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ABSTRACT  
 
Electrodepositions of zinc–nickel alloy thin films on Low-carbon steel from sulfate acid baths were studied. An experimental design and 
optimization procedures for Zn‐Ni alloy electroplating was applied using Minitab 19. This paper analyzed a six‐variable in two steps. (1) 
A Mixture Design (MD) where the best proportion between boric acid, saccharin, and 2-butyne-1,4-diol was determined. (2) Box 
Behnken design to find the most optimal conditions for zinc‐nickel electroplating. For that temperature, current density, and the ratio 
[Ni2+]/[Zn2+] are the tested parameters.In step 1 the best bath composition was [boric acid] = 0.1M, [saccharin] = 0.3 g/L, and [2-
butyne-1,4-diol] = 0.1 g/L.It was found, from step 2, that the best coating in terms of quality, brightness, and hardness was obtained 
under the following conditions: T= 30°C; i= 0.5A/dm2 and [Ni2+]/[Zn2+] = 0.53 with a theoretical response of 312.66 HV and an 
experimental response of 312.30 HV. These results were confirmed by two analyses morphological (SEM) and elemental (EDS). 
 
 
Keywords: Electrodeposition, Zn-Ni alloy, thin film, experimental design, mixture design, Box-Behnken, microhardness. 
 
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
1. INTRODUCTION  
 
Surface treatment by coating is a technique more and 
more used. It consists of improving surface properties by 
means of a film in order to give the metal certain surface 
properties such as corrosion resistance, appearance 
(bright, matte, semi-gloss....), and optical properties1-3.  
Since zinc-based alloy coatings are more corrosion 
resistant than pure zinc coatings4,5, zinc-nickel coatings 
have long provided better corrosion protection for steel6,7 
because of their excellent corrosion resistance, hardness, 
non-toxicity, and thermal stability8,9. Therefore, these 
coatings are frequently used in industries10, 11. And to 
achieve this type of alloy a simple, easy and especially 
economical method has been considered. This method is 
electrodeposition12. 
 
In the context of creating a barrier between the metal and 
the corrosive environment by applying the 

electrodeposition method, several objectives were aimed 
in this study. 
 
To find the critical electrodeposition variables affecting 
the micro-hardness of Zn-Ni deposits, a two-step 
experimental design was developed. The results of each 
step were used to determine the optimum conditions for 
Zn-Ni electrodeposition.  
 
Step 1: Mixture design (MD): it was used to provide 
maximum information on the constituents, their 
individual be planned and facilitated13,14. The aim is to 
obtain mixture with optimum response or meet certain 
requirements set from the outset. The desired response 
depends on the proportions of the constituents used. 
Thus, for a mixture with three proportions (sodium 
citrate, saccharin, and 2-butyne-1,4-diol), their sum is 
equal to unity, which means that they are dependent on 
each other. 
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Step 2: Box-Behnken design: Once the best bath 
composition had been determined, experimental 
planning was carried out with the aim of improving 
coating quality. The deposition was carried out using the 
Box-Behnken design. To achieve this, we chose three 
different factors such as current density (i), bath 
temperature, and [Ni2+]/[Zn2+] ratio. 
 
Step 3: Analysis techniques: the optimized samples in 
steps 1 and 2 were analyzed by using Scanning electron 
microscopy (SEM) and energy dispersive spectroscopy 
(EDS). The SEM was used to analyze the microstructure 
of the Zn‐Ni deposits. Moreover, EDS was used to 
measure the chemical composition of the optimized 
samples.  
 
2. MATERIALS AND METHODS 
 
2.1. Working electrode  
 
Low-carbon steel substrates, conforming to SAE 1010, 
ASTM A-366, and QQS-698 were used in this study. The 
chemical composition of the main principal elements of 
the substrate was represented in Table 1. The substrate 
requires adequate surface preparation to remove any 

impurities present at the interface. This preparation was 
presented in manual polishing and chemical attacks 
which are the classical techniques of substrate 
preparation. Indeed, the polishing was done with an 
abrasive paper of grade 800 to grade 2000, and to 
eliminate any impurity on the surface an attack with 
ethanol and HCl (50%) was examined. Finally, the 
substrate was rinsed thoroughly with distilled water and 
then dried.  
 
Table 1. Chemical composition of the substrate. 

