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Abstract. Increasing the etching rate is one of the main optimization targets in the
Chemical Machining (CM). Traditionally, this target is ful�lled by some costly techniques
like selecting stronger etchants and increasing the etchant concentration. Also, other
methods like increasing the etchant temperature and stirring the etchants by agitators
are employed for increasing the etching rate. One of the advantages of these methods
is reduction of the consumption of acidic etchants which results in the cost reduction
and making an eco-friendley process. In this article, a systematic experimental study is
performed on vibration-assisted CM of copper. In this technique, the workpiece vibrates
in the etchant during the CM. For evaluating the performance of machining, e�ects of
amplitude and frequency of vibrations, along with the temperature and concentration of
acidic etchant, on material removal rate, surface roughness and machining undercut are
studied experimentally. The experiments are designed by Central Composite Design (CCD)
in Response Surface Methodology (RSM). Also, multi-objective optimization is performed
by de�ning a desirability function. The optimal vibro-assisted process parameters are
temperature 60�C, etchant concentration 600 g/l, vibration frequency 25 Hz, and vibration
amplitude 1.5 mm, to get optimal outputs on the desired parameters.
© 2024 Sharif University of Technology. All rights reserved.

1. Introduction

Chemical Machining (CM) is a nontraditional man-
ufacturing process in which the machining is per-
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formed by chemical solvation of workpiece material
in an etchant [1,2]. Surface machining of copper is
one of the most important applications of the CM
process and is used for the fabrication of Printed
Circuit Boards (PCBs), mesoscale heat exchangers,
and decorative devices, etc. [3]. Material Removal
Rate (MRR), surface �nish and geometric accuracy of
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the workpiece are important output parameters of CM.
A low MRR is a challenge in the CM. To overcome
this problem, researchers focused on the modi�cation
of etchants, their composition and the other e�ective
parameters. Some researchers made parametric studies
on CM of various metals in di�erent etchants. They
utilized DOE approaches like Taguchi and Response
Surface Methodology (RSM) for empirical analysis of
the process and optimization of its input variables.
They investigated the in
uence of process parame-
ters like etchant concentration and temperature, and
machining time on MRR, surface roughness, edge
deviation and dimensional accuracy. Most of these
researches commented that the MRR and surface
roughness increased with increase of machining time,
etchant concentration and etchant temperature [4{7].
However, the exact behaviour depends on workpiece
material, etchant composition and machining condition
and some researchers demonstrated di�erent a�ects for
the input variables [8{10]. The machining inaccuracy
and edge deviation usually decreases with decrease
of machining temperature and increase of machining
time. However the dependence of machining accuracy
and edge deviation to the etchant concentration is not
straight forward [8,11].

Some researchers focused on the e�ect of etchant
composition on CM. For example Patil et al. [12],
investigated the e�ect of etchant substance, and its
concentration and temperature, on MRR and dimen-
sional accuracy in CM of Monel 400 alloy. They
commented that the accuracy and MRR depend on the
type of etchant and workpiece geometry. C�ak�r [13]
used ferric chloride as the etchant substance for the
CM of St37 rods. The steel rod was rotating in
the etchant during machining. He investigated the
e�ect of concentration and temperature of etchant, and
workpiece rotational speed on the machining surface
roughness and MRR. He observed that higher etchant
concentration increases the etching rate but reduces the
dimensional accuracy. Ruhela et al. [14] investigated
the e�ect of di�erent etchant compositions, along
the etchant temperature and machining time on the
etching depth and surface roughness of stainless steel
workpiece.

Some investigators have modi�ed the CM set-
up to increase the performance of machining. For
example, Gandhi and Chanmanwar [15] utilized an air
aspirator machine for generating the air bubbles in the
etching tank and creating turbulence in the etchant
solution. They studied the e�ect of workpiece position
in the etching tank on the MRR of CM for copper and
stainless steel sheets. They remarked that the unifor-
mity of the etching depends on the positioning of the
workpiece in the etchant tank. Saraf and Sadaiah [16]
designed a photochemical machining process for the
fabrication of a novel cardiovascular stent on Steel 316.

