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Incredible claims of electroplating in materials synthesis lies in tailoring its property by proper mod-
ulation of the bath composition and operating parameters, such as current density (c.d.), pH and 
temperature. Electroplating of metals/
alloys is one of the most complex pro-
cess because of the unusually large 
number of critical elementary phenom-
ena involved during deposition. Due to 
lack of quantitative guiding principles 
to develop a coating of desired property, 
it is very difficult and time consuming 
to optimize the bath composition. Even 
though Hull Cell method is an established method to optimize a bath, in terms of its constituents and 
operating parameters its application is limited to know only the effect of c.d. on deposit patterns; and 
is incapable for predicting the desired properties of the coating, like hardness, reflectivity, thickness 
etc. In this direction, this paper describes Taguchi’s statistical method for optimization of deposition 
conditions of Ni-P alloy, using Minitab 16, Statistical software, by reducing the number of experiments 
to a practical level. In the present study, bath variables, i.e., [glycerol], c.d. and pH of the bath are 
taken as chosen parameters and micro-hardness and thickness of the coatings as parameters for 
characteristic performance. Experimental conditions were optimized to maximize the coating prop-
erties. Taguchi’s method demonstrated that the basic Ni-P bath, having [glycerol] = 20 mL L-1, c.d.= 
4.0 A dm-2 and pH = 8.0 as ideal for developing coatings of highest micro-hardness and thickness. 
Experimental data revealed that both [glycerol] and c.d. have close dependency on thickness and 
micro-hardness of coating, compared to pH of the solution. The experimental steps followed for apply-
ing Taguchi’s method, for tailoring the deposit characters are discussed with Tables and Figures. 
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1. Introduction

Electroplating is an extremely important tech-
nology, and is concerned with covering inex-
pensive and widely available base materials 
with plated layers of different metals/alloys 
with superior properties to extend their use to 
applications which otherwise would be prohibi-

tively expensive [1]. Generally electrodeposited 
alloys usually have a better appearance than the 
parent metals, being smoother, brighter, and 
finer grained. It is further asserted that relative 
to the single metals involved, alloy deposits 
can have different properties in certain com-
position ranges. They can be denser, harder, 
more corrosion resistant, more protective of 
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the underlying base metal, tougher and stron-
ger, more wear resistant, superior with respect 
to magnetic properties, more suitable for sub-
sequent electroplate overlays and conversion 
chemical treatment, and superior in antifriction 
applications etc. [2].  Further, alloy deposition 
is almost as old and art and/or science as is the 
electrodeposition of individual metals, and is a 
subject of same scientific principles as individual 
metal plating. The subject of alloy electroplating 
is being dealt with an ever increasing number of 
scientific publications. The reason for this is due 
to the vastness of the number of possible alloy 
combinations and the concomitant possible 
practical applications. From the literature, it is 
well recognized that, more often than not, alloy 
deposition provides properties not attainable by 
employing electrodeposition of single metals. 

In principle, electroplating of a metal/alloy is not 
a simple dip and dunk process. It is probably one 
of the most complex process known because of 
the unusually large number of critical elemen-
tary phenomena, or process steps involved [1]. 
Generally a practicable method for electrode-
positing any alloy involves three steps. The first 
step is concerned with the development of a 
suitable plating bath. This requires a practical 
knowledge on the electrochemistry of elements, 
the solubility of their salts, and the chemistry of 
their complexes. Since all necessary information 
on process of alloy deposition are usually not 
available, the researcher must draw on the anal-
ogy with known successful procedures for depo-
sition as a guide, and to make a large number 
of electrolytic experiments on solutions. Such 
a research may be partly empirical, and there-
fore a tendency exists to ignore it. Hence, due 
to lack of some quantitative guiding principles, 
the electroplaters are required to rely on some 
semi-empirical procedures upon which general-
izations and theories can be built [2]. 

