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ABSTRACT

The electrical discharge drilling (EDD) process is an effective solution to produce small holes in difficult-to-cut materials. In this work, the EDD
parameters, including the current (1), the gap voltage adjustor (G), the pulse on time (Ton), and the pulse off time (Tof) are optimized to reduce the hole
dilation (HD) and increase the drilling speed (V). The EDD trials were conducted for the titanium grade 4 using the Box-Behnken method. The Gaussian
process regression (GPR) approach is used to develop the correlations of the EDD responses. Lastly, the best values for the EDD parameters were found using
the non-dominated sorting genetic algorithm Il (NSGA-I1). The results showed that the optimal I, G, Ton, and Tof are 13A, 8, 65ys, and 55ys, respectively.
The HD was reduced by 32.6%, while the V was enhanced by 76.7% at the optimal point, as compared to the initial values. The outcomes could be applied
to the practical EDD process of titanium grade 4 for improving the drilled quality and productivity. The proposed approach could be used to solve
optimization problems for other EDD processes.

Keywords: EDD, hole dilation, drilling speed, Gaussian process regression, titanium grade 4.
TOMTAT

Qua trinh khoan xung la mét gidi phap hiéu qua dé tao ra cac 16 nho trén cac vat liéu ¢6 tinh gia cong théap. Trong nghién cGu nay, cic théng s6 ca qué trinh
khoan xung, bao gém cutng dd dong dién, hé s diéu chinh dién ap, thoi gian bat xung va thai gian tat xung duoc t6i uu héa dé giam do md rong cla 16 va tang
tdc do gia cong. Cac thi nghiém khoan xung dugc tién hanh di véi vat liéu titannium tinh khiét cap 4 thong qua phuong phap Box-Behnken. Phuong phép hoi
quy Gaussian (GPR) dugc st dung d& mo ta cac ham muc tiéu. Gid tri t6i vu ctia cc thdong s6 cong nghé duoc xéc dinh véi su trg gidp cia thuat toan di truyén da
muc tiéu (NSGA-I1). Két qua chi ra rang gi tri toi uu clia cudng do dong dién, hé so diéu chinh dién ap, thai gian bat xung va thi gian tat xung lan lugt la 13A,
8, 6515 va 55ps. DO md rdng clia 16 ¢6 thé gidm khoang 32,6%, trong khi téc do gia cong dugc cai thién 76,7%, so véi gia tri ban dau. Két qua nghién cu c6 thé
dugc ap dung vao qua trinh khoan xung thuc té cdia vét liéu titan tinh khiét cap 4 dé cai thién chat lugng va ndng sudt gia cong. Phuang phép tdi uu dé xuét ¢
thé duoc sir dung dé gidi quyét cac bai toan t6i uu cho céc qua trinh khoan xung khéc.

Tirkhéa: Khoan xung, do mé rong cda 16, téc dé gia cong, phuang phdp héi quy Gaussian, vt liu titanium.
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1. INTRODUCTION

The electrical discharge drilling (EDD) is widely
applied to produce holes with small diameters and
different geometries on hard-to-cut materials. The
plasma channel between the anode and cathode with
high temperature (8,000 to 12,000°C) is produced during
the drilling time. The thermal energy is used to melt and
vaporize the material, while the debris is flushed away by
dielectric fluid. The EDD can be used to machine any
conductive materials irrespective of their mechanical
properties such as strength and hardness. Therefore, the
EDD can be used to produce holes in hard-to-cut
materials such as polycrystalline diamond, nickels, and
titanium alloys.