Element C Mn P S Fe 

% max 0.13 0.60 0.40 0.05 The rest 

 
2.2. Electrolytes 
 
The electrodeposition of the Zn-Ni alloy coatings was 
performed in a sulfate acid bath. The composition of the 
baths and the operating parameters kept constant in this 
study are shown in Table 2. Under these conditions, the 
pH of the solution is between 2.3 and 2.5. Each 
experiment was performed in fresh solution to avoid 
problems such as depletion of metal ions from the 
electrolyte.

 
Table 2. Bath compositions. 

 Parameters Minimum value Maximum value 

Part1: mixture design 
Saccharin (g/L) 0.1 0.3 
2-butyne-1,4-diol (g/L) 0.1 0.3 
Boric acid (mol/L) 0.1 0.3 

Part 2: Box-Bhenken 
design 

T (°C) 30 60 
i (A/dm²) 0.5 1.5 
[Ni2+]/[Zn2+] 0.5 1.5 

Fixed parameters w: 300 rpm; Velectrolyte: 100 mL; e = 15 µm; [Na2SO4] = 0.40 M; [H2SO4] = 0.01 M; 
[ZnSO4.7H2O] = 0.1M; Distilled water 

2.3. Two-electrode system method 
 
We have tried to realize thin films of Zn-Ni alloy by the 
galvanostatic method. This method consists in applying 
a current density fixed according to the Faraday law. 
Samples were obtained from different baths. The cathode 
was the substrate and the anode was zinc. The formation. 
of the deposit is done by a redox reaction. 
At the anode:   𝑍𝑍𝑍𝑍 →  𝑍𝑍𝑍𝑍2+  + 2 𝑒𝑒− 
At the cathode: 𝑍𝑍𝑍𝑍2+  + 2 𝑒𝑒− → 𝑍𝑍𝑍𝑍↓ 
                       𝑁𝑁𝑁𝑁2+  + 2 𝑒𝑒− → 𝑁𝑁𝑁𝑁↓ 
For the measurement of the hardness of the obtained 
coatings, an INNOATEST microdurometer is used. 
 
3. RESULTS AND DISCUSSION 
 
3.1. Mixture design  
 
The matrix of experiments; called the axial matrix, is 
presented in Table 3. It consists of ten experiments 
performed under the following conditions: T =30°C, i = 

1 A/dm², e = 15µm, t = 52mn. The last two columns 
represent respectively the experimental and theoretical 
response (the micro-hardness). 
 
3.1.1 Simplex plot 
 
Figure.1 represents the points of the experiment carried 
out by the mixture design. The points are distributed at 
the vertices, in the middle of the stops, and in the middle 
of the triangle. 

 
Figure 1. Simplex plot for the mixture of boric acid, saccharin 
and 2butyne1,4diol. 
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3.1.2. Henry's line  
 
Henry's line is used to check the normality of the model 
because models can be difficult to interpret if the amount 
of data is not large. It can be seen that the points tend to 
form a straight line.  
 

 
Figure 2. Henry's line for the mixture of boric acid, saccharin, 
and 2butyne1,4diol. 
 
3.1.3. Cox diagram 
 
This curve consists in representing the variation of the 
response along each Cox axis. The different curves are 
calculated point by point from the previously determined 
mathematical model and using the MINITAB 19 
software. Figure 3 illustrates the variation of the micro-
hardness along the Cox axes, starting from the center of 
gravity of the triangle taken as a reference mixture. It can 
be seen that for an equal composition of the three 
constituents, the micro-hardness decreases with the 
increase in the variation of the proportion of saccharin 
compared to the reference mixture. On the other hand, the 
increase of boric acid and 2butyne-1,4diol indicates an 
increase in micro- hardness. But beyond the reference 
line of the mixture, we observe a decrease of the micro-
hardness with the increase of boric acid and 
2butyne1,4diol. As for saccharin, a proportional 
relationship with micro-hardness is observed. 
 

 
 
Figure 3. Cox plot for the mixture of boric acid, saccharin, and 
2butyne1,4diol. 
 
