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In the recent years, environmentally conscious design and manufacturing technologies have 

attracted considerable attention. The coolants, lubricants, solvents, metallic chips and discarded 

tools from manufacturing operations will harm our environment and the earth's ecosystem. In 

the present work, the Tukey method of multiple comparisons is used to select the minimum level 
of coolant required in a turning process. The amount of coolant is varied in 270 designed 

experiments and the parameters cutting temperature, surface roughness, and specific cutting 

energy are carefully evaluated. The effects of coolant mix ratio as well as the amount of coolant 

on the turning process are studied in the present work. The cutting temperature and surface 

roughness for different quantity of coolant are investigated by analysis of variance (ANOVA)-  

test and a multiple comparison method. ANOVA-test  results signify that the average tool 

temperature and surface roughness depend on the amount of coolant. Based on Tukey's Honestly 

Significant Difference (HSD) method, one of the multiple comparison methods, the minimum 

level of coolant is 1.0 L/min with 2% mix ratio in the aspect of controlling tool temperature. 

F-test concludes that the amount of coolant used does not have any significant effect on specific 

cutting energy. Finally, Tukey method ascertains that 0.5 L/min  with 6,%o mix ratio is the 

minimum level of coolant required in turning process without any serious degradation of the 

surface finish. Considering all aspects of cutting, the minimum coolant required is 1.0 L/min 

with 6% mix ratio. It is merely half the coolant currently used i.e. 2.0 L/rain with 10% mix ratio. 

Minimal use of coolant not only economically desirable for reducing manufacturing cost but 

also it imparts fewer hazards to human health. Also, sparing use of coolant will eventually 

transform the turning process into a more environment-conscious manufacturing process. 
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N o m e n c l a t u r e  
: The probability of error (Type I) 

d : Depth of cut (ram) 

f : F e e d  (mm/rev) 

F0 ~ Test statistic for F test 
f y  : Principal cutting force (N) 
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/t0 : Null hypothesis 

n : Number of samples 

S : Standard deviation 

t : Number of independent observations 

A T :  Change in temperature 

To : The temperature at the beginning of cutting 

Tn : The temperature after n seconds 

u : Specific cutting energy (N/mm 2) 

V : Cutting velocity (m/rain) 

v : Number of degrees of freedom 

1. Introduction 

The demand for green products has been great- 

ly increased due to the impact of environment- 

ally conscious design and manufacturing techno- 

logies. A wide range of environmental laws and 

regulations have been promulgated to protect 

the environment from further degradation as a 

result of industrialization. Coolants, lubricants, 

solvents, metallic chips and discarded tools from 

manufacturing operations will harm our envi- 

ronment and the earth's ecosystem. Coolant is the 

most damaging pollutant in machining (Byrne 

and Scholta, 1993). Excessive use of coolant is 

also undesirable considering economic aspect. 

According to a research report in Germany, purc- 

hasing and maintenance costs of coolants occupy 

7.5% and 17% of total manufacturing cost re- 

spectively, where as cost of tooling is merely 4% 

(Byrne and Scholta, 1993). In addition, the by- 

products of coolant are difficult to treat or dis- 

pose. Coolant cannot be recycled conveniently 

due to decomposition, chemical reaction with tool 

powder/metal powder generated in machining 

and due to mixing with lubricant. Usually coolant 

is discarded after use and thus pollutes the eco- 

system. The most troublesome problem is that 

coolant is hazardous to human health, as it is 

sprayed in air and directly inhaled by an operator 

as well. European countries strive to reduce the 
amount of coolant used in manufacturing opera- 

tions by implementing strict laws (Byrne and 

Scholta, 1993). 

The problems associated with coolant can be 

avoided to some extent by dry cutting without any 

coolant and cutting with air instead of coolant 

have been considered recently (Aronson, 1994; 

Byrne and Scholta, 1993). It is a well known 

fact that coolant eliminates heat generated in 

machining and lowers the temperature of tool 

and work piece. As a result, residual stress of the 

machined work piece is decreases and the dimen- 

sional accuracy is improved. However, it is diffi- 

cult to use dry cutting technologies for materials 

with poor machinability. Also, cutting with air 

requires a large capital investment due to the 

necessity of new equipment installation. In order 

to overcome these difficulties it is recommended 

to use the coolant sparingly by studying the ef- 

fects of coolant on the materials being machined 

and the environment. The variation of tempera- 

ture and depending on the amount of coolant has 

been analyzed using multiple comparison method 

(Yang et al., 2003). 

