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ABSTRACT: In this work, the integration of the Taguchi approach and response surface methodology (RSM)
was used to assess the impact of machining parameters on surface roughness during the hard milling of AlSI
H13 steel using a carbide-coated (TiAIN) cutting tool under nanofluid MQL conditions. SiO2 nanoparticles
were chosen to be added to CT232 cutting oil. The experiment was conducted utilizing G. Taguchi's L27
orthogonal array of DOE approach. To determine how the cutting parameters—including cutting velocity, feed
rate, depth of cut, and workpiece hardness at three different levels—affect surface roughness, an investigation
was conducted. In order to forecast surface roughness under nanofluid MQL conditions, an empirical model
was provided. Furthermore, a multi-objective optimization was carried out to determine the maximum and
minimum values of surface roughness.

KEYWORDS: surface roughness; nanofluid; MQL; SiO2 nanoparticle; Hard milling; multi-objective
optimization

INTRODUCTION

Rough cuts, heat treatment (hardening), and grinding are frequently steps in the classical machining process.
Numerous drawbacks of this process chain include its high cost, time commitment, and environmental concerns
[1]. An efficient substitute for the conventional machining method was offered: hard machining. The process of
cutting material with a hardness ranging from 40 to 70 HRC is known as hard machining [2]. Hard milling offers
several advantages over traditional machining, including high cutting productivity, quick product cycles, and
customizable processes. The hard milling procedure is usually used in dry cutting environments. The drawbacks of
dry milling include increased tool wear and shorter tool life as a result of high

EXPERIMENT DETAILS

In this work, the blocks of AISI H13 steel has the dimensions of 200mm in length, 200mm in width and 50mm
in height. The workpieces were hardened to obtain three hardness levels of 40, 45, and 50 HRC. The cutting
tools used in the experiment are ®10 TiAIN coated end mill. Each surface milled was used a fresh cutting tool.
All slot milling operations were conducted under SiO2 nanofluid-based MQL condition by using CNC machine
Victor V-Center-4. The surface roughness was measured by using the Sj-401 surf-test instrument of Mitutoyo
Corporation. In order to reduce possible test errors, each experiment was repeated 3 times.

MQL mode was applied in hard milling of AISI H13 steel with the flow rate of 90ml/h, the air pressure of
3kg/cm2, and CT232 cutting oil of the lubricant. SiO2 added into cutting fluid has the size of 100 nm and the
concentration of 2 wt%. To obtain a homogeneous dispersion and stable suspension of nanoparticles in the
lubricant, the mixture of solution and nanoparticles was stirred by using a magnetic stirring device within 12
hours.

The L27 orthogonal array of Taguchi method having 27 rows and 13 columns was selected to design a set of
tests. The input factors selected is the cutting parameters including cutting velocity (v), feed-rate (f), depth-of-
cut (d), and hardness-of-workpiece (h). Each factor has 3 levels. Table 1 shows input factors with levels.

Table 1. Input factors with levels

| t fact Levels
nput factor 1 ‘ 5 | 3
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Cutting velocity (m/min) 40 55 70
Feed-rate (mm/tooth) 0.01 0.02 0.03
Depth-of-cut (mm) 0.2 0.4 0.6
Hardness-of-workpiece (HRC) 40 45 50

EXPERIMENTAL RESULTS AND DISCUSSIONS
The results of the roughness (Ra) obtained from the experiments and values of MRR are shown in Table 2.

Table 2. Experimental results

Y f d h Ra MRR
Runs (m/min) | (mm/tooth) (mm) (HRC) (um) (mm3/min)
1 40 0.01 0.2 40 0.146 101.9108
2 40 0.01 0.4 45 0.198 203.8217
3 40 0.01 0.6 50 0.275 305.7325
4 40 0.02 0.2 45 0.167 203.8217
5 40 0.02 0.4 50 0.209 407.6433
6 40 0.02 0.6 40 0.285 611.465
7 40 0.03 0.2 50 0.253 305.7325
8 40 0.03 0.4 40 0.266 611.465
9 40 0.03 0.6 45 0.388 917.1975
10 55 0.01 0.2 45 0.132 140.1274
11 55 0.01 0.4 50 0.194 280.2548
12 55 0.01 0.6 40 0.163 420.3822
13 55 0.02 0.2 50 0.231 280.2548
14 55 0.02 0.4 40 0.2 560.5096
15 55 0.02 0.6 45 0.241 840.7643
16 55 0.03 0.2 40 0.23 420.3822
17 55 0.03 0.4 45 0.3 840.7643
18 55 0.03 0.6 50 0.401 1261.146
19 70 0.01 0.2 50 0.096 178.3439
20 70 0.01 0.4 40 0.103 356.6879
21 70 0.01 0.6 45 0.12 535.0318
22 70 0.02 0.2 40 0.151 356.6879
23 70 0.02 0.4 45 0.218 713.3758
24 70 0.02 0.6 50 0.318 1070.064
25 70 0.03 0.2 45 0.219 535.0318
26 70 0.03 0.4 50 0.369 1070.064
27 70 0.03 0.6 40 0.299 1605.096

The values of MRR in mm3/min during milling operation were calculated by the formula (1)[14].

d Xa, XVxfxzx1000
MRR="""°
3.14xD

@)

where, d is the depth-of-cut (mm), ae is the width-of-cut (mm), V is the cutting-speed (m/min), f is the feed-rate
(mm/tooth), z is the flute of the cutter, and D is the diameter of the cutting tool (mm).

