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The subject of the recent study is the impact of various factors on the chemical and phase content of 

alloyed tin-cobalt plating that deposit out of electrolyte containing original, patented three-component additive 

by means of direct and pulse current. Through application of ААА and RFA it is found that depending on the 

combination of the three components, the Sn-Co plating that deposit are low-alloyed (up to 0.01 wt.% Со), and  

middle-alloyed (up to 6 wt.% Со), and  high-alloyed (up to 13 wt.% Со) in the case of constant-current 

electrolysis. The application of pulse current of appropriate characteristics, i.e. frequency and fill factor, in the 

same electrolyte results in deposition of only high-alloyed alloys with twice as high content of cobalt 20 – 22 wt. 

%. The experimentally obtained dependencies about the impact of chemical content are duly described through 

derived mathematical equations. Using HRD analysis, the phase content of the deposited low-, middle- and high-

alloyed SN-Co plating is characterized as fully as possible. It is found out that the first are mechanical mixture of   

βSn, βCo and αCo, and the latter except βSn contain chemical compounds of the type Со3Sn2 and CoSnO3. A 

high-alloyed Sn-Co alloy of typical amorphous structure is obtained for the first time in both deposition modes, 

i.e. stationary and non-stationary. The textures of the registered phases are identified with their typical crystal 

lattices. 

Key words: tin-cobalt plating, fluoride-sulfate and fluoride-chloride electrolytes, direct and pulse current, 

chemical content, phase content, ААА, RFA, HRD 

INTRODUCTION 

According to RoHs (Restriction of Hazardous 

Substances) Directive 2002/95/ЕU, stringent 

restrictions are introduced on the use of the 

classical tin-lead resist (70/30) in manufacture of 

PCBs and for industrial electronics and electrical 

engineering begining 27.01.2003, as well as for use 

of hexavalent chromium compounds for the process 

of chroming. There are various options suggested 

for replacing this type of plating [1-3]. The use of 

tin-cobalt alloys [4-5] is a very resourceful solution 

of the problem.  

The reason is that those alloys can be obtained 

with various contents of cobalt. According to this 

indicator, it is appropriate to classify the plating as 

low- (bellow 0.1 wt. %), middle- (up to 5÷6 wt. %) 

and high-alloyed - (above 6 wt. %) [6 – 9]. The first 

are applicable mainly as a metal resist in 

manufacture of PSBs, and the second are applicable 

for replacement of silver plating of the contact 

elements, and the third are applicable as alternative 

to shining chromium finishes. In recent years 

another strategic areas for their application are also 

outlined: as active anode material in manufacturing 

of lithium elements, as high-efficient catalyzer in 

relation to evolution of hydrogen, as well as in 

elaboration of solar collectors [10 – 12] 

The recent investigations prove the possibility to 

obtain low-, middle- and high-alloyed Sn-Co 

plating out of fluoride electrolyte containing an 

original additive that enables to obtain the three 

types of alloys solely through various combinations 

of the components and without alteration of the 

basic composition and the operation mode. 

There are few references available for the 

structure and the phase content, and they mainly 

concern the plating obtained from pyrophosphate, 

citrate and gluconate electrolytes [13 – 15] 

The impact of various factors on the chemical 

and phase content of Sn-Co plating deposited from 

fluoride electrolytes that contain an original 

patented additive at constant and pulse current 

modes is studied. 

EXPERIMENTAL CONDITIONS AND 

METHODS OF INVENSTIGATION 

The basic composition of the investigated 

electrolyte is:  
SnSO4: 60 g/l 

CoSO4. 7H2O: 80 g/l 

NH4F: 70 g/l 

KD – 2: 1 ml/l 

Sodium hypophosphite: 5 g/l 

рН = 4;  room temperature;  ik = 1.5 A/dm2 
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When adding KSCN of concentration 30 g/l 

to the electrolyte in question, there are high-alloyed 

plating formed in the range of cathode current 

densities from 1 A/dm2 to 4 A/dm2.  

The phase content is studied using X-Ray 

diffraction (XRD). All samples are X-rayed in 

angular range from 15 to 58 degrees. For 

identification of the different phases and textures, 

the data are compared with the JCPDS cards with 

extent of compliance at least three reflexes. The 

thickness of the plating is 12 μm.  