They applied ultrasonic vibrations to the etchant and
increased the MRR by 2.7 times. Yang and Youn [17]
employed ultrasonic agitation for the CM of copper
�ne cylindrical rods. They concluded that ultrasonic
agitation of the etchant can enhance the MRR along
with the surface smoothness of the workpiece. Bahrami
et al. [18] investigated the level of residual stresses
and the fatigue strength of the workpiece in CM. In
this investigation, the aluminum workpiece was rotated
during the etching. They demonstrated that rotational
CM leads to higher surface smoothness and fatigue
strength and lower residual stresses on the workpiece
respect to the traditional turning process. Wang et
al. [19] investigated the laser scribing as an important
process for trimming away the maskant material in
CM. They suggested that laser scribing is an e�cient
method which can quickly and e�ectively remove the
maskant and results in shortening the manufacturing
time and enhancement of the manufacturing quality in
chemical milling.

The above-mentioned methods for enhancing the
MRR like increasing the etchant concentration, select-
ing stronger etchants or stirring the etchant, encounter
some di�culties in mass production like increasing
the corrosion rate of the etching tank and the cost
of the etchant substance. In this article, vibration-
assisted CM is performed on copper. In this process,
the workpiece is vibrated in the etchant during the
machining process. The vibration direction is per-
pendicular to the workpiece surface. It is predictable
that employment of the vibration may increase the
MRR however the magnitude of this enhancement is
not identi�ed. The other question which is addressed
here is how the low frequency vibration a�ects the
surface roughness and undercut of the workpiece. A
novel experimental study based on the RSM method
is performed for evaluating the e�ect of amplitude and
frequency of vibration along with etchant concentration
and temperature on MRR, surface roughness and
undercut in machining. Central Composite Design
(CCD) is utilized for designing empirical experiments.
Finally, the multi-objective optimization is performed
for selecting the input parameters in a way that the
MRR is maximized, while the surface roughness and
machining undercut are minimized.

2. Materials, equipment, and procedure

CM is the controlled chemical dissolution of the
workpiece material by contact with a strong reagent,
called etchant. In vibro-assisted CM, the workpiece is
vibrated in the etchant during CM. Experimental setup
was shown in Figure 1. Single directional mechanical
vibration is applied to the copper workpiece via an
eccentric vibrator (Figure 2(a)). The vibrator converts
the rotational movement of the AC electric motor
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Figure 1. Vibro-assisted chemical machining setup (a) Schematic illustration of the equipment, (b) The constructed setup.

Figure 2. (a) Mechanical vibrator; (b) Schematic chemical machining reactor.

to linear movement of the shaft. The workpiece is
attached to the shaft and submerged in the etchant.
The frequency of vibration equals the rotational speed
of the electric motor which is adjusted by a frequency
inverter. The vibration axis is parallel with the
normal axis of the machining surface. The vibration
amplitude depends on the adjusted eccentric distances
of connecting part in Figure 2. The identi�ed holes in
the connecting part have a distinct distance from the
central axis of the connecting shaft and determines the
amplitude of vibration.

The etchant tank consists of two cylindrical
enclosures which were made of 316 stainless steel
(Figure 2(b)). The CM was carried out inside the
internal cylinder which was surrounded by electrically
heated water at various temperatures (40{60�C). The
thermostat has �1�C accuracy and received its control
signal from a temperature sensor which is placed in the
etchant.

2.1. Materials and procedures
The workpiece material was high-purity copper and
the material's chemical composition has been given in
Table 1. The thickness of the substrate was 1 mm and
was cut to the size of 30 mm � 30 mm.

The machining region was a 10 mm length square
and prepared by covering other regions of the workpiece
with a polymer masking material. Before masking,
the cleaning and dewaxing processes were performed
by acetone. After washing and drying, the polymer
masking was applied to the workpiece. Figure 3
represents the workpiece before and after applying the
maskant.

The CM was performed in ferric chloride solu-

Table 1. Composition of workpiece material.

Components cu pb si Others

Value (%) 99.9 0.034 0.027 < 0:05
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Figure 3. The workpiece before (a) and after masking (b).

tion as one of the most relevant etchants for cop-
per [15]. FeCl3 solution was obtained by dissolving
the FeCl3(H2O)6 powder in deionized water. The
temperature was controlled with 1�C resolution. The
machining time was 15 minutes and was kept constant
for all the experimental runs.

