
 

Advances in Materials 
2015; 4(3-1): 33-40 

Published online June 17, 2015 (http://www.sciencepublishinggroup.com/j/am) 

doi: 10.11648/j.am.s.2015040301.15 

ISSN: 2327-2503 (Print); ISSN: 2327-252X (Online) 

 

Structural Features of Electrodeposited Metals as a Result 
of Ultra-Rapid Solidification of a Highly Supercooled Liquid 
Metal Phase 

Oleg B. Girin 

Department of the Materials Science, Ukrainian State University of Chemical Technology, Dnipropetrovsk, Ukraine 

Email address: 
girin@ua.fm 

To cite this article: 
Oleg B. Girin. Structural Features of Electrodeposited Metals as a Result of Ultra-Rapid Solidification of a Highly Supercooled Liquid Metal 

Phase. Advances in Materials. Special Issue: Advances in Electrodeposited Materials: Phase Formation, Structure and Properties.  

Vol. 4, No. 3-1, 2015, pp. 33-40. doi: 10.11648/j.am.s.2015040301.15 

 

Abstract: With a view to validating the existence of the phenomenon of phase formation via a liquid state stage in metals 

being electrodeposited, experiments were carried out to reveal electrodeposited metal's structural features typical of metals 

produced by solidification at ultra-high rates under high supercooling, and to establish consistent changes in metal structural 

characteristics with increasing degree of supercooling in electrodeposition. Following experimental facts in favour of the 

existence of the phenomenon in point were found: (1) occurrence of spherulites and pentagonal quasicrystals in electrodeposit 

layers adjoining the cathode, the occurrence being typical of metals produced by ultra-rapid solidification of a highly 

supercooled liquid metal phase; (2) emergence of the electrodeposited metals solely in a spherulitic form when transition of 

spherulitic growth to drusy growth with increasing deposit thickness was prevented; and (3) regular change in characteristics of 

point, linear and planar defects in the crystalline lattice with increasing degree of supercooling in electrodeposition of metals. 
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1. Introduction 

The existence of phenomenon of phase formation via a 

liquid state stage in metals being electrodeposited has been 

confirmed by experimental data in numerous reports [1-12]. 
Still, the unconventional nature of this phenomenon requires 

additional approaches to experimental validation of its 

existence. In this context, the intention of the investigation at 

hand was to perform further experimental verification of the 

existence of the discovered phenomenon by analysis of 

electrodeposited metals' structural features as resulting from 

ultra-rapid solidification of highly supercooled liquid metal 

phase. 

The general idea of this study was that the structure in 

metals that were ultra-rapidly solidified under high 

supercooling has certain typical traits that distinguish it from 

the metals' structure evolved under ordinary conditions. 

Besides, the degree of supercooling in metal electrodeposition 

must be a major factor that may affect qualitative 

characteristics of the structure. Should it be established that 

electrodeposited metal structure displays features peculiar to 

metals produced by ultra-rapid solidification of supercooled 

liquid metal phase and the metals' structural characteristics 

change consistently with rising degree of supercooling during 

electrodeposition, then these facts will serve as additional 

proofs of the existence of the phenomenon in point. 

2. Experimental Proof of the Existence of 

the Phenomenon 

2.1. Idea One and Its Realization 

It is well-known that metal solidification at a minor degree 

of melt supercooling follows a dendritic pattern due to 

morphological instability at solid-melt interface. At high 

supercooling, however, dendritic solidification gives way to 

spherulitic one [13, 14], the latter form featuring radially 

divergent crystals. As shown on metal ingot samples produced 

by solidification at high supercoolings, the spherulites 

generally occur at the metal-crucible interface [15, 16]. 
At ultra-rapid melt cooling rates, spherulites take a 

dominating role in the solidification [17-19]. Additionally, 

quasicrystals with a pentagonal symmetry occur in ultra-rapid 

quenching of highly supercooled melts [20-22], which feature 
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aperiodic long range order of atom arrangement and absence 

of translational symmetry. 