 

 
 
3.1.4. Mathematical model  
 
The mathematical model applied to the response (micro-
hardness of Zn-Ni coating) is a quadratic model for three 
components with a total of six coefficients for a single 
response according to equation 1. 
𝐻𝐻𝐻𝐻
=  −150.89 × [𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎]
+  2389.11 × [𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎]
+  89.11 × [2𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏1.4𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 −  7502.53]
× [𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎] × [𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎]
+  8971.57 × [𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎] × [2𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏1.4𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑]
−  9310.71 × [𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎]
× [2𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏1.4𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑]                                                  (𝑒𝑒𝑒𝑒. 1) 
 
3.1.5. Response Surface Methodology (RSM) 
 
The simplex method supposes that the system studied can 
be represented on a response surface, limited to a specific 
experimental domain. 
 
Figure.4 represents the contour plot and response surface 
plot of microhardness as a function of the three 
components (boric acid, saccharin, and 2butyne1,4diol). 
The gray contour located at the maximum level for 
saccharin (0.3g/L), the minimum level for boric acid (or 
the minimum level for 2butyne1,4diol) of the triangle 
represents the area where we have a good micro-hardness 
(HV > 275). The response surface represented in a 
polyhedron (Figure.4) is a convex shaped triangle. We 
can see that the micro-hardness is good at the left vertex 
of the polyhedron. It increases with the decrease of boric 
acid and 2butyne-1,4diol and the increase of saccharin. 

 

 
 
Figure 4. Response surface and contours of the mixture of boric 
acid, saccharin, and 2butyne1,4diol. 
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3.1.6. Optimization 
 
To achieve the main objective of the mixture design 
which consists in finding the optimal mixture combining 
all the desired properties a statistical treatment of the 

mathematical model obtained from experimental results 
was carried out. Indeed, a constraint was imposed on the 
selected factors. Table 4 summarizes the optimal 
conditions obtained for the tested composition.

 
Table 4. Optimal conditions for the mixture of boric acid, saccharin, and 2butyne1,4diol. 

Optimal composition Theoretical 
responses 
 (HV) 

Experimental responses 
 (HV) boric acid  

(M) 
Saccharin (g/L) 2butyne1,4diol (g/L) 

0.1 0.3 0.1 295.88 298.20 

3.2. Optimization of the Zn-Ni alloy electrodeposition 
by the Box-Behnken design 
 
After determining the right composition of saccharin, 
boric acid, and 2butyne1,4diol mixture another 
experimental planning was carried out with whose 
objective is to improve the quality of coatings. The 
deposition was carried out by applying the response 
surface methodology where the Box- Behnken design 

was used. For this, we chose three factors to vary such as 
current density (I), temperature, and the ratio [Ni]/[Zn].  
Table 5 represents the experimental matrix of the 
different tests as well as the experimental and theoretical 
responses (the micro-hardness).  
 
Working conditions: Boric acid =0.1 M, Saccharin= 0.3 
g/L, 2butyne1,4diol= 0.1 g/L , e = 15µm  

 
Table 5. experimental matrix of the different tests. 

Standard order T 
(°C) i (A/dm²) [Ni]/[Zn] Experimental 

microhardness (HV) 
Theoretical 
microhardness (HV) 

14 45 1.0 1.0 163.4 163.033 
12 45 1.5 1.5 115.3 125.400 
1 30 0.5 1.0 304.0 298.475 
9 45 0.5 0.5 253.6 243.500 
13 45 1.0 1.0 162.8 163.033 
5 30 1.0 0.5 179.2 194.825 
11 45 0.5 1.5 162.8 168.850 
6 60 1.0 0.5 149.8 150.325 
7 30 1.0 1.5 184.2 183.675 
10 45 1.5 0.5 108.8 102.750 
2 60 0.5 1.0 160.4 169.975 
4 60 1.5 1.0 141.5 147.025 
15 45 1.0 1.0 162.9 163.033 
3 30 1.5 1.0 146.8 137.225 
8 60 1.0 1.5 125.1 109.475 

3.2.1. Analysis of variance 
 
From the analysis of the variance (ANOVA) Table 6, it 
can be seen that a good regression of the model was 
obtained with a value of P = 0.002. In addition, it was 
found that the linear values (P = 0.001) and the 
interactions (P = 0.010) were significant.Concerning the 
linear terms, it was found that the current density is a 
highly significant parameter in the electrodeposition 
process with a zero P value. In addition, temperature and 
[Ni]/[Zn] ratio were also found to be significant factors 
with P values of 0.002 and 0.049 respectively.  
 
