
C h a p t e r  6

E x p e r i m e n t a l  R e s u l t s

To c a l c u l a t e  the too l  l i f e  and the machining cost per 

workpiece, the number of  workpieces per c u t t in g  edge can be 

approximated by the f r a c t i o n  of the too l used up per workpiece. 

In the experiment of  each c u t t in g  cond i t ion ,  a new too l  was used, 

and two cut workpiece te s ts  were experimented with in order to 

measure f lank  wear. Then two f lank  wear values were used to 

c a l c u la t e  the number of workpieces per cu t t in g  edge. Table B . 1- 

B .5 (Appendix B) d i s p la y  the c a l c u la t i o n s  of  the number of 

workpieces per c u t t in g  edge, the too l l i f e ,  and the machining 

cost  per workpiece fo r  carb ide  cu t t in g  tool at s t a r t i n g  cu t t in g  

cond i t ion ;  160 m/min c u t t in g  speed and 0.20 mm/rev feed rate  and 

i t s  components. For Table B .6, the c a l c u l a t i o n  of  g rad ien t  is  

d isp layed  and the new cu t t in g  cond i t ions  are determined.

In order to opt im ize  the cu t t in g  cond i t ion s  by means of 

the optimum g rad ien t  method, the procedure i s  conducted in the 

f low char t  as shown in F i g . 5.5. For a carb ide  cu t t in g  too l ,  

three sets  of  the s t a r t i n g  c u t t in g  cond i t ion s  were se lec ted .  

The f i r s t  s t a r t i n g  c u t t in g  cond i t ion  was 160 m/min cu t t in g  speed 

and 0.20 mm/rev feed rate .  The t o t a l  exper imental  r e s u l t s  are 

shown in Table B .7 -B .8 and Fig.  6.1. A t o t a l  of  14 sets  of  

30 c u t t in g  cond i t io n s  had been tested r e s u l t i n g  in 172 m/min 

cu t t in g  speed and 0.5146 mm/rev feed ra te  as the optimum cu t t in g  

cond i t ion  where the machining cos t  per workpiece was 9.3902 baht.
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To in v e s t ig a t e  the true optimum cu t t in g  cond i t ion ,  a 

to ta l  of 5 se ts  of  13 cu t t in g  cond i t ion s  were tested in 

the second s t a r t i n g  c u t t in g  cond i t ion  170 m/min c u t t in g  speed 

and 0.40 [ทค/rev feed rate. The r e su l t s  are shown in Table B. 9- 

B . 10 and Fig. 6.2. The recovered optimum cu t t in g  cond i t io n  was 

170 m/min c u t t in g  speed and 0.5200 mrn/rev feed rate  where the 

machining cost per workpiece was 9.3944 baht.

For the t h i r d  s t a r t i n g  cu t t in g  cond i t ion ,  the experiment 

were d i f f e r e n t  not on ly  with the s t a r t i n g  c u t t in g  cond i t ion ,  but 

a lso  with the d i f f e r e n t  feed rate  ( A F )  used to determine the 

g rad ien t  of the optimum grad ien t  method. Ha l f  of the d i f f e r e n t  

feed ra te  in the f i r s t  and second experiments were used to 

in v e s t ig a te  the e f f e c t  of the true optimum cu t t in g  cond i t ion .  

A t o t a l  of 3 sets  of  11 cu t t in g  cond i t ions ,  where the s t a r t i n g  

c u t t in g  cond i t io n  was 180 m/min cu t t in g  speed and 0.5 mm/rev feed 

rate, were tested. The optimum cu t t in g  cond i t io n  was 170 m/min 

cu t t in g  speed and 0.5053 mm/rev feed rate  where the machining 

cost per workpiece was 9.4894 baht shown in Table B. 11-B.12 and 

Fig. 6.3.

In the Fig.  6.4 the three t r a j e c t o r i e s  of the d i f f e r e n t  

s t a r t i n g  c u t t in g  cond i t io n s  for  carb ide too l are d isp layed .  The 

r e s u l t s  ind ica ted  that the recovered optimum cu t t in g  c ond i t io n s  

are c o r re c t  because the machining costs  per workpiece and the 

optimum cu t t in g  cond i t io n s  are located in the area of d i f f e r e n t  

c u t t in g  speed ( A  V “ 10) and d i f f e r e n t  feed ra te  ( A F = 0 . 0 4 ) .  