Many former researchers have performed the
parameter-based optimizations for enhancing the
technical responses of the EDD processes. The ANFIS
models of the material removal rate, electrode wear rate,
taper angle, hole circularity, and hole dilation (HD) of the
drilled Inconel-825 alloy were developed in terms of the
current (1), pulse on-time (Ton), pulse off-time (Tof), and
electrode diameter [1]. The authors stated that the
responses could be precisely predicted using the
developed correlations. The impacts Ton, |, Tof, voltage,
and tool electrode speed onthe material removal
rate, average surface roughness, and power
consumption of the drilled Waspaloy were explored [2].
The results indicated that the |, Ton, and Tof were the
most influential factors, contributing 50.45%, 34.29%,
and 33.09% to the responses. The ANFIS models of the
specific drilling energy, HD, and the tapper ratio were
proposed in terms of the |, Ton, Tof, gap voltage adjustor
(G), voltage, capacitance parallel connection, and servo
sensitivity selection [3]. The outcomes presented that the
specific drilling energy, HD, and tapper ratio were
reduced by 10.13%, 34.46%, and 11.63%, respectively, as
compared to initial values. The impacts of the EDD
parameters on the HD and machining speed of the drilled
Inconel-718 alloy were explored using the response
surface methodology [4]. The experimental results
showed that the responses were primarily affected by the
voltage and |, respectively. The mathematical models for
the material removal rate and surface roughness for the
vibration-assisted electrical discharge drilling of Titanium
alloy were developed in terms of the |, Ton, Tof, tool
rotation speed, and vibration amplitude [5]. The
prediction errors of less than 9% indicated that the
developed models were accurate. The Taguchi method
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was used to reduce the overcut and circularity of drilled
Mg alloy holes [6]. The author stated that the optimal |,
Ton, and Tof were 3A, 50ps, and 52us, respectively, while
the optimal overcut and circularity were 93.48um and
0.992, respectively.

The ANN was used to present the correlations of the
material removal rate and surface roughness for the
drilled Inconel 718 alloy [7]. The experimental results
indicated that the | and Ton had an effect on the
performance of the drilling process considerably. The
impacts of the |, Ton, voltage, dielectric fluid pressure,
and tool rotation speed on the drilling speed, linear tool
wear, the side gap thickness, and the aspect ratio of holes
were explored [8]. The results indicated that higher values
of the | and Ton could be used to ensure the hole
accuracy. The optimal values of the GAP, capacitance
parallel connection, and servo sensitivity selection were
selected to obtain the improvements in the HD, material
removal rate, and drilled energy [9]. The findings revealed
the optimal values of the GAP, capacitance parallel
connection, and servo sensitivity selection were 6, 5, and
4, respectively. The impacts of the voltage, feed rate, and
electrode rotation speed on the material removal rate,
overcut, and taper angle for the drilled Inconel 718 alloy
were investigated [10]. The analysis showed that voltage
was the most significant factor influencing all the
responses. A new EDD process having the diamond
electrode was developed to minimize the roughness and
circularity of the drilled nickel alloy [11]. The significant
enhancements of the technical responses were achieved,
as compared to the traditional ones. Singh et al. stated
that the EDD operation employing the rotary electrode
provided a higher material removal rate and a lower tool
wear rate, as compared to the traditional one [12]. Yadav
et al. emphasized that the oxygen gas assisted-EDD
process has an efficient contribution to enhance the
production rate, roughness, and hole characteristics [13].
The ANN models of the material removal rate, tool wear
rate, overcut, and tapper angle were proposed for the
drilled polymer [14]. The authors presented that the
optimal |, Ton, Tof, and fluid pressure were 4A, 25us, 25Us,
and 0.6MPa, respectively.

However, the EDD process has still some inherent
problems exist, such as low efficiency and geometric
errors. As a result, the predictive models of the HD and
drilling speed (V) of the EDD process of the titanium alloy
have not been developed. Moreover, the optimal values
of the |, G, Ton, and Tof have not been selected to reduce
the HD and increase the V.
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The optimization approach is then presented. After
that, the experimental setup and results are discussed.
Lastly, some findings are described.