Therefore, if metals indeed pass a supercooled liquid state 

stage during electrodeposition and are rapid-quenched at the 

deposition temperature, then their layers adjacent to the 

cathode should contain spherulitic aggregates and pentagonal 

quasicrystals. The occurrence of these forms, typical of melts 

quenched at very high rates under high supercooling, in 

cathode-adjacent deposit layers will serve as a proof of the 

existence of the phenomenon discovered. 

2.1.1. Materials and Methods 

To prove this idea, cathode-adjacent layers in 

electrodeposited copper, lead and cobalt were investigated. 

For easy separation of the metal deposits, the cathodes were 

made in the form of polished stainless steel plates. Table 1 lists 

electrolyte compositions and deposition conditions for the 

metals used. 

Table 1. Electrolytes composition and parameters of electrodeposition of 

metals. 

Metal 
Electrolytes 

Composition, g L-1 

Electrolyte 

Temperature, °С 

Current 

Density, A dm-2 

Cu CuSO4·5H2O – 250 25 0.4-0.6 

 H2SO4 – 100   

 Pb(BF4)2 – 150 25 0.8-1.0 

Pb HBF4 – 60   

 H3BO3 – 25   

 CoSO4·7H2O – 300 25 0.1-0.3 

Co NaCl – 3   

 H3BO3 – 6   

Surface morphology of cathode-adjacent metal layers was 

studied by secondary electron imaging using type REhM-106I 

scanning electron microscope. The ultimate pressure in the 

SEM column in the vicinity of the electron gun did not exceed 

6.7·10
-4

 Pa, the gun current was 98 mA. 

2.1.2. Results and Discussion 

Spherulites were revealed in the cathode-adjacent layers of 

the electrodeposited metals under study (Fig. 1). In copper 

deposits (Fig. 1a, b, c), the spherulites displayed faceted 

pyramidal crystals grown radially from common centre. The 

spherulites in electrodeposited lead (Fig. 1d, e, f) had a radial 

platy make-up as different from the spherulites in cobalt with 

their radiating petalous morphology (Fig. 1g, h, i). 

Characteristically, the spherulitic forms in grain aggregates of 

the cathode-adjacent layers all featured a radially divergent 

pattern and common centre [23].  

Quasicrystals with a fifth order symmetry axis not allowed 

in the classical crystallography were found in the 

cathode-adjacent layers of metal electrodeposits as well (Fig. 

2). Similarly to the spherulites, the quasicrystals exhibited a 

peculiar make-up for each of the metals studied [23]. For 

example, the pentagonal quasicrystals in copper displayed 

faceted pyramidal forms (Fig. 2a) while those in lead were of 

radial platy type (Fig. 2b). 

The presence of multiple forms in spherulites and 

pentagonal quasicrystals readily identified in metal layers 

contacting substrate is a demonstration of the validity of the 

proposed concept of phase formation via emergence and 

ultra-rapid solidification of a highly supercooled metallic 

liquid during electrochemical deposition of metals. The 

development of spherulites and pentagonal quasicrystals in 

electrodeposited metals can be explained as follows. 

According to the proposed concept, the liquid state of a 

metal being electrodeposited is due to an extremely rapid, 

burst-like nature of its liberation resulting from a chain 

reaction of electrochemical evolution of atoms [1]. An 

average of 40 to 60 atoms evolve in one burst-like growth 

event. Since such an event has a duration of just about 10
–7

 s, 

the atoms have no time to build a long range ordered structure 

[1]. 

The multitude of such liquid atomic clusters avalanching at 

various sites near the surface of cathode or of growing deposit 

constitute liquid phase of the metal being electrodeposited, 

said phase being in a highly supercooled condition [1]. 

Ultra-rapid solidification of this highly supercooled metallic 

liquid leads to occurrence of spherulites and pentagonal 

quasicrystals in electrodeposited metals as experimentally 

observed (Fig. 1 and 2). 

It should be noted that development of spherulites and 

pentagonal quasicrystals in layers of electrodeposited metal 

adjacent to the cathode has been reported already. For instance, 

transmission electron microscopy revealed spherulites in 

electrodeposited copper [24] as well as in cobalt and nickel 

electrodeposits [25]. There are also reports on investigations 

of quasicrystals having pentagonal symmetry and found in 

face-centred cubic metal electrodeposits [26-28]. It is 

pentagonal quasicrystals that build core of the spherulites and 

act as crystallization nuclei [29]. 