 

 
There are also two significant interactions between T×I 
and between I×[Ni]/[Zn] with P values of 0.005 and 
0.019 respectively. 
 
3.2.2. Mathematical model 
 
The mathematical model is of second order linking the 
micro-hardness to the different factors, their squares, and 
their interaction. The regression of the HV response in 
coded units according to all terms is represented by 
equation 2 and in uncoded units is given by equation 3. 
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Table 6. Results of the ANOVA. 
Source DL SomCar  ajust CM ajust F P 

Model 9 34964.8 3885.0 19.22 0.002 

 Linear 3 25361.7 8453.9 41.82 0.001 

 T (°C) 1 7044.8 7044.8 34.85 0.002 
 I (A/dm²) 1 16964.8 16964.8 83.93 0.000 

 [Ni]/[Zn] 1 1352.0 1352.0 6.69 0.049 
 Square 3 2234.1 744.7 3.68 0.097 
 T×T 1 558.2 558.2 2.76 0.157 
 I ×I 1 609.3 609.3 3.01 0.143 
 [Ni]/[Zn]×[Ni]/[Zn] 1 916.4 916.4 4.53 0.086 

Interaction of 2 factors 3 7369.1 2456.4 12.15 0.010 

 T×I 1 4781.7 4781.7 23.66 0.005 
T×[Ni]/[Zn] 1 220.5 220.5 1.09 0.344 
I×[Ni]/[Zn] 1 2366.8 2366.8 11.71 0.019 
Error 5 1010.7 202.1       
 Inadequate fit 3 1010.5 336.8 3259.58 0.000 

 Pure error 2 0.2 0.1       
Total 14 35975.5          

Regression equation in coded units 
𝐻𝐻𝐻𝐻
=  729 − 10.52 × 𝑇𝑇 −  499.6 × 𝑖𝑖
+ 47.3 × (𝑁𝑁𝑁𝑁2+ 𝑍𝑍𝑍𝑍2+⁄ ) +  0.0546 × 𝑇𝑇 × 𝑇𝑇 
+ 51.4 × 𝑖𝑖 × 𝑖𝑖 − 63.0 × (𝑁𝑁𝑁𝑁2+ 𝑍𝑍𝑍𝑍2+⁄ ) 4.610 × 𝑇𝑇 × i 
−  0.990 × 𝑇𝑇 × (𝑁𝑁𝑁𝑁2+ 𝑍𝑍𝑍𝑍2+⁄ )
+  97.3 × 𝑖𝑖
× (𝑁𝑁𝑁𝑁2+ 𝑍𝑍𝑍𝑍2+⁄ )                                                        (𝑒𝑒𝑒𝑒. 2) 

 
Regression equation in uncoded units 
𝐻𝐻𝐻𝐻
=  163.03 −  29.68 × 𝑇𝑇 −  46.05 × 𝑖𝑖 
−  13.00 × (𝑁𝑁𝑁𝑁2+ 𝑍𝑍𝑍𝑍2+⁄ ) +   12.30 × 𝑇𝑇 × 𝑇𝑇 
+ 12.85 × 𝑖𝑖 × 𝑖𝑖 − 15.75 × (𝑁𝑁𝑁𝑁2+ 𝑍𝑍𝑍𝑍2+⁄ )
+  34.58 × 𝑇𝑇 × 𝑖𝑖 −  7.42 × 𝑇𝑇 × (𝑁𝑁𝑁𝑁2+ 𝑍𝑍𝑍𝑍2+⁄ )
+  24.33 × 𝑖𝑖
× (𝑁𝑁𝑁𝑁2+ 𝑍𝑍𝑍𝑍2+⁄ )                                                      (𝑒𝑒𝑒𝑒. 3) 

 
3.2.3. Main effect 
 
From Figure 5, it can be seen that temperature and current 
density have a negative effect on the electrodeposition of 
Zn-Ni alloy. Where the micro-hardness decreases from 
203.55 HV at 30°C to 144.2 HV at 60°C and also it 
decreases from 220.2 HV at 0.5A/dm2 to 128.1 HV at 1.5 
A/dm2. For the concentration ratio [Ni2+]/[Zn2+] we 
observe an almost constant level (from 172.85 to 177.4 
HV) and then a decrease of the micro-hardness to a value 
of 146.85 HV at 1.5A/dm2. 
 
