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Abstract

SS400 steel is steel with a low carbon content (max 0.17 %C) or
low carbon steel. SS400 applications are widely used in the
construction industry, railway industry, bridges and others. The
use of SS400 which is in direct contact with the surrounding
environment will cause the appearance, quality, and usefulness of
the material or material to decrease. One way to prevent and
improve metal performance is electroplating. This study used
SS400 carbon steel with chrome coating. The parameters in this
study are a voltage of 3, 6, and 9 Volts; the temperature of 45, 50,
and 55 °C; and the time of 20, 25, and 30 minutes. The Taguchi
method L9(3% was used to design the experiments. Analysis of
variance (ANOVA) shows that factors of chroming time, voltage,
and temperature contribute to coating thickness at the level of
40.615%; 24.951%; and 10.369%, respectively. The maximum
thickness of 47.340 pm could be achieved when using
combination factors of plating time of 30 minutes, at 9 Volts, and
keeping the temperature of the solution at 50 °C.
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1  Introduction

As the industry develops and technology and science advance,
human life cannot be separated from the use of metals. In
engineering, the most commonly used metal is carbon steel.
Carbon steel is widely used in engineering applications for
construction equipment or materials and accounts for about 85%
of annual steel production worldwide. It is also used for a variety
of everyday life applications, such as reinforced concrete,
underground pipes, bridge construction, petroleum industry and
others [1]. Carbon steel has mechanical properties that are easily
forged or formed and also has a good hardness value and the price
is relatively cheap when compared to other types of metals [2].
Low carbon steels are among the frequently used ones. Low
carbon steel is steel that has a carbon level of less than 0.3%. This
type of steel is more widely used because low carbon steel has
high durability. However, their hardness is low and not good at
wear resistance [3]. One example of low-carbon steel is SS400
steel.

SS400 steel is low carbon steel with low carbon content (max
0.17 %C). It has good tenacity properties, moderate hardness, and
little silicon content [4]. SS400 steel material can neither be
hardened nor heat treated through tempering and quenching
processes. SS400 steel can only be set by surface hardening like
carburizing [5]. One of the disadvantages of carbon steels is that

they are easy to corrode if left in the air and finally the metal is
easily porous. This incident occurs continuously if no control and
prevention is carried out [1]. Prevention and improvement of
metalwork performance are usually done by coating metal using
paint, powder coating, heat treatment of metal surfaces, and the
addition of solutions. The metal coating is one of the
manufacturing processes in an industry at the most common
finishing stage for corrosion prevention [6]. To improve the
protective and decorative properties of the product and ensure the
reliability and durability of metal devices in various operating
conditions, it is very important to apply electrochemical or
electroplating. Electroplating methods, particularly with chrome
coatings, are widely used in mechanical components and
instrument manufacturing [7].

Electroplating is the process of moving metal ions with the
support of a DC electric current through an electrolyte solution so
that the metal ions settle on the solid object to be coated. Metal
ions are obtained from electrolyte solutions or come from
dissolving metal anodes in the electrolyte solution. Deposition
occurs in specimens that act as cathodes [8]. The reaction that
occurs in the anode is oxidation, the metal dissolves into the
electrolyte and forms positive ions, while the electrons will move
towards the cathode through the outer circuit. The positive ions
formed to enter the electrolyte solution are in equilibrium with the
negative ions moving towards the cathode [8]. While the reaction
that occurs at the cathode is reduction. At the cathode, the positive
ions will receive electrons derived from the solution of the
sharpening metal salt, and the metal will be attached to the
cathode more and more. Until it forms a layer that covers the
entire surface of the cathode. An electrical layer process requires
an electrolyte solution which is the medium of the process taking
place [9]. Electrolyte solutions can be made from a solution of
acids and metal salts containing positive ions. Electroplating
coating has high cleanliness compared to oil paint or spray [10].
Many coatings can be used for electroplating one of them is
chrome [11].

