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Abstract

Nano-composite coatings have become the focus of widespread research in recent years
due in part to their superior properties when compared to purely metallic films. The ben‐
efits of using these types of coatings include high-specific heat, optical non-linearity, nov‐
el magnetic properties, enhanced mechanical behavior (large hardness and wear
resistance), and good corrosion resistance. This chapter presents a parametric study of
electrodeposited nano-composite coatings for improved abrasive wear resistance. The fol‐
lowing physical parameters were investigated using a Taguchi L18 fractional factorial de‐
sign of experiments (DOEs): current density, pH, bath temperature, nano-particle
concentration, and electrolyte agitation (stir rate). The results were evaluated using the
signal-to-noise (S/N) ratio to develop a non-dimensional relationship between the physi‐
cal parameters and the abrasive wear resistance of the coating. The relationship showed
that the abrasive wear resistance of the coating increases as the quantity of nano-particle
in the solution and the agitation frequency increase. The analysis of variance (ANOVA)
indicated that the particle concentration had the greatest significance to the wear resist‐
ance of the coating.

Keywords: Electrodeposition, wear resistance, optimization, Taguchi, nano-composite
coating

1. Introduction

Advanced engineering applications often require multifunctional materials with improved
performance capabilities, which are usually difficult to fulfill using single-phase materials [1,
2]. The growing demand for improved material performance has led to the development of
numerous nano-structured coatings and nano-composite coatings capable of achieving certain
technological goals [3–6]. According to Wu et al. [7], these improved properties observed in
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nano-coatings have increased their range of application. Currently, these materials find
application in medicine, aerospace, automotive, dentistry, electronics, and so on [8–12].

The incorporation of these particles during deposition enables the production of a wide range
of composite coatings, which significantly improves the coatings’ physical and chemical
properties, compared to the pure metallic coatings. These properties are however dependent
on the volume of particles that are incorporated in the coating during deposition and the
uniformity of the distribution. The amount of incorporated particles is a key parameter for the
successful application of the coatings, because it largely determines the properties of compo‐
sites such as wear resistance, high-temperature corrosion protection, oxidation resistance, and
self-lubrication.

The uniformity of the particle distribution within the metal matrix is strongly influenced by
the metal matrix morphological and structural characteristics. As such, the co-deposition of a
sufficient amount of non-agglomerated particles should lead to production of harder and more
wear-resistant coatings. The concentration of particles suspended in solution ranges from 2 g/
L up to 200 g/L, producing composites with typically 1–10 vol.% of embedded particles [13].

Particle-reinforced nano-composite coatings based on nickel and alumina are being applied in
different technological fields with high demands for wear and corrosion resistance [3]. Lekka
et al. [14] show that the co-deposition of SiC nano-particles in copper matrix leads to a more
noticeable grain refinement, and therefore, the nano-composite deposits presented a very high
micro-hardness, 61% higher than pure copper deposits, and an increase of 58% of the abrasion
resistance. Future applications of these materials depend on the ability to produce them with
controlled composition and properties, using inexpensive and reliable techniques.

Electrodeposition method satisfies some of these requirements because it is an economical and
versatile technique compared to other preparation techniques. Electrodeposited nano-
composite coatings are generally obtained by suspending charged ceramic nano-particles in
the electrolyte and co-depositing them with the metal. During the electrodeposition process,
these insoluble hard particles are suspended in a conventional plating electrolyte and are
captured in the growing metal film during deposition. An effective dispersion of inert particles
in the electrolyte promotes the adsorption opportunity of inert particles on the cathode and
causes a higher volume content of inert particles in the composite coating. The mechanical
properties of the composite coating are also promoted by the enhancement of the volume
content of inert particles in the coating [15–17].

Two mechanisms have been proposed to describe the process by which ceramic particles are
incorporated in the metallic coatings: (1) the first mechanism is known as electrophoresis. The
electrophoresis process begins with particles that are well dispersed and are able to move
independently in the solvent suspension, and the particles have a surface charge due to
electrochemical equilibrium with the solvent. This leads to a migratory attraction of the
particles to the deposition electrode [18]. (2) A second mechanism was proposed by Williams
and Martin in 1964. In their study, the researchers suggested that the particles were transported
to the cathode by a purely mechanical mean due to the agitation of the bath, which leads to
entrapment and subsequent embedding of the particles in the growing metal layer [19].
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However, the validity of mechanical particle entrapment theory was later challenged by
Brandes and Goldthorpe, who suggested that there is some attractive force holding the
particles at the cathode long enough to be incorporated by the growing metal layer [20].
Guglielmi proposed a two-step mechanism taking into account electrophoresis and adsorp‐
tion.