The present author has carried out experiments to reveal 

spherulites and pentagonal quasicrystals in electrodeposited 

metals with the aim of experimentally validating the existence 

of the phenomenon in point. Since the experiments revealed 

structural features of these types and these findings are 

supported by literature data cited above, it may be concluded 

that ultra-rapid solidification of supercooled liquid metallic 

phase does take place in electrochemical deposition of metals. 

Reports are available [30-33] in which the emergence of 

quasicrystals with pentagonal symmetry and variety of 

structural types (amorphous or perfect crystalline) in an 

electrodeposited metal are explained by the metal's attaining 

of a high-temperature "liquid phase" state and subsequently 

cooling down during its electrodeposition. For example, some 

papers [30-32] on phase formation in electrodeposited copper 

show that "... the temperature in the growing islet, if its size is 

within a certain range, rises abruptly due to peculiarities of 

heat exchange in electrocrystallization (and can thus exceed 

copper melting point) and then drops down to the substrate 

temperature..." [32]. 
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Figure 1. SEM images of cathode-adjacent layers in metal electrodeposits showing occurrence of spherulites in copper (a), (b), (c), lead (d), (e), (f) and cobalt 

(g), (h), (i). 

 

Figure 2. SEM images of cathode-adjacent layers in electrodeposited metals illustrating occurrence of pentagonal quasicrystals in copper (a) and lead (b). 

Assuming that a metals being electrodeposited from water 

solutions indeed solidifies from a molten state due to some 

growing islets reaching the metal's melting point, one should 

contemplate islet growth stoppage at above 100 °C because of 

a film of vapour which will emerge around the islet surface. 

Considering that islet number is about 10
5
 cm

-2
 [34], it may be 

expected that the electrochemical deposition process will be 

completely stopped as soon as the growing islets' temperature 

has reached the water boiling point. 

Furthermore, if metals pass a high-temperature liquid state 

stage during electrodeposition, they will, during solidification 

in the absence of a high supercooling, assume dendritic, rather 

than spherulitic forms and produce no pentagonal 

quasicrystals. In this context, the mechanism of phase 

formation in metals being electrodeposited as suggested in 

[30-33] appears unlikely. 

The occurrence of spherulites and pentagonal quasicrystals 

in electrodeposited metals is caused by ultra-rapid 

solidification of a highly supercooled liquid metal phase 

evolving during the electrochemical deposition. This finding 

is another proof of the existence of the phenomenon of phase 

formation via a liquid state stage in metals being 
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electrodeposited. 

2.2. Idea Two and Its Realization 

It is well-known that with highly supercooled melts, metal 

in layers adjacent to the crucible solidifies in a spherulitic 

manner which turns into a drusy one with the advance of the 

solidification front and, accordingly, with the decrease in 

supercooling degree [15-18]. A similar pattern can be 

observed during phase formation in a metal being 

electrodeposited, when metal layers adjacent to the cathode 

contain spherulites [24, 25]. As the deposited layer grows in 

thickness, the spherulites disappear and the deposit then 

develops in druse form. 

It was shown in the preceding section that the spherulite 

occurrence in electrodeposited metals results from ultra-rapid 

solidification of a highly supercooled liquid metal phase 

appearing in the course of the electrochemical deposition. For 

a more convincing argument in favour of the existence of an 

intermediate liquid phase in metal being electrodeposited, one 

should completely prevent transition from the spherulitic 

growth process to the drusy one with increasing thickness of 

deposit and thus produce a purely spherulitic deposit.  

The formation of a purely spherulitic electrodeposit typical 

of metals that solidified from a liquid state at a very fast rate 

under high supercooling will be a proof of the existence of the 

phenomenon discovered. 

2.2.1. Experiment Justification 

According to current views, a spherulite is a crystal growth 

form resulting from crystal splitting at an initial growth stage 

and subsequent spreading of the multiple fine subindividuals 

radially with geometric selection [35-37].  