2. OPTIMIZATION APPROACH
2.1. EDD parameters and responses
To ensure the quality and machining efficiency, the
hole dilation and drilling speed are considered as
important EDD responses. The HD is computed as:
HD=D, -D, (1)
where D¢ is the original diameter of the electrode. Dp
is the average diameter of drilled hole and calculated as:
_D,+D, +...+D,
n

D, )

where D; and n are the drilled diameters at the entry
at the i location and the number of measuring points,
respectively.

The Vis computed as:
~H H+H,+..+H
t n

% 3)

where the H and t are the drilled length and drilling
time, respectively. H; presents the drilled length at the i
position.

Table 1. EDD parameters and their levels

Symbol Parameters level-1 | level 0 | level +1
I Current (A) 12 25 38
G Gap voltage adjustor 2 5 8
Ton Pulse on time (ps) 55 70 85
Tof Pulse off time (ys) 55 70 85

The factors considered are the current, gap voltage
adjustor, pulse on time, and pulse off time. The EDD
parameters and their levels are presented in Table 1. The
ranges of these factors are selected based on the
characteristics of the EDD machine. The optimizing issue
can be described as follows:

Find X =1, G, Ton, Tof]

Maximizing V; Minimizing HD

Constraints: 12 <1 <38 (A); 5 < GAP < 8; 55 < Ton <
85us; 55 < Tof < 85us
2.2, Optimization method

The optimizing procedure for the EDD process is
illustrated in Fig. 1:

Step 1: Executing EDD experiments using the Box-
Behnken method. For the Box-Behnken method, each
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parameter requires three levels (-1, 0, +1) to present the
lowest, middle, and highest ranges. This approach
possesses various benefits, such as low experimental costs,
saved efforts, and easy implementation. In this work, four
factors having three levels and five centre points are
employed; hence, 29 experiments are produced.

Step 2: The GPR is used to construct the predictive
models of the EDD responses [15].

The GPR is a Bayesian-based probabilistic model to
predict the outputs Y =[y,, ,, .., yn] with the training data
D ={X, Y} input vector X = [x;, X,, ... Xn]. A GPR model is
used to predict the value of a response variable ynew,
given the new input vector xpnew, and the training data.
The output can be expressed as:

y,(X)=f(x,)+€=x"B+Eg (4)
where g = N(0, 02,). The error variance 0, and the

coefficients 3 are estimated from the data.
The joint distribution is expressed as:

p(f(X)|x1,x2,..xn)=N(O,K(X,X+0il) (5)

where f(x) = [fy, f,,..., fu] is vector of latent function
values. K(x, x') is the covariance matrix. 0,2l introduces the
Gaussian noise.

The prior joint distribution of the training output (f)
and test output (f") are expressed as:

Kf*f
' } (6)

p(f f*):N{O K
Ko

K
The independent likelihood can be expressed as:
p(y|f)=N(f,a2)) 7)

The posterior distribution with
predictive distribution is expressed as:

the Gaussian

p(f"|y) =N(u.,0?) (8)
where the mean p and the variance o+? are given by:
M. =K (K +0a)7"y 9)

02 =K. — (Ko + 02 'K, . (10)

The squared exponential kernel function between the
two input feature vectors is expressed as:

K(x,,x,)= o! exp[—%(xi — X, M(x; —x;)]+ oféij (11)

where o2 is the signal variance. M is a diagonal matrix.
6;; is Kronecker’s delta function.

The M, o, 0, are the hyper-parameters of the Gaussian
process. These parameters can be learned by maximizing
the log likelihood of the training outputs.
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—lyT(K +0’l)y
0, =argmax,

max

Step 3: The NSGA-Il is used to select the optimal data
[16]. The NSGA-Il is an improved version of the NSGA to
minimize computational time and obtain global
solutions. The operating principle of the NSGA-Il is
presented in Fig. 2 and expressed as:

- Randomly generate an initial population P,

- The non-domination ranks and crowding distance
are used to evaluate the fitness of each individual. The
non-dominated set 1 is produced from all the individuals
in the objective space. The non-dominated set 2 is
formed by individuals exclusively dominated in the set 1,
and soon.