F i n a l l y ,  the too l l i f e  equat ion est imated by le a s t  square method 

is

y  p 0. (ร 7 ip 0 . 3 9 150.885. ( 6 .  1)



C u t t i n g  S p e e d  ( m / m i n )

1 7 6  T 

1 7 4  ~ 

1 7 2  -- 

1 7 0  - 

1 6 8  - 

1 6 6  - 

1 6 4  -■ 

1 6 2  "

(10.0802) 
Ci. 3

(9.7641)
Ci. 2

(10.1486) (9.7102)

(9.7200) 
c,. 3

(9.8650)

(9.7243) (9.7581)

0 . 3 6 0 . 4 1 0 . 4 6 0 . 5 1 0 . 5 6

MR = 10. 50 baht/min F e e d  R a t e ( m m / r e v )
T C

TCT = 
WCT = 

D = 
L

22.16 baht/cutting edge 
0.67 min/cutting edge 
0.25 min/cutting edge 

50 mm 
170 mm

Optimum cutting condition 
V - 170 m/min 
F - 0.5200 mm/rev 

tMCPW = 9.3944 baht/workpiece

F ig .  6 .2  T r a j e c t o r y  o f  Ca rb ide  t o o l  a t  the s t a r t i n g  c o n d i t i o n
170 m/min c u t t i n g  speed and 0.40 mm/rev feed r a t e CO



(10.0644) 
c 1 . 2

C u t t i n g  S p e e d  ( m / m i n )

1 9 0  I

1 8 5  -■

1 8 0  -

1 7 5  -■

1 7 0  -

1 6 5

1 6 0  --

1 5 5  —  

0 . 4 8

(9.8000)
C,.

0 . 4 9 0 . 5 0 . 5 1

Î1R - 10. 50 baht/min
TC - 22.16 baht/cutting edge 

TCT - 0.67 min/cutting edge
WCT - 0.25 min/cutting edge

P = 50 mm
L - 170 แบท

0 . 5 2  0 . 5 3

F e e d  R a t e

Optimum cutting condition 
y - 170 m/min
F = 0.5053 mm/rev 

MCPW = 9.4894 baht/workpiece

0 . 5 4

( n u n / r e v )

F ig .  6 .3 T r a j e c t o r y  o f  c a r b id e  t o o l  a t  the s t a r t i n g  c o n d i t i o n
180 m/min c u t t i n g  speed and 0.50 mm/rev feed r a t e



C u t t i n g  S p e e d  ( m / m i n )

2 0 0

1 9 0

1 8 0

1 7 0

1 6 0

1 5 0

0

HR = 10.50 baht/miก 
TC - 22.16 baht/cutting edge 

TCT ะ 0.67 mi ก/cutting edge 
WCT - 0.25 min/cutting edge 

D - 50 mm
L : 170 mm

. 1 5  0 . 2  0 . 2 5  0 . 3  0 . 3 5  0 . 4  0 . 4 5  0 . 5  0 . 5 5  0 . 6

F e e d  R a t e  ( m i r y r e v )

F ig.  6.4 Three t r a j e c t o r i e s  of ca rb ide  too l  at
the d i f f e r e n t  s t a r t i n g  c u t t in g  cond i t io n s



52

For coated c u t t in g  too ls ,  the only  s t a r t i n g  c u t t in g  

cond i t io n  160 m/inin c u t t in g  speed and 0.02 mm/rev feed rate  was 

se le c ted  to compare with the carb ide cu t t in g  too l .  A t o t a l  of  12 

sets of 24 cu t t in g  c ond i t io n s  were tested and the r e s u l t  of the 

optimum cu t t in g  cond i t io n  was 185 m/min cu t t in g  speed and 0.4994 

mm/rev feed rate  where minimum machining cos t  per workpiece was 

8.8289 baht shown in Table B . 13 - B.14 and Fig. 6.5. S im i l a r l y ,  the 

too l l i f e  equation est imated by leas t  square method is

V F °- (i 2 T °- :,fi = 152. 475. (6. 2)

For the economic comparison, minimum machining cost per 

workpiece and corresponding production times for  a rough-turn ing 

operat ion  using ca rb ide  and coated too ls ,  shown in Table 6.1, 

in d ica te s  that when the optimum cu t t ing  cond i t io n s  fo r  minimum 

machining cost  per workpiece were s im i l a r  fo r  both a ca rb ide  

too l and a coated too l ,  the machining cost  per workpiece and 

the product ion time us ing the carb ide too l was reduced 5.98% 

and 4.22% re sp e c t i v e l y .  The r e s u l t  was obta ined by using a coated 

t o o l .