In this research work, a method of multiple 

comparisons is employed to identify a method to 

reduce the amount of coolant in machining. Three 

major machining characteristics have been consi- 

dered in the present work : cutting force applied 

to a machine, surface finish determining the grade 

of a machined work piece, and cutting tempera- 

ture affecting dimensional accuracy and tool life. 

Without the necessity of installing new equip- 

ment, the coolant amount is changed to evaluate 

its effect on cutting energy, surface finish and 

cutting temperature. While carrying out investi- 

gations to ensure better results using less amount 

of coolant both environmental aspects and eco- 

nomic aspects associated with coolants are consi- 

dered. Finally, to establish the effectiveness of 

the methodology, mean temperature, specific cut- 

ting energy and surface finish are analyzed and 

compared for various amount of coolant. 

2. Machining Characteristics and 
Multiple Comparisons 

In Eq. (1) the temperature change of a tool 

(AT)  is defined as the difference between the 

temperature at the beginning of cutting (To) 

and the temperature after an elapse of 5 seconds 

(T~). 



2184 Seung-Han Yang, Young-Moon Lee and Young-Suk Kim 

A T =  T s -  T0 ( l)  

Specific cutting energy is defined as cutting energy 

per unit time or cutting energy per unit volume as 

shown in Eq. (2). It is the most widely adopted 

parameter for evaluation of  machining charac- 

teristics based on cutting conditions (Jawahir et 

al., 1992). 

F,V F, 
U = f - -~--~-=~-  (2) 

where u is specific cutting energy, Fy is princi- 

pal cutting force (N),  V i s  the cutting velocity, 

(m/rain) ,  f is feed (mm/rev) ,  d is depth of cut 

(ram). 
From an analysis of variance (ANOVA) test, it 

can be concluded either l) all populat ion means 

are equal, or 2) at least one of the populat ion 

means are not equal. However, at this stage, it is 

not possible to determine whether the difference 

among means of populat ion is significant or not. 

Multiple comparison methods are employed in 

Statistics to investigate this magnitude of  the dif- 

ference among populat ion means (Hochberg and 

Tamhane, 1987). 

Tukey's honestly significant difference (HSD) 

method, Scheffe's method, Bonferroni method, 

Fisher's LSD, Newman-Keuls  test and Duncan's 

method are multiple comparison methods (Hoch- 

berg and Tamhane, 1987). Especially Tukey's 
HSD, applying error rate for each experiment, 

was devised under the assumption that repeti- 

tions are identical. Therefore, it is exact when all 

factor level sample sizes are equal (Neter et al., 

1996). This procedure has convenience of  using 

the measure of  a constant to test all pairs of  

treatment means. HSD is expressed as shown in 

Eq. (3) where S 2 is the mean square of  error 

with u degrees of  freedom and n sample size. 

H S D = q ( a ;  t, v ) 4 ~ / n  (3) 

where q(a;  t, v) is the 1 0 0 ( l - - a )  percentile in 
the distribution of  a studentized range of  t in- 

dependent observations with v degrees of  free- 

dom and is number of  samples. If  the absolute 

value of  the difference of  two means is greater 

than HSD, then it indicates clear evidence that 

two treatments result in a significant difference. 

3. Experimental 
Results and Analysis 

An engine lathe was used for turning opera- 

tion. The cutting tool and tool holder used are 

CNMGI20404 MC TT 1500 (Daegutec) and 

PCLNR2020 K 12 (Daegutec) respectively. The 

workpiece material is structural carbon steel 

SM45C. 

Table l shows the experimental condi t ions;  3 

levels of coolant mix ratio (2, 6, and 10~), and 

4 levels of coolant amount (none, 0.5 L/min,  

1.0 L/min,  and 2.0 L /min) .  The coolant used in 

T a b l e  1 Cutting conditions 

Cutting parameter 1 2 3 

Mix ratio (%) 2 6 l0 

Coolant (1/min) None 0.5 1.0 

Cutting speed, V (m/min) 80 140 200 

Feed rate, F (mm/rev) 0.15 0.20 0.25 

Depth of cut, D (mm) 0.5 1.0 i.5 

4 

2.0 

--I F~o.m~. i 

Lg-~mocau~ ~ : 

~ . ~ :  
. . . . . . . . . . . . . . . . . . . . . .  

