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Abstract: The objects of this study are galvanically deposited Zn and Zn-Ni-P coatings additionally treated (passivated) in environmentally 
friendly Cr(III)-based composition for obtaining of conversion films (CF). The aim of this treatment is to improve the corrosion-resistant 
properties of the coatings.  

The elemental composition and surface morphology of the newly obtained systems “galvanic coating/conversion film” are investigated 
with EDS and SEM analyses. 

Protective properties of the conversion films are defined with potentiodynamic polarization curves and polarization resistance 
measurements in a model medium containing chloride ions (5% NaCl) which leads to appearance of local corrosion.  
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1. Introduction 

Zinc alloys including also Zn-Ni and Zn-Fe are widely 
employed in different industrial areas due to their well known 
physical-mechanical and corrosion resistant properties which are 
better expressed compared to the pure zinc coatings [1,2,3]. 

It is established that Zn-Ni alloys containing 10-15 wt.% Ni 
characterize with good corrosion resistance as well as with forming 
and welding properties [4-8]. In addition, these alloys may be a 
good alternative of the already obsolete cadmium coatings the latter 
being toxic and expensive [1,9,10]. Due to their improved 
parameters more of the zinc alloys find wide practical application 
especially in the automotive industry [11-14]. 

With ever increasing demand concerning the corrosion 
resistance in the industry it is necessary to look for new ways for 
obtaining of coatings with improved protective characteristics. 
According to several literature sources the co-deposition of P with 
Zn-Ni or Zn-Fe alloys can lead in general to better corrosion 
resistance but also to changes in the microstructure, to reduction of 
the residual stresses and to better adhesion of the coating [15, 
16,17]. 

Another way for better corrosion resistance of the zinc and its 
alloys is their additional chemical treatment (immersion for a 
definite period of time) in special solutions for obtaining of 
conversion films (CF). Previously, some of the most widely used 
conversion coatings in industry were those containing Cr (VI) 
compounds. They characterize with high corrosion resistance, good 
adhesion to the paint and varnish coatings, low price [18,19] and 
demonstrate the so called “self-healing effect” [20]. However, their 
application is restricted due to their high toxicity and environmental 
pollution [21-23].  

During the last decades several types Cr(VI)-free conversion 
films have been investigated aiming at their application in the 
automotive and other industries. These coatings are based on Cr(III) 
compounds which  are easily accessible, non-carcinogenic and safer 
work [24,25]. 

The aim of the present investigation is to elaborate an 
environmentally friendly composition and to investigate the 
possibility for obtaining of CF on zinc and ternary zinc alloys (Zn-
Ni-P) as well as to characterize their protective properties. 
 
2. Experimental. 
2.1. Electrochemical deposition. 

Zinc galvanic coatings are electrochemically obtained 
from electrolyte with following composition: ZnSO4.7H2O, NH4Cl, 
H3BO3, additives – AZ-1 and AZ-2, рН value 4.5-5.0, ambient 
temperature of 22 oC,  current density Dk = 2 A/dm2. 

The electrochemical deposition of Zn-Ni-Р alloys is 
realized from sulfate-chloride electrolyte with a composition: 
NiSO4.7H2O, NiCl2.6H2O, ZnCl2, β - alanine and phosphorus-
containing compounds. 

The electrodeposition is carried out in a thermostatically 
isolated electrolytic cell with a volume of 400 ml with circulation. 
The samples are deposited at cathodic current density of 2 and 5 
А/dm2 and pH values 2 and 4, respectively. The deposition time 
varies between 10 and 30 minutes and the working temperature was 
40 0C. Non-soluble Ti-Pt meshes are used as anodes and steel plates 
with sizes 1x10x20 mm (4 cm2) as substrates. 

 
2.2 Conversion films (CF). 
The electrodeposited coatings of zinc and Zn-Ni-P alloys 

are additionally treated in a solution for chemical passivating 
containing: Cr(III)-based compound, HNO3, P - containing additive. 
The pH value of the composition was 1.2 and the time for 
immersion - 40 s. 
  

2.3. Scanning electron microscopy (SEM). 
The chemical composition and surface morphology of CF 

obtained on zinc and its alloys before and after corrosion treatment 
are investigated with scanning electron microscope JEOL – JSM 
6390 coupled with EDS device.  
 