3. Experimental design and optimization
methodology

As mentioned in the introduction, the object of the ex-
perimental study was to determine the e�ect of etchant
temperature and concentration, along with workpiece
vibration frequency and amplitude on process output
parameters including MRR, surface roughness, and the
amount of undercut. The selected output parameters
determined the performance of the CM. The design
of experiments was done by the CCD method based
on RSM. RSM includes a collection of statistical and
mathematical procedures utilized in de�ning of a math-
ematical relationship between some input variables
denoted by x1; x2; x3; :::; xK and response of interest, y.
Generally, such a mathematical relationship is approx-
imated by a low-degree polynomial function [20]. For
example, the general second-order polynomial function
may be represented by Eq. (1):

y = c0 +
X

n
i=1cixi +

X
n
i=1ciix

2
i

+
X

n
i;j=1;jhicijxixj : (1)

Here, y is the response parameter. The terms
ci and cij , are the �rst- and second-order regression
coe�cients. RSM method enables one to evaluate the
e�ect of each input variables and their interactions on
the output parameters. Also, the empirical mathe-
matical model is obtained relating input variable to

output parameters using RSM. This model is used for
the optimization of the machining conditions.

3.1. Design of experiments by CCD
Adequate experiments are necessary for �tting Eq. (1)
and for extracting the unknown regression coe�cients.
Usually, a second-order model is enough for represent-
ing the relation between the input variables of the
experiments and the output response. second-order
models can be �tted by some experimental designs
which are called second-order designs. The most
popular of all second-order designs is the CCD which
consists of a two-level factorial design with centre
points, and is completed with a set of axial (or star)
points to assess the curvature of the second-order
model. Maximum e�ciency is achieved when the axial
points are placed a speci�c outside of the original factor
range. The distance of centre of the design space with
each factorial point is �1 coded unit while the distance
of the centre of the design space from an axial point is
��. The value of � depends on the type of o�ered CCD
and on the number of independent variables [20]. In the
present study, the value of � was 1. The design expert
software was utilized for designing the experiments and
analysing the obtained results. The actual values of
the input variables are selected based on the previous
researches [12,21,22] and shown in Table 2.

Thirty-seven experiments were included in the
following sections: (I) Sixteen runs by the two-level
factorial design, (II) one centre point and its �ve
repeats to determine the curvature and pure errors
(caused by replicating experiments) and (III) Sixteen
runs for eight axial points. The designed experiments
are summarized in Table 3.

The sources of process parameters with P -values
less than 0.05 are considered to have a signi�cant
contribution to the measured values.
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Table 2. Actual values of input variables.

Number Factors Level 1 Level 2 Level 3

1 A = Temperature (�C) 40 50 60
2 B = Concentration (g/l) 400 500 600
3 C = Frequency (Hz) 1 13 25
4 D = Amplitude (mm) 0.5 1 1.5

Table 3. Experimental layout plane designed by CCD.

std Run A = Temperature
(�C)

B = Concentration
(g/L)

C = Frequency
(Hz)

D = Amplitude
(mm)

