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Surface roughness is an important assessment of metal cutting. This paper presents an empirical investigation of cut-
ting conditions on the surface roughness in hard milling SKD61 steel. The cutting speed, feed rate, depth of cut, and
nanoparticle concentration were taken as the parameters in the experimental setup. The mixer of SiO, particles with
a size of 100nm based on cutting oil CT232 was used with 3 levels of concentration: 0, 2, and 4wt%. Twenty-seven
experiments were carried out based on the DOE method developed by G. Taguchi. The best model from response
surface methodology (RSM) was developed regarding the surface roughness. Further analysis with ANOVA meth-
od was performed to confirm the significant of the achieved model as well as machining parameters. According to
experiment results, the weight percent of nanoparticles concentration had a great impact on the surface roughness,
only after the feed rate. Additionally, the excellent effectiveness in reducing the roughness of MQL nanofluid has been

demonstrated when compared with conventional MQL.

Key words: surface roughness, hard milling, hardened SKD61 tool steel, SiO, nanoparticles, MQL, RSM

INTRODUCTION

JIS SKD61 is the most representative hot-working tool
steel which was used widely in molds and dies manu-
facturing. Because of its characteristics with high hard-
enability and toughness as well as great resistance for
thermal cracking, it is recognized as difficult to cut ma-
terial [1, 2]. On the other hand, molds and dies require
a smooth surface for the better quality of production [3].
Traditionally, grinding was used in finish machining after
heat treatment to achieve the desired surface. However,
recently manufacturers and researchers have focused
on hard machining with a cutting tool as a replacement in
order to reduce cost and process time. There have been
many studies about optimizing the surface roughness
in cutting hardened material and the results were satis-
fied [4, 5]. As in [6] S Basak1, U S Dixit and J P Davim
used radial basis function neural network in optimization
of hard turning of AISI D2 steel with the hardness of 45
HRC. The optimum surface roughness value of less than
0.8 um could be found within a range of machining pa-
rameters. Another application of the Neural network with
the helped of a Genetic algorithm (GA) was used in [7]
to optimize the surface roughness while milling Inconel
718 steel with 415 HB. The optimum value of surface
roughness found with GA was 0.32 pm.

Nevertheless, J. Paulo Davim [4] pointed out limitation
and drawbacks of hard machining. Besides the high cost
of the cutting tool and the demand for rigidity of a sup-
portive system, the most concern is the heat generated
in cutting which is the reason for thermal shock, more
tool wear, shorter tool life, deterioration of workpiece sur-
face, and so on. Therefore, in order to carry out hard
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machining, it is vital to find ways to ease the heat. In wet
machining, lubricant floods onto the cutting area reduc-
ing the heat and protecting both cutting tools and work-
piece. However, the issues related to human health and
environment along with cost and waste have raised the
alert among researchers and manufacturers[8]. In cer-
tain machining conditions, dry machining or high speed
machining are preferred over wet machining.

A better way of machining hard materials is using ma-
chining assisted methods such as cryogenic machin-
ing, laser-assisted machining (LAM), minimum quantity
lubrication (MQL). It can be considered a win-win as
these methods help both reducing the negative effects
of too much lubricant and raising the efficiency of the
cutting system. Further than that, recently researchers
have found excellent results by adding nanoparticles into
MQL. Different types of nanoparticles were used by re-
searchers including SiO,, ALO,, MoS,, ZrO,, CNT, SiC,
PCD, and graphite [9, 10] while others are under inves-
tigation. The effectiveness of nanoparticles has been
reported in turning [11-13], milling [14, 15], drilling [16]
for better surface quality, prolonged tool life, reducing
cutting force, reducing tool wear, and reducing power &
energy consumption. Khaled Ali Osman et al. [17] per-
formed slot milling of Ti6AI4V under various concentra-
tions of hBN nanoparticles in order to optimize surface
quality and cutting forces. With comprehensive research
beforehand, they provide a clear classification of sustain-
able cutting fluid supply technologies. They concluded
that the best surface roughness and least cutting force
achieved with a 24.75% volume concentration. In [18],
Ramanuj Kumar et al. investigated the effects of us-
ing ALO, & TiO, nanoparticles on hard turning AISI D2
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steel (55HRC). The result showed the most favorable
achievement with only 0.01 wt% concentrations of TiO,:
29% reduction of tool wear, 9.7% reduction of cutting
temperature, and 14.3% reduction of surface roughness.
In another research, while working with titanium alloy
Ti,AlLV, Lan Dong et al. used six different nanoparticles
including ALO,, MOS,, SiO,, CNTs, SiC, and graphite.
Their experiment results pointed out that ALLO, and SiO,
nanoparticles are highly suitable regarding environmen-
tal protection as well as excellent surface roughness
quality.