- The crowding distance between the individual (d))
expressed as:

M fmaxj+1 _fminj—1

dJ :Z f;\ax _f;ﬁn

m=1

(13)

- The crossover operation is used to generate the
parent-offspring generation and is expressed as:

O, =0.5(1+Yy)P. +0.5(1-y)P,, (14)

where O and P are the off spring and parent, y is a
crossover coefficient.

- The mutation operation is used to preserve
individual diversity from the obtained generation and is
expressed as:

o O-+(2r)"™* —1,ifr<0.5
0+1-(2—2r)"™"" else'
where ris a random number between 0 and 1, and nm

is the distribution index for mutation.

(15)

Start

¥

Selection of EDD parameters

i

—> Performing EDD experiments

|

Developing GPR models for EDD responses

)

ANOVA analysis

i

Impacts of EDD parameters on the responses

i

Selecting optimal solution using NSGA-II

No

Yes

End

Fig. 1. Optimization approach for the EDD process
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Start
‘ Randomly initialize parent population Po ‘ ( End
‘ Non-dominant sorting and erowd distanee sorting ‘ IYes
4&RN0 /.t > tmax.b-\““
4
‘ Generation= | ‘ \/

Caleulate the individual target values of the

Selection, crossover and mutation to create .
population X(t+1)

offspring with a population size of N

Combine population of parents and offspring | Generating a new non-dominate set P({) |

to form a new population size of 2N i
I | Producing the generation X(t) |

Select population of size N based on non-
dominant sorting and crowd distance sorting

Fig. 2. The operating principle of the NSGA-II

Table 2. Chemical compositions of titanium grade 4

Element C N H 0 Fe Ti
% 0.07 0.05 0.015 | 0.40 0.50
3. EXPERIMENTAL EDD PROCESS

Titanium grade 4 is chosen as an experimental
material due toits applications in the airframe and aircraft
engine components. The chemical compositions of
Titanium grade 4 are shown in Table 2. Each specimen has
a length of 200mm, a width of 30mm, and a thickness of
10mm. The specimen’s surfaces are ground and polished
before the EDD experiments. Two workpiece parts are
assembled using a mating interface to measure the
drilled length.

The EDD machine entitled CHMER CM-H30A is
employed to perform the EDD experiments (Fig. 3). The
linear and rotational movements of the electrode are
conducted using a servo motor. Dielectric fluid is
pumped to the drilling region through the interior
channel of the electrode. During the machining process,
the debris is removed and the temperature is lowered
using high-pressure water. The precise vise vector is used
to clamp the workpiece on the machine's table. The
copper electrode having a length of 400mm and a
diameter of Tmm is used to perform the trials. Once each
run reaches the target depth of 15mm, the drilling
operation is terminated.

Balance

The drilled specimens' dimensions are measured
using a Mitutoyo microscope entittled MF176. The
average values of the hole diameter and depth are taken
from three different points. The representative results for
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drilled diameter and length at the No. 10 are presented in Table 3. Experimental results of the EDD operation of titanium grade 4
Fig. 4. HD v
. No. | I(R) G | Ton (ps) | Tof (us) (mm) | (mm/min)

1 25 5 85 55 1.283 15.806
2 12 2 70 70 0.665 9.035

3 25 5 70 70 0.532 11.098
4 25 5 70 70 0.535 11.091
5 25 2 70 85 0.585 10.563
6 38 5 70 55 1.363 20.407
7 12 5 55 70 0.339 4811