In the Fig. 6.6 the t r a j e c t o r i e s  of  ca rb ide  and coated 

c u t t in g  tool  are d isp layed .  The r e su l t s  ind ica ted  that, in s te e l  

AISI 1045, the machining cos t  per workpiece, us ing a coated 

c u t t i n g  too l ,  is lower than the machining cos t  per workpiece 

us ing a carb ide  c u t t i n g  tool a t  the optimum c u t t i n g  cond i t ion s  by 

means of the optimum g rad ien t  method. The s o lu t io n  was found on 

the s ide  of the h igher feed ra te  where the machining cost  per 

workpiece was p ropo r t iona l  to the cu t t ing  speed and feed rate. To 

reduce the machining cos t  per workpiece too l wear rate, or too l
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Table 6.1 Minimum machining costs  and corresponding
product ion  times for a rough-turn ing operat ion 
us ing carb ide  and coated tool

Machining costs and production time

Type of tool

carbide coa ted

Machine operation rate (baht/min) 10.50 10. 50

Tool cost per cutting edge (baht) 22.17 28.50

Tool changing time (min) 0. 67 0.67

Exponent of tool l i f e  (ท) 0. 30 0.36

Exponent of feed rate (a) 0.67 0.62

Tool l i fe  constant (C) 150.885 152.475

Tool l i fe  for minimum machining cost (mini) 2.514 3. 335

Cutting speed for minimum machining cost (ill/1 1 1 iท) 172 185

Feed rate for minimum machining cost (mm/rev) 0.5146 0.4994

Depth of cut (nun) 2 2

Workpiece length (mm) 170 170

Before and after cut length (mm) 5 5

Actual machining Lime (min) 0.3017 0.2890

Total tool feed time (mill) 0.3106 0. 2975

Number of workpieces per cutting edge (pieces) 8. 333 11.538

Machining cost per workpiece (baht) 9.3902 8.8289
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l i f e ,  was much more predominantly governed by cu t t in g  speed than 

by feed rate.

To prove that th i s  proposed method can e f f i c i e n t l y  

determine the optimum cu t t in g  cond i t ions ,  the convent iona l  too l  

l i f e  te s ts  were performed and the r e s u l t s  were analyzed by the 

s t a t i s t i c  method. The two tested groups of each cu t t in g  too l s  at 

the optimum c u t t i n g  cond i t ions  were repeated. By using a ca rb ide  

cu t t in g  tool  at the optimum cu t t in g  cond i t ions ;  172 m/min c u t t i n g  

speed and 0.5146 mm/rev feed rate, the e igh t  same workpieces of  a 

tested group were tested. The re su l t s  of  f lank  wear measurement 

were shown in Table B . 15 and Fig. 6.7. For a coated c u t t i n g  too l ,  

the eleven same workpieces of a tested group were a lso  tes ted  at 

the optimum c u t t i n g  cond i t ions ;  185 m/min cu t t in g  speed and

0.4994 mm/rev feed rate, and the r e s u l t s  were shown in Table B. 16 

and F i g . 6.8.

The r e s u l t s  i l l u s t r a t e d  that the to ta l  tested groups had 

the f lank  wear le ve ls  a f t e r  t e s t in g  near the wear c r i t e r i o n  

determined. For example, a f t e r  each two groups of each e igh t  

workpieces us ing each carb ide cu t t in g  too ls  were cut, the f l a n k  

wear le ve ls  were 0.362 mm and 0.360 mm in which the proposed 

method could est imate  the f lank  wear leve l  at 0.363 mm. Hence, 

the obtained r e s u l t s  i l l u s t r a t e d  that the f lank  wear le ve l s  were 

indeed into the second stage of f lank  wear growth.