In the first step, particles approaching the cathode become loosely adsorbed on the cathode
surface [21]. These loosely adsorbed particles are still surrounded by a cloud of adsorbed ions.
In the second step, the particles lose this ionic cloud and become strongly adsorbed on the
cathode. This step is thought to be of an electrochemical character; that is, it depends on the
electrical field at the cathode. Finally, the strongly absorbed particles are occluded by the
growing metal layer [1, 22–25]. One method that has been used to reduce particle coagulation
is mechanical stirring [26]. If a particle is strongly adsorbed on the cathode, it will be embedded
on the growing metal layer by the electrodeposition of free solvated electro-active ions from
the plating bath [3, 23].

According to the scientific literature, the factors that affect the coating properties are directly
related to the parameter settings during the deposition process, and as such optimization is
an important step in coating development. This chapter presents a parametric study of
electrodeposited nano-composite coatings for improved abrasive wear resistance using the
Taguchi L18 design of experiments (DOEs). The main focus is to evaluate the effects of the
coating parameters on its wear resistance, with the objectives being to identify the optimal
setting of each parameter and to quantify the contribution of each parameter to the wear
resistance of the coating.

2. Experimental Procedure

2.1. Parametric design using Taguchi techniques

In this study, parametric optimization was achieved using Taguchi L18 fractional factorial DOE
to evaluate the parameters of the electroplating process used for depositing the Ni/Al2O3

composite coating for improved hardness and wear resistance. The main process parameters
evaluated were cathode current density and agitation/stir rate (A), the pH level of the solution
(B), particle concentration (C), and bath temperature (D). The parameter settings used, shown
in Table 1, were determined through preliminary investigation and represent three different
level settings (levels 1–3). The orthogonal array is presented in Table 2 and shows the param‐
eter combination for each of the 18 experimental runs using the level settings, as shown in
Table 1 [27].

The optimization can be achieved by calculating the signal-to-noise (S/N) ratio as a quality tool
for evaluating the performance of the coatings produced. The S/N ratio (η) represents the
degree of predictable performance of the coatings in the presence of noise factors. To calculate
the S/N ratio, the average and variation of the experimental results can be determined using
Equation 1 [6].
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 =  -10 log(MSD),h (1)

where MSD is the mean square deviation for the output characteristic. As the aim of this study
is to minimize the wear loss of the coating, the smaller-is-better quality characteristic was
selected and can be calculated using Equation 2 [28].

Smaller is better MSD =  2

1

1 n

i
i
y

n =
- å (2)

Level
Current density
(A/mm2)

Stir rate (rpm)
(A)

Bath pH
(B)

Al2O3

concentration
(g/L)
(C)

Bath temperature
(°C)
(D)

1 2.3 440 4.0 10 40

2 2.5 600 4.45 20 50

3 – 800 4.6 30 60

Table 1. Experimental levels used for electrodeposition process.

Experiment
Controlled parameters

A B C D E

1 1 1 1 1 1

2 1 1 2 2 2

3 1 1 3 3 3

4 1 2 1 1 2

5 1 2 2 2 3

6 1 2 3 3 1

7 1 3 1 2 1

8 1 3 2 3 2

9 1 3 3 1 3

10 2 1 1 3 3

11 2 1 2 1 1

12 2 1 3 2 2

13 2 2 1 2 3

14 2 2 2 3 1

15 2 2 3 1 2

16 2 3 1 3 2

17 2 3 2 1 3

18 2 3 3 2 1

Table 2. Taguchi L18 orthogonal array.
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On the other hand, given the relationship between hardness and wear resistance [3], the
larger-the-better characteristic was used to optimize the coating for hardness, as shown in
Equation 3:

 is better MSD =  21

1 1Larger ,
n

i in y=
- å (3)

where yi is the value of wear resistance for the ith test; and n is the number of tests.