16 1 60 600 25 1/5
10 2 60 400 1 1/5
14 3 60 400 25 1/5
19 4 60 500 13 1
27 5 50 500 25 1
15 6 40 600 25 1/5
34 7 50 500 13 1
23 8 50 600 13 1
5 9 40 400 25 0/5
11 10 40 600 1 1/5
25 11 50 500 1 1
31 12 50 500 13 1/5
6 13 60 400 25 0/5
8 14 60 600 25 0/5
2 15 60 400 1 0/5
22 16 50 400 13 1
36 17 50 500 13 1
1 18 40 400 1 0/5
35 19 50 500 13 1
12 20 60 600 1 1/5
33 21 50 500 13 1
9 22 40 400 1 1/5
29 23 50 500 13 0/5
21 24 50 400 13 1
18 25 40 500 13 1
3 26 40 600 1 0/5
20 27 60 500 13 1
17 28 40 500 13 1
24 29 50 600 13 1
26 30 50 500 1 1
32 31 50 500 13 1/5
4 32 60 600 1 0/5
28 33 50 500 25 1
30 34 50 500 13 0/5
13 35 40 400 25 1/5
37 36 50 500 13 1
7 37 40 600 25 0/5
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3.2. Analysis of Variance (ANOVA)
For evaluating the model adequacy, an analysis of
variance is performed. By this analysis some statistical
quantities like sequential p-value, lack of �t P -value,
deterministic coe�cient R2, adjusted R2, and precision
adequacy are calculated for evaluating the model's
precision and adequacy. For an acceptable model,
the sequential p-value should be smaller than 0.05,
and the lack of �t p-value should be more than 0.05.
Also, the di�erence between deterministic coe�cient
R2 and adjusted R2 should be smaller than 0.2, also,
the quantity of precision adequacy should be more than
4 [23].

3.3. Optimization methodology
After extracting the functional relationships between
the input variables and outputs, the multi-objective op-
timization was performed by combining the responses
into a single objective function, called the desirability
function. The desirability function, D(y), usually is
a (weighted) mean of n speci�c desirability functions,
di(yi), one for each response parameter, yi. Each
di(yi) value is converted from associated response yi
and scaled to be between 0 and 1. The value of zero
for the desirability function indicates an unacceptable
response level and 1 points out that the optimal level
of associated response is achieved. The general form of
desirability function may be represented by Eq. (2):

D(y)=(d 1(y1)k1�d2(y2)k2�:::�dn(yn)kn)
1P
iki ; (2)

where yi denotes the determined value of response i,
di(yi) is the converted desirability value of i'th response
and ki represent the relative importance of response i
compared to others [24]. In our problem, we assumed
that all responses have the same importance, thus
D(y) becomes a geometric mean of all \n" transformed
responses without weights. In consequence, to optimize
the responses simultaneously, we were looking for the
values of input variables (xi) that maximize D(y). This
was performed in design expert software which makes
the numerical optimization of desirability function by
hill-climbing technique [23].

4. Results and discussion

For better understanding and interpreting the empiri-
cal results, the chemical reactions during the machining
of copper in FeCl3 etchant solution are reviewed. The
CM of copper in FeCl3 has been investigated by Jian et
al. [25] previously. Accordingly, during the machining
of copper, three chemical reactions take place. The �rst
reaction is Cu + Fe(3+) + 3Cl� ! CuCl(2�)

3 + Fe(2+)

which takes place on the workpiece surface. This
reaction is continued with the second reaction i.e.,
CuCl2�3 + Fe3+ ! Cu2+ + Fe2+ + 3Cl�.

The second reaction causes the insertion of to
the etching solution and formation of CuCl2 in the
solution. The third reaction is related to the formation
of CuCl passive layer on the workpiece surface and
is represented by the equation Cu + Fe3+ + 3Cl� !
CuCl + Fe2+ + 2Cl�. The formation of CuCl passive
�lm leads to the decrease of MRR with machining
times [25]. When the original copper surface contacts
the etchant, the machining rate is maximum. This
is due to the fact that there is no CuCl �lm on the
surface of copper at the start of the machining. By
progressing the CM and formation of the passive CuCl
�lm, a di�usion barrier forms on the copper surface,
and to continue the machining, the Fe3+ should di�use
through the �lm, which decreases the machining rate.

4.1. Material Removal Rate (MRR)
For measuring MRR, the weight di�erence of the work-
piece before and after the machining was measured and
divided by the machining time. The weight di�erence
was measured by a precise digital mass scale with a
resolution of 0.001 g. The experimental results were
fed to RSM and the empirical model relating the MRR
to the process parameters was extracted as Eq. (3):

MRR� 103 = 6:6525 + 0:69165�B + 2:5325

�C + 3:19925�D + 3:16356�AC + 1:26019

�AD + 1:21019�BC + 2:20644� CD
+1:26896� C2 + 3:33571�D2 + 1:02269

�ACD + 0:961062�BCD + 3:38231�A2C

�1:25531�A2D + 3:38356�AB2; (3)

where A, B, C, and D are the etchant temperature,
etchant concentration, vibration frequency and vibra-
tion amplitude, respectively. Eq. (3) reveals that MRR
depends mainly on the etchant temperature, workpiece
vibration amplitude and frequency. Also, it depends on
the interactions of these variables. For evaluating the
e�ciency of the model, Analysis of Variance (ANOVA)
was performed, the results were shown in Table 4.
The ANOVA analysis includes the evaluation of some
statistical parameters like P -value, F -value, sum of
squares, and adjusted and predicted R2.