3.2.4. Interaction effect 
 

It was found an only strong interaction between 
temperature and current density T-i: this interaction is 
between 45 and 60°C at 1.25A/dm2. It also found three 
weak interactions between : 
- T-i: between 30 and 60°C at the maximum level for i 
(1.5A/dm2). 
- T-[Ni2+]/[Zn2+]: between 30 and 45°C at the minimum 
level for the concentration ratio [Ni2+]/[Zn2+] (0.5). 
- I-[Ni2+]/[Zn2+]: between 0.5 and 1 concentration ratio 
at 60°C. 

 
Figure 5. Main effect of electrodeposition of Zn-Ni. 
 
3.2.5. Response and contour surfaces 
 
Figure.7, Figure 8, and Figure 9 represent the response 
and contour surfaces of the micro-hardness as a function 
of the studied factors such as temperature, current 
density, and [Ni2+]/[Zn2+] concentration ratio. 
 
For a minimum level of [Ni]/[Zn] ratio (0.5), it was 
observed that the best value of the microhardness 
(>300HV) was obtained with low values of temperature 
and current density. Furthermore, beyond this range, a 
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decrease in microhardness was observed. It was also 
found that the response surface is concave inclined. By 
fixing the current density, we found that the minimum 
value of I gives the best value of micro-hardness (>300 
HV). The area of good microhardness is located at a 
minimum level for the temperature (30°C) and for a 
concentration ratio range of 0.5-1. The response surface 
has a convex shape and is slightly inclined to the left. 
 

 
Fig. 6: Interaction effect between factors for the 

electrodeposition of Zn-Ni 
 

 

 
 
Figure 7. Contour and response surface of HV as a function of 
T-I at a minimum level of [Ni2+]/[Zn2+] ratio. 
 
By fixing the temperature, it was observed that the 
minimum value of T gives the best value of micro-
hardness (300 HV). The area of good microhardness is 
located at a minimum level for the current density 
(0.5A/dm2) and in a concentration ratio range of 0.5-1. 
HV. The response surface is convex and slightly inclined 
to the left. 

 

 

Figure 9. Contour and response surface of HV as a function of 
I-[Ni]/[Zn] at a minimum level of temperatures. 
 
3.2.6. Optimization 
 
In order to find the optimal operating conditions for a 
better coating of the Zn-Ni alloy, an optimization was 
examined. Indeed, a constraint was imposed on the 
selected factors. Figure 10 summarizes the optimal 
conditions obtained. 
 
After several optimizations, the best one is given in 
Figure.10. The results of the optimization show the 
optimal values for each factor and the optimal value of 
the theoretical micro-hardness. 
The optimal conditions are:  
T = 30°C; i = 0.5A/dm2 and [Ni2+]/[Zn2+]= 0.53 for a 
theoretical response = 312.66 HV. 

 
Figure.10. Optimization graph of the Zn-Ni alloy. 
 
3.3. Characterization of the morphology and 
composition of thin films 
 
3.3.1. Scanning electron microscopy  
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The morphology of the coatings obtained in the absence 
and presence of the additives was performed by scanning 
electron microscopy (Figure. 11). SEM images show that 
the composition of the bath influences the quality of the 
coating. Indeed, in the presence of boric acid only (bath 
A) a non-homogeneous surface was obtained. In contrast, 
the coating turned out to be more homogeneous (bath B) 
compared to bath A by applying a mixture design. 
 

 
 
Figure 11. SEM imagery of thin film obtained in different 
baths. 
 

The Zn‐Ni deposits at optimum conditions of Box 
Behnken design (bath C) exhibited uniform, compact, 
and fine-grained without any pores at the surface.Based 
on imagej software, the measurement of grain size was 
performed and the results are summarized in Table 7. It 
was found that the grains are small in size in the order of 
micrometers and bath C gives the finest size. Therefore, 
it can be said that the thin film obtained with bath C is of 
smooth and glossy quality. 
 