In this regard, Hull Cell (named after its inventor 
Richard Hull) has been brought into practice in 
electroplating industry as early as 1939 [3]. The 
Hull Cell is a miniature plating unit designed to 
produce cathode deposits on a panel that cor-
relates the characteristics of the plating bath 
being evaluated. Interpretation of the ‘as plated’ 
cathode panel give rapid information about 
brightness levels, irregular plate deposits, uni-
formity of deposits, coverage, throwing power, 
impurities and plating bath chemistry. Depending 
upon the bath chemistry as analyzed, condition 
of the panel relative to brightness, hardness, 
uniformity, burning, etc., modification by con-
trolled additions can be made to the Hull Cell 
plating solution and procedures can be repeated. 
Changes caused by addition to the Hull Cell will 
duplicate results to be expected by the same pro-
portionate additions to the main plating bath. 
Correlations of properties, such as hardness 
and thickness of the coatings in the given time, 
temperature and current density (c.d.) will also 
tell the optimum plating range to obtain plating 
of desired properties. Within the parameters of 
recommended operating characteristics of a par-
ticular plating solution, the Hull Cell will duplicate 
what is actually occurring in the main plating unit. 
Correlation of the ‘as plated’ panel and the ‘Hull 
Cell Scale’ allows rapid, non-destructive testing of 
plating solutions for research, preventative main-
tenance, troubleshooting, and quality control.

Even though Hull cell can give information about 
the operating window, i.e., current density 
range, it is insufficient to control or decide other 
process parameters. Apart from that, Hull Cell 
optimization is found to be laborious in minimiz-
ing the effect of causes of variation in a response 
influenced by multi-variables [3-4]. Hence, to 
optimize process parameters the experimental 
design methods like Taguchi’s method is widely 
accepted because of its competency to overcome 
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the demerits of conventional methods such as, 
complexity, large number of experiments with 
increasing the number of process parameters 
and failure to reach the desired objectives [5]. 
Taguchi’s statistical method for optimizing the 
process parameters of multivariable system was 
developed by Genichi Taguchi in 1966. It was 
designed to maximize the efficiency of indus-
trially manufactured products [6]. This method 
uses a special set of arrays called orthogonal 
arrays. These standard arrays stipulate the way 
of conducting the minimal number of experi-
ments which could give the full information of all 
the factors that affect the performance param-
eter. The crux of the orthogonal arrays method 
lies in choosing the level combinations of the 
input design variables for each experiment. This 
method is a simple and effective technique to 
optimize manufacturing processes in order to 
obtain the optimal performance. Nowadays, 
engineering, pharmaceutical, and biotechnology 
industries are frequently applying this statisti-
cal tool [7, 8]. Basically Taguchi's method uses 
a special design of orthogonal arrays that allows 
studying the whole parameter space with a lim-
ited number of experiments [8]. This method has 
many advantages, like: i) it is an economically 
feasible method for studying the variability of 
the response variable, ii) shows the best way to 
find out the optimum process conditions during 
laboratory experiments, iii) it is an important 
tool for improving the productivity of the R&D 
activity and iv) it can be applied to any process 
[9, 10].

Since electrodeposition is very complex process, 
its reproducibility depends on the level of impu-
rity, producer of chemicals and power source. 
Further, the nature of deposits are controlled 
by many parameters, like bath composition and 
operating parameters (like c.d., pH, agitation, 
temperature etc.), Taguchi's method is a suitable 

method to statistically analyze thin film coatings, 
and to understand the impact of operating vari-
ables upon the properties of coatings. Accord-
ingly, Taguchi’s approach has already been used 
for optimization of bath conditions for develop-
ment of various thin film coatings, like Cu-In-Se2, 
TiN, Ni etc [6-9]. Thus by knowing the limitations 
of Hull cell (as the tool to know only the effect of 
c.d. on the nature of the deposit) and the wide-
spread application of Taguchi’s statistical method 
for optimizing the conditions for industrial pro-
cess, it has been tried to optimize the bath con-
ditions to electrodeposit Ni-P alloy of highest 
hardness and thickness. It may be noted that in 
the present study, the chosen parameters are 
bath variables and optimal design is the devel-
opment of coatings of specific properties. Hence 
the basic bath was optimized primarily through 
standard Hull cell method, and then the process 
parameters were optimized using Taguchi’s statis-
tical method to develop the coatings of both max-
imum hardness and thickness, and experimental 
results are discussed as below.

