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Abstract: Additive manufacturing is evolving as an important practice in the product and tooling development 
as direct or indirect process in the recent decade. The hybrid processes are being experimented by using additive 
manufacturing for the development of a component, assembly, EDM electrode, inserts or moulds etc. The investigated 
work in this paper is a step towards the application of additive manufacturing process such as fused deposition 
modelling to act as facilitator for indirect metal tooling production, through the electroforming of nickel metal. The 
design of experiments was performed on the process parameters of nickel electroforming, the process parameters 
studied for their influence on surface roughness and deposition rate were pH level, current and temperature of 
the bath. The experimental study reveals that the pH (62%) and current density (38%) significantly affect the 
deposition rate and for surface finish the pH (91.8%) is the major contributor in comparisons to temperature and 
the current density.
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less plating with electroforming to produce EDM 
electrodes. Jetley et. al., (2006) presented a study 
to make injection molding insert using a low 
melting point metal casting alloy. A small insert 
of simple geometry was made by casting a tin-
bismuth alloy over a plastic core. The insert was 
then used in injection molding process. Monzon et. 
al., (2006) analyzed electroforming as a procedure 
to make cores for plastics injection molds. Shells 
were obtained from models manufactured through 
rapid prototyping using the FDM system. The main 
objective was to analyze the mechanical features of 
electroformed nickel shells, studying different aspects 
related to their metallographic structure, hardness, 
internal stresses and possible failures, by relating 
these features to the parameters of production of 
the shells with electroforming equipment. Finally 
a core was tested in an injection mold.

Electroforming is deposition of metal on to a 
master of substantial thickness, so as to extract the 
shell after removal of the master. The shell produced 
must be of desired shape, surface finish and accurate 

iNtroDuctioN1. 

Efficient and accurate production of the prototypes 
or generation of the quick production tooling can 
reduce the time to market the product and testing 
of different options for the same product. The 
advancements in the area of additive manufacturing 
through rapid prototyping and rapid tooling is being 
explored and observed that there is a major shift 
from normal prototype tooling practice to rapid 
tooling (Rosochowski A. and Matuszak A ,2000)

Electroforming of the ABS components produced 
by Fused Deposition Modeling (FDM) for the use in 
rapid tooling is one of the areas of interest in recent 
years. The tools produced by this method can be used 
for injection molding, sheet metal dies or investment 
casting moulds (Sadegh et. al., 2009).

Rennie et. al., (2001) used electroforming of Rapid 
Prototyping (RP) mandrels for producing electric 
discharge machining electrodes in fairly reasonable 
timescales. Hsu et. al., (2008) used stereolithography 
to produce gypsum powder electrode and electrode-
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dimensions so as to be used for producing the 
replicas of the master (Ron P).

backgrouND2. 

2.1. electroforming

There are different ways to define electroforming, 
but ASTM B 832-93 describes it simply and concisely 
as follows: “Electroforming is the production or 
reproduction of articles by electrodeposition upon 
a mandrel or mould that is subsequently separated 
from the deposit.” In the electroforming the main 
part is electrolytic cell in which current is passes 
through a bath containing electrolyte, the anode 
and the cathode. The deposition of a metallic coating 
onto an object is achieved by putting a negative 
charge on the object to be coated and immersing 
it into a solution containing a salt of the metal to 
be deposited. The metallic ions of the salt carry a 
positive charge and are thus attracted to the object. 
When they reach the negatively charged object, it 
provides electrons to reduce positively charged ions 
to metallic form (Helen H. L, 2006).

The deposition rate for electroforming process is 
controlled by current density, voltage, and electrolytic 
concentration of the electrolyte. The properties such 
as hardness, ductility, strength and internal stress 
can be varied significantly by changing electrolyte 
composition and operating condition.

2.2. fused Deposition modeling (fDm)

There are number of rapid prototyping development 
techniques like Selective laser sintering (SLS), Fused 
Deposition Modeling (FDM), Stereo-lithography 
(SLA), three dimensional printing (3DP) and 
laminated object manufacturing (LOM) etc. These 
processes are quite capable of producing prototypes 
in a variety of materials like ceramic, nylon, ABS, 
metal etc (Pham D.T., 1998; kurth et. al., 1998). In 
the present study, the base material is ABS with 
preferred process selected as FDM.

