole figures (111) (a) and (10.1) (b) of cobalt electrodeposited at a temperature of 

25 °C and current density of 2.5 A/dm2: 1-7 - isointensity levels for diffracted X-rays 

 

The results obtained from a qualitative assessment of the preferred grain orientations in various 

modifications of electrodeposited cobalt are consistent with the data in [19, 20], where the axial 

texture with [110] and [11.0] axes is reported as characteristic of electrodeposited cobalt. 

A quantitative assessment of the degree of texture perfection in various modifications of 

electrodeposited cobalt showed that with an increase in deposition rate (corresponding to a 5fold 

increase in the current density: from 0.5 to 2.5 A/dm2), the average scattering angle of the axial 

grain orientation in -Co with the [110] axis decreases significantly (from 12.9 to 10.9 degrees) 

(Table 1), which indicates a more ordered crystallographic orientation of the grains in the [110] 

direction. A further fourfold increase in the current density (from 2.5 to 10.0 A/dm2) is also 

accompanied by the improvement of the -Co texture, but to a lesser degree. On the whole, it can 

be stated that slowing down the process of polymorphic transformation during the electrochemical 

phase formation of cobalt leads to intense texturing of its metastable -modification. 
 

Table 1 Effect of current density on the average scattering angle of axial orientations [110] for 

-modification and [11.0] for -modification of electrodeposited cobalt 

Current density [A/dm2] 
The average scattering angle of the texture [degrees] 

[110] [11.0] 

0.5 12.9 9.5 

2.5 10.9 10.9 

10.0 10.7 13.1 
 
 

A different nature of the change in the degree of texture perfection with an increase in current 

density is exhibited by the stable -modification of the electrodeposited cobalt (Table 1). Here, 

over the entire studied range of current density, the degree of perfection of the axial orientation 

with the [11.0] axis of the -Co phase grains gradually decreases with increasing the deposition 

rate of the coatings. 

The coatings obtained at a current density of 0.5 A/dm2 featured intense axial orientation [11.0] 

of the -Co phase grains with an average scattering angle of 9.5 degrees, while the formation of 
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the same phase at a current density of 10.0 A/dm2 was accompanied by a more significant 

scattering of texture: the average scattering angle of the axial orientation with the [11.0] axis 

increased 1.4 times (to 13.1 degrees). Therefore, it can be concluded that slowing down the process 

of polymorphic transformation during the electrochemical phase formation of cobalt leads to 

hindering the oriented grain growth in its stable -modification. 
 
 

7 Discussion 

The observed change in the degree of texture perfection exhibited by various modifications of 

cobalt being electrodeposited under slowing down the polymorphic -Co → -Co transformation 

can be explained as follows. Since polymorphic cobalt, in a process of its electrochemical phase 

formation from a liquid state, goes through a metastable -Co phase state and crystallizes in the 

form of a stable -Co modification, slowing down the phase transformation of the metastable 

modification into a stable one will result in a dual-phase state of the cobalt deposit on the cathode.  

Slowing down the -Co → -Co phase transformation caused by an increase in the amount of the 

metastable -Co phase due to an increase in its formation rate, leads to the texturing of the 

resulting -phase. The preferred orientation of the crystal lattices of the grains of the forming -

phase in the [110] crystallographic direction is primarily due to the tendency of the emerging 

system of randomly oriented lattices to reduce its internal energy. Therefore, with the slowing 

down of the process of polymorphic transformation during the electrochemical phase formation 

of cobalt, an intense texturing of its metastable -modification occurs. 

Since the -Co → -Co phase transformation occurs through a shear mechanism, an excessive 

amount of the -phase, continuously forming during electrochemical crystallization, inhibits the 

phase transition of the metastable -phase into a stable -phase. This contributes to slowing down 

the process of polymorphic transformation, which leads to the formation of a more scattered axial 

texture with the [11.0] axis in the stable -modification of electrodeposited cobalt. 

The above features of texture formation during electrochemical crystallization of polymorphic 

cobalt were observed experimentally. Indeed, under slowing down the -Co → -Co phase 

transition proportionally to an increase in the current density, the preferred orientation of crystal 

lattices of the cobalt -phase occurs in the [110] close-packed direction perpendicular to the 

coating surface (Table 1). At the same time, a disordering of the crystal lattices of the cobalt -

phase is observed in the [11.0] close-packed direction perpendicular to the coating surface (Table 

1). 