2. Experimental

2.1 Hull cell – As invaluable analytic tool in 
electroplating 

Because a Hull cell produces a deposit that is a 
true reproduction of the electroplate obtained 
at various c.d.'s within the operating range of a 
particular system, it allows experienced opera-
tors to determine multiple process parameters, 
such as brightness, concentration of primary 
bath components and additives, presence of  
metallic and organic impurities, effects of tem-
perature and pH etc [3, 11]. Hence the proposed 
Ni-P alloy bath has been primarily optimized by 
conventional Hull cell method. The schematic 
diagram of Hull cell (267 mL) used in the present 
study is shown in Figure 1. It is may be seen that 
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Hull cell is a miniature electrodeposition tank, in 
which the cathode is angled with respect to the 
anode as shown in Figure 1 (b). As a result, when 
a voltage is applied across the anode and cath-
ode, the resulting c.d. will vary along the length 
of the cathode, being highest at the point it is 
closest to the anode. In this way, one can, within 
a single test run, assess the effect of varying c.d. 
Accordingly, after such a run, the cathode was 
removed and inspected. At the highest c.d.'s, the 
deposit was found to be burned. At the lowest 
c.d.'s, no deposition was observed. Based on the 
visual observation of plated panels the operat-
ing window of the c.d. required for the proposed 
bath was determined, using the Hull cell scale. 

Fig. 1: Hull Cell used for optimization of bath: a) Plan view 
and b) top view

Thus Hull cell test is very simple to use, and does 
not require advanced technical training for inter-
pretation of results. It was used to assess any 
factor that produces a change in the property of 
the electrodeposits over a wide range of c.d.'s, 
and is considered as invaluable analytical tool for 
determining the influence of any parameter on 
the appearance of the deposit [11].

2.2 Basic bath optimization

The basic bath composition for electrodeposi-
tion of Ni-P alloy was formulated by using con-
ventional Hull Cell method. The bath constitu-
ents and general operating conditions are given 
in Table 1. Nickel sulphate and sodium hypo-
phosphite were used as the primary sources 
for nickel and phosphorous. Tri-sodium citrate 
was used as the complexing agent, boric acid as 
buffer, ammonium chloride as conducting salt 
and glycerol as additive to increase the bright-
ness of the coating. From the experimental 
observations, it was found that concentration 
of glycerol, pH of the bath and the c.d. are the 
prominent variables which can influence the 
process and product of electrodeposition at 303 
K.

In order to optimize the process parameters 
of Ni-P electrolytic bath, to produce a thick, 
hard adherent and corrosion resistant coat-
ing, Taguchi’s experimental design method has 

Tab. 1: Composition and operating parameters of basic bath for electrodeposition of bright Ni-P alloy

Bath composition Composition (g L-1) Operating parameters

Nickel sulfate hexahydrate (NiSO4. 6H2O) 28 Temperature: 303K 
Sodium hypophosphite (NaPO₂H₂. H₂O) 51 Anode: Nickel

tri-Sodium citrate dihydrate (Na3C6H5O7. 2H2O) 130 Cathode: Mild Steel plate
Boric acid (H3BO3) 80 Current density range:

2.0 A dm-2 – 4.0 A dm-2Ammonium Chloride (NH4Cl) 50
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been utilised. It may be noted that in the above 
conventional method of optimization of bath 
using Hull cell, at a given time only one variable 
is varied, keeping all other variables constant. 
Under this situation, the possibility to fix the 
exact value of all the variables to get the opti-
mal yield is rather far from the reality. More-
over, Hull cell results do not provide the exact 
c.d. (primary and secondary) distribution, it will 
show only a range of c.d. Further, the optimiza-
tion of all process parameters using conven-
tional method needs more number of trials and 
is highly time consuming.  All those problems 
can easily be handled by the use of Taguchi’s 
approach, and the errors arising from any of 
this effect is  negligible in the present case [6].