Upon the ANOVA and the reported P and F -
values, the parameters B, C, D, AC, AD, BC, BD,
CD, C2, D2, ACD, BCD, A2C, A2D, and AB2 have
signi�cant e�ect on the MRR. Also, the predicted R2

has a reasonable agreement with adjusted R2, because
their di�erence is less than 0.2 [20]. Based on the
empirical model (Eq. (3)) the response surfaces for
MRR were plotted and demonstrated in Figure 4. As
shown in Figure 4 the MRR rises by increasing the
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Table 4. Results of ANOVA for material removal rate.

Source Sum of
squares

df Mean
square

F -value p-value

Model 0.0014 19 0.0001 74.01 < 0:0001 Signi�cant
A-temperature 1.071E-06 1 1.071E-06 1.08 0.3133
B-concentration 9.568E-06 1 9.568E-06 9.65 0.0064
C-frequency 0.0000 1 0.0000 25.86 < 0:0001
D-amplitude 0.0000 1 0.0000 41.28 < 0:0001

AB 5.096E-08 1 5.096E-08 0.0514 0.8234
AC 0.0002 1 0.0002 161.44 < 0:0001
AD 0.0000 1 0.0000 25.62 < 0:0001
BC 0.0000 1 0.0000 23.62 0.0001
BD 7.259E-06 1 7.259E-06 7.32 0.0150
CD 0.0001 1 0.0001 78.53 < 0:0001
A2 7.348E-07 1 7.348E-07 0.7408 0.4014
B2 7.938E-07 1 7.938E-07 0.8003 0.3835
C2 8.149E-06 1 8.149E-06 8.22 0.0107
D2 0.0001 1 0.0001 56.77 < 0:0001
ACD 0.0000 1 0.0000 16.87 0.0007
BCD 0.0000 1 0.0000 14.90 0.0013
A2C 0.0000 1 0.0000 36.91 < 0:0001
A2D 5.043E-06 1 5.043E-6 5.08 0.0376
AB2 0.0000 1 0.0000 36.94 < 0:0001

Residual 0.0000 17 9.919E-07
Lack of �t 8.967E-06 5 1.793E-6 2.73 0.0718 Not signi�cant
Pure error 7.895E-06 12 6.579E-07
Cor total 0.0014 36

R2 = 0:9881 Adjusted R2 = 0:9747 Predicted R2 = 0:8722

Figure 4. (a) E�ect of temperature and concentration on MRR; (b) E�ect of vibration frequency and amplitude on MRR.

temperature, but this change is small. Temperature
rise leads to an almost linear increment of MRR. In
fact, rate of material removal depends on the rate of
chemical reactions in the etchant and the resultant
solvation of the workpiece. By the increase of temper-

ature, the chemical activity of the etchant increases,
which results in faster di�usion of Fe3+ ions in the
passive layer CuCl [25].

Figure 4(a) shows that by increases of concentra-
tion, initially, MRR increases and then decreases. Fig-
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Table 5. Report of ANOVA for surface roughness.