The chemical content is determined using 

Atomic Absorption Analysis (ААА) and X-ray 

Fluorescence Analysis (RFA). The studies on the 

influence of various factors on the percentage of 

cobalt in the plating were carried out with varying 

each parameter while the basic values of the others 

remain constant, as follows: Т = 25 ºС; i = 1 A/dm2; 

pH = 4.5; CCoSO4.7H2O = 80 g/l. The content of 

SnSO4 is constant (60 g/l), the concentration of 

NH4F is 70 g/l.  

The weight percentage content of the two metals 

in the alloy is estimated from the data from ААА. 

The study for the impact of different factors on 

the percentage content of cobalt in the plating in 

impulse mode are carried out applying fractional 

factorial experiment of the type 2n-1 for four 

variables: X1 (),  X2 (im ), X3(T),  X4 (CSn/Co). The 

fill factor  is changed through τz at constant value 

τp  = 50 μsec, and the average pulse density im  

was changed through the amplitude density of 

current iр. The basic concentration of CoSO4.7H2O 

for obtaining both low- and high-alloyed plating 

was the assumed value 80 g/l. Therefore, when 

planning the experiment the ratio of the two metals 

in the solution CSn/Co was varyed by lowering СSnSO4 

in the electrolyte at constant value of  СCoSO4.7H2O = 

80 g/l.  

EXPERIMENTAL RESULTS AND DISCUSSION 

Chemical content 

First of all, using ААА the impact of different 

factors (ik, T, CCoSO4, pH) on the percentage of 

cobalt in the low-alloyed plating was studied.  

It is seen from the experimental results 

presented in Fig. 1 that the percentage of cobalt at 

the above values of basic parameters is about 

0.01%. Except рН, the increase of ik, CCoSO4. 7H2O 

and Т results in increased content of cobalt in the 

alloy. It is worth noting, however, that the 

temperature is the most influential characteristic 

since with increase from 25 ºС to 55 ºС the 

percentage of cobalt increases ten times. The 

influence of the rest two characteristics (ik, 

CCoSO4.7H2O) is equal and less significant, i.e. for 

times increase. 

Despite the too low concentration of cobalt, we 

believe that it is included in the plating by 

electrochemical way. The observed dependencies 

can be explained considering the regularities of 

electrolytic alloying and the fact that the deposition 

potential of cobalt Ei (Co) in this particular case is 

more negative than that of tin Ei (Sn), although the 

opposite is valid for their corrosion potentials: EC, 

(Co) =  - 500 mV; EC, (Sn) = - 670  mV. Based on the 

experimental results we can assume that the 

increase of temperature has stronger depolarizaton 

impact on kinetics of deposition of cobalt than on 

kinetics of deposition of tin. 

 

 

 

 
Fig. 1. Impact of cathode density of current (1), рН of the medium (2), concentration of CoSO4. 7H2O in the 

electrolyte (3) and temperature (4) on the percentage of tin plating low-alloyed with cobalt in presence of KD– 2 

with concentration 1ml/l. 
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Similar but less pronounced is the effect of 

increasing the concentration of cobalt, regardless of 

its deposition control, as in the range of current 

densities studied from 0.4 A/dm2 to 1.6 A/dm2 the 

needed condition for alloying is achieved, i.e. Ei (Sn) 

=  Ei (Co)  

The most probable and most logical explanation 

of dependence 2, Fig. 1, is the variation of the 

constant of resistance of the complex tin 

compounds that is known to be largely dependant 

on рН, as the most stable tin compounds are formed 

in the range рН =  4 to 4.5. 

The data from AAA were fully confirmed after 

applying RFA (Fig. 2). 

 
Analyte Concentration Intensity 

Co 54       ppm             0,8 

Sn 99.99  Wt   %       3655.7 

a) 

 
Analyte Concentration Intensity 

Co 188       ppm 2.2 

Sn 99.98  Wt   % 2808.1 

b) 

Fig. 2. RFA of low-alloyed tin-cobalt plating deposited 

in presence of КD– 2 at direct (а) and pulse (b) current: 

ik  = im = 1 A/dm2;  = 0,01, τр = 50 μs; δ = 5μm 

When applying the impulse mode (Fig. 2b) in 

the same electrolyte, a significant increase of cobalt 

in the alloy (2 times) is achieved without changing 

the other conditions. Likewise in DC electrolysis, 

that can be explained with the kinetics of processes 

but necessarily taking the specifics of non-

stationary electrolysis into account. 