In the present study, Taguchi experimental 
design method was used to optimize the three 
important variables of deposition process, 
namely concentration of glycerol (mL L-1), pH 
of the plating bath and c.d. used for deposi-
tion to impart better properties to the coating, 
in terms of Vickers micro-hardness and thick-
ness of the electrodeposited coating. The hard-
ness of the deposits was measured by Vickers 
method, using Micro-hardness Tester (CLEMEX, 
CMT. HD, Canada). The thickness of the depos-
its were calculated from Faradays law, while 
verifying it using Digital Thickness Tester (Coat-
measure M&C, ISO–17025). 

2.3 Steps involved in the Design process

Taguchi has envisaged a new method of con-
ducting the design of experiments which are 
based on well-defined guidelines. This method 
uses a special set of arrays called orthogonal 
arrays. These standard arrays stipulates the 
way of conducting the minimal number of 
experiments which could give the full infor-
mation of all the factors that affect the perfor-

mance parameter. The crux of the orthogonal 
arrays method lies in choosing the level com-
binations of the input design variables for each 
experiment. 

i) Selection of characteristic performance. 
/ Selecting a characteristic performance 
that is affected by different parameters 
in the manufacturing process is the initial 
step in the Taguchi’s method. In current 
study, the properties of the electrode-
posited samples, i.e., micro-hardness and 
thickness are influenced by the process 
parameters, and are selected as the char-
acteristic performance.

ii) Selection of deposition parameters and 
their levels / Based upon the preliminary 
experimental results, giving informa-
tion on significantly affecting deposition 
parameters on the selected characteristic 
performance of the electrodeposits, their 
three different levels are to be selected. 
Then values of the levels were changed to 
study the effects of individual deposition 
parameters, as well as their interactions, 
upon the responses, with the least number 
of experimental runs. The levels for each 
deposition parameter were chosen such 
as to cover the combinations where opti-
mal conditions could potentially exist.

iii) Selection of orthogonal array Taguchi 
design of experiments / Taguchi’s orthog-
onal array L9 design of experiments (27) 
was used here to identify the critical depo-
sition parameters. L9 orthogonal array 
allows for conducting experiments at 
three levels for three deposition parame-
ters. Adoption of the experimental design 
speeds up the process of optimization, 
and additionally saves time and resources. 
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iv) Conducting of experiments / As abbrevia-
tion suggests, in L9 design of experiment, it 
needs to complete 9 experiments to analyse 
the response behavior of the chosen param-
eters. 

v) Analyses of data and to determine opti-
mal parameter levels. / With the Taguchi’s 
method, the analysis consisted of analysis 
of means (ANOM) and analysis of variance 
(ANOVA) for S/N ratios. The effect of each 
deposition parameter at a given level upon 
the quality of coatings can be best estimated 
using ANOM. The basic goal of ANOVA is to 
estimate the variance in the coating quality, 
owing to the deposition parameters in terms 
of S/N ratios. A main effect of plot for S/N 

Tab. 2: Factors and the levels selected for electrodeposition of Ni-P alloy coating

Sl. No. Parameters
Variation of parameters

Level -1 Level - 2 Level - 3

1. [Glycerol] / mLL-1) 0 10 20
2. pH 8 9 10
3. Current density / A dm-2) 2 3 4

Tab. 3: Experimental layout (L9) employed for optimizing the process parameters for electrodeposition of Ni-P alloy on mild 
steel at 303K

Experiment No.

Column numbers and parameter allocation

1 2 3

[Glycerol] / mL L-1 pH c.d. /A dm-2

1 0 8 2
2 10 8 3
3 20 8 4
4 0 9 3
5 10 9 4
6 20 9 2
7 0 10 4
8 10 10 2
9 20 10 3

ratios will help to determine the optimal 
value for each deposition parameter.

vi) Confirmation by performing the experi-
ment. / The final step in the Taguchi Method 
involves the validation of experiment and 
results from optimal deposition parameters 
to acquire the targeted value of the evaluat-
ing property of the coating.