The average value of the response variable at each parameter level was determined by applying
Equation 4 to each parameter level for each factor [24]:

1 1 2 3
1 ( ).
3Am h h h= + + (4)

2.2. ANOVA

The analysis of variance (ANOVA) was carried out to examine the influence of each process
parameter on quality characteristics. If some parameters do not significantly affect wear rate,
they can be fixed to a minimum level and excluded from the optimization process. The percent
contribution of each parameter was calculated by determining the total sum of squared
deviation and the individual contribution of each parameter to the sum of squared deviations.
These variables were calculated using Equations 7:

9 2
T

1

1SS ( )i
in

h h
=

= -å (5)

9
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h h
=

= å (6)

2 2 2
d 1 2 3SS 3 ( ) 3 ( ) 3 ( )A A Ax x xh h h h h h= - + - + - (7)

The percentage contribution (ρ) of each factor to the overall response is determined using
Equation 8:

d

T

SS
100.

SS
r = ´ (8)
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2.3. Sample preparation and characterization

The mild steel samples of dimensions 0 × 20 × 15 mm were cut, prepared to 800-grit abrasive
paper, and polished to 1-μm diamond suspension, after which they were cleaned in an acetone
bath (see Figure 1a). Acid pickling took place in a solution of 15 wt.% HNO3 and 2 wt.% HF at
50°C for 2 minutes and then rinsed in distilled water. These samples were then used as the
cathode in the plating solution.

The electrodeposition of an Ni/Al2O3 coating was carried out in a 250-mL glass beaker, as
shown in Figure 1(b). The plating solution was prepared by dissolving 250 g/L NiSO4 6H2O,
45 g/L NiCl2 6H2O, 35 g/L H3BO3, and 1 g/L saccharin in distilled water. The ceramic particles
were added separately to the nickel bath to produce the composite coating. The particles were
thoroughly mixed into the solution for 2 hours and kept in suspension in the bath with a
magnetic stirrer. The following parameters were adjusted: cathode current density, agitation,
and stir rate (A); the pH level of the solution (B); concentration of composite particles (C); and
bath temperature (D), as shown in Table 1. The thickness of Ni/Al2O3p coatings was controlled
by the plating time. The actual amount of Ni/Al2O3p electroplated onto a surface was deter‐
mined by the weight gain after the plating process.

 
 

 
 

 

                                      (a)                                                                         (b) 

Figure 1. (a) Specimen size of wear resistance test sample and (b) electroplating equipment and setup.

Coated samples were evaluated for hardness using a Vickers Mitutoyo HM-122 hardness tester
with a load of 200 g. Two body abrasive wear tests were conducted using Plint Multi-station
Block-on-Ring tester under a load of 20 N at a fixed sliding speed of 3.35 m/s for a sliding
distance of 5000 m against steel disc of hardness 500 HV. During sliding, the load is applied
on the specimen through cantilever mechanism, and the specimens brought in intimate contact
with the rotating disc at a track radius of 100 mm. The samples were cleaned with acetone and
weighed (up to an accuracy of 0.01 mg using a Sartorius microbalance) before and after each
test. The wear rate was calculated from the weight loss measurement and expressed in terms
of volume loss per unit sliding distance.
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For each coated sample, three specimens were tested and the average value was used to
determine the wear resistance. Examination of the joints microstructure was performed using
a Ziess optical microscope, an ASPEX 309 scanning electron microscope (SEM), and a trans‐
mission electron microscope (TEM). Quantitative compositional analyses were carried out
using wavelength dispersive spectroscopy (WDS) and x-ray diffraction (XRD). Micro-hardness
testing was performed on the cross section of the joints according to ASTM E92 standard test
method for a Vickers micro-hardness testing. Indentations were made at 100 μm spacing using
a diamond tip indenter to which a 0.2 kg load was applied for 15 seconds, after which the
length of the diagonals was measured and the hardness number was recorded from tables.

For TEM analyses, sections of the coating were cut to 6 × 5 × 1.5 mm using a thin diamond tip
cutter and subsequently mechanically grounded using 600 grit abrasive paper to a thickness
of approximately 200 μm. Disc of 3 mm diameter was punched from the 200-μm coating and
subsequently mechanically grinded to 25 μm. The grinded samples were thinned by electro-
polishing method. This was done in a solution containing 150 g/L Na2CO3 + 50 g/L Na3PO4 +
30 g/L. The solution was maintained at a temperature of 40°C and a voltage of 20 V. All the
thinned coatings were examined with a JEOL TEM 2000FX TEM at an accelerating voltage of
200 kV.