Spherulites emerge readily in a medium containing 

impurities because they are incorporated by a nucleating 

crystal and lead to saturation of crystalline defects in its lattice 

under conditions of accelerated growth. Accumulation of 

defects in a growing crystal brings about its splitting which 

leads to formation of spherulites [35]. 
Taking into account that phase formation via a liquid state 

stage in electrodeposited metals takes place under high 

supercooling [1, 2], in order to preclude the possibility of 

spherulitic growth transition to a drusy form as the deposit 

gets thicker, one should provide and maintain conditions 

during crystallization that favour accelerated crystal growth 

accompanied by an abundant accumulation of crystalline 

defects.  

Accelerated crystal growth can be achieved during 

electrodeposition by increasing current density which is in 

proportion with the deposition rate; accumulation of defects in 

crystals can be facilitated by doping the electrolyte with 

elements capable of impeding lattice building in emerging 

crystals. 

Increased current densities are employed in 

electrodeposition of transition metals, namely chromium, 

manganese, iron, cobalt and nickel. Of these, chromium and 

iron have the least tightly packed crystal lattice (body centred 

cubic, atomic packing factor 0.68) offering itself more readily 

to saturation of defects at temperatures comparable to 

electrodeposition temperature. Of these two metals, iron has a 

structure which is more susceptible to various elements' 

effects in electrodeposition; hence the choice of iron as the 

model metal. 

Nickel and chromium were selected as alloying additions to 

iron in electrodeposition upon the following grounds. Nickel 

has a face centred lattice which is basically different from the 

iron lattice and its atomic radius is much smaller than that of 

iron (0.1377 vs. 0.1411 nm). Chromium, although similar to 

iron in lattice type, has an atomic spacing that appreciably 

exceeds that of iron (0.2498 vs. 0.2483 nm). 

It should thus be expected that electrodeposition involving 

complex alloying of iron with nickel and chromium will cause 

iron-based substitution solution clusters to build a crystalline 

lattice with a high saturation of defects as these clusters 

solidify from a liquid state. The abundant presence of 

crystalline defects in nucleating crystals' lattice will favour 

crystal splitting to multiple fine subindividuals in the form of 

blocks. 

Subsequent block spreading radially will lead to occurrence 

of radial divergent crystals, that is spherulites. Continuous 

nickel and chromium alloying in iron being electrodeposited 

at an increased current density will prevent transition from the 

spherulitic to drusy growth form with increasing deposit 

thickness, thus resulting in deposits composed solely of 

spherulites. 

2.2.2. Materials and Methods 

The above idea was realized in complex alloying of iron 

with nickel and chromium [38] during electrodeposition under 

conditions given in Table 2. Deposit thickness was varied 

from 5 to 50 µm, the substrate material was steel, grade 08kp. 

Reference specimens were produced by iron electrodeposition 

under similar conditions with no additions of salts of nickel or 

chromium to the electrolyte. 

Table 2. Electrolytes composition and parameters of electrodeposition of 

alloyed iron and iron without alloying. 

Electrolytes 

Composition, g L-1 

Electrolyte 

Temperature, °С 

Current 

Density, A dm-2 
pH 

FeSO4⋅7Н2O – 400 55 10 2-3 

Al2(SO4)3⋅18Н2O – 100    

NiSO4⋅7Н2O – 96    

Cr2(SO4)3⋅6Н2O – 96    

FeSO4⋅7Н2O – 400 55 10 2-3 

Al2(SO4)3⋅18Н2O – 100    

Specimen surface morphology and elemental composition 

were investigated using Type REhM-106I scanning electron 

microscope having an energy-dispersive X-ray system. 

Degree of saturation of crystalline lattice by defects was 

estimated from diffraction peak width and intensity obtained 

in an upgraded diffractometer DRON-3 using Cu-Kα 

radiation. 

2.2.3. Results and Discussion 

The data obtained showed that electrodeposition of iron 

alloyed with nickel and chromium produced deposits that 
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consisted of iron-based substitutional solid solution with 

1.74 % Ni and 1.27 % Cr. The complex transition metal 

alloying lead to considerable crystalline defect saturation in 

electrodeposited iron lattice, as confirmed by lower diffraction 

intensities and broader diffraction peaks as compared to those 

of nonalloyed iron deposits [38]. 
For example, (110) diffraction peak for alloyed 

electrodeposited iron, Fig. 3a, displays a 2.5 times smaller 

intensity and a 30 % greater broadening than a similar peak for 

nonalloyed iron, Fig. 3b.  