Fig. 1 Experimental setup 
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the present work mainly consist of mineral oil 

and some extreme pressure additives. Three cut- 

ting parameters (cutting speed, feed rate, and 

depth of cut) are also set to 3 levels as shown 

in Table 1. Consequently, the total number of 

experiments is 270. Fig. 1 shows schematic dia- 

gram of experimental setup with a flow meter. 

ture) of each factor or treatment is larger than 

HSD, it is concluded that the factor level has 

significance in the test result. As it evident from 

Table 3, coolant level "Dry" has noticeable in- 

fluence, and mix ratio "Dry" and "Wet" show 

some difference. In addition, coolant level "Dry" 

and "2 L/min" exhibit some significance. Fin- 

ally, cutting speed also demonstrates the same 
3.1 Cutting tool temperature 
Figure 2 shows temperature (AT)  defined in 

Eq. (1) at the cutting speed of 140m/rain for 

various other conditions. It is observed that, the 

machining without coolant produces significantly 

higher temperature compared to other levels of 

coolant amount used. On the other hand, from 

Fig. 2(a) (i), (ii) and (iii) it is observed that 

coolant amount do not seem to result in large 

differences in temperatures. Therefore the gra- 

phs at different levels of coolant amount is not 

shown for other cases. Also it is observed that the 

coolant mix ratio does not have much influence ~ 

on the temperature. To represent a more meaning- ~) 

ful statistical result, ANOVA-test for the cutting ~0 

speed of 140 m/rain is performed. The ANOVA 6o 

result is summarized in Table 2. Test statistic Fo ~. 50 

tbr F test is greater than the rejection region ~ ~ 

2.04 at the significance level a=0.05. It signifies ~" .~0 

that the null hypothesis should be rejected; H0: ~0 

ct[=az=a~ . . . . .  ~ 0 = 0  or H0: ~ = 0 .  In other ,0 

words, factor level means are not equal at the 0 

significance level of 0.05, and thus the amount 

of coolant definitely affects the temperature of a 

cutting tool. 

The ANOVA table tells us that there are dif- 
80 

ferences in temperatures based on quantity of 
70 

coolant alone. However, it does not specify which 
- -  60 

coolant level causes a significant difference in a 
50 

temperature. From the graphs in Figures 2(a) to 

(i), it is observed that, there is differences in 
30 

average temperatures for each coolant mix, how- 

ever it does not specify the effect of individual 

coolant levels. Tukey method of multiple corn- ~} 

parisons using HSD is employed to investigate o 

which coolant level makes a large difference in 

temperatures. Tukey's HSD result is summarized 
in Table 3. 

If the average difference in value (i.e. tempera- 

7~ 70 

Ft~d t~e f I ~ r ¢ ~ j  

(i) Dry & 0 5  L/ 'min  (ii) Dry & 1.0 L / m i n  (iii) Dr), & 2.0 L / m i n  

(a) At 0.5 mm depth of cut 

s 

i},~.l .j, 
~0 

(i 
015 f).2 i~zs 

0.15 0.2 O.Z~; 
F ~ d  rate f (mmlttw) 

(b) Dry and 0,5 L/rain coolant at 1.0 depth of cut 
9O 

Dry-Side 

Dn'-Top 

Wet(2'h )-Side 

Wet(2'7~ )*Top 

- -~ - -  W eV 6~7~ )-Sid e 

Wet(6(4l-Top 

+ W e t [ 1 0 % ) - S i d e  

Wet{l(Fk )-Top 

0.15 0.2 025  
Feed rale  f (mm/~.v) 

(c) Dry and 0.5 L/rain coolant at 1.5 mm depth of cut 

Fig. 2 Temperatures (AT) at 140m/rain cutting 
speed 

Dry-Top 

Wel(2q  FSkle 

+ Wet(2%~-Top 

- - ~ - -  W et{6~ )-Side 

W e1{6%)-] op 

- - o - -  W el( 1[~.~ )-SKIe 

Wet( I(FA~)-Top 

+ Dey-Skle 
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Table  2 ANOVA-Test  Table 
(a) Temperature at side of the insert at 140 m/min  

S D.O.F V Fo F (0.05) 

Coolant 18999.42 9 2111.046 58.80965 2,04 

Error 2871.7 80 35.89626 

Tatal 21871.12 89 

(b) Temperature at top of the insert at 140 m/min  

s D.O.F v Fo F(0.05) 

Coolant 17202.83 9 1911.426 53.2847 2.04 

Error 2869.875 80 35.87344 

Tatal 20072.71 89 

trend. In the aspect of  the tool  temperature ,  bas- 

ed on the above results, the m i n i m u m  level of  

coo lan t  usage is 2%-1.0 L / m i n ,  which  does not  

have significance. 