3.3.2. Energy dispersive spectroscopy (EDS) 
 
Table 8 summarizes the mass percentages of the different 
elements present in the thin film coatings formed by the 
three baths tested. It was found that zinc is present in the 
coatings formed with very high percentages (from 83 to 
90%) followed by nickel with mass percentages between 
6 and 13%. It was also noted that oxygen is present in 
these deposits with low percentage 15.

 
Table 7. Particle sizes for the different baths. 

Baths Bath A Bath B Bath C 
Average particle size (µm) 4.148 3.020 1.510 

 
 
Table 8. Quantitative analyses (EDS) of the coatings obtained by the different baths 
 Bath A Bath B Bath C 
Zn (%) 87 90 83 
Ni (%) 6 7 13 
O (%) 8 3 3 

3.4. Discussion 
 
3.4.1. Bath composition  
 
It was found that boric acid has a significant effect on the 
electrochemical deposition of zinc-nickel alloy thin 
films. Indeed, it was observed that at lower 
concentrations of boric acid, a bright deposit with high 
micro-hardness was obtained. This result can be 
interpreted based on the experiments of Sachin et al.16, 
which show that the presence of boric acid enhances the 
deposition of Zn by shifting the concentration of nickel 
in the alloy towards the nickel-rich phases to prevent 
deposition. In the same finding, we find the results of Y. 
Tsuru et al.17 who interpret the effect of boric acid on the 
quality of the Zn-Ni alloy formed by the significant 
increase of the internal stress in the nickel film. 
 
Similarly, Lotfi et al.18 reported that boric acid forms a 
stable complex with Ni2+ and acts as a homogeneous 
catalyst or it absorbs on the electrode surface. 
Similar effects of boric acid are observed by 
Shivakumara et al.19 when depositing zinc-nickel alloys 
in sulfate baths. He also indicated that boric acid acts on 
perfect crystal growth, uniform arrangement of crystals, 
and refinement of crystal size. 
 

The addition of saccharin to the electrodeposition bath 
reducing the grain size. The same observation was 
funding by Intan Sharhida Othman et al.20. 
 
According to Riastuti et al.21 saccharin blocks the surface 
of the substrates through the formation of complex 
compounds that effectively increase the frequency of 
nucleation but decreases the diffusion of ions absorbed 
on the cathode surface. 
 
Since the quality of the coatings is very important in the 
electroplating industry, therefore the use of leveling and 
grain refining agents is very important. The agents 
commonly used are 2-butyne-1,4-diol with saccharin due 
to its strong inhibitory effect on the reduction of iron 
group metal ions22. 
 
3.4.2. Optimization  
 
The experimental finding from the current density 
suggested that at low current density values, a high 
microhardness coating was obtained.  This result is 
consistent with the research of Sachin16. Indeed, they 
were found that the charge transfer is easily achieved at 
low current densities which gives a nice coating. 
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It has been found that temperature plays an important role 
in the chemical composition and appearance of the 
deposits obtained.  Indeed, the increase of this parameter 
has a negative effect on the quality and morphology of 
the coating. This finding is the same as that of Lotfi et 
al.18 where a compact, non-cracking morphology was 
obtained at temperatures between 30-40°C. 
 
4. CONCLUSIONS 
 
In order to protect ordinary steel against corrosion, the 
electrodeposition of a binary alloy composed of zinc and 
nickel was examined from a sulfate acid bath.  
 
Based on the results of the mixture design, it can be 
concluded that the optimal values for the concentrations 
of boric acid, saccharin, and 2-butyne-1,4-diol are 0.1 M, 
0.3g/L, and 0.1g/L respectively. 
 
Summarizing the results obtained by applying the Box-
Behnken design, it was found that the optimal operating 
conditions that improve the quality of the coating are: T= 
30°C; i= 0.5A/dm2 and [Ni2+]/[Zn2+] = 0.53 with a 
theoretical response of 312.66 HV and an experimental 
response of 312.30 HV.  
 
From SEM and EDS analyses that have been carried out, 
it is possible to have several pieces of information about 
the electrocrystallization process, surface morphology, 
and mass percentage of the different constituents of the 
obtained coatings. It was found that the addition of the 
additives improved the quality of the coatings whose 
grain size became smaller in the presence of the two 
additives. In addition, the elemental analysis allowed us 
to observe that the thin film formed contains a high 
proportion of zinc, followed by nickel and some traces of 
oxygen. 
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