It is noticeable that most publications suggested further
investigation with machining parameters to improve ef-
fectiveness while utilizing nanoparticles in the MQL tech-
nique. After a comprehensive review [19], Zafar Said et
al. concluded that nanofluid with the MQL technique was
one of the best methods for lubricant, yet encouraged fu-
ture researches for optimum effects. In this work, cutting
speed, feed rate, depth of cut, and nanoparticle concen-
tration were used as parameters to optimize the milling
process of SKD61 steel regarding the surface roughness
under MQL.

EXPERIMENT SETUP

Table 1 shows a brief experimental setup. An SKD61

Table 1: Hard-milling process information

»

steel work-piece was mounted onto the machining table
of on a Victor V-Center-4 vertical machining center for
every experiment. The material compositions of SKD61
are shown in Table 2. Each work-piece block has the di-
mensions of 200mm x 100mm x 50mm. The nanoparticle
concentration (wt%), cutting speed (m/min), depth of cut
(mm), and feed-rate (mm/tooth) parameters are present-
ed in Table 3. The cutting tool was ®10 TiAIN coated end
mill made by CMTec Company (Taiwan) with four flutes
rake angle of 12°, and the helix angle of 35°. The descrip-
tion of the MQL condition shows in Table 4. Lubricant fluid
based on cutting oil CT232 mixed with 100nm SiO, par-
ticles was chosen to enhance the performance of MQL.
The flow rate of the mixture was set to 50 ml/h and the
pressure was 3 kg/cm2. The concentration of nanoparti-
cles in the fluid was 2 wt%. A Noga—MC 1700 nozzle was
used for MQL setup with an angle of 60°. Slot milling was
performed in all runs. The surface roughness data was
collected via Mitutoyo SJ-401 Surface Profilometer.

Each experiment was repeated three times to eliminate
the experimental error.

RESULT AND DISCUSSIONS

The data collected throughout the experiments are pre-
sented in Table 5. The preset machining parameter in-
cluding the nanoparticles concentration (c), the cutting
speed (v), the depth of cut (d), and the feed rate (f) were

Journal of Applied Engineering Science Vol. 18, No. 3, 2020

Items Description _
CNC Machine Victor V-Center-4 Table 5: The result of the experlme)nt
. Ra (pm
rf h -401
fqiaiﬁfiggﬂﬁsxasem Si-40 Runici v | d | T I TTrial 2| Trial 3|Average
_ _ 1 [0[40[0.2[0.01]0.198 [0.198 [0.204 | 0.2
Cutting tool @10 TIAIN 2 |0]40]040.02] 0.245 | 0.248 | 0.251 | 0.248
Work-piece material | SKD61 50HRC 3 [0[40[06]0.03]0.313 | 0.31 |0.313| 0.312
Work-piece dimensions [ 200mm x 100mm x 50mm 4 10160]0.2/0.020.226 | 0.226 | 0.22 | 0.224
VOl noza] N I 1700 5 [0[60[04[0.03] 027 [0.278] 0.28 | 0.276
nozze oga- 6 |0]60|0.6]0.01]0.181 | 0.183|0.179] 0.181
Table 2: Chemical compositions of the SKD61 steel 7 10(80)0.2]0.03]0.258 |1 0.259 | 0.254 | 0.257
(weight %) 8 |0[80[0.4[0.01]0.166 | 0.169 | 0.166 | 0.167
. . 9 [0[80[0.6[0.02[0.218 [0.213[0.211| 0.214
C Si | Mn Cr Mo vV Ni
10 [2[40[02[0.02[0.184 | 0.18 [0.173| 0.179
0.32-0.42[0.80-1.20]0.20-0.50[4.75-5.50|1.10-1.75[0.80-1.20[ 0-0.30 M 1212010410031 029 03 102951 0295
Table 3: Cutting parameters with levels 12 [2]40[0.6[0.01[0.176 [0.187[0.171| 0.176
Levels 13 [2[60[0.2[0.03| 0.27 |0.244[0.251| 0.255
Input factor 1 2 3 14 [2]60[0.4]0.01[ 02330237 0.22 | 0.228
Nanoparficles concentration 15 [2[60[0.6[0.02] 0.251 | 0.26 |0.278 | 0.263
(Wt%) 0| 2 4 16 |2|80[0.2]0.01] 0.122 [ 0.129 | 0.133 | 0.128
. . 17 |2|80|0.4[0.02| 021 | 0.21 | 0.15 | 0.19
4
g:ttlcrtfoiieu?(:ngrrnn/)m in) TR 18 [2[80 06003 0.272 0272|0272 0.272
= pd t oot 551005 T0.03 19 [4[40[0.2[0.03[ 0.261 | 0.265 | 0.254| 0.26
eed-rate (mm/tooth) 01] 0. - 20 |4 (40|04 0.01]0.133 [0.137 | 0.144 | 0.138
Table 4: Information about MQL condition 21 14(40)0.6)0.02] 0.155 [ 0.158 [ 0.152 | 0.155
- 22 [4[60]0.2[0.07[ 0.096 | 0.097 |0.107 | 0.098
T R B 23 [4[60]0.4[0.02] 0.139 | 0.129 [ 0.143 | 0.137
Pressure (kg/cm?)_|3 24 [4[60]0.6[0.03[ 0.211 | 0.213 [ 0.206] 0.21
Based Lubricant__|Cutting oil C1232 25 [4[80[0.2[0.02[0.131 [0.122 | 0.131| 0.128
Nanoparticles SiO, particle with a 26 [4]80]0.4[0.03]0.205]0.204[0.191T[ 0.2
size of 100nm 27 [4[80[0.6[0.07| 0.13 [0.124 [0.124 [ 0.126
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selected by the L27 orthogonal array of Taguchi method
with the 1, 2, 5, 9 columns respectively. Accordingly, 27
experiments were carried out to study the effect of these
cutting conditions to the surface roughness Ra. The ftrial
runs showed the reliability of the machining system as
the maximum difference Ra between trials was 0.06.