3.2  S p e c i f i c  c u t t i n g  e n e r g y  

Figure  3 displays the specific cut t ing energy 

ob ta ined  at 1.5 mm depth  of  cut for each cut t ing 

condi t ions .  Fig. 3 clearly indicates  tha t  there is 

no visible differences exist in the specific cut t ing 

energy for " D r y "  and  " W e t "  levels of  coolant .  

F r o m  a statistical test ing method,  A N O V A - t e s t  

results are summar ized  in Tab le  4. Test statistic 

Table  3 Tukey's HSD method (~=0.01) 

(a) Temperature at side of the insert at 140 m/min  

Dry 

2% 

6% 

lO% 

0.5 

1.0 

2.0 

0.5 

1.0 

2.0 

0.5 

1.0 

2.0 

Dry 

L/min 

0 

2% 

0.5 1.0 2.0 

--43.1 - -48 .9  - -49.7  

0 --5,798 --6.524 

0 --0.726 

0 

HSD 10.784 

6% 

0.5 1.0 2.0 

- -37 .3  - -44 .4  - -43 .8  

5.8739 --1.263 --0,697 

11.67 4.5348 5.1013 

12.4 5.2606 5.8271 

0 --7.137 --6.57 

0 05665 

(b) Tempera ture  at top o f  the insert  at 140 m / m i n  

10% 

0.5 0.0 2.0 

- -35 .2  - -50 .6  - -52 .4  

7.8961 --7.48 --9.299 

13.69 -- 1.682 -- 3.501 

14.42 --0.956 --2.775 

2.0221 -- 13.4 -- 15.2 

9.1591 --6.217 --8,036 

8.5926 --6,783 --8.602 

0 -- 15.4 --  17.2 

0 --1.819 

0 

Dry 

2% 

6% 

10% 

L / m i n  

0.5 

1.0 

2.0 

0.5 

1.0 

2.0 

0.5 

1.0 

2.0 

Dry 

0.5 

- - 3 9 . 8  

0 

HSD 

2% 

1.0 2.0 

- - 4 4 . 7  - - 5 0 . 7  

--4.834 --10.8 

0 - -6  

0 

10.781 

0.5 

- -  33 .7  

6.1076 

10.94  

16.94 

0 

6% 

1.0 2.0 0.5 

- - 4 1 . 2  - - 4 6 . 3  - - 3 7 . 6  

--1.394 --6.422 2.241 

3.4403 --1.588 7.075 

9.4401 4.412 13.07  

--7.501 --12.5 --3.867 

0 --5.028 3.6347 

0 8.6628 

0 

lO% 

0.0 2.0 

- - 4 5 . 2  - - 4 8 . 8  

--  5.381 -- 8.935 

--0.547 --4.101 

5.4525 1.8989 

--11.5 - -15 

--3.988 - -7 .54l  

1.0405 -- 2.513 

--7.622 --11.2 

0 --3.554 

0 



Table 4 

28(~1 

ANOVA table of coolant at constant ve- 
locity ( 140 m/min) - -  values of specific cut- 
ting energy at D e c  1.5 mm 

S D.O.F ] V F0 F (0.05) 

Coolant 168842 9 18760.2 0.39393 2.04 

Error 3809863 80 47623.3 

Tatal 

2700 

2601) 

~, 2 ~  

• ~ 2400 

231X) 

22(~) 

211~l 

Fig. 3 

0.15 0,2 0.25 

Feed rate f (mm/rev) 

Specific cutting energy at 1.5 mm depth of cut 
and dry & 0.5 L/min coolant levels 

Dry(8(~;Vnm) 

--m--- Dry( 1441n~n/n ) 

-..Iv-- Dry, f 2 t l l n¢~n  ) 

~ Wet(2%. NhaVmin ) 

+ Wet12%, 140ngmin ) 

+ WeI(2~,, 2(Iho/min ) 

Wet(6%. 80nenin)  

~ Wet(6%. 14/~g~llln ) 

- "O~ W ell 6~7~, 2(Xhl3/mtll ) 

W el( 10eh. 80tWnan ) 

-,4--- Well l(1%, 141'}mll~ln ) 

We(( 10ek, ~ X l n d n ~  ) 

F0 for F test is smaller than the rejection region 

2.04 at the significance level a=0 .05 .  It signi- 

fies that the null hypothesis cannot be rejected. 

