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The function of coolant in machining is to reduce the frictional force in the contact area in between the tool and the material,
and to increase the precision by cooling the work-piece and the tool, to make the machining surface uniform, and to extend
the tool life. However, cutting oil is harmful to the human body because it uses chlorine-based extreme pressure additives to
cause environmental pollutants. In this study, the effect of cutting temperature and surface roughness of titanium alloy for medical
purpose (Ti-6Al-7Nb) in eco-friendly ADL slot shape machining was investigated using the response surface analysis method.
As the design of the experiment, three levels of cutting speed, feed rate, and depth of cut were designed and the experiment
was conducted using the central composite planning method. The regression expressions of cutting temperature and surface roughness

were respectively obtained as quadratic functions to obtain the minimum value and optimal cutting conditions. The values from
this formula and the experimental values were compared. As a result, this study makes and establishes the basis to prevent
environmental pollution caused by the use of coolant and to replace it with ADL (Aerosol Dry Lubricant) machining that uses

a very small amount of vegetable oil with high pressure.
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<Table 1> Infra Red Thermal Image Specification

Infrared Detector

Uncooled Focal Plane Array

Spectral Range

Spectral Range

Measuring Range

-40 to 500 (Optional 200 to 2000C)

Sensitivity 0.06C at 30°C
Accuracy £2°C or £2%
Field of View 21.7°(H)x16.4°(V) with standard lens

Spatial Resolution

0.6 mrad with standard lens

Thermal image pixels

640(H)x480(V) pixels
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<Table 2> Instrument and Specification

Experimental equipment Model Company
CNC milling machine CNC(C40U) Herrmle
Multicomponent Dynamometer 9257B Kistler
Charge amplifier Type 5080A Kistler
Aero Dry Lubrication MASTER*4000 Rother
Infra Red Thermal camera H2640 Japan
Surface roughness SV-C3100 Japan

<Table 3> Supplying Qil Mist for Aerosol Dry Lubrication

Vortex tube

Lubricant flow rate pressure

Nozzle diameter

1.0 [mm] 0 [ml/h] 6 [bar]

o}gl <Figure 1> ADL 7}&olA EEeFE 7
(Ti-6A1-7Nb) 23 24 100mmx100mmx30mm<] slot 7}
MFES YR, <Figure 2>+ 27|14 (C40U)°l
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<Figure 2> Measuring Cutting Temperature on the Machine
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<Figure 3> Ideal Surface Roughness Model
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<Table 4> Levels of Independent Variables

Factors Level
-1 0 1
V (cutting speed) [M/min] 55 60 65
f (feed speed) [mm/rev.] 0.3 0.4 0.5
d (depth of cut) [mm] 1.5 2.0 2.5
obefl <Table 5> TAH AR oA AFsto] A
AReE RAARAE A, 13 34 S-S A=
o},
{Table 5> Cutting Force from the Faced Centered
Experiment
STO|RO|PT|V | f|d e} S, R,
8 1 1 1 | 1 184.775 | 1.961 835.219
3 2 1 11| -1 | 148712 | 1.321 461.196
1 3 1 -1 -1 | -1 | 128.107 | 0.743 322.030
11 4 -1 0 |-11]0 141.147 | 1.280 433.176
9 5 S| -1 0| 0| 139.736 | 1.051 522.481
14 6 -1 010 1 164810 | 1.115 667.713
6 7 1 1 |-1]1 171.854 | 1.552 615.966
10 8 -1 110 0| 180526 | 1.389 589.412
13 9 -1 0| 0 |-1] 141.319 | 0.891 411.012
4 10 1 1 1 | -1 | 171.447 | 2.058 515.204
5 11 1 B R B 156.337 | 0.985 559.126
7 12 1 1)1 1 167.321 | 1.642 741.837
2 13 1 1| -11]-11] 144739 | 0.931 351.099
12 14 | -1 0|1 0 | 162.377 | 1.844 623.903
15 15 0 0| 0 | 0| 146.230 | 1.549 524.145

% STO: standard no, RO: run order, PT: point type, BL: block
Ry: Cutting force, C;: Cutting temperature, .S,: Surface roughness

3.2 AR

o FAPPRAGDY AP BALE FARY AR
S obd) E <Table 6>0] LFERRW, <Figure 4> W79]

A4S YEle= 2 Ze]tH17]. R-squared 91.58% =
A AR EE ETa & gl ARV f d 224
WAL VEV7E PEEe] 0.000, 0.0260.2 ottt &
T Atk

<Table 6> Analysis of Variance for Cutting Temperature ()