2.4 Design of experiment

Based on the Taguchi's method, an orthogonal 
array (OA) was employed to reduce the number 
of experiments for determining the optimal coat-
ing process parameters, like pH, concentration 
of additive and c.d. to improve micro-hardness 
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and thickness. The selected parameters for opti-
mization and their levels used in this study were 
shown in Table 2. L9 OA which has 9 rows corre-
sponding to the number of tests with 3 columns 
at three levels was chosen. The experimental 
layout chosen for optimizing the process param-
eters are given in Table 3.

Based on the experimental layout, 9 experi-
ments were performed for optimizing the process 
parameters for developing hard and thick Ni-P 
alloy coatings, and the obtained results are dis-
cussed in the following section.

3. Results and Discussion

3.1 Analysis of S/N ratio

Based on the experimental results, effect of each 
deposition parameter at a given level upon the 
quality of coatings estimated using ANOM and 
ANOVA, in terms of S/N ratio will obtain from the 
selected (L9) orthogonal array. Taguchi defined 
the sensitivity (signal-to-noise ratio, S/N) as the 
logarithmic function for the response analysis of 
chosen parameters to generate optimal design 

[8]. The S/N ratio method was adopted for the 
deduction of optimum operation level by varying 
the factors and it cannot be accounted from the 
average responses. Since the aim of experiments 
was to enhance the hardness and thickness of 
the coating, S/N has been chosen as larger- the 
better and S/N ratio was calculated using equa-
tion (1).

(1)

Where, n represents the number of samples 
obtained from a given experiment and y rep-
resents the output from the experiment.

Accordingly, S/N ratio of a factor pH, at 
Level 1 was calculated by averaging the S/N 
ratio of experiments. Vickers micro-hardness 
and thickness of the coatings were determined 
experimentally and their corresponding S/N 
ratios obtained by analysing Taguchi design are 
reported in Table 4.

From Table 4, it may be observed that the Vick-
ers micro-hardness ranges from 252-273, and 
the thickness ranges from about 9-18 μm. The 

Tab. 4: The S/N ratios of different experiments, in terms of variation of micro-hardness and thickness of the deposit

Experiment No.

Vickers

micro-hardness

(100 gf)

S/N ratio
Thickness

(µm)
S/N ratio

1. 252 48.0280 9 19.0848

2. 260 48.2994 13 22.2788
3. 273 48.7232 18 25.1054
4. 256 48.1648 10 20.0000
5. 270 48.6272 16 24.0824
6. 258 48.2323 12 21.5836
7. 268 48.5627 13 22.2788
8. 254 48.0966 10 20.0000
9. 265 48.4649 14 22.9225
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response table of mean S/N ratio for hardness and 
thickness of Ni-P alloy coating were given in Table 
5 and 6, and corresponding Figures are shown in 
Figure 2 and Figure 3. The delta values shown in 

Tab. 5: Hardness response for variation of bath variables at mean S/N ratio

Response variable Mean S/N ratio

Micro-hardness

Level
Hardness response corresponding to the variation of

pH
[Glycerol]

(mL L-1)

Current density 

(A dm-2)
1 261.7 258.7 254.7
2 261.3 261.3 260.3
3 262.3 265.3 270.3

Delta 1.0 6.7 15.7
Rank 3 2 1

Fig. 2: Graphical representation showing the variation of 
micro-hardness at different conditions of bath variables

the Tables indicate the difference between the 
highest and the lowest S/N ratio. Then, ranks were 
assigned on the basis of the delta value; rank 1 is 
assigned to highest delta value, rank 2 is assigned 

Tab. 6: Response table of mean S/N ratio of thickness of Ni-P alloy coating

Response variable Mean S/N ratio

Micro-hardness

Level
Hardness response corresponding to the variation of

pH
[Glycerol]

(mL L-1)

Current density 

(A dm-2)
1 13.33 10.67 10.33
2 12.67 13.00 12.33
3 12.33 14.67 15.67

Delta 1.00 4.00 5.33
Rank 3 2 1

Fig. 3: Graphical representation showing the variation of thick-
ness of the coating at different conditions of bath variables
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to next highest value and so on. Micro-hardness 
of the coatings was found to be more influenced 
by the applied c.d. and concentration of the addi-
tive as per the response values of mean S/N ratio, 
shown in Table 5. The contribution of pH of the 
plating bath on the micro-hardness of Ni-P alloy 
coatings can be neglected due to its significantly 
low delta value (Table 5), compared to other two 
parameters.