To prove that  the wear of c u t t in g  tool w i th  c u t t i n g  

time is uniform, the fo l low ing  s t a t i s t i c  method (18) were used:

1. Regress ion; To determine the r e l a t i o n s h ip  between the 

cu t t in g  time and the f lank  wear, the l i n e a r  model (2) was assumed 

as :

พ  = Wo + W r *  t  (6 .3 )
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Fig. 6.7 Convent ional wear te s t s  of  ca rb ide  too l 
a t  the optimum cu t t in g  cond i t ion
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Fig.  6.8 Convent ional  wear tes ts  of  coated tool 
a t  the optimum cu t t in g  cond i t ion
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where พ = f lank  wear le ve l  at time t (min);

Wo ~ i n i t i a l  wear leve l  (mm);

Wk = wear ra te  (mm/min); 

and t = c u t t in g  time (min).

The f lank  wear model of  carb ide  cu t t in g  too l  at 172 m/min

cu t t in g  speed and 0.5146 mm/rev feed rate  could be determined as:

พ  = 0.076 + 0. 1180 *  t (6.4)

and the f lank  wear model of coated cu t t in g  too ls  at 185 m/min 

cu t t in g  speed and 0.4994 mm/rev feed rate  was a lso:

พ  = 0.049 + 0.0903* t  . (6.5)

2. Lack of f i t :  As r e s u l t s  shown in Fig. 6.7 and 6.8, a 

l i n e a r  medel shoud have been used in Eq. 6.3. Therefore, the te s t  

of the goodness of f i t  of regress ion  model must be confirmed 

whether the order o f  the model t e n t a t i v e l y  assumed is  c o r re c t  fo r  

the v a l i d i t y  of  t h i s  assumption. The hypotheses to t e s t  were:

Ho = The model adequately f i t s  the data. (6.6)

H 1 = The mode 1 does not f i t  the data. (6.7)

in which the n u l l  hypothes is  i s  re jec ted  i f  Fo >Fa  ( V !, V 2 ) .

The a n a l y s i s  of var iance of both the cu t t in g  t o o l s  were 

summarized in Table c . 1 and c . 2 (Appendix c). The r e s u l t s  cannot 

r e j e c t  the hypotheses fo r  both the cu t t in g  too ls .  I t  means that  

the l i n e a r  model adequate ly  f i t s  the data between f l a n k  wear and 

cu t t in g  time a t  s i g n i f i c a n t  leve l .
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3. Hypothesis t e s t in g :  The wear ra te  and i n i t i a l  wear 

le ve l  should be tested to confirm whether the too l  l i f e  in the 

determ inat ion of the optimum cu t t in g  cond i t ions  is  c o r re c t .  As 

the r e s u l t s  of de term inat ion  of the optimum cu t t in g  cond i t io n s

fo r  carb ide  c u t t in g  too l  at 172 m/min cu t t in g  speed and 0.5146

mm/rev feed rate , the wear rate was 0.1193 mm/min and the i n i t i a l

wear le ve l  was 0.075 mm. Therefore, the hypotheses to te s t  fo r

wear ra te  were:

Ho : W r = 0.1193 (6.8)

H 1 ะ W r * 0.1193 (6.9)

and fo r  i n i t i a l  wear le ve l  were

Ho : Wo = 0. 075 (6.10)

H 1 : Wo * 0.075. (6.11)

S im i l a r l y , f o r  coated cu t t in g too l  at 185 m/min c u t t i n g

speed and 0.4994 mm/rev feed rate, the wear ra te  was 0.0899

mm/min and the i n i t i a l  wear leve l  was 0. 050 mm, the hypotheses to

te s t  f o r  wear ra te were a lso :

Ho : W r = 0.0899 (6.12)

H 1 : W r * 0.0899 (6.13)

and fo r  i n i t i a l  wear le ve l  were ;

Ho Wo 0. 050 (6.14)

H 1 ะ Wo * 0. 050 (6.15)

in which the nu l l hypothes is  is re jec ted i f  ! to i >t a  / 2 , ท — 2 •

The hypothes is  t e s t s  in l i n e a r  wear model were summarized 

in Table c . 3 fo r  ca rb ide  cu t t in g  too l and coated cu t t in g  too l .  I t
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could be concluded that the te s t s  of tool  l i f e  fo r  de term inat ion  

of the optimum cu t t in g  cond i t ions  were 57o s i g n i f i c a n t  le ve l  to 

the convent iona l  too l  l i f e  te s t s  for  both the cu t t in g  too ls .  

Hence, the a n a ly s i s  by the s t a t i s t i c  method ind ica ted  that  the 

proposed method fo r  the determination of too l l i f e  can be used 

c o r r e c t l y  at the optimum cu t t in g  cond i t ions .
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