3. Results and Discussion

3.1. Microstructure analysis

The TEM micrograph of the Ni/Al2O3 coating, as shown in Figure 2(a), revealed the presence
of nanosized Al2O3 particles embedded in the nickel matrix. The deposition of particle
reinforcement during the coating process can be attributed to parameters such as current
densities, bath temperature, stir rate, bath pH, and particle concentration [29]. TEM analysis
of the as-received powder shown in Figure 2(b) indicated the presence of agglomerated particle
clusters. These particle clusters are believed to have been subsequently embedded in the
coating during the electrodeposition process. In situations where particle clustering is present,
surfactants such as saccharin, hexadecylpyridinium bromide (HPB), and cetyltrimethylam‐
monium bromide (CTAB) are used to improve particle distribution and reduce clustering [4,
30, 31]. In this study, the surfactant saccharin was used to reduce particle clustering; however,
particle agglomeration was still present, as shown in Figure 2(a).

An optical micrograph of the nano-composite Ni/Al2O3 coating deposited using current
density 3.2 × 10−4 A/mm2, stir rate 440 rpm, bath temperature 50°C, pH 4.45, and particle
concentration 20 g/L is shown in Figure 3(a). Analysis of the image revealed Al2O3 particle
clusters consistent with the particle agglomeration observed in the as-received Al2O3 powder
is shown in Figure 3(b). Similar surface morphology obtained for coatings deposited using
current density 5 × 10−4A/mm2, stir rate 820 rpm, bath temperature 60°C, pH 4.45, and particle
concentration 10 g/L was observed to posses large globules that are believed to be agglomer‐
ated Al2O3 particles embedded into the Ni matrix.
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Figure 2. TEM image of the Ni/Al2O3coating.
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Figure 3. Optical micrograph of coatings deposited with the parameters outlined in experiment: (a) 2 and (b) 17, as
shown in Table 2.

3.2. Micro-hardness

The influence of the process parameters was assessed to maximize the coating hardness.
Analysis of the surface hardness revealed that if the parameters were set to current density at
level 1 (3.2 × 10−4 A/mm2), revolutions per minute (RPM) at level 2 (630 rpm), pH at level 2
(4.45), Al2O3 concentration at level 3 (30 g/L), and temperature at level 2 (50°C), a surface
hardness of 501.5 HV can be achieved. When compared with pure nickel, a surface hardness
of 278.82 HV was achieved. The differences observed were attributed to dispersion hardening
effects caused by the presence of nanosized Al2O3 in the composite coating. According to
Lehman et al. [32], the nanosized particles act to restrict/reduce dislocation motion in the nickel
matrix, which causes an increase in the surface hardness. The ANOVA test showed that stir
rate (RPM), particle concentration, and bath pH had the greatest impact on the hardness of the
coatings.
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Stir rate (RPM) is used to disperse the nano-particles during the coating process, thus control‐
ling the microstructure produced by keeping particles suspended in the bath solution during
coating [33, 34]. It is believed that stirring increases the amount of nano-particles embedded
in the coating up to 630 rpm beyond which a reduction in surface hardness is observed.

Similar effects were observed when the concentration of Al2O3 particles suspended in the
solution increased. The results indicated that particle incorporated into the coating increased
with increasing particle concentration in the bath solution until 30 g/L was reached. The
microstructure of the coating may also be attributed to the pH of the bath which is believed to
control the nucleation and morphology of the coating; as the pH decreases, the grain size of
the crystallite also decreases, resulting in an increase in the hardness of the material [35, 36].
The estimated effect of each parameter is shown graphically in Figure 4. Analysis of the data
using the larger-is-better characteristics indicated that optimum coating hardness can be
achieved if concentration is set to level 3, while all other parameters are set to level 2.

Figure 4. Effect of process parameters on micro-hardness.