FDM involves the construction of parts based on 
deposition of extruded thermoplastic materials. The 
build material is heated to 0.5°C above its melting 
point so that it solidifies about 0.1 sec after extrusion 
and cold welds to the previous layers. In this process, 
a spool of thermoplastic filament feeds into a heated 
FDM extrusion head (Figure 1). The movement of 

the FDM head is controlled by computer. Inside the 
flying extrusion head, the filament is melted into 
liquid by a resistant heater. The head traces an 
exact outline of each cross-section layer of the part. 
As the head moves horizontally in x and y axes the 
thermoplastic material is extruded out of nozzle 
by a precision pump. The material solidifies in l/10 
sec as it is directed on to the workplace. After one 
layer is finished, the extrusion head moves up by 
programmed distance in z direction for depositing 
the next layer. Each layer is bonded to the previous 
layer through thermal heating (Pham D.T., 1998; 
kurth et. al., 1998).

figure 1: Working principle of fDm (pham D.t., 1998)

Factors to be taken into consideration are steady 
nozzle speed, material extrusion rate, the addition 
of a support structure for overhanging parts, and 
the speed of the head which affects the overall layer 
thickness. The surface finish of FDM part depends 
upon the build direction and step size used (Sood 
et. al., 2009). As the surface finish of the FDM part 
is most important factor to be considered for the 
electroforming process, it needs special attention. 
The most common alternatives to achieve surface 
finish could be the use of fine graded sand paper, 
chemical post treatment (Galantucci et. al., 2009) or 
cold vapor treatment (Garga et. al., 2015).

metHoDs3. 

3.1. electroforming setup and activation of 
 samples

The electroforming set up includes a stainless steel 
tank and a vessel of glass is placed inside it for 
electrolyte bath for the electroforming process. The 
DC rectifier of 0-5 voltage and 0-5 Amp current 
was used for constant supply of the current to the 
electrodes. For maintaining the temperature of the 
bath to the desired level a P type (PT-100 meter) 



Nickel Deposition Optimization on Plastic Substrate Produced by Additive Manufacturing  121

thermostat and resistance temperature detector 
(RTD) was installed in the setup. Air agitator was 
used for the proper flow of the ions with manual 
filtration process. The bath or the solution for 
electroforming process is prepared using triple 
ionized water. Titanium coated grills were used for 
hanging purpose of Nickel electrodes each weighing 
500 g and copper rods are fitted at top of tank to 
hang component to provide better conductivity to 
electroformed parts and the electrodes. As the basic 
material used is nonconductive in nature. Hence, 
to make it conductive coating of silver conductive 
paint was used. A number of steps are required to 
make the plastic part ready before the final nickel 
deposition. The test component was processed with 
various treatments as given in the Table 1, each 
individual stage was followed by rinsing the samples 
in the distilled water to remove the chemical of the 
previous stage

table 1 
parameters During electroforming process

S. 
No. Processes Chemicals Temp 

(°C)
Time 
(Min)

1 Cleaning Zinc plate452 60-65 5-10

2 Dipping Sulphuric acid 1-2

3 Conditioning Chromic acid + Sulphuric 
acid

60-65 30

4 Acivation Using silver conductive 
paint

---- 3 layers

4 Acid copper 
plating

Copper sulfate + Sulphuric 
acid

Room 
temp

20-25

5 Chromic 
Acid Bath

Chromic acid (10ml in 
100ml)

Room 
temp

2

6 Nickle 
Forming

Nickle Sulphamate + 
Nickle chloride + Boric 
Acid

45-60 ______

3.2. Design of experiments

Three parameters affecting the nickel deposition 
was studied based on their influence as referred 
by the various literatures, they were pH level, 
current density and temperature. The design of 
experiments in the present work were selected 
for, three factors each at three different levels as 
tabulated in Table 2.

The experiments were framed according to the 
L9 orthogonal array. The Taguchi’s L9 orthogonal 
array with three factors and three levels were 
selected as shown in the Table 3.

table 2 
factors and levels finalized for the experimentation

Factors Level 1 Level 2 Level 3

PH(pH) 3 3.5 4

Temperature(°C) 45 50 55

Current Density (amp/dm2) 4 4.8 5.6

table 3 
Design of experiments using taguchis l9 orthogonal 

array

Exp. No. PH Temperature Current density

1 3 45 4

2 3 50 4.8

3 3 55 5.6

4 3.5 45 4.8

5 3.5 50 5.6

6 3.5 55 4

7 4 45 5.6

8 4 50 4

9 4 55 4.8

results4. 