Similar studies have been performed for the 

high-alloyed plating too, where KSCN of basic 

concentration 30 g/l is added to the basic 

electrolyte composition with pH = 4.5 containing 

KD – 2. Comparison of the dependences in Fig. 3 

with those of Fig. 1 shows that the regularities of 

the process of electrolysis alloying are also 

observed in obtaining high-alloyed plating: the 

content of metal with more negative electric 

deposition potential, i.e. Co, increases with the 

increase of cathode density of current, the 

temperature and the concentration of CoSO4. 7H2O 

in the electrolyte. 

The main differences are in the degree of 

involvement of the individual factors. While the 

deposition of low-alloyed compounds is mostly 

dependent on the temperature, in the other case this 

parameter has the most insignificant impact, i.e. the 

content of Со increases from 12 % to 15 % while Т 

varies from 25 ºС to 50 ºС. As seen in 1, the linear 

dependence is maintained until cathode density 2 

A/dm2. An important advantage is the fact that in 

the intensive mode ik =  2÷3 A/dm2 recommended 

for using in practice, the  percentage of cobalt 

remains constant, which is a prerequisite for 

formation of alloy plating on profile cathodes that 

are uniform in composition and properties. 

Until 1 A/dm2 middle-alloyed Sn-Co plating are 

obtained with Co content up to 60 %. 

In Table 1 the levels and the ranges of variation 

of the individual factors in impulse deposition of 

Sn-Co plating are presented. 

Table 1. Plan of the experiment for studying the impact 

of various factors on the percentage of cobalt in Sn-Co 

plating at pulse mode. 

X1  X2  X3  X4  

() im, A/dm2 T, oC CSn /CCo   g/l 

-1         0.01 -1           0.5 -1            25 -1           0.5 

+1        0.02 -1           0.5 -1            25 +1             2 

-1         0.01 +1           3 -1            25 +1             2 

+1        0.02 +1           3 -1            25 -1           0.5 

-1         0.01 -1          0.5 +1           60 +1             2 

+1        0.02 -1          0,5 +1           60 -1           0.5 

-1         0.01 +1          3 +1           60 -1           0.5 

+1        0.02 +1          3 +1           60 +1             2 

After processing the results, the following 

regression equation was obtained: 

Y = 17.5 + 0.53. X1 + 0.73. X2 + 0.15. X3 – 0.89. X4   (1) 

Using equation (1), graphical dependencies (Fig. 

4) were built representing the impact of each of the 

four factors on the percentage of Co in the plating, 

while the rest factors were assumed constant at 

basic levels  = 0,01; im = 2 A/dm2;  T = 30 ºC; 

CSn/Co = 2.  
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Fig. 3. Impact of cathode density of current (1), temperature (2), concentration of CoSO4. 7H2O in the electrolyte 

(3) and concentration of KSCN (4) on the percentage of cobalt in high-alloyed Sn-Co plating. 

 
Fig. 4. Impact of average current density during pulse deposition (1), fill factor (2), temperature (3), and ratio 

between СSn/CCo in the electrolyte (4) upon the percentage of cobalt in high-alloyed Sn-Co plating at pulse mode 

of electrolysis. 

variation of τz practically has no effect. For both 

modes of deposition the change of У depending on 

CSn/Co is negligibly small (Fig. 36, dependence 3 

and Fig. 37, dependence. 4), regardless of the fact 

that the ratio CSn/Co is varied in two ways: either 

through decrease of concentration of SnSO4 (in 

impulse mode), or through increase that of 

CoSO4.7H2O (in direct current mode).  

The main differences are associated with the 

density of current. While in DC deposition its 

variation in the range from 0.5 A/dm2 to 2 A/dm2 

results in threefold increase of Y (from 4 to 12 %), 

in pulse mode this parameter's effect is less 

significant, i.e. 1.07 times (from 20.3 to 21.7 %). 

The impact of temperature in the range from 30 

ºС to 60 ºС is commensurate in both modes: У 

increases 1.2 times from 12 % to 15 % at direct 

current, and from 22.4 % to 27 % at pulse current. 

The application of pulse current results in almost 

double increase of the concentration of cobalt in the 

plating that changes insignificantly at normal 
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temperature from 20.53 % to 22.4 % at im = 0,5÷3 

A/dm2. 

The results from RFA of high-alloyed plating 

deposited at two different densities of pulse current 

are presented in Fig. 5. It is seen that the 

concentration of Co determined mathematically 

completely coincides with the one read from 

dependencies а and b, Fig. 4, which confirms the 

adequacy of the derived mathematic equation /1/ 

again. The observed effect indirectly suggests the 

conclusion that the kinetics of processes is radically 

changed in the case of pulse deposition. It can be 

also assumed that the polarization phenomena 

would also affect the kinetics of other parallel 

processes, e.g. release of hydrogen, which in turn 

leads to a change of pH in the cathode 

area.