3.3. Wear testing

Two-body abrasive wear tests were carried out to evaluate the effects of electroplating
parameters on the wear resistance of the deposited coating. Evaluation of the results presented
in Table 3 indicated that the wear rate increased from 0.22 kg/s to 2.11 kg/s. The estimated
effect of each parameter is shown graphically in Figure 5. Analysis of the data using the smaller-
is-better characteristics indicated that the S/N ratio decreased as the stir rate increased from
440 rpm to 630 rpm; however, increasing the stir rate to 820 rpm corresponded to an increase
of the S/N ratio; this change can be attributed to achieving suitable particle suspension in the
solution at 630 rpm; however, further increase in stir rate caused an increase turbulence in the
solution, which can reduce particulate inclusion in the Ni matrix [34]. The impact of bath pH
and temperature had similar effects on the S/N ratio [34]. The results indicated that minimal
mass loss can be achieved if both pH and temperature are set to level 1 [37].
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In addition, the results further revealed that particle concentration had a significant effect on
the wear rate, which corresponded to an increase in the hardness of the coatings deposited as
the particle concentration increased from 10 g/L to 20 g/L. The reduction in wear rate was
attributed to the increase in the Al2O3 particles embedded in the Ni matrix during the co-
deposition process. The Al2O3 nano-particulates co-deposited in the Ni matrix could restrain
the Ni grains and the plastic deformation of the matrix under a loading due to dispersion
strengthening. The effect is that the coating becomes stronger as the nano-Al2O3 particle content
increases, thus increasing micro-hardness and wear resistance of the coating. Further increase
in the particle content resulted in increase of the brittleness of the coating, which is subse‐
quently reflected as a reduction of the wear resistance of the coating. By utilizing the wear
resistance values shown in Table 4, the optimum coating parameters were determined to be
A2, B1, C2, and D1.

Experiment

Current
density

Stir rate
(A)

pH (B)

Concentration
(C)

Temperature
(D)

Hardness S/N
Wear rate

(×10−6)
S/N

(A/mm2;
× 10−4)

(rpm) (g/L) (°C) (HV) (η; dB) (kg/s) (η; dB)

1 3.2 440 4.3 10 40 208.5 46.38 2.11 116.32

2 3.2 440 4.45 20 50 318.3 50.06 1.00 122.50

3 3.2 440 4.6 30 60 268.3 48.57 0.220 137.44

4 3.2 630 4.3 10 50 357.3 51.06 0.44 131.19

5 3.2 630 4.45 20 60 325.5 50.25 1.10 122.59

6 3.2 630 4.6 30 40 369.4 51.35 0.88 124.32

7 3.2 820 4.3 20 40 300 49.54 0.66 128.05

8 3.2 820 4.45 30 50 363.9 51.22 0.55 129.39

9 3.2 820 4.6 10 60 199.9 46.02 1.00 123.36

10 5 440 4.3 30 60 224.5 47.02 0.66 127.16

11 5 440 4.45 10 40 282.1 49.01 0.33 133.18

12 5 440 4.6 20 50 229.9 47.23 0.55 128.36

13 5 630 4.3 20 60 219 46.81 1.00 122.84

14 5 630 4.45 30 40 449.8 53.06 0.22 136.57

15 5 630 4.6 10 50 582.9 49.99 1.00 122.18

16 5 820 4.3 30 50 279.7 48.93 0.33 133.18

17 5 820 4.45 10 60 403.5 52.12 0.33 132.38

18 5 820 4.6 20 40 178.5 45.03 0.88 124.22

Table 3. Measured results of response variables and S/N ratios.
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Factors Code

Wear rate S/N ratio Hardness S/N ratio

(dB) (dB)

1 2 3 1 2 3

Stir rate A 127.49 126.6 128.43 48.05 50.42 48.81

pH level B 126.46 129.43 126.65 48.03 50.95 48.29

Al2O3 concentration C 126.44 124.76 131.34 49.1 48.15 50.03

Bath temperature D 128.47 130.76 129.30 49.06 49.75 48.46

Table 4. Mean S/N ratio of individual levels.

Figure 5. Effect of process parameters on wear resistance.

3.4. Analysis of the level averages

A second analysis using the level averaging technique was also carried out by averaging the
experimental results achieved at each level for the respective parameter. A summary of these
calculations is shown in Table 5 and is graphically represented in Figure 6. When the effects
of stir rate and concentration were evaluated, it was found that the wear rate decreased as both
concentration and stir rate increased similar to the results obtained when the S/N ratio was
calculated. The optimum wear resistance can be obtained by setting both the stir rate and
concentration are set to level 3, whereas bath temperature and pH are set to level 2. Optimi‐
zation for hardness revealed that all the parameter settings were similar with the only
exception being stir rate, which required a level 2 setting (Figure 7). These results are also
consistent with literature [34, 37].
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Factors Code

Parameter levels(wear resistance test) ×
10−7

Hardness

HV0.2 kg

1 2 3 1 2 3

Current density 8.84 5.89 0 301.2 287 0

RPM A 8.12 7.73 6.25 255.3 339.5 287.6

pH B 7.55 5.88 8.67 260.3 306.2 264.8

Al2O3 concentration C 8.68 8.65 4.77 294.5 261.9 325.9

Bath temperature D 8.47 6.45 7.18 298.1 310.8 273.5

Table 5. Level averages for each parameter.