The findings are in conflict with the existing concepts about the electrochemical phase formation 

in metals and alloys [7-15]. Indeed, it is not possible to explain the observed effect of formation 

of a metastable -modification of cobalt during room temperature electrodeposition, while it is 

known to exist in the temperature range from 700 to 1768 K; or emergence of a two-phase -Co 

+ -Co structure by “incorporating” the ions from the aqueous solution or forming atoms into the 

crystal lattice of the cobalt being electrodeposited. 
 
 

8 Additional Verification Experiments 

If the proposed explanation of the above features of the texture formation in various modifications 

of electrodeposited cobalt is valid, then the addition into the electrolyte of substances, leading to 

the disordering of the crystal lattices of the forming grains of various modifications, should be 

accompanied by the formation of a more scattered texture. At the same time, the revealed features 

of the texture formation in various modifications of cobalt should generally be maintained. 



Acta Metallurgica Slovaca, Vol. 25, 2019, No. 4, p. 267-275                                                                                         273  

 

DOI 10.12776/ams.v25i4.1357 p-ISSN 1335-1532 
 e-ISSN 1338-1156 

 

To verify the assumption experimentally, the texture of cobalt electrodeposited from the 

electrolyte of the initial composition with an addition of carbon particles (fraction ˂ 100 nm) at a 

concentration of 1.0 g/l was studied. Since carbon nanoparticles entering into the forming clusters 

of the liquid phase of electrodeposited cobalt can be considered as modifiers, one should expect 

the formation of not only a more scattered texture, but also a more fine-grained structure of the 

deposits. 

The results of texture analysis (Table 2) of cobalt, electrodeposited in the presence of nanocarbon 

particles, clearly demonstrate a compliance with the identified texture features of the interrelated 

formation of cobalt modifications. Thus, while the degree of texturing of the stable -modification 

of electrodeposited cobalt gradually decreases with an increase in the rate of its formation (Table 

2), the perfection of the texture of the metastable -modification increases rapidly (Table 2). At 

the same time, as follows from a comparative analysis of the data in Table 1 and Table 2, the 

obtaining of the coatings from an electrolyte with an addition of nanocarbon particles leads to a 

significant scattering of the crystallographic texture for both metastable and stable cobalt 

modifications. 
 

Table 2 Effect of current density on the average scattering angle of axial orientations [110] for 

-modification and [11.0] for -modification of cobalt electrodeposited in the presence 

of carbon nanoparticles 

Current density [A/dm2] 
The average scattering angle of the texture [degrees] 

[110] [11.0] 

0.5 15.8 11.2 

2.5 12.4 12.7 

10.0 11.9 13.8 
 

A comparison of the surface morphology of the cobalt deposits obtained from electrolytes of 

different compositions (Fig. 3) indicates the finer grain aggregates of cobalt electrodeposited in 

the presence of carbon nanoparticles. 
 

         
Fig. 3 SEM images of cobalt deposits obtained at a temperature of 25 °C and a current density of 

2.5 A/dm2 from an electrolyte without additives (a) and with the addition of carbon 

nanoparticles at a concentration of 1 g/l (b) 

 

The above results confirm the validity of explaining the observed effects based on the concept of 

electrochemical phase formation in metals and alloys through a supercooled liquid state stage.  

Hence, another proof of the existence of the phenomenon of electrochemical phase formation in 

metals and alloys through a supercooled liquid state stage is an intensive formation of the 
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metastable modification texture and simultaneous hindering of the development of the stable 

modification texture under the conditions of slowing down the polymorphic transformation in the 

metal being electrodeposited. 
 
 

9 Conclusions 

1. A hypothesis has been put forward to consider the crystallization of a polymorphic metal, being 

electrodeposited from the supercooled liquid state, as its sequential going through metastable 

modifications and the formation of a modification that is stable under the given deposition 

conditions as the last stage of phase formation. 

2. An idea has been proposed, according to which the slowing down of the process of polymorphic 

transformation in a metal being electrodeposited should be accompanied by an intensive formation 

of the texture of the metastable modification and suppression of the texture development of the 

stable modification. 

3. The results of the texture analysis of electrodeposited cobalt as a model metal showed that under 

slowing down the polymorphic transformation process in a metal being electrodeposited, the 

texture formation is intensified in the metastable modification, but suppressed in the stable 

modification. The finding is another proof of the existence of the phenomenon of electrochemical 

phase formation in metals and alloys through a supercooled liquid state stage. 
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