8 12 8 70 70 0.268 14.972
9 25 5 55 85 0.286 4.748
10 25 5 70 70 0.534 11.087
n 25 8 70 85 0.338 14.146
12 25 8 85 70 0.833 16.529
13 25 2 70 55 1.215 13.624
14 25 5 85 85 0.668 11.478
15 25 8 55 70 0.289 12.544
16 25 5 70 70 0.537 11.095
17 38 5 70 85 0.717 13.532
18 25 8 70 55 0.633 22.538
19 12 5 70 85 0.286 8.836
20 38 8 70 70 0.744 21.174
21 25 2 85 70 1.131 11.784
22 38 5 85 70 1.366 18.605
23 25 5 40 55 0.753 10.603
24 38 2 70 70 1.136 15.493
25 25 2 55 55 0.704 4.823

26 25 5 70 55 0.536 11.093
27 12 5 85 70 0.664 11.567
28 12 5 70 70 0.612 13.845
29 38 5 55 70 0.806 11.634

The ANOVA results for the HD model are shown in Table
4. The factors having p-value less than 0.05 are significant.
As aresult, thel, G, Ton, Tof, I, Ton?, and Tof? are significant
factors (Fig. 5a). The percentage contributions of |, G, Ton,
and Tof are 29.26%, 14.62%, 20.61%, and 23.87%,
respectively. The contributions of the I2, Ton?, and Tof? are

(b) Drilled depth 2.84%, 3.87%, and 1.63%, respectively.
Fig. 4. The representative results at the No. 10 The ANOVA results for the V model are shown in Table
4. RESULTS AND DISCUSSIONS 5.As a result, the |, G, Ton, TOf, |2, GZ, Ton2, and Tof? are

4.1. ANOVA It significant factors (Fig. 5b). The percentage contributions
e resutts of I, G, Ton, and Tof are 22.15%, 20.77%, 20.79%, and
The DOE matrix and experimental results of the EDD 17.44%, respectively. The contributions of the 2, G2, Ton?,

process are given in Table 3. and Tof? are 4.35%, 6.45%, 3.60%, and 2.45%, respectively.
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20.7720.79

20
17.44

4.2. Model fitness

The adequacy of the GPR models can be evaluated
using the R?-values. The R%-values of DH and MRR are

§ L& 09762 and 0.9738, respectively, indicating the
é o significance of the GPR models. Furthermore, as shown in
% Fig. 6, the observed data is distributed on the straight
S 5 - e lines. It is possible to conclude that the measured and
S 5 45 predicted values correspond well. As a result, the GPR
o 0.16 041 g o1 models’ fidelity is satisfactory.
G Ton Tof |<'3 ITon ITof G'Il'onGTofTolnTof 2 G? Ton® Tof 14~
Factors "~ | R*=0.9762
(a) Parametric contributions for the HD model 08 Adj R* =0.9652
“7 Pred. R* = 0.9548
T 101
E
—_ (7]
= 2 08+
£ s
< S 064
S ©
o <
0.4
I G Ton Tof IG ITon ITof GTonGTofTonTof I G2 Ton? Tof 0.2 . T T T T T |
Factors 02 0.4 06 0.8 1.0 1.2 14
(b) Parametric contributions for the V model Predicted values (mm)
Fig. 5. Parametric contributions for the EDD responses (a) For the HD model
Table 4. ANOVA results for the HD model
Source Sum of Squares Mean Square Fvalue p-value Contributions (%) Remark
Model 29512 0.2108 41.0168 <0.0001 Significant
I 3.9775 3.9775 779.9045 <0.0001 29.26 Significant
G 1.9870 1.9870 389.6051 <0.0001 14.62 Significant
Ton 2.8018 2.8018 549.3793 <0.0001 20.61 Significant
Tof 3.2453 3.2453 636.3281 <0.0001 23.87 Significant
IG 0.0000 0.0000 0.0054 0.9426 0.00 Insignificant
[Ton 0.0606 0.0606 11.8795 0.5286 0.45 Insignificant
[Tof 0.1123 0.1123 22.0273 0.2653 0.83 Insignificant
GTon 0.0150 0.0150 2.9446 0.8324 0.11 Insignificant
GTof 0.1231 0.1231 24.1408 0.2248 0.91 Insignificant
TonTof 0.0240 0.0240 47118 0.8163 0.18 Insignificant
2 0.3864 0.3864 75.7717 <0.0001 2.84 Significant
@ 0.1144 0.1144 22.4282 0.2635 0.84 Insignificant
Ton? 0.5266 0.5266 103.2560 <0.0001 3.87 Significant
Tof? 0.2211 0.2211 43.3604 <0.0001 1.63 Significant
Residual 0.0720 0.0051
Cor Total 3.0231
R 0.9762
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Table 5. ANOVA results for the V model