Source Sum of
squares

df Mean
square

F -value P -value

Model 15.41 4 3.85 5.13 0.0026 Signi�cant
A-temperature 1.61 1 1.61 2.14 0.1528
B-concentration 0.2726 1 0.2726 0.3631 0.5510
C-frequency 13.45 1 13.45 17.92 0.0002
D-amplitude 0.0707 1 0.0707 0.0942 0.7609

Residual 24.02 32 0.7508
Lack of �t 14.02 20 0.7010 0.8408 0.6466 Not sini�cant
Pure error 10.00 12 0.8337
Cor total 39.43 36

R2 = 0:3907 Adjusted R2 = 0:3146 Predicted R2 = 0:2130

Figure 5. (a) e�ect of temperature and concentration on surface roughness; (b) E�ect of vibration frequency and
amplitude on surface roughness.

ure 4(b) represents the e�ects of vibration amplitude
and frequency on MRR. As indicated by Figure 4(b),
MRR always increases with the increase of vibration
frequency. However, with increasing the amplitude,
initially, MRR decreases and then increases. The
enhancement of MRR by mechanical vibrations may be
related to the increase of the contact energy between
Fe3+ ions and the passive CuCl layer which causes the
higher di�usion rates of the Fe3+ ions into the CuCl
layer.

4.2. Surface roughness
Machining surface roughness was obtained by Insize
standard roughness scale IS 4131. The experimental
results were fed to the RSM and the empirical model
relating the roughness values to the process parameters
is extracted as Eq. (4):

Ra = 1:58889 + 0:28375�A� 0:11675�B
�0:82015� C � 0:05945�D: (4)

ANOVA analysis was performed for the evalua-

tion of model adequacy. Table 5 shows the analysis
of variance for surface roughness. All the parameters
are e�ective however vibration frequency is the most
e�ective parameter for surface roughness [20].

Surface responses for roughness were plotted in
Figure 5(a) and (b). Figure 5(a) and (b) illustrate
that an increase in the etchant temperature leads to
the increase of surface roughness, however an increase
in the etchant concentration, vibration frequency and
amplitude results in the reduction of the surface
roughness. In fact, increasing the temperature results
in non-uniform MRR which is the main cause of
increase of surface roughness [13]. On the other hand,
movement of the workpiece in the etchant usually leads
to decrease of surface roughness due to enhancement
of uniformness in MRR [8]. The vibration frequency
and the etchant temperature are more e�ective on the
surface roughness than the other parameters.

4.3. Undercut in machining
The undercut is one of the drawbacks of CM, where the
actual dimensions of machining regions are more than
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Table 6. Report of ANOVA for undercut.

Source Sum of
squares

df Mean
square

F -value P -value

Model 0.0534 4 0.0134 5.08 0.0028 Signi�cant
A-temperature 0.0400 1 0.0400 15.22 0.0005
B-concentration 0.0007 1 0.0007 0.2700 0.6069
C-frequency 0.0067 1 0.0067 2.53 0.1212
D-amplitude 0.0061 1 0.0061 2.30 0.1389

Residual 0.0841 32 0.0026
Lack of �t 0.0606 20 0.0030
Pure error 0.0235 12 0.0020 1.55 0.2193 Not sini�cant
Cor total 0.1375 36

R2 = 0:3885 Adjusted R2 = 0:3121 Predicted R2 = 0:1644

Figure 6. Schematic view of machining undercut.

the desired dimensions. Thus, to achieve dimensional
accuracy, undercut must be minimized by selecting the
optimum process parameters. The undercut is shown
in Figure 6 [4].

The undercut was calculated by Eq. (5):

undercut =
b� a

2
; (5)

where a and b are the dimensions measured before
and after the machining. The experimental results
for undercut were introduced to RSM. The undercut
mathematical model was obtained as Eq. (6):

undercut = 0:0869757 + 0:044715�A� 0:005955

�B+0:018245� C+0:017395�D: (6)

Table 6 shows the analysis of variance for the
undercut. According to the ANOVA, the signi�cant
parameters of the machining undercut is concentra-
tion. Vibration frequency and vibration amplitude
and etchant temperature, have a weak e�ect on the
undercut [20].

The response surfaces for undercut were plotted
by Design Expert software and represented in Figure 7.
As indicated in Figure 7(a) temperature had more
strong amplitude on undercut e�ect on the undercut
than concentration.

The results reveal that the temperature is the
most e�ective parameter on undercut of machining.
With the increase of temperature, the undercut al-
ways increased. The undercut is occurred when the
etchant solution etches the workpiece both vertically
and laterally once it has permeated through a feature
or aperture in the photoresist. Increase of temperature
results in enhancement of kinetic energy of ferric
chloride molecules. By increase of kinetic energy of
etchant molecules, the number of e�ective molecular
collisions between the etchant and the workpiece is
increased both laterally and vertically, which results
in increase of undercut [26].