 
Analyte Concentration Intensity 

Co 21,73 Wt % 2910,6 
Sn 78,27 Wt % 2071,4 

(a) 

 
Analyte Concentration Intensity 

Co 22,49 Wt % 4475,8 
Sn 77,51 Wt  % 3039,2 

(b) 

Fig. 5. RFA of high-alloyed Sn-Co plating obtained 

applying pulse current of parameters im = 2 A/dm2, (а); 

and im = 3 A/dm2,  (b). 

Phase content 

The X-Ray image of low-alloyed Sn-Co alloy 

deposited at DC density 1 А/dm2 is presented in 

Fig. 6.  

 
Fig. 6. X-ray analysis of low-alloyed Sn-Co plating 

deposited in presence of KD–2; i= 1 A/dm2 

The clearly formed five diffraction peaks give 

grounds to characterize the plating as such of 

marked crystal structure although the insignificant 

increase of background in the range from 20.5 to 26 

degrees suggests certain amorphousness too. The 

three most intensive reflections  = 22.5, 27.5, and 

32.45 correspond to distances between surfaces 

equal to 2.01, 1.66 and 1.44 accordingly. These 

distances are typical for the β- crystallographic 

modification of tin with its typical tetragonal 

lattice. There is a pronounced texture effect 

observed along [211] and [321], and a less 

significant one along [301].  

At  = 37.7 and 22.15 degree, another two 

reflection peaks are registered that correspond to 

the presence of both phases, as the β-phase being 

predominant with its characteristic cubic crystal 

lattice. Its orientation is along [111] and [220], 

while the α-modification (hexagonal crystal lattice) 

is orientated along [002] and [110]. 

Analogical studies were also carried out for 

middle- and high-alloyed plating deposited in the 

presence of КD-2 and potassium rodanide 

composition.  

The first essential difference compared to 

electro-deposition of low-alloyed alloys is that 

there the variation of direct current density strongly 

affects the crystal structure and the phase content. 

While up to i = 1 А/dm2 where middle-alloyed 

plating are formed, the alloy has a marked crystal 

structure, especially that at i = 1 А/dm2 (Fig. 7, 

positions а and b), than the alloy is typically 

amorphous in a wide range of current densities 

from 2 А/dm2 to 4 А/dm2 (position с).  
Existence of the following three phases is 

established: βSn (above 80%) and the chemical 

compounds Co3Sn2 and CoSnO3. The orientations 

of βSn at i = 1 А/dm2 are along [101] and [211], but  
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Fig. 7. X-ray analysis of middle- (a, b) and high-alloyed 

(c) with cobalt tin plating at various densities of direct 

current: а - 0,5; b – 1; с - 2, 3, 4 А/dm2. 

at i = 0,5 А/dm2 a clear diffraction reflection is 

registered along [200] too. The impact of the 

parameters of pulse current on the phase content of 

high-alloyed plating was studied in more details. 

It is clearly seen from the X-ray images 

presented in Fig. 8 that at a constant average pulse 

density im = 0,5 А/dm2, the change of fill factor  

(through variation of τz) does not affect the type of 

diffractograms and they are completely identical. 

The alloy plating have the same crystal structure as 

in deposition with direct current although a certain 

amorphousness is observed, most probably due to 

amorphous tin. In the pulse mode mainly three 

phases are registered: β Sn, Со3Sn2 and CoSnO3 

that are analogical to those in direct current 

deposition. In our understanding, the similarity in 

the phase contents of the two modes observed can 

be explained with the high frequencies selected 

initially (from 0.40 kHz up to 6.67 kHz) that 

correspond to those during examination of the 

chemical content. As was found during studying the 

impact of various factors upon the chemical content 

of the Sn-Co plating in pulse mode, the variation of 

 through τz does not affect the percentage of tin, 

but it increases significantly from 12÷14 % to 

nearly 22÷23 % compared to the direct current 

deposition. 

 

 

 

 

 

 

 

 

Fig. 8. X-ray analysis of high alloyed tin-cobalt plating obtained at pulse current of various fill factors : а -  

= 0,5;     b –  = 0,25; c –  = 0,01; τp = 50 μsec; im = 0,5 A/dm2; d – middle-alloyed Sn-Co plating obtained at 

direct current of density i = 0,5 A/dm2 . 
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Fig. 9. X-ray analysis of high alloyed tin-cobalt plating 

obtained at pulse current of different fill factors : а -  

= 0,01;     b -  = 0,5; τp = 500 μsec; im = 0,5 A/dm2. 