The FDM components after activation were copper 
plated for further electroforming of nickel with 
the process settings as suggested in the Table 2 
for nine different experiments. The mean values 
and interaction plot of the response/quality 
characteristics for each parameter at different levels 
have been calculated from experimental data. The 
analysis of variance (ANOVA) of the experimental 
data has been done to calculate the contribution 
of each factor in each response and to check the 
significance of the model. The most favourable 
conditions (optimal settings) of process parameters 
in terms of mean response of characteristic have 
been established by analysing response curves.

The main effects indicate the general trends of 
influence of each parameter. Study of ANOVA table 
for a given analysis helps to determine which of the 
parameters need control. Results were measures 
for two output responses as thickness and surface 
roughness.

4.1. thickness/Deposition rate

In this section the effect of process parameters 
that are pH, temperature and current density on 
thickness has been discussed and the experimental 
results are tabulated below (Table 4). The main 
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effects and the interaction effects of the means 
are evaluated and the results are represented 
graphically in Figure 2.

table 4 
results for thickness on abs component after 

electroforming process

Expt. 
No.

Ph 
(Ph)

Temp 
(°C)

Current Density 
(Amp/Dm2)

Mean Deposition
Rate (Microns/Hr)

1 3 45 4 38

2 3 50 5 47

3 3 55 6 60

4 3.5 45 5 58

5 3.5 50 6 75

6 3.5 55 4 50

7 4 45 6 90

8 4 50 4 67

9 4 55 5 78

From the main effects plot (Figure 3) it is 
interpreted that there is a continuous increase in 
the deposition rate for increase in both pH level 
and current density. The temperature plays a minor 
role in thickness, firstly it increase and then become 
constant as predicted by mean graph.

figure 3: main effect plot for thickness of nickel 
deposition on plastic component

In order to effectively study the effect of the 
each parameter with respect to other parameters 
the interaction effects has been plotted. From the 
interaction effect plot conclusion can be drawn for 
the optimized parameters for all the input variables 
with respect to other variables. From the interaction 
plot (Figure 4) of means of thickness it can be 
interpreted that there is a significant interaction 
between all the factors as there are very few parallel 
lines in the entire interaction plot. This implies that 
one factor is dependent upon another factor.

figure 4: interaction effect plot for thickness of nikel 
deposition on abs component

For the analysis of the significant contribution of 
each parameter, the experimental data is analyzed 
by ANOVA at 95% confidence level and the results 
are as shown in Table 5.

table 5 
analysis of variance for thickness, using adjusted ss 

for tests

Source DF Seq SS Adj SS Adj 
MS F P %Cont

pH 2 1360.89 1360.89 680.44 218.71 0.005 62%

Temp 2 1.56 1.56 0.79 0.25 0.800 0.07%

Crnt 
Dens

2 827.56 827.56 413.79 133.00 0.007 38%

Error 2 6.22 6.22 3.111 0.2832%

Total 8 2196.22 2196.22

S = 1.76383 R-Sq = 99.72% R-Sq(adj) = 98.87%  
DF-degrees of freedom, SS-sum of squares, MS-mean squares (Variance) 
F-ratio of variance of a source to variance of error, P < 0.05 determines 
significance of a factor at 95% confidence level.

It can be observed that the standard value of the 
F0.05, 2, 2 = 19.0 is larger than the F experimental 
values for temperature, which indicates that 
temperature has less significant effect on the rate 
of deposition of nickel. From Table 5 it is clearly 
seen that deposition rate is mostly affected by pH 
(62%) followed by the current density (38%) as the 
second major contributor. It is also observed from 
the R2 value that, there is about 99.72 percent of 
the variability in the material deposition rate is 
explained by the pH, temperature and current 
density and the overall error in the procedure is also 
quite low. The maximum thickness can be observed 
at the 4.0 Ph when current density was 6 amp/dm2 
and temperature was 50°C.
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4.2. surface roughness

In this section effect of various parameters that are 
PH, Current density and temperature on surface 
roughness has been discussed. The surface roughness 
of electroformed component is measured using the 
Talysurf with least count 0.01 mm. The surface 
roughness of the electroformed component is 
evaluated and the experimental values are tabulated 
(Table 6).