Figure 6. Mean wear rate of each parameter level.

Figure 7. Mean hardness of each parameter level.
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3.5. ANOVA

The ANOVA separates the total variability of the response into percentage contribution (P) of
each parameter. The higher the percentage contribution, the more important the parameter is
to the wear resistance and hardness of the coating. Table 6 shows the ANOVA calculated values
and indicates that the greatest contributing factor for wear was the Al2O3 particle concentration
at 51.68% followed by bath temperature with a contribution of 32.41%, whereas bath pH and
stir rate had the lowest impact on the wear resistance of the coating.

Factors Code DOF Sum of squares Variance Contribution(%)

Stir rate A 2.00 5.0 2.48 3.64

pH B 2.00 16.67 8.33 12.27

Al2O3 concentration C 2.00 70.20 35.10 51.68

Bath temperature D 2.00 44.03 22.01 32.41

Total 8.00 135.8 100.0

Table 6. ANOVA for wear.

3.6. Selection of the optimum parameters

To select the optimum parameter settings for improved wear resistance, the “smaller-is-better”
characteristics were used to select the optimized parameter level, which are shown in Table
7. Table 7 indicates one conflict in the recommended optimized levels: factor A (stir rate).
Analysis of the results for both S/N ratio averages and the level averages revealed that the stir
rate greater than 630 rpm would result in minimum output; however, analysis of the level-
averaged wear rate indicated that a setting at level 2 would be more appropriate. The results
suggest that within the parameter levels tested, pH and stir rate had the least effect on the wear
rate.

Factors Code Optimized levels

Ȳ S/N ratio

Stir rate A 3 2

pH B 2 2

Al2O3 concentration C 3 3

Bath temperature D 2 2

Table 7. Summary of the factor analysis.

3.7. Confirmation test

Experimental validation of the Taguchi optimization process was necessary to confirm that
the minimum wear rate can be achieved using the optimum coating parameters. A conforma‐
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tional experiment was conducted with the levels of the process parameters (A3, B2, C3, and
D2), resulting from the optimization process. Two wear rate values were obtained (4.4E-07 kg/
s and 4.1E-07 kg/s), and the average of these values was found to be 4.25E-07 kg/s with an
average hardness of 501.5 HV.

An SEM micrograph of the optimized Ni/Al2O3 coating as shown in Figure 8(a) revealed the
absence of surface defects and interfacial voids; however, agglomerate Al2O3 particles were
present in the coating.
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Figure 8. (a) Surface of Ni/Al2O3 coating and (b) XRD spectrum of coated samples.

4. Conclusion

In this chapter, the recent development in the production and utilization of electrodeposited
nano-composite coatings was examined. It was found that the tribological application of nano-
composite coatings was strongly dependent on their compositional, morphological, and
structural characteristics. According to the literature, these properties are directly related to
the preparation method and deposition conditions such as current density, substrate, pH, ion
concentration, size and quantity of nano-particles, and agitation frequency. Thus, the optimi‐
zation of the parametric setting is of critical importance to assess the wear resistance of the
coating.

The results demonstrated that Taguchi DOEs can be effectively used to optimize the electro‐
deposition process; however, due to material limitations the experiment was restricted to the
use of only two samples per condition. Increasing the temperature and particle concentration
caused a reduction in the wear rate of the coating. The results also show that increasing
temperature to 50°C caused a reduction in the wear rate of the coatings deposited. Stir rate is
the parameter having the least effect on the wear rate of the coatings.

Electrodeposition of Composite Materials200



The combination of optimum bonding parameters within the experimental level ranges is
found to be a temperature of 50°C, particle concentration 30 vol.%, stir rate 820 rpm, and pH
4.45. Within the experimental level ranges, the most significant influencing parameter is
particle concentration, which accounts for 51.68% of the total effect, followed by temperature
(32.41), bath pH, and stir rate (12.27% and 3.64%, respectively).
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