Chrome is a non-ferrous metal that has very prominent
properties and can be utilized, namely easily oxidized to form a
layer of chrome oxide that is rigid, corrosion-resistant, does not
change colour to weather but dissolves in hydrochloric acid,
slightly soluble in sulfuric acid, and insoluble in nitric acid. From
these properties, chrome is widely used as a compound material in
iron metal to increase corrosion resistance, and strength and as a
coating [12]. As a coating material, chrome is very attractive,
because it has a characteristic silver bluish and deep black colour
with a reflection power of 65%, friction resistant, and resistant to
heat, except at more than 400 °C. However, chrome has an affinity
for low liquids, making it less profitable to withstand the use of
lubricants and difficult to paint or solder [13].

Several studies on electroplating with chrome have been
carried out. Previous studies using temperature variations of 45
°C, 55 °C, and 65 °C with time variations of 10, 20, and 30
minutes resulted in the highest thickness at 55 °C and a time of 20
minutes is 65um. The thickness with the lowest value at 45 °C and
the time of 10 minutes is 23 um. The higher the temperature of the
solution, the thickness of the chrome layer increases [10]. Other
studies, used voltages of 1.5 volts, 2 volts, 2.5 volts, 3 volts, and
3.5 volts with time variations of 5, 10 and 15 minutes. The highest
thickness value is obtained with a voltage of 3.5 volts and a time
of 15 minutes. The higher the voltage given, the thickness of the
layer increases and the longer the dyeing time, the thicker the
layer [11].

Many requirements and parameters in the electroplating
process explain that coating is done once without considering
other factors will give unsatisfactory results. Some of the
electroplating outputs that are the focus of researchers and
practitioners include (i) mechanical properties in the form of:
adhesion [14][15][16], surface hardness [17][18][19], and tensile
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strength [20][21]; (ii) physical properties: thickness of the coating
result [11][22][23][24] and deposit weight [25][26]. The thickness
of the layer is considered the most crucial parameter for measuring
electroplating results. Thick deposits are expected to be more
durable against corrosion, friction, wear and tear in use. For this
reason, it is necessary to determine the most optimal parameters to
reduce production costs and get the best results.

The Taguchi method and ANOVA were used to determine the
most optimal parameters in this study. The Taguchi method is a
statistical method used to determine and correct the influence of
parameters on product quality. This method strives to achieve the
quality and process of making products well by making the
product insensitive to noise factors such as operational conditions,
human power, manufacturing tools and materials. Taguchi method
as robust design by making products as a result of design from the
presence of interference factors (noise) [27]. The Taguchi method
is very suitable for this study because this study involves many
parameters and levels. The advantage of this Taguchi method is
that the efficiency of the experimental design is higher because it
can conduct research involving many factors and levels, and get
consistent product results against interference from factors that
cannot be controlled [28]. The Taguchi method offers a very
significant reduction in the number of experiments. Compared to
the full factorial design (FFD) method, Taguchi's design reduced
the number of experiments from 288 to 16 only [29]. Other
research proves Taguchi saves the number of experiments up to
89% [30].

The purpose of this study was to find out the influence of
temperature, voltage, and time parameters on the thickness of the
layer. Then, find a combination of the three parameters that will
produce the maximum thickness.

2 Methods
a. Time and Place of study

The study was conducted at the Packaging Laboratory of the
Faculty of Engineering, Department of Mechanical Engineering,
the University of Jember. These activities include the procurement
of materials measurement specimens, coating processes, and
surface thickness testing. The study process was conducted from
January to May 2021.

b. Tools

The tools used in this study were digital scales, Olympus
BX41M 33M microscope (UMSP 4), container, rectifier,
measuring cup, wire brush, camera, hacksaw, cleaning solution
reservoir, barrel, grinding, hand drill, heater (thermal control),
alligator clip, gloves and masks, stopwatch, vacuum sucking
pipette.