2.4. Corrosion investigations.  
 2.4.1.Potentiodynamic polarization (PDP) curves. 
The PDP tests are carried out for two ternary Zn-Ni-Р 

alloy types with following compositions, wt.%:  
Zn – 89.6;       Ni – 10.4;        P - 0; 
Zn – 74.7;       Ni – 20.0;       P – 5.3;  
The investigations are realized at room temperature by 

using of VersaStat 4 (PAR) unit in a tri-electrode electrochemical 
cell with 250 ml volume and scan rate of 1 mV/s. Pt plate is used as 
a counter and saturated calomel electrode (SCE) is used as a 
reference electrode.  

Before the beginning of the test the samples are 
temporized for a 10 minutes period at open circuit potential (OCP).  
 

2.4.2.Polarization resistance (Rp). 
One of the main criterions for the protective ability of the 

galvanic coatings is the polarization resistance (Rp) whose value is 
inversely proportional to the value of corrosion current according to 
Stern-Gerry equation [26]. The higher Rp values correspond to 
greater protective ability and lower corrosion rate as well.  
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The experiments are carried out by using of „Corrovit” 
unit in a tri-electrode electrochemical cell with a Luggin-capillary 
for minimizing the ohmic resistance of the corrosion medium in 
potential interval of ± 25 mV concerning the corrosion potential. 
Also here, the samples are temporized at OCP for 10 minutes.  

 
2.5. Corrosion medium. 
Model corrosion medium used for the experiments is 5% 

NaCl solution with pH ~ 6.3. The results from the electrochemical 
investigations are in average of 5 samples per type i.e. for each 
measurement 5 replicatesof Zn or its ternary alloys .  

 
3. Results and discussion. 
3.1.Potentiodynamic polarization. 
Figures 1а) and 1b) demonstrate the PDP curves of the 

ternary alloys Zn 89,6Ni10,4P0 and Zn74,7Ni20P5,3 with and without CF 
on the surface. In addition, the presented curves are compared to 
those of the pure Zn (with and without conversion film) and to the 
curve of low-carbon steel sample.  

It can be observed from both figures that the corrosion 
potential of the Zn-Ni-P alloys (with and without CF on the surface) 
is more positive compared to this of the Zn (curve1, Fig. 1a and 1b) 
and more negative compared to this of the steel substrate (curve 4), 
i.e. they will play the role of anodic (sacrificial) coatings and will 
protect the steel.  

 
 
 
 

      
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Potentiodinamic polarization curves of Zn and ternary 
ZnNiP alloys:1a – without conversion film; 1b – with conversion 
film; 

 
It can be registered from Fig. 1b) that the presence of the 

conversion film on zinc and Zn-Ni-P alloys leads to decreasing of 
the slope of the anodic curves which correspond to slowdown of the 
dissolution process rate under anodic polarization.   

Tables 1 and 2 show the corrosion potential values and the 
corrosion current densities of Zn and Zn-Ni-P alloys with and 
without CF on the surface. It is obvious that the corrosion current of 

the zinc coating is the highest one (11,7 µA/cm2) which means that 
its corrosion rate is the greatest. The lowest corrosion current 
densities show Zn with conversion film (0,95 µA/cm2) and Zn 
89,6Ni10,4P0  ternary alloy with CF (1,65 µA/cm2), respectively.  
 
Table. 1 Corrosion parameters for Zn and Zn-Ni-P alloys 
without CF 

 
 
Table. 2 Corrosion parameters for Zn and Zn-Ni-P alloys with 
CF 

 
 

3.2. Polarization resistance (Rp). 
Figure 2 demonstrates the polarization resistance data for 

Zn and Zn-Ni-P ternary alloy coatings (with and without CF, 
respectively) measured during a prolonged period of time. Very 
important criterion for the protective ability of the coatings in that 
case is the moment of the appearance of the so called “red rust” 
spots.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2. Polarization resistance measurements of Zn and ternary 
Zn-Ni-P alloys without and with CF  

 
For the demonstrated period of time (240 days) it is 

obvious that the Rp of the pure galvanic zinc (curve 6) distinguishes 
with the lowest values and the first “red rust” spots appear after 73 
days of immersion. The ternary alloy Zn 89,6Ni10,4P0 (curve 2) show 
the first “red rust” spots after 87 days and show higher Rp values 
compared to the zinc.   