 
Fig. 10. X-ray analysis of high-alloyed tin-cobalt 

plating obtained at pulse current of different 

densities: a - im = 0,5 A/dm2; b - im = 0,8 A/dm2; τp = 

500 μsec;     = 0,01. 

Therefore, the chemical content is not a 

determinant for the phase content in the 

electrochemical system studied.   

At analogical fill factors , however realized at 

ten time lower frequencies (from 40 Hz to 670 Hz), 

the diffractograms change significantly (Fig. 9), 

which means that the impact of  is substantial in 

this case.  

The comparison between the diffractograms 

indicates that at lower frequencies and equal fill 

factors, the plating have less pronounced crystal 

structure (having about 3 times higher density), as 

the phase content is also changed. Except the three 

abovementioned phases, in this case the alloy 

contains another compounds between the two 

metals, i.e. CoSn3 and Co2SnO4, as reflexes 

corresponding to cobalt sulfides СоS and Со4S3 are 

also registered. We found out that at frequency 40 

Hz and low fill factor  = 0.01, after insignificant 

increase of im through ip (from 0.5 to 0.8 А/dm2), 

the alloyed plating obtained have typical 

amorphous structure (Fig. 10), while at direct 

current this effect is achieved at density about 2 

times higher. 

 

CONCLUSION 

The impact of various factors on the chemical 

and phase contents of alloyed tin-cobalt plating 

deposited from fluoride electrolytes containing an 

original patented three-component addition in 

direct-current and pulse modes is studied. It is 

proved that in presence of KD - 2 only, the content 

of cobalt in the low-alloyed plating is about 0.01% 

at normal temperature and density of direct current 

i = 1 А/dm2, and in the case of pulse deposition it 

increases two times at appropriate parameters of the 

pulse current. Through adding KCNS with 

concentration 20÷30 g/l, low- (up to 6 %) and high-

alloyed (up to 13 %) tin-cobalt plating are obtained 

only through variation of cathode density of direct 

current. The application of pulse current of 

appropriate frequency and fill factor (υ = 200 Hz, Θ 

= 0.01) allows deposition of only high-alloyed 

plating with twice higher content of cobalt (from 20 

to 22 %), in a wide range of densities of current 

from 0.5 А/dm2 to 3 А/dm2.  

The phase content of the deposited low-, 

middle- and high alloyed tin-cobalt plating obtained 

from fluoride electrolytes is characterized as fully 

as possible. It is indicated that the first are 

mechanical composition of βSn, βCo, αCo, as their 
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contents decrease in the same order; and the 

second, except βSn, also contain compounds of the 

type Со3Sn2 and CoSnO3. The high-alloyed tin-

cobalt plating obtained has typical amorphous 

structure, while the low- and middle alloyed ones 

have marked crystal structure. The texture of the 

phases registered with their typical crystal lattices is 

identified. 
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(Резюме) 

Изследвано е влиянието на различни фактори върху химичния и фазов състав на сплавни калай-кобалтови 

покрития, отлагани с постоянен и импулсен ток от флуориден електролит, съдържащ оригинална, патентно 

защитена трикомпонентна добавка. Чрез прилагане на ААА и РФА е установено, че в зависимост от 

комбинацията на трите компонента на добавката при постояннотокова електролиза могат да се отлагат, както 

нисколегирани (до 0,01 т. % Со), така и средно (до 6 т. % Со) и високолегирани (до 13 т. % Со) Sn-Co покрития. 

Прилагането на импулсен ток с подходящи параметри (честота и коефициент на запълване) в същия електролит 

води до отлагането само на високолегирани сплави с двойно по-високо съдържание на кобалт 20 – 22 т. %. 

Експериментално получените зависимости за влиянието на различни фактори върху химични състав са 

адекватно описани, с изведени математични уравнния. Чрез HRD анализ възможно най-пълно е 

охарактеризиран фазовия състав на отлаганите ниско, средно и високолегирани калай-кобалтови покрития. 

Намерено е, че първите представляват механична смес от βSn, βCo, αCo, а вторите, освен βSn съдържат и 

химични съединения от вида – Со3Sn2 и CoSnO3. За пръв път е получена високолегирана калай-кобалтова сплав 

с типична аморфна структура и при двата режима на отлагане – стационарен и нестационарен. Идентифицирана 

е текстурата на регистрираните фази с характерните за тях кристални решетки. 