The following model was built based on the Surface Re-
sponse Methodology to predict and optimize the surface
roughness Ra as shown in the following equation.
Ra=0.164+0.0049¢c+0.00026v+0.101d+0.14f-
-0.00613c*c—0.000014v*v—0.167d*d + 168 f*f+

+ 0.000071 c*v — 0.0022 c*d — 0.057 c*f +

+0.00205 v*d — 0.0177 v*f — 1.81 d*f (1)

W Predicted Ra |

W Measured Ra

0.25
0.2
0.15
0.1
0.05
]

12 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

Figure 1: Comparison between measured and predicted
surface roughness

A comparison of the predicted and the measured value

of the surface roughness visualized in Figure 1 showed

rather a similarity. As shown in the figure, the measured

H The-Vinh Do, et al. - An empirical investigation of SiO, nano concentration under MQL on surface

and predicted results have a fine correlation. Therefore,
the mathematical models built are reliable.

Best Ra value achieved from the model is shown in Table
6 when an experiment with cutting speed of 80 m/min,
feed rate of 0.01 mm/tooth, depth of cut of 0.2 mm, and
the nanoparticles concentration of 4%. This verification
test was carried out with these parameters to confirm the
accuracy of the model. The predicted value calculated
by (1) was 0.0841 ym while the measured value of the
verification test was 0.0940 um. Even though the error in
this one-time-measure was approximately 14%, the ma-
chined surface with optimized parameters was the small-
est compared to that of previous 27x3 experiments. The
achieved Ra is considered an improvement compared to
similar work on JIS SKD 61 in [20].

Further analysis of variance (ANOVA) was conduct in
Minitab 17 software to analyze the influence of input
parameters and the fitness of the model. The P-value
column in Table 7 indicates the significant of each pa-
rameter of the milling process to the response (i.e., the
surface roughness) of the model. As long as that value
is less than 0.05, the corresponding parameter has sta-
tistical significant. Hence, the feed rate (f) clearly has the
most effect with 50.3% contribution to the model, follow-
ing by the nanoparticles concentration (c) with 24.69%.
The two other parameters including the speed of cut (v)
and the depth of cut (d) have a rather small effect on the
final result of the experiments. The total coefficient of
determination R-sq of the model is 89.76%. It means that
the model has successfully predicted the value of Ra.
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Table 6: The results of surface roughness optimization