The presence of conversion film on the zinc (curve 5) 
leads to a slight increase of the Rp values but no “red rust” can be 
registered during the whole 240 days period. The polarization 
resistance data show that after treatment in the chromite solution the 
ternary Zn 89,6Ni10,4P0 alloy (curve 1) lasts in the corrosion medium 
about 240 days and the Rp values of the alloy are several times 
higher compared to the zinc and Zn74,7Ni20P5,3 alloy (curves 3 and 
4, respectively).  

According to curves 3 and 4 the first “red rust” spots can 
be registered after 25 days immersion independent on the presence 
or absence of CF. This means that in that case the passive film does 
not lead to improved protective ability of these alloys.  

Type coating Corrosion 
potential 

(mV) 

Corrosion current  
density (µA/cm2) 

Zn -1087 11,7 
Zn 89,6Ni10,4P0 -1025 4,3 
Zn 74, 7Ni20P5,3 -993,0 7,31 

 
Type coating 

Corrosion 
potential 

(mV) 

Corrosion current 
density (µA/cm2) 

Zn +CF -1047 0,95 
Zn 89,6Ni10,4P0 + CF -978,8 1,65 
Zn 74, 7Ni20P5,3 + CF -931,2 8,7 
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4. EDS analysis and SEM.  
SEM images clearly demonstrate that the reason for the 

abovementioned phenomenon can be the incompact layer of 
corrosion products which forms during the test period in the model 
medium of 5% NaCl (Fig. 3f). Passivated zinc and Zn 89,6Ni10,4P0 
alloy coatings distinguish with a more compact barrier film 
appeared during the corrosion treatment (Fig. 3b and 3d) which 
additionally decrease the corrosion process rate and improve the 
protective properties of these systems.    

 
 
 

 
a) Zn + CF 

 
 
 
 
 

b) Zn + CF (after corrosion treatment) 

 
 
 
 
 
c) Zn 89,6Ni10,4P 0 + CF 

 
 

 
 
 
 
 
 

 
 

d) Zn 89,6Ni10,4P 0 + CF (after corrosion treatment) 

 
 
 
 
 
                       e) Zn 74, 7Ni 20P5,3 + CF 

 
 
 
 

 
                      f) Zn 74, 7Ni 20P5,3 + CF (after corrosion treatment) 

 
 

 
Figure 3. Surface morphology of passivated Zn coating and ternary 

Zn-Ni-P alloys before аnd after corrosion treatment in 5% NaCl 
 

The EDS data show that the chromium content of the 
alloy Zn89,6Ni10,4P0 after treatment in the solution for chemical 
passivating based on Cr(III) compounds is 0,2 wt %. The other 
alloy sample and the zinc have several times higher chromium 
amount – about 2,7 wt %. SEM analysis of Zn89,6Ni10,4P0 sample 
with CF lead to the conclusion that the surface of the coating is 
cracked (Fig. 3c) while for the other investigated alloy these cracks 
are almost absent. Zinc sample with CF does not practically show 
any cracks. 

Most probably, like in the case of conversion films based 
on Cr(VI) compounds, the presence of a such net of cracks improve 
the protective properties of the film while the greater P content 
makes them worsen.  

 
5. Conclusions. 
A relatively harmless composition for chemical treatment of 

zinc and its alloys based on Cr (III) compounds is developed.  
After chemical treatment in that solution the surfaces of zinc 

and ternary Zn-Ni-P alloys are covered with conversion films. The 
latter are characterized by using of EDS and SEM analyses.  

Corrosion investigations with potentiodynamic polarization 
curves in a model corrosion medium of 5% NaCl show that Zn and 
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Zn89,6Ni10,4P0 alloy with CF show better protective ability compared 
to the samples without CF. 
 Polarization resistance data demonstrate that the corrosion 
behavior (protective ability) of the Zn74,7Ni20P5,3  are worsen 
compared to these of the usual electrodeposited zinc independently 
on the presence or absence of CF and in that case the film does not 
lead to improvement of the protective ability. On the contrary, even 
more deterioration of the protective characteristics can be observed. 
The most probable reason is the higher P content and the more 
incompact film of corrosion products with less pronounced barrier 
properties.  

Best protective ability in the model medium demonstrates 
Zn89,6Ni10,4P0  alloy with CF. 

Finally, it can be concluded, that the elaborated composition 
for obtaining of environmentally friendly CF is perspective 
concerning the prolonged service life of the zinc and Zn-Ni-P 
coatings in corrosion media leading to appearance of local 
corrosion.    
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