 

Figure 3. The curves of the intensity distribution in the {110} diffraction peak 

for iron electrodeposits 15 µm thick: (a) alloyed by nickel and chromium;  (b) 

– without alloying. 

Changes of similar manner in intensities and broadening 

were observed with other diffraction peaks measured on 

specimens of iron alloyed during electrodeposition. Hence, 

complex alloying of electrodeposited iron with transition 

metals brings about both mosaic block refining and 

microdeformations in the lattice of emerging solid solution 

crystals. 

Since linear defects in metals are mainly concentrated at 

block and grain boundaries, substructure refinement brings 

about enrichment of crystalline defects in the alloyed iron 

lattice. Accumulation of crystalline defects in the lattice 

during growth leads to crystal splitting which results in 

continual emergence of new spherulites against the 

background of development of those already in existence. A 

highly nonuniform distribution in spherulite size may thus be 

anticipated with increasing deposit thickness. 

Fig. 4 confirms this suggestion. With 5 µm in thickness, the 

alloyed iron deposits contained very small spherulites; with 15 

µm, some larger spherulites and fine spherulitic formations 

are observed. Further development of the deposit to a 

thickness of 50 µm in circumstances where transition to drusy 

growth was precluded was accompanied by both coarsening of 

previously existing spherulites due to geometric selection and 

emergence of new ones (Fig. 4a). This resulted in a 

nonuniform spherulitic structure basically different from 

drusy form of electrodeposited metal appearing in 

electrodeposition of nonalloyed iron, see Fig. 4b [38]. 

 

Figure 4. SEM images of Ni-Cr-alloyed (a) and nonalloyed (b) iron electrodeposits 50 µm thick. 

As seen from Fig. 4, the model experiment yielded alloyed 

electrodeposited iron specimens that consisted solely of 

spherulites. 

Thus one more proof of the existence of the phenomenon of 

phase formation via a liquid state stage is offered for metals 

being electrodeposited, namely the occurrence of 

electrodeposited metal in a purely spherulitic form typical of 

metals that were solidified very rapidly from a liquid state 

under high supercooling. 

2.3. Idea Three and Its Realization 

Based on the concept of phase formation via a supercooled 

liquid state stage in metals being electrodeposited, it may be 

expected that the enrichment of crystalline defects will 

increase with higher supercooling ∆Т in electrodeposition. 

This is because the high nucleation rate at greater ∆Т values 

dominates over the linear crystal growth rate. 

Accordingly, increasing ∆Т must lead to higher vacancy 

concentrations, greater dislocation densities and smaller grain 

sizes in metals being electrodeposited. Regular changes in 

characteristics of point, linear and planar crystalline defects 

with higher supercooling during metal electrodeposition will 

serve as a proof of the existence of the phenomenon in point. 

2.3.1. Materials and Methods 

The above idea was verified in experiments on a number of 

metals (Co, Cr, Cu, Fe and Ni) which were deposited under 



38 Oleg B. Girin:  Structural Features of Electrodeposited Metals as a Result of Ultra-Rapid Solidification of a  

Highly Supercooled Liquid Metal Phase 

ordinary conditions from ordinary electrolytes with no organic 

additions. At first approximation, the difference between the 

metal's melting point and electrodeposition temperature was 

regarded as the degree of supercooling ∆Т. Since current 

density affects crystalline defect generation as well, several 

current density values corresponding to a soft, an intermediate 

and a hard mode of electrodeposition were selected for each 

degree of supercooling. 

As characteristic of crystalline defects, vacancy 

concentration was used for point defects and average 

dislocation density for linear ones; the enrichment of planar 

defects was estimated from the metal's average grain size. 