c. Materials

The materials used in this study were SS400 steel as a cathode
and chrome as a coating or anode. Autosol is used to refine
specimens and remove impurities. Aquades, HCI and NaOH are
used to chemically clean specimens. The solution used is a hard
chrome solution consisting of CrO3, H,SO,, and Na,SiF.

d. Data Retrieval

Specimen manufacturing for electroplating process measuring
40 mm x 60 mm x 8 mm with preparation standards using ASTM
B-487 — 85 [31]. Each combination is performed 3 times
replication. The dimensions of the specimen size are shown in Fig.
1.

e. Study Implementation
The implementation of this study is carried out following the
flowchart in Fig.. 2
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Fig. 1. Specimen size dimensions
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Fig. 2. Flowchart of study process

f. Thickness Testing Process Steps

Before the observation using a microscope to see the thickness
value, the specimen preparation is carried out first with the
following steps.

1. The mounting process is used to prevent side unevenness to
be tested. So the surface must be coated to cover the space
between the layers with the microscope using resin.

2. Grinding and polishing process to keep the cross-sectional
surface perpendicular to the layer. Time and pressure must
be maintained so that the limit of the test object can reach a
thickness of 10 um.
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3. Process of grinding test specimens on appropriate abrasive
paper and using water lubrication. Provide minimum
pressure to avoid surface bevelling. Early grinding uses
100 or 180-grade abrasive paper, then uses 240 or 500
grades, and lastly uses 600 grades with a time of 30 to 40
seconds each.

4. Etching is used to remove traces of the metal polishing
process.

After preparing the specimen then a thickness test is carried

out with the following steps.

1. Testing was carried out on a micrometer filler type or
micrometer eyepiece with observations on the coating layer
with base metal;

2. Testing is carried out at 3 different points on one specified
side;

3. Micrometer testing was calibrated before and after

measurement;

Observations at one point were made twice;

Different results on two tests, taken larger ones;

External factors that can affect observation results such as

light sources and movements during measurements can be

minimized by making observations quickly and measuring
each interval twice, once from left to right and from right to
left;

7. The limit of resolution is the minimum distance that must
be separated between the specimen and the observation
hole to determine the desired magnification with optimal
display results;

8. Maximum magnification of 100 x.

o0k

g. Analysis Methods

The experimental design used in this study uses the Taguchi
method orthogonal array L9(3°) which has a combination of 3
parameters and 3 levels of each parameter as shown in table 1
below.

Table 1. Parameter dan level used for experimentation

Control Parameter lower Mid Upper

factor level Level Level
A Voltage (volt) 3 6 9
B Temperature(°C) 45 50 55
C Time (minute) 20 25 30

The analysis method used in this study was the Analysis of
Variance (ANOVA). Data retrieval was taken based on the
orthogonal array design of the Taguchi method design. Taguchi's
analysis takes the following stages.
1. S/N Ratio
2. Variance analysis
3. TestF
4. Interpretation of experimental results.Interpretation of
experimental results consists of per cent contribution of
confidence intervals
5. Confirmation experiment

3 Results and Discussion

The results of the electroplating process can be seen in Fig. 3.
Fig. 3 shows a layer of chrome deposited to the base of the
material that has been mounted and prepared before thickness
testing using voltage parameters of 9 volts, a temperature of 55 °C,
and a time of 25 minutes. The results of the coating surface were
taken at 3 points and obtained a thickness of about 45 pum. The
same observations were made on all specimens and the results of
the thickness test were obtained as shows Table 2.