The surface roughness showed a small difference 
from almost 0.21 mm to 0.71 mm. So the effects of the 
input parameters are to be analyzed and main effect 
plot for the surface roughness of electroformed ABS 
component is as shown in Figure 5.

table 6 
results for surface roughness of electroformed abs 

component

Expt. 
No. PH (ph) Temp 

(oC)
Current Density 

(amp/dm2)
Roughness 

(mm)

1 3 45 4 0.71

2 3 50 5 0.67

3 3 55 6 0.74

4 3.5 45 5 0.52

5 3.5 50 6 0.36

6 3.5 55 4 0.43

7 4 45 6 0.21

8 4 50 4 0.29

9 4 55 5 0.31

From the main effect plot it is observed that 
with increase in pH surface roughness decreases (or 
improved finish) the main constituent controlling 
the pH is the boric acid. The deposit shows burnt or 
cracks at lower boric acid level and at middle level 
the deposit become frosty in high current density 
areas. No effect on appearance is observed at high 
boric acid concentrations hence resulted in to even 
better surface finish. From above figure it is clear 
that in case of temperature surface roughness 

firstly decreases and then increases with increase 
in temperature. The best surface finish is obtained 
at 4 Ph, when temperature was 50°C and current 
density maintained at 4 amp/dm2.

figure 5: main effect plot for surface roughness of 
electroformed abs component

The interdependence of the each process 
parameters on the response of metal deposition is 
depicted in the interaction plot for surface roughness. 
The graph depicts that there is reasonable interaction 
between pH, temperature and current density on the 
deposition of the nickel.

figure 6: interaction plot for surface roughness of 
electroformed abs component.

table 6 
analysis of variance

Source DF Seq SS Adj SS Adj MS F P % contribution

pH 2 0.2718 0.2718 0.1359 37.4 0.026 91.82%

Temperature 2 0.000867 0.000867 0.000433 0.12 0.893 0.29%

Current Density 2 0.016067 0.016067 0.008033 2.21 0.311 5.43%

Error 2 0.007267 0.007267 0.003633 2.45%

Total 8 0.296 100.00%

S = 0.0602771 R-Sq = 97.55% R-Sq(adj) = 90.18% DF-degrees of freedom, SS-sum of squares, MS-mean squares (Variance) F-ratio of variance of a 
source to variance of error, P < 0.05 determines significance of a factor at 95% confidence level.
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The experimental data is analyzed using ANOVA 
at 95% confidence level and the contribution of each 
factor to the surface roughness has been determined 
and the results are as shown in Table 7. It can be 
observed that the standard value of the F0.05, 2, 
2 = 19.0 is larger than the F experimental values 
for current density (5.43 %) and temperature (0.29 
%), which indicates that both the parameters have 
negligible effect for the surface roughness. From 
Table 7 it is clearly seen that surface roughness is 
mostly affected by the pH value (91.82 %). It is also 
observed from the R2 value that, there is about 97.55 
percent of the variability in the surface roughness 
is explained by the pH, temperature and current 
density and the overall error in the procedure is also 
quite low (2.45 %).

Fig 8 shows the final ABS electroformed nickel 
electrode produced using the optimum setting for the 
deposition rate for 4.0 Ph, 6 amp/dm2 current density 
and temperature maintained at 500C for time of 8 
hr the average thickness of the electroformed found 
to be 0.8 mm, which is confirming to the optimised 
settings.

figure 8: electroformed copper electrode

coNclusioNs5. 

In this study the experiment was conducted by 
considering three variable parameters namely pH, 
temperature and current density. The objective was 
to find the deposition rate and surface roughness 
to study the effects of the variable parameters on 
these characteristics. The following conclusions are 
drawn:

 1. The ANOVA results show that pH level 
(62%) and current density (38%) found to be 
major contributing factor for high deposition 
rate of nickel

 2. Temperature has least contribution for the 
metal deposition rate and surface finish.

 3. The ph value (91.8%) is the major contributor 
to improve the surface finish in comparison 
to current density and temperature.

 4. Higher current rates and lower boric acid 
shows the burning of the deposit.

 5. The optimized parameters for Electroforming 
process for nickel deposition on FDM 
produced ABS component are pH 4.0 Ph, 
current density 6 amp/dm2 and temperature 
of 50°C.
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