Optimal values Predicted | Measured | Error (%)
Response | Goal -
V (m/min) | f (mm/tooth) [ d (mm) | ¢ (Wt%)
Roughness | Min. 80 0.01 0.2 4 0.0821 0.0940 14%
Composite desirability = 1.0
Table 7: ANOVA value
Source DF | Ad-SS Adj-MS | F-Value |P-Value| %C
Model 14 10.079414 | 0.005672 7.51 0.001 | 89.76
Linear 4 10.072529| 0.018132 | 24.01 0.000 |81.97
c 1 10.021841 | 0.021841 | 28.91 0.000 |24.69
v 1 [0.004387 | 0.004387 5.81 0.033 | 4.96
d 1 10.001800 | 0.001800 2.38 0.149 | 2.03
f 1 10.044501 | 0.044501 58.92 | 0.000 [50.30
Square 4 [0.005750| 0.001437 1.90 0.175 [ 6.50
c*c 1 10.003602 | 0.003602 4.77 0.050 | 4.07
V*V 1 10.000181| 0.000181 0.24 0.633 | 0.20
d*d 1 10.000267 | 0.000267 0.35 0.563 | 0.30
i 1 10.001700] 0.001700 2.25 0.159 | 1.92
2-Way Interaction| 6 | 0.001135 | 0.000189 0.25 0.950 | 1.28
c*v 1 [0.000090 | 0.000090 0.12 0.736 | 0.10
c*d 1 [0.000008 | 0.000008 0.01 0.918 [ 0.01
c*f 1 10.000014 | 0.000014 0.02 0.892 | 0.02
v*d 1 10.000756 | 0.000756 1.00 0.337 | 0.85
v*f 1 10.000140] 0.000140 0.19 0.674 | 0.16
d*f 1 10.000148 | 0.000148 0.20 0.666 | 0.17
Error 12 10.009064 | 0.000755 - - -
Total 26 10.088478 - - - -

Istrazivanja i projektovanja za privredu ISSN 1451-4117
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C

The plotting of the parameters’ effect on the Ra can be Contour Plot of Ra vsc, f

seen in Figure 2 where the average value of Ra mea-
sured is used. Whereas, the optimized value of Ra via
the RSM is shown in Figure 3. It is clear that the Ra
value changes greatly when the value of concentration
and feed rate coefficients change. The slopes indicated
that the surface roughness decreases as the value of
concentration increases to 4% or the value of feed rate .
decreases to 0.01. As discussed in [21], the uncut chip
would be thicker as an increasing feed rate, resulting in
higher cutting forces and vibration. On the other hand,
Mohd Asyraf Mahboob Ali et al. [11] pointed out that the
increase of nanoparticle concentration strengthened
the thin protective film on the machined surface so the
surface could be improved. It was also discussed that
the low friction behavior of nanoparticles contributed to
minimizing the frictional effects on tool-workpiece, hence
reducing tool wear and cutting force. Nevertheless, the
feed rate had more influence on surface quality.

The interaction effect of nanoparticle (c) and feed rate (f),
cutting speed (v), and depth of cut (d) over Ra is shown
in Figure 4. The plots reveal which cutting parameter has
more impact on the surface roughness when comparing
with the nanoparticle concentration. It is clear that only
the feed rate has more impact.

The interval plot in Figure 5 indicates the differential of
the average value Ra within 27 experiments. It is notable
that the surface roughness decreases significantly with
increasing the concentration from 0 to 4 wt%. The best
roughness is obtained when a nanoparticle concentration
of 4 wt% is applied. Figure 5 shows that the roughness
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f
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Figure 5: Interval plot of surface roughness

obtained with the optimum concentration (nanoparticle
concentration of 4 wt%) was reduced by 30.3% when
compared to that when machining by conventional MQL
(nanoparticle concentration of 0 wt%). It can be asserted
that the quality of machined surface achieved by nano-
fluid is better than conventional MQL. Due to nanoflu-
id's advanced heat transfer and tribological properties,
the cutting process is more convenient, the cutting tool
maintains the initial hardness and cutting ability [22].
This leads to better roughness.

CONCLUSION

This research investigates the cutting condition includ-
ing the cutting speed, feed rate, depth of cut, and SiO,
nanoparticle concentration to find the best machining pa-
rameters regarding surface roughness for milling SKD61
steel under the MQL technique. An empirical model
based on RSM was built to find the optimum value of Ra.
The best Ra value 0.094 ym was achieved with cutting
speed of 80 m/min, feed rate of 0.01 mm/tooth, depth of
cut of 0.2 mm, and the nanoparticles concentration of
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4wt%. Feed rate and nanoparticle concentration had a
significant impact on the machining result. In addition,
the excellent effectiveness in reducing the roughness of
nanofluid MQL has been demonstrated when compared
with conventional MQL. The roughness obtained with
the optimum nanoparticle concentration was reduced by
30.3% when compared to that when machining by con-
ventional MQL.
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