Resin Chrom Base

mounting electroplated material

Fig. 3. Electroplating process result

Table 2. Thickness test results

Control Factor Layer Thickness

(Hm)

A B C Ave- SN
Comb. Vol- Tem- Ti- | I i rage | tio

tage pera- me

ture

1 3 45 20 4255 4271 42.65 42,64 32.59
2 3 50 25 43.97 4422 44.05 44.08 32.88
3 3 55 30 45.74 4586 45.31 45.64 33.18
4 6 45 25 4455 4439 44.83 4459 32.98
5 6 50 30 46.51 46.17 46.23 46.30 33.31
6 6 55 20 44.68 4477 44.81 4475 33.01
7 9 45 30 46.25 46.07 46.13 46.15 33.28
8 9 50 20 45.34 4578 45.69 45.60 33.17
9 9 55 25 45091 4532 45.16 45.46 33.15

Table 2 shows the results of the thickness test with 3 replications
of each combination. The S/N ratio used is larger the better
because if the thickness value is getting bigger then the result will
be better. From Table 2, it can be known that the most optimal
coating is found in the 5" combination, that is using a voltage
parameter of 6 V, a temperature of 50 °C, and a time of 30 minutes
with an S/N ratio of 33.31. The lowest coating results are found in
the first combination using voltage parameters of 3 V, temperature
45 °C and time of 20 minutes with a value of S/N ratio 32.59. The
average calculation of each level is found in Table 3.

Table 3. The average response of S/N ratio values for each control
factor

Sy Average

Diffe
m Control Factor Level  Level Level ..o
bol 1 2 3
A Voltage (volt) 3288 3310 3320 0.32
B Temperature (°C)  32.95 33.12 33.11 0.17
C Time (minute) 3293 3301 3326 0.33
Total Average 33.06

The plot of the average value of the S/N ratio at each level of
the coating process thickness parameter voltage, solution
temperature, and time is shown in Fig. 4.

From Fig. 4 it can be concluded that the most optimum
parameter value indicates the highest S/N ratio value. The
combination of levels on the most optimum parameters is shown
in the following Table 4.
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Fig. 4. The plot of the average value S/N ratio

Table 4. Optimum response layer thickness parameter results

level is different so that the control factor has a significant
influence on the thickness of the layer.

2. Per cent Contribution
The per cent contribution of each control factor used in the
electroplating coating process is contained in table 6 below.

Tabel 6. Per cent contribution of each control factor

Symbol Control Factor SS’ p%

A Voltage 0.142 34.951%

B Solution 0.042 10.369%
Temperature

Cc Time 0.164 40.615%

R Residual 14.065%

Total 100%

Symbol Parameter Level Value
A Voltage (volt) 3 9
B Temperature (°C) 2 50
C Time (minute) 3 30

1. Analysis of Variance (ANOVA)

Analysis of Variance (ANOVA) is used to find how
parameters affect and significantly contribute to layer thickness
parameters. In this study, the S/N ratio value was used to calculate
the variance analysis that represented the thickness response
value. ANOVA calculation was carried out using Minitab 19 trial
version and obtained results according to following Table 5.

Table 5. Results of calculation of ANOVA control factors on

coating
Parameter DK SS MS Fualue
Voltage 2 0.156 0.0784 11.10
Tempe 2 0.0562 0.0281 3.98
rature
Time 2 0.179 0.0896 12.71
Residual 2 0.0141 0.00705
Total 8 0.406

In this study, the level of significance used was 5%. The Fyuue
obtained above is compared to the Fpe value of o 0.05 with the
degree of freedom [(k-1). (N-k)] with k being the number of levels
of the factor while N is the total number of experimental
combinations so that the degree of freedom in Fyye 2;6 is 5.14.
The initial hypothesis (H,) and the alternative hypothesis (H;) are
used as hypothesis tests using the F distribution as follows:

a. Voltage (volt)
Ho=pl =p2=pu3
Hi=pl #p2 #p3
Conclusion: Fyaue = 11.10> Fiapie (00526 = 5.14 then Hy is
rejected, meaning that the average voltage control factor of
each level is different so that the control factor has a
significant influence on the thickness of the layer.

b. Solution temperature (°C)
Ho=pl =p2=p3
Hi=pl #pu2 #u3
Conclusion: Fuawe = 3.98< Fupie (00s26) = 5.14 then Hy is
accepted, meaning that the average temperature control factor
of each level is the same so that the control factor does not
have a significant influence on the value of layer thickness.