Source Sum of Squares Mean Square Fvalue p-value Contributions (%) Remark
Model 533.2681 38.0906 37.1679 <0.0001 Significant
I 401.5547 401.5547 391.8371 <0.0001 22.15 Significant
G 376.4913 376.4913 367.3802 <0.0001 20.77 Significant
Ton 377.0060 377.0060 367.8826 <0.0001 20.79 Significant
Tof 316.1199 316.1199 308.4698 <0.0001 17.44 Significant
G 0.0553 0.0553 0.0540 0.81% 0.00 Insignificant
[Ton 0.0390 0.0390 0.0381 0.8481 0.00 Insignificant
ITof 2.9389 2.9389 2.8678 0.364 0.16 Insignificant
GTon 7.4753 7.4753 7.2944 0.1125 0.41 Insignificant
GTof 23.9874 23.9874 23.4069 0.0003 1.32 Significant
TonTof 1.9681 1.9681 1.9205 0.1875 0.11 Insignificant
2 78.7884 78.7884 76.8817 <0.0001 435 Significant
@ 116.9609 116.9609 114.1305 <0.0001 6.45 Significant
Ton? 65.2107 65.2107 63.6326 <0.0001 3.60 Significant
Tof? 44.3850 443850 43.3109 <0.0001 245 Significant
Residual 14.3475 1.0248
Cor Total 547.6156
R 0.9738
22 |R? = 0.9738 HD increases. The longer the Tof, the smaller discharge
zo_;‘;’;jf;?f-j‘;gfe energy becomes, which decreases the evaporating of
= 18 materials, leading to a smaller HD.
é :j: The effects of EDD parameters on the V are shown in
1% 5] Fig. 8. As shown in Fig. 8a, a higher | or G increases the
s 10 drilling speed. An increase in the | and G causes higher
2 8 discharge energy, which leads to an increment in the
6 melting and evaporation; hence, the V increases. As
T T o o 1 s 2o B2 shown in Fig. 8b, a higher Ton increases the drilling
Predicted values (mm/min) speed, while a higher Tof leads to a lower drilling speed.
(b) For the V model A higher Ton increases the discharge energy, leading to a
Fig. 6. Investigations of the model accuracy for the GPR models lower drilling time; hence, the V increases. A higher Tof

reduces discharge energy, resulting in higher drilling

4.3. The effects of process parameters on the time; hence, the V/ decreases.

technical responses

The effects of EDD parameters on the HD are shown in
Fig. 7. As shown in Fig. 7a, a higher | or G increases the
hole dilation. The low discharge energy is produced at
low values of the | and G resulting in small diameters;
hence, a low HD is obtained. In contrast, higher values of
the | and G leads to an increase in the discharge energy,
more material is melted and evaporated; hence, a higher
hole dilation is obtained. As shown in Fig. 7b, a higher Ton
increases the hole dilation, while a higher Tof leads to a
lower hole dilation. A higher Ton increases discharge
energy, leading to more evaporated materials; hence, the (a) HD versusland G
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0.4500
0.5553
0.6605
0.7658
0.8710
0.9763
1.082
1.187
1.292

(b) HD versus Ton and Tof

Fig. 7. Interaction effects of each EDD parameters on the HD

(@) Vversusland G

(b) V versus Ton and Tof

Fig. 8. Interaction effects of each EDD parameters on the V

4.4, Optimization results

The NSGA-Il is utilized to determine the ideal
parameters based on the GPR correlations. The
population size, number of generations, crossover
probability, crossover distribution index, and mutation
distribution index are among the NSGA-Il parameters

114 | Tap chi Khoa hoc va (dng nghé Trudng Dai hoc Cong nghiép Ha Noi

with operational values of 20, 40, 0.9, 10, and 20,
respectively.