Positron annihilation was used for measuring the vacancy 

concentration. Angular distribution of annihilation photons 

was determined using a point-line geometry unit having an 

angular resolution of 1 mrad [39, 40]. 
The dislocation density was evaluated by X-ray diffraction 

analysis using upgraded X-ray diffractometers DRON-3 and 

DRON-3M with selected monochromatic radiation 

(respectively, Cu-Kα, U = 20 kV, I = 30 mA and Mo-Kα, U = 20 

kV, I = 35 mA). The average grain size was determined using a 

PEhM-100 type transmission electron microscope with digital 

signal recording and a combined brightfield and darkfield 

technique [41-45]. The values of dislocation density and grain 

size were averaged over all texture components with due 

account of relative contributions, using a method reported 

earlier [45]. 

2.3.2. Results and Discussion 

The experiments revealed that the degree of supercooling in 

electrodeposition has a pronounced effect on vacancy 

concentration in metals [40]. It can thus be seen from Table 3 

that increasing ∆Т by about 400 K (by changing test metal) 

resulted in a vacancy concentration rise by an order of 

magnitude. 

Table 3. Change of vacancy concentration in metals with the increase of 

supercooling degree during electrodeposition. 

Metal 
Supercooling 

degree, K 

Current 

Density, A dm-2 

Vacancy 

Concentration 

Ni 1430 6 10-4 

  8 5·10-4 

  10 10-3 

Co 1470 15 5·10-4 

  30 8·10-4 

  45 10-3 

Fe 1510 20 10-3 

  35 5·10-3 

  50 8·10-3 

Cr 1835 20 10-3 

  35 5·10-3 

  50 10-2 

The degree of supercooling in electrodeposition had a great 

deal to do with dislocation density in metals too. Table 4 

shows that increasing ∆Т by about 750 K (by changing test 

metal) lead to a rise in the average dislocation density by three 

orders of magnitude. 

 

Table 4. Effect of supercooling degree during electrodeposition on dislocation 

density in metals. 

Metal 
Supercooling 

degree, K 

Current 

Density, A dm-2 

Average 

Dislocation Density, cm-2 

Cu 1058 0.5 2.7·109 

  3.5 2.3·109 

  6.5 5.8·109 

Ni 1390 2.5 1.9·1010 

  7.5 4.2·1010 

  12.5 7.3·1010 

Fe 1510 10 9.8·1010 

  20 2.6·1011 

  30 4.4·1011 

Cr 1810 30 9.3·1011 

  50 2.6·1012 

  70 5.8·1012 

Table 5 demonstrates how the degree of supercooling in 

electrodeposition influenced average grain size in the metals. 

It is seen that grain refinement by an order of magnitude took 

place as the degree of supercooling was increased by 

approximately 750 K (by changing test metal). 

Table 5. Dependence of grain size in metals on supercooling degree during 

electrodeposition. 

Metal 
Supercooling 

degree, K 

Current 

Density, A dm-2 

Average Grain 

Size, µm 

Cu 1058 0.5 2.0 

  3.5 3.0 

  6.5 1.7 

Ni 1390 2.5 0.8 

  7.5 0.9 

  12.5 0.6 

Co 1470 10 0.7 

  25 0.6 

  40 0.5 

Cr 1810 30 0.4 

  50 0.2 

  70 0.1 

Clearly, the consistent change in characteristics of point, 

linear and planar crystalline defects with increasing degree of 

supercooling during electrodeposition is another proof of the 

phenomenon of phase formation via a liquid state stage in 

metals being electrodeposited. 

3. Conclusion 

Analysis of experimental data starting from a new 

conceptual basis has made it possible further to elucidate 

processes that take place in phase formation of metals being 

electrodeposited. It has been established that spherulites and 

pentagonal quasicrystals occur in cathode-adjacent metal 

layers, which is typical of metals produced by ultra-rapid 

solidification of a highly supercooled liquid metal phase. It 

has been shown that electrodeposited metals appear solely in 

spherulitic form if transition from spherulitic to drusy growth 

form with increasing deposit thickness is prevented 

completely. Consistent change has been found in 

characteristics of point, linear and planar crystalline defects 

as degree of supercooling is increased in electrodeposition. 

The above experimental results prove the existence of the 
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phenomenon of phase formation via a liquid state stage in 

metals being electrodeposited. 
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