In current work, Minitab 17 software was used for ANOVA of the response surface. The ANOVA was
conducted and shown in Table 3. As shown in Table 3, the model terms having P-value less than 0.05 show that
their effect on surface roughness has statistic significant. Moreover, feed-rate is the most influential factor in
Ra, which has 52.19% contribution to the model. The second most influential factor on Ra is the depth-of-cut
having 23.18% contribution to the model. The result can be explained that an increase in both the depth-of-cut
and feed-rate will lead to an increased chip-load, thus forming a chip in the shear-zone requiring a larger
amount of energy to be expended. So, the removal of material in hard-milling is relatively difficult [15]. This
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conclusion is also consistent with the research of Caliskan et al. [16] and Ding et al. [17].

The quadratic mathematical model is presented in the research by using RSM for predicting the surface
roughness during hard milling of AISI H13 under nanofluid MQL condition. The roughness model is indicated
by the following equation (2).

Ra = 1.632 - 0.00691*V - 13.79*f - 0.183*d - 0.0562*h - 0.000026*V*V + 62*f*f + 0.001*d*d +
0.000496*h*h + 0.1372*V*f - 0.00384*V*d + 0.000165*V*h+ 6.87*f*d + 0.183*f*h + 0.01102*d*h
@

The determination coefficient R-squared is 95%. It means that the model of surface roughness perfectly fit with
measured data. P-value of developed model less than 0.05 indicates that the model is statisticlly significant.

Table 3. ANOVA of model for surface roughness

Source DF Adj SS Adj MS F-Value P-Value %C
Model 14 0.170375 0.012170 16.28 0.000? 95
Linear 4 0.154026 0.038507 51.52 0.000? 85.88
V 1 0.004802 0.004802 6.42 0.0262 2.68
f 1 0.093600 0.093600 125.23 0.000? 52.19
d 1 0.041568 0.041568 55.61 0.000? 23.18
h 1 0.014056 0.014056 18.81 0.0012 7.84
Square 4 0.001354 0.000338 0.45 0.769 0.75
V*V 1 0.000200 0.000200 0.27 0.614 0.11
*f 1 0.000232 0.000232 0.31 0.587 0.13
d*d 1 0.000000 0.000000 0.00 0.996 0
h*h 1 0.000921 0.000921 1.23 0.289 0.513
2-Way Interaction 6 0.014995 0.002499 3.34 0.0362 8.36
V*f 1 0.004764 0.004764 6.37 0.0272 2.66
V*d 1 0.001496 0.001496 2.00 0.183 0.83
V*h 1 0.001730 0.001730 2.31 0.154 0.96
f*d 1 0.002122 0.002122 2.84 0.118 1.18
f*h 1 0.000938 0.000938 1.26 0.284 0.52
d*h 1 0.001367 0.001367 1.83 0.201 0.76
Error 12 0.008969 0.000747 - - -
Total 26 0.179345 - - - -
R-sq = 95.00%
2 significant
E
g ", Scatj:(-_;riplot of /. -
g NUH XH 0ADIQRNAREOOADOP P P00 A

Figure 1. Comparison between measured and predicted surface roughness.

Figure 1 illustrates the comparison of roughness including measured and predicted values. As shown in Figure
1, the experimental and predicted results have a fine correlation. Therefore, the empirical model established in
the study could be used to predict the roughness during hard milling of AISI H13 steel under nano-fluid MQL
condition with 95% confidence intervals.

In order to obtain the minimum value of surface roughness and the maximum value of the material removal
rate, the multi-objective optimization was performed based on applying a desirability function. The results of
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the optimization for the roughness and the material removal rate are shown in Table 4.

Table 4 The results of multi-objective optimization

Optimal values . Error
Response Goal v f d h Predicted Measured (%)
Roughness Min. 0.202 0.241 16.18
MRR Max. 70} 00207 06 40 112922 1107.52 196

Composite desirability = 0.67

As shown in Table 4, the optimal cutting parameters are the cutting velocity of 70 m/min, the feed-rate of
0.0207 mm/tooth, the depth-of-cut of 0.6 mm, and the hardness of 40 HRC. According to the multi-objective
optimal conditions, the surface roughness obtained is 0.202 um and MRR obtained is 1129.2 mm3/min. With
the composite desirability of 0.67, the multi-objective optimization for the roughness and the MRR is
completely acceptable. A validation test was conducted to examine the accuracy of the optimization as shown
in Table 4. The measured value of the roughness and the calculated value of the MRR under optimal cutting
parameters are 0.241 um and 1107.52 mm3/min, respectively. The difference between the measured value and
the predicted value of Ra and MRR are expressed by the percentage error. The errors for the roughness and the
material removal rate are 16.18% and 1.96%, respectively. It means that the empirical model presented by RSM
can be applied for forecasting the surface roughness and the material removal rate during hard milling of AISI
H13 steel under SiO2 nanofluid-based MQL condition [18-21].

CONCLUSIONS

This research has presented the study of surface roughness and the material removal rate during hard milling of
AISI H13 steel under SiO2 nanofluid-based MQL condition by the combination of Taguchi method and RSM.
Following conclusion may be drawn:

1.  The feed-rate is the most influential factor on Ra followed by the depth-of-cut.
2. A good model for forecasting the surface roughness during hard milling of AISI H13 steel under SiO2

nanofluid-based MQL condition was established with the reliability level 95%.

3. The best cutting condition for the simultaneous combination of the minimum roughness and maximum
material removal rate is the cutting velocity of 70 m/min, the feed-rate of 0.0207 mm/tooth, the depth-of-
cut of 0.6 mm, and the hardness of 40 HRC.
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