By the increase of concentration the undercut
initially increased and then decreased. The e�ect of
temperature and concentration were similar to the
results obtained by Saraf et al. [27]. The e�ect
of vibration amplitude and frequency were shown in
Figure 7(b). As seen in this �gure, by the increase
of vibration frequency and amplitude the undercut
initially decreased and then increased. However, the
variation of the undercut due to the vibration fre-
quency and amplitude was very small. It is worth
mentioning that application of mechanical vibrations
along the normal axis of the machined surface resulted
in enhancement of MRR along with a small change
of undercut of machining. Indeed, the vibrational
motion of the workpiece in direction of its normal axis,
increases the number of strong and e�ective collisions
between the reactant molecules in vertical direction,
however it does not change the collision state in lateral
direction e�ectively. This results in increase of MRR
with a small change of undercut defect.

4.4. Multi-objective optimization
Maximizing the MRR along with minimizing the sur-
face roughness and machining undercut was the pur-
pose of multi-objective optimization, which was per-
formed in design expert software using the desirability
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Figure 7. (a) e�ect of temperature and concentration on undercut; (b) E�ect of vibration frequency and amplitude on
undercut in machining.

Figure 8. Optimization plots for output variables.

approach. In de�ning the desirability function, as in
the other similar researches, we assumed that all the
three responses have the same importance [28].

Figure 8 shows optimization plots for output vari-
ables. From the graph, it is clear that in the optimum
condition the values of MRR, surface roughness and
undercut are 0.028, 0.87, and 0.16 respectively. These
outputs were achieved when the etchant temperature,
etchant concentration, and vibration frequency and
amplitude were, 600 g/l, 25 Hz, and 1.5 mm respec-
tively. The results are represented in Table 7. For val-
idation of the optimization results, three experimental

runs were performed in the optimum condition and the
average output variables were measured. The results
are represented in Table 7.

5. Conclusion

In this article, the chemical machining process was
performed on a copper workpiece. The workpiece was
vibrated in ferric chloride as the etchant solution during
the machining. For investigating the e�ects of vibra-
tions on the machining performance, an experimental
study was de�ned. In this study, etchant temperature
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Table 7. Report of ANOVA for undercut.

Ra (�m) Under cut (mm) MRR (g/min)

Model 0.87 0.16 0.028
Experiment 0.80 0.17 0.026

and concentration, along with vibration frequency and
amplitude were selected as the input variables. The
process outputs were Material Removal Rate (MRR),
surface roughness, and undercut in machining. The
experiments were designed by central composite design,
and the empirical models were obtained by the Re-
sponse Surface Methodology (RSM) method. Analysis
of Variance (ANOVA) was performed for evaluating
the empirical models and the following conclusions are
remarked:

1. Analysis of variance of the extracted empirical
models shows that the selected input variables can
successfully simulate and predict the variations of
MRR, surface roughness and undercut in vibro-
assisted chemical machining of copper;

2. Employing the mechanical vibrations to the copper
workpiece during chemical machining, can result
in the increase of MRR and machining undercut
along with a decrease in surface roughness. The
parameter of frequency was more e�ective on the
machining performance than the parameter of vi-
bration amplitude;

3. Maximizing the machining performance parameters
including MRR, surface roughness and machining
undercut is an optimization aim. In this research,
the optimal setting for achieving the maximum
MRR, and a minimum amount for surface rough-
ness and undercut was determined with 74.5% of
desirability. In the optimum condition, the etchant
temperature, etchant concentration, and vibration
frequency and amplitude were found to be, 60�C,
600 g/l, 25 Hz, and 1.5 mm respectively.

Based on the results, the application of low-
frequency vibrations in the chemical machining of cop-
per resulted in an improvement in overall performance
of machining and this founding may be examined for
other metals.

Nomenclature

y Output response
ci First order regression coe�cients
cij Second order regression coe�cients
xi Input parameters
a Mask hole diameter
b Machined hole diameter

A Temperature
B Concentration
C Frequency
D Amplitude
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