From the data in Table 6, it may be noted that 
the mean S/N ratios of Ni-P alloy coating for 
thickness has close dependency with c.d., next 
to [glycerol], and then to pH. In the case of thick-
ness also pH was found to have the least influ-
ence as compared with the c.d. and additive 
concentration.

Based on the statistical data derived from the 
nine set of experiments (Table 2), it was found 
that, under condition of mean S/N ratio, the basic 
Ni-P bath is capable of producing the coatings of 

highest micro-hardness at [glycerol] = 20 mL L-1, 
pH = 10 and c.d. = 4.0 A dm-2; and coating of high-
est thickness at [glycerol] = 20 mL L-1 pH = 8 and 
c.d. = 4.0 A dm-2. 

3.2 Confirmatory experiments

The statistically found optimal data, obtained 
by Taguchi’s model, were put to test by con-
ducting confirmatory tests under the optimal 
conditions, keeping the basic bath composi-
tion as the same. Accordingly, it was found an 
increase in the micro-hardness and thickness 
of Ni-P alloy coatings developed under optimal 
conditions and the obtained results are given 
in the Table 7. The variation in micro-hardness 
of the coating was found to be dependent on 
the P content in the coating. The coating under 
optimal conditions for micro-hardness having 
the maximum P content (9.03 wt.%). It was 
found to be least influenced by the variation in 
pH and most subjective to c.d. changes. Hence 

Deposit property under study Operating conditions Obtained result

Micro-hardness (HV)
pH = 10

275Additive concentration = 20 mL L-1

c.d. =  4.0 A dm-2

Thickness (µm)
pH = 8

20Additive concentration = 20 mL L-1

c.d. =  4.0 A dm-2

Tab. 7: Results of confirmatory experiments performed for micro-hardness and thickness under optimal conditions

Tab. 8: Composition and operating parameters of optimal bath for electrodeposition of bright Ni-P alloy coatings

Bath composition Amount (per Liter) Operating parameters

Nickel sulfate hexahydrate (NiSO4. 6H2O) 28 g Temperature: 303K 
Sodium hypophosphite (NaPO₂H₂. H₂O) 51 g Anode: Nickel

tri-Sodium citrate dihydrate (Na3C6H5O7. 2H2O) 130 g Cathode: Mild Steel plate
Boric acid (H3BO3) 80 g pH = 8 - 10

Ammonium Chloride (NH4Cl) 50 g Current density:

4.0 A dm-2Glycerol (C3H8O3) 20 mL
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the optimization resulted in maximising the 
micro-hardness and thereby the P content in 
the coatings too. The results from the confir-
mation tests, using the best set of predictions 
as obtained from the Taguchi analysis reveals 
that, this method is suitable for optimizing the 
processing conditions of electrodeposition.

3.3 Optimal bath and operating parameters 
for electrodeposition Ni-P alloy coatings

From the optimization results it is clear that the 
variation in pH of the plating bath plays very less 
influence in the properties of the deposited alloy 
coatings as compared with the other parame-
ters. Table 8 shows the optimal bath and process 
parameters for electrodeposition of bright, hard 
and thick Ni-P alloy coating.

4. Conclusions

Based on the experimental results of investigation 
following conclusions are drawn:

1. Taguchi’s experimental design method was 
used successfully to optimize a new Ni-P 
bath, for developing the coatings of maxi-
mum micro-hardness and thickness.

2. The maximum micro-hardness (275 HV) and 
thickness (20 μm) of Ni-P alloy coatings, 
obtained by confirmatory tests have vali-
dated the proposed bath (Table 4), in con-
formation with Taguchi’s approach.  

3. The influence of pH is found to be negligible, 
compared to that of [glycerol] and c.d., on 
both micro-hardness and thickness of the 
electrodeposited Ni-P alloy.

4. Taguchi’s method is found to be effective for 
achieving the coatings of desired property, 

by reducing the number of trails to a practi-
cal level by proper selection of chosen vari-
ables and characteristic performance. 
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