Source | DF | Adj SS | Adj MS | F-Value | P-Value
Model 4 3584.5 896.12 27.18 0.000
Linear 3 3361.5 1120.50 33.99 0.000
\% 1 1279.8 1279.81 38.82 0.000
f 1 854.7 854.65 25.92 0.000
d 1 1227.0 1227.04 37.22 0.000
Square 1 223.0 222.99 6.76 0.026
V*V 1 223.0 222.99 6.76 0.026
Error 10 329.7 32.97
Cor Total 14 3914.2

Normal Probability Plot

(response is Cutting temperature)

Residual

<Figure 4> Normal Probability for Response Surface
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<Figure 5> Optimization of Cutting Temperature
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<Figure 8> Cutting Temperature on V and d at f=0.4
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<Table 7> Specification of Measuring Machine

Measurement method linear encoder

Measuring range 100mm

Decomposition ability 800um /0.01pm, 80pm/0.001pm

Measuring force 4 mN or 0.75 mN

Skid radius of curvature 40mm
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{Table 8> Analysis of Variance for Surface Roughness (.5)

Source | DF | Adj SS | Adj MS | F-Value | P-Value
Model 5 2.0783 0.41567 15.24 0.000
Linear 3 1.7453 0.58178 2133 0.000
\% 1 0.4625 0.46246 16.96 0.003
f 1 1.1112 1.11125 40.75 0.000
d 1 0.1716 0.17163 6.29 0.033
Square 2 0.3330 0.16651 6.11 0.021
f*f 1 0.2978 0.29784 10.92 0.009
d*d 1 0.1522 0.15225 5.58 0.042
Error 9 0.2454 0.02727
Cor Total | 14 2.3238
Normal Probability Plot
(Response is Surface Roughness)
95
%
80
70
T 80
S so
2L 40
30
20
10
s $=0.165138, R-sq = 89.44%,
R-sq(adj)=83.57%, R-sq(pred)=72.54%

-03 02 -01 00 a1 02 03
Residual

<Figure 9> Normal Probability for Surface Roughness
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<Figure 10> Main Factors affecting Surface Roughness

f 0s

Surface Roughness

<Figure 12> Surface Roughness on V and f at d=2.0
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<Table 9> Experimental and Predicted Values for Cutting
Temperature (C,)

No \ f d PV EX PA
1 55 0.3 1.5 127.721 128.107 99.699
2 55 0.5 1.5 146.210 148.712 98.318
3 55 0.5 2.5 168.365 167.320 99.379
4 55 0.4 2 148.043 139.736 94.389
5 55 0.3 2.5 149.875 156.337 95.867
6 60 0.4 2 151.177 146.229 96.727
7 60 0.3 2 141.932 141.147 99.447
8 60 0.4 2.5 162.254 164.810 98.449
9 60 0.4 1.5 140.099 141.319 99.137
10 60 0.5 2 160.421 162.376 98.796
11 65 0.4 2 170.668 180.526 94.539
12 65 0.5 2.5 190.990 184.775 96.746
13 65 0.3 1.5 150.347 144.739 96.270
14 65 0.5 1.5 168.836 171.447 98.477
15 65 0.3 2.5 172.501 171.854 99.625

% PV: predicted, EX: experimental, PA: percentage.
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<Table 10> Experimental and Predicted Values of
Surface Roughness (S,)

No | V f d PV EX PA

1 55 1 03 | 15 0.706 0.743 95.020
2 55 | 05 | 1.5 1.372 1.321 96.283
3 55 | 05 | 25 1.634 1.642 99.512
4 55 | 04 2 1.077 1.050 97.493
5 55 | 03 | 25 0.967 0.985 98.173
6 60 | 04 2 1.300 1.549 83.925
7 60 | 03 2 1.285 1.280 99.610
8 60 | 04 | 25 1.189 1.115 93.776
9 60 | 04 | 15 0.928 0.891 96.013
10 | 60 | 05 2 1.95166 1.844 94.483
11 65 | 04 2 1.507 1.388 92.103
12 ] 65 | 05 | 25 2.065 1.961 94.964
131 65 | 03 | 1.5 1.136 0.931 81.954
14 ] 65 | 05 | 15 1.802 2.058 87.560
15 ] 65 | 03 | 25 1.400 1.552 90.206

* PV: predicted, EX: experimental, PA: percentage.

Cutting temperature
=
=

Surface roughness

0 L s L L L L L L L s 0
300 350 400 450 500 550 600 650 70O 750 800 850

Cutting force
<Figure 14> Cutting Temperature and Surface
Roughness with respect to the Cutting
Force
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<Figure 15> Cutting Temperature vs Surface Roughness
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