In other words, there is no convincing evidence to 

believe factor level means are not equal at the 

significance level o f  0.05. Therefore, the specific 

cutting energy does not change even if no coolant 

is used in the cutting process. 

3.3 Surface  f inish 

Figure 4 shows graphs illustrating the value of  

surface roughness at 1.5 mm depth of  cut for 

different cutting conditions. It is observed from 

Fig. 4(a) ,  (b) and (c) that at dry condition the 

surface roughness increased significantly as the 

feed rate is increased. As the cutting speed is 

increased the roughness of  the surface is also 

increased. By using 2% coolant mix ratio, the 

surface roughness values decreased, however the 

improvement is not considerable. On the other 

hand, when the mix ratio is increased to 6% 

there is significant improvement in the surface 

quality. Further it is also observed from these 

graphs that by increasing the amount of  coolant 

3.5 

2.5 

d 2 

.= 1.5 g 

I 

05  

35 

2,5 
.% 

~. 2 

15 g 

I 

0.5 

3.5 

Z5 

o 
.~ 1.5 g 

I 

0,5 

Fig. 4 
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Dry(St~z¢mizl) 

Dry(I~hlCr~n) 

l)ry(201M~n'~n) 

--4v-- W el( 2'/c. 80rn/ron) 

Wet(2%, 140nVrmn ) 

+ Wet(U,~, 20enntman ) 

Wet(6~/~. 8(~t ¢llllll } 

Wet(6~.  14(hffrtan) 

+ Wet(6c~, 2~hNmin ) 

- '-o-- W el( 1 ( ~ ,  N~n/rmn ) 

Wct(10CA, l,lOrNnin ) 

W elf I 0%, NIIm/win ) 

(1.15 0.2 0.25 

Feed rate f (mnl/lt'v) 

(a) Dry and 0.5 L/min coolant 

~ Dry(SOratnlin ) 

Dry( 14thn/nan i 

.-.Iv- Dry (200rnhran) 

- ¢ . - -  Wet (2~. 80m/ram } 

Wet(2~,  14t~l¢min ) 

Wet( 2~/,, 2t lJm/~lurl ) 

Wet(6%. 80hi/%tin ) 

+ Wet(6%, 14(~¢min) 

- -o - -  Wet(6%, 20(~l~t~atl) 

Wet(lOq~, 80rain in ) 

+ W e t ( l ( ~ ,  14/.hvdnlm ) 

Wet( 10%, 2(ItJT~¢lmn ) 

0 15 02  0.25 

Feed rate  f ( izmz/~} 

(b) Dry and 1.0 L/min coolant 

Dry'( 81hn/nlhl ) 

.--a--- Dry(14OrNnani 

---¢-- Dry (200n~num 

Wett 2'~. 8t~wJlran ) 

---,a-- WetS2%. 14PmCmm) 

Wct(2~A, 2110t~'n~ ) 

Wetl6ch,, 8(hfn-an) 

- o - - W e t ( 6 ' ) L  141~/mi~) 

Wet( 6c,~. ~X~/nllll ) 

-,-+-- Wet ( 10q'~, 140ndmin) 

- -  Well  10N, 211M~luin ) 

0.15 0.2 (I.25 
Feed rate f (nm~t~,) 

(c) Dry and 2.0 L/rain coolant 

Surface roughness (/?,,) at 1.5 mm depth of 
c u t  

mix ratio to 10%, the roughness value decreases 

but not significantly. 

Subsequently, A N O V A - t e s t  for the cutting spe- 

ed of  140 m / m i n  is performed for a meaningful 

statistical result. The A N O V A - t e s t  results are 

presented in Table 5. In Table 5 it is seen that, 

the test statistic F0 for F test is larger than the 
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rejection region 2.04 at the significance level 

a=0.05. Therefore the null hypothesis, H0: at = 

a~=a3 . . . . .  al0=0 or H0: aZa=0, is reject, It 

suggests factor level means are not equal at the 

significance level of 0.05, and thus the amount 

of coolant affects the surface finish of the work- 

piece. As discussed previously, it does not specify 

which coolant level causes a significant difference 

in surface finish. 