C. Waktu (menit)
Ho=pl =p2=y3
Hi=pl #p2 # 3
Conclusion: Fyaue = 12.71 > Fiple 005256y = 5.14 then Hy is
rejected, meaning that the average time control factor of each

Predict optimal thickness values based on the average
combination of S/N ratio values at each level of the parameter
being studied. In Table 3 the combination of levels of each
parameter that most affects the optimal thickness value is as
follows:

a. Volatge (volt) pada level 3
b. Solution temperature (°C) pada level 2
c. Time (minute) pada level 3

The thickness prediction value is calculated using the equation
as follows:

A=Vm+3L; (vi=¥m) @

fi =33.066+[(33.204 — (33.066) + (33.125 —
(33.261 — 33.066)]

fi = 33.066 + 0.138 + 0,059 + 0.195

i = 33.458

33.066) +

From the calculation above obtained the average predicted
value for the optimal combination of thickness values is 33.458.

Determination of the average confidence interval of the
predicted thickness value is calculated based on the eq. 2:

__ total number of experiment (2)
eff ™ 1+number of degrees of fredoom

N = 9x3
1+ @+2+2)
Nesr = 3.857
CIp = M
Negs
ol = |F005260:00705
P 3.857
5.14 x 0.00705
CL= |—Fs—
3.857
Cl, = +0.0969

With that obtained the value of average trust interval thickness
value prediction with a confidence level of 95% is 33.458 +
0.0969 (33.361 < AS/N ratio < 33.554).

3. Confirmation Experiment

Confirmation experiments use the optimal level of each
parameter used in the study, then experiments are conducted on
confirmation experiments. The results of the confirmation
experiment and the S/N ratio obtained as shown in Table 7 are as
follows.
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Table 7. Confirmation experiment thickness value results

Control Factor

Experi- - Thick S/IN
merr)1ts Volta-ge  Tempe  Time Ness (um)  Ratio
-rature
1 4751
2 9 55 30 46.87 33.50
3 47.64
Average 47.34

Next is to calculate the confidence interval of the confirmation
experiment thickness value, which is as follows:

__ total number of experiment
Neff " 1+number of degrees of fredoom (3)

N = 9x3

OF 71+ @2 +2+42)
Neff = 3.857

1 1

CICE = F(a,l,Ve)MSRes fff + ;
Cleg = |F 000705( ! +1)

CE = (0,05,2,6)Ys 3857 ' 3
CICE = i 0.14’6

So the confirmation experiment confidence interval with a
confidence level of 95% is 33.504 + 0.146 (33.358 < w'S/N ratio
<33.650). Fig. 5 shows the interval plot of the experiment
prediction and confirmation experiment.

Fig. 5 shows that the confirmation experiment value increased
compared to the average predictive value in the variability of the
S/N ratio. It means, the data with the most optimal variations, that
is a voltage of 9 volts, a temperature of 55 °C, and a time of 30
minutes taken from CI or prediction confidence intervals give a
significant influence as evidenced by the average increase of the
confirmation ClI value.

Interval Plot of Cl Prediction; Cl Confirmation

95% Cl for the Mean
33.9

33.8
33.7 —
33.6 |

33.5 L ]

334 T

Data

Cl Prediction Cl Confirmation

Individual standard deviations are used to calculate the intervals

Fig. 5. Interval plot of Cl prediction and CI confirmation

4 Discussion

The increase in the value of layer thickness in this study was
caused by the large number of ion deposits attached to the
workpiece during the electroplating process. The voltage control
factor is a controlling factor that affects ionization energy in the
electroplating process. The highest thickness value occurs at a
voltage of level 3 which is 9 volts as shown in statistical
calculations and graphs as the level increases with the thickness
value increasing. This is in line with other thickness research [13],
where the higher the voltage, the better the coating process. The
higher the voltage given, the more reduced chrome ions will be,
causing an imbalance between the steel cathode and the chrome

anode. From the ion reduction and oxidation reaction, the steel
cathode lacks electrons where the higher the voltage then the
cathode will need more electrons and the chrome ions released
from the anode are also more and more as the voltage exerted
increases so that chrome anode in the form of ions fills the steel
surface and the coating process occurs causing many chrome ions
to detach and settle on the specimen.