The Pareto front generated by the NSGA-II algorithm
was exhibited in Fig. 9, in which the pink points are
feasible solutions. The optimal data are presented in
Table 6. The optimal values of the I, G, Ton, and Tof are
13A, 8, 65us, and 55us, respectively. The HD is decreased
around 32.6% and the Vis approximately increased 76.7%

at the optimal solution.
30

’-
26 -’
’ '
The optimal solution ,,'
gzz )‘.‘ Y
E
E 18
E
. 14 !"’
10
6
0 0.2 0.4 06 0.8 1 1.2 14 16
HD (mm)
Fig. 9. The Pareto graph generated by NSGA-II
Table 6. Optimization results
Method Optimization Responses
parameters
HD )
(A ] G |T Tof
W on 0 (mm) | (mm/min)
Initial 25| 5 | 60 | 60 | 053 | 11.091
NSGA-II 131 8 | 65| 55 | 0361 19.599
Improvement (%) -326 76.7
5. CONCLUSION

In this work, an optimization of the EDD process of
titanium grade 4 was conducted to reduce the hole'
dilation and improve the drilling speed. The factors
considered are the current, gap voltage adjustor, pulse on
time, and pulse off time. The GPR was used to propose the
predictive models of the EDD responses, while the NSGA-
Il was used to select the optimal solution. The findings
can be expressed as:

1. To reduce the hole dilation, lower values of the
current, gap voltage adjustor, and pulse on time should
be used, while a higher pulse off time could be applied.
To increase the drilling speed, higher values of the
current, gap voltage adjustor, and pulse on time should
be used, while a lower pulse off time is recommended.

2. For the HD model, the current was found to be the
most effective factor, followed by the pulse off time, pulse

Tap 61- S0 5A (5/2025)
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on time, and gap voltage adjustor, respectively. For the V
model, the current had the highest contribution,
followed by the pulse on time, gap voltage adjustor, and
pulse off time, respectively.

3. The GPR correlations for the HD and V having R*
values of 0.9762 and 0.9738, respectively indicate a good
correlation between the predicted and experimental
values. The models proposed are effectively exhibited the
nonlinear relationships in terms of process parameters.
The predictive models developed could be used to
forecast the response values of the EDD process of
titanium grade 4.

4. There is a strong connection between the expected
and experimental results, as shown by the GPR
correlations for the HD and V, which have R? values of
09762 and 0.9738, respectively. The developed
correlations  successfully illustrate the nonlinear
interactions between process parameters. The response
values of titanium grade 4's EDD process could be
predicted using the predictive models created.

5.The optimal values of the |, G, Ton, and Tof were 13A,
8, 65us, and 55us, respectively. The HD was decreased
around 32.6% and the V was approximately increased
76.7% at the optimal solution.

6. The EDD operators can greatly benefit from the
Pareto fronts when choosing the right parameters to
reduce the hole dilatation and improve the drilling rate.
Choosing the right parameters can reduce the amount of
efforts, the cost of drilling, and the time needed to
complete the process.

7. The impacts of the tool rotational speed, fluid
pressure, and linear speed on the hole dilation and
drilling speed will be explored in next works.
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THONG TIN TAC GIA

Vii Ngoc Nha', Lé Van An?, Luong Thi Lan Huong?,
Nguyén Trung Thanh'

'Khoa Co khi, Dai hoc Ky thuat Lé Quy Don

ZKhoa Ky thuat va Cong nghé, Dai hoc Nguyén Tdt Thanh
3Khoa Ngoai Ngit, Dai hoc Ky thudt L& Quy Don
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