Tukey method of multiple comparisons is 

again employed to identify which coolant level 

makes significance in surface finish. Tukey's HSD 

results are summarized in Table 6. As shown in 

Table 6, the mix ratio shows noticeable signifi- 

cance. However, the level of coolant amount does 

not have significance. It implies surface rough- 

ness is not affected by coolant level, and "Dry" 

and mix ratio of 2% have significance. From the 

above results, it is not possible to conclude that 

the minimum level of coolant usage in the as- 

pect of the surface finish is 6%-0.5 L/min, which 

does not have significance. 

Table 5 ANOVA table of coolant at constant ve- 
locity (140 m/min)--values of surface 
roughness 

S D.O.F V F0 F (0.05) 

Coolant 15.90306 9 1.767007 13.16972 2.04 

Error 10.73376 ! 80 0.134172 

Tatal 26.63682 89 

Based on the experimental results, the mini- 

mum coolant usage of 2°/6o-1.0 L/min is recom- 

mended in the aspect of the tool temperature. 

Without affecting the surface finish quality, coo- 

lant consumption can be safely reduced to the 

level of 6%-0.5 L/min for minimal use. Mean- 

while, as proven in ANOVA-test, mix ratio and 

coolant level failed to provide strong evidence 

for any correlation with specific cutting energy. 

In summary, to prevent an excessive rise in tool 

temperature and deterioration of surface finish, 

mix ratio of 6%0 and coolant usage of 1.0 L/min 

are considered to be the optimal level of coolant 

for the turning process. 

4. Conc lus ions  

Several cutting experiments were conducted 

and rigorous statistical analysis including ANO- 

VA and Tukey's HSD has been carried out. To 

determine the minimum level of coolant in cut- 

ting process, Tukey method of multiple compari- 

sons using Honestly Significant Difference has 

been proposed. Based on ANOVA-tests conduct- 

ed using the data obtained by several treatments 

of coolant levels, it is observed that the tool tem- 

perature and surface finish were affected by the 

quantity of coolant. However, coolant level did 

not show any cause-and-effect relationship with 

the specific cutting energy. Tukey's HSD, a mul- 

tiple comparison method, was performed to fur- 

Table 6 Tukey's HSD method (a=0.01) of coolant at each velocity (Surface roughness at 140m/rain) 

Dry 2% 

L/min 0.5 1.0 2.0 

Dry 0 --0.217 --0.234 0.047 

0.5 0 --0.017 0.2636 

2.%0 1.0 0 0.2808 

2.0 0 

0.5 

6% 1.0 

2.0 

0.5 HSD 0.6593 

10,%o 1.0 

2.0 

6% 
0.5 1.0 

--0.86 --0.85 

--0.641 --0.637 

--0.624 --0.62 

--0.9 --0.9 

0 0.0034 

0 

1o% 

2.0 0.5 0.0 2.0 

--0.94 -- 1.09 --0.86 --0.99 

--0.73 --0.87 --0.647 --0.77 

--0.71 --0 .85 --0.63 --0 .76 

--0.99 --1.13 --0.91 --1.04 

--0.087 --0.229 --0.006 --0.132 

--0.09 --0.233 --0.01 --0.136 

0 --0.143 0.0807 --0.045 

0 0 .2232 0.0973 

0 --1.126 

0 
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ther investigate which coolant level causes a sig- 

nificant difference in the tool temperature and 

surface finish. In the aspect of  the tool tempera- 
ture the minimum coolant level was 2%-1.0 L /  

min, which does not show significance. On the 
other hand, in the aspect of the surface finish, 

coolant level of 6%-0.5 L/min  was selected for 

minimal use of coolant. Finally it is observed 

that, the current coolant use of 10%-2.0 L/min  

can be safety reduced to almost half, 6%-1.0 L /  

min, in order to achieve the same surface finish 

quality, without a sharp rise of cutting tool tem- 

perature. The reduction of coolant amount in 

a machining process will undisputedly reduce 

manufacturing cost and biological hazard to hu- 

man health. Minimal use of coolant will eventu- 

ally make the turning process a more environ- 

ment-friendly manufacturing process. 
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