The solution temperature is a controlling factor that is
convenient for determining the activation energy in the solution.
The temperature of the solution that gives the greatest thickness
value is at level 2 (50 °C) shown in statistical and graph
calculations. The activation energy of each metal corresponds to
the mass of its atomic type. Chrome material has optimal
activation energy for electroplating at a temperature of 50 °C. This
is following other studies that use temperature parameters of 45
°C, 55 °C, and 65 °C where the most optimal temperature is 55 °C
and decreases when the temperature is raised to 65 °C [10]. If the
temperature increases above the activation point it makes many
ions be reduced and move more randomly. The colliding chrome
ions are reduced so that they are not deposited optimally on the
surface of the specimen and cause the thickness value get
decrease.

The time control factor is a condition where the ion process
undergoes a reduction to oxidation process in units of time. At
time 30 minutes, it produces the highest thickness value shown in
statistical and graph calculations with a per cent contribution of
40.615%. The same is obtained in other thickness studies [32],
that the longer the electroplating time, the more thickness value of
the layer increases. This is because the longer the electroplating
time, the more and more the process of reduction and oxidation
reactions that occur. Over time, chrome ions that undergo a
reduction reaction or release of chrome ions in the electrolyte
solution are increasing. Then negatively charged chrome ions will
require a positive charge so that at the steel cathode SS400 will
undergo an oxidation reaction which in chrome ions will be
deposited on the surface of the layer. With more time, the
deposited chrome ions will increase as the number of chrome ions
is reduced to the anode and result in the thickness of the layer
increasing.

Other studies on adhesion with the same processes and
parameters [15] get the optimal voltage at level 3 which is 9 volts.
Similarly in this study, the most optimal voltage is at level 3. This
is because the higher voltage will cause the energy to accelerate
electrons from the anode to the cathode will be greater and make
the element of Cr deposited more and more so that the adhesion
value will increase and also the thickness value will be greater.
The most optimal temperature in adhesion research is at level 3,
which is 55 °C. Unlike this study, where the most optimal
temperature is at level 2 which is 50 °C. This is because at high
temperatures the soluble power increases and the decomposition
of metal sodium is faster, increasing the mobility of metal ions to
deposit and reducing the H, element that enters the layer. That is,
the higher the temperature given, the fewer H, element that enters
the layer will be, then making the adhesion value increase and
because fewer H, elements enter the layer coupled with chrome
ions begin to enter the activation point making the thickness value
decrease. However, adhesion and thickness studies both have the
lowest per cent contribution value of the other parameters. The
most optimal time in adhesion study is at level 2 which is 25
minutes. Unlike this study where the most optimal time is at level
3 which is 30 minutes. This is because, in adhesion studies,
electrolyte solutions that are often used repeatedly make the
resulting dirt more and more which is then mixed into the
electrolyte solution and deposited into the workpiece which makes
the adhesion value decrease, but the thickness value will increase.
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5

Conclusion

The results of the analysis using the Taguchi method regarding
the optimization of the electroplating process were concluded that:
a. The contributions factors affecting the thickness of the SS400

electroplating result layer with chrome sequentially are process

time

(40,615%), voltage (34.951%), and temperature

(10.369%)

b. A maximum thickness

of 47,340 um is obtained if

electroplating using a combination of 9-volt parameters, 50 oC
solution temperature and 30 minutes coating time.
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