
C h a p t e r  5 

T h e  E x p e r i m e n t s

T h e  m a c h i n i n g  p r o c e s s  s e l e c t e d  f o r  u s e  i n  t h i s  r e s e a r c h  

w a s  a  N C  t u r n i n g  m a c h i n e .  T h i s  s e l e c t i o n  w a s  m a d e  f o r  t h e  

f o l l o w i n g  r e a s o n s .  T u r n i n g  h a s  b e e n  u s e d  e x t e n s i v e l y  a s  t h e  b a s i s  

f o r  d e t e r m i n a t i o n  o f  t o o l  l i f e ,  a n d  a  w e l l  d e v e l o p e d  e c o n o m i c  

m o d e l  e x i s t s  f o r  a n a l y s i s  o f  t h i s  p r o c e s s .  T u r n i n g  r e q u i r e s  

s i m p l e  s i n g l e  p o i n t  t o o l s  w h i c h  a r e  m u c h  l e s s  e x p e n s i v e  t h a n  

o t h e r  t o o l s  s u c h  a s  m i l l i n g  c u t t e r s  o r  d r i l l s .  F i n a l l y ,  k n o w l e d g e  

g a i n e d  f r o m  s t u d i e d  t u r n i n g ,  t h e  s i m p l e s t  a n d  m o s t  c o m m o n  

s i n g l e  p o i n t  t o o l  o p e r a t i o n ,  h a s  b e e n  f o u n d  b y  m a n y  c o m p l i c a t e d  

m a c h i n i n g  p r o c e s s e s .

5 . 1  E x p e r i m e n t a l  e q u i p m e n t s

T h e  e x p e r i m e n t  w a s  c o n d u c t e d  i n  a  N C  t u r n i n g  m a c h i n e  

( O k u m a  L B 1 0  C V - 1 2 ;  F i g .  A . 1 i n  A p p e n d i x  A )  u s i n g  a  s p i n d l e  m o t o r  

w i t h  a  p o w e r  c o n s u m p t i o n  o f  5 . 5  kW.  T h e  m a c h i n e  w a s  e q u i p p e d  w i t h  

a  v a r i a b l e  c u t t i n g  s p e e d  a n d  f e e d  r a t e  c o n t r o l  s o  t h a t  t h e  

c u t t i n g  s p e e d  a n d  f e e d  r a t e  c o u l d  b e  a c c u r a t e l y  s e t .  C u t t i n g  

s p e e d  a n d  f e e d  r a t e  w e r e  s e t  f o r  a c c u r a c y  a n d  f o u n d  t o  b e  

a c c u r a t e d  w i t h i n  ± 1  m / m i n  a n d  ±  0 .  0 0 0 1  m m / r e v  r e s p e c t i v e l y .

A  m i c r o s c o p e  c a m e r a  ( V C 8 2 0 ;  T o k y o  E l e c t r o n i c  I n d u s t r y  

C D . , L T D . ) w a s  u s e d  t o  m e a s u r e  t h e  t o o l  f l a n k  w e a r .  T h e  c a m e r a  w a s  

i n s t a l l e d  n e a r  t h e  t o o l  t u r r e t  o f  NC  t u r n i n g  m a c h i n e  a s  s h o w n  i n  

F i g .  A .  2 ( A p p e n d i x  A )  a n d  t h e  f l a n k  w e a r  m e a s u r e m e n t  w a s  m e a s u r e d  

b y  t h e  s c a l e  o f  NC  t u r n i n g  m a c h i n e  t o  b e  w i t h i n  ± 0 . 0 0 1  mm.
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I n  o r d e r  t o  s u f f i c i e n t l y  c o n t r o l  e x p e r i m e n t s  i n v o l v i n g  

t h e  c u t t i n g  p r o c e s s e s ,  t w o  s e n s o r s  w e r e  u s e d  t o  s i m u l t a n e o u s l y  

s u p e r v i s e .  O n e  w a s  t h e  A c o u s t i c  E m i s s i o n  S e n s o r  C A E — s e n s o r )  

w h i c h  w a s  m a i n l y  a  p i e z o - e l e c t r i c  c e r a m i c  f o r m e d  f r o m  a  t i t a n i u m -  

c i r c o n i u m  a c i d  l e a d  ( P b Z r x T i i - X  0: i  ) t r a n s d u c e r .  A  s p e c i a l l y  

d e s i g n e d  t o o l  s h a n k  h a d  b e e n  d e v e l o p e d  t o  m o u n t  t h e  s e n s o r  a s  

c l o s e  a s  p o s s i b l e  t o  t h e  c u t t i n g  z o n e .  T h e  t o o l  s h a n k  w a s  s h o w n  

i n  F i g .  5 . 1 .  T h e  o t h e r  w a s  t h e  K i s t l e r  t a b l e  d y n a m o m e t e r  u t i l i z e d  

t o  m e a s u r e  f o r c e s  t h r e e  d i m e n s i o n a l l y  w i t h  t h e  h e l p  o f  t h r e e  

p i e z o - e l e c t r i c  t r a n s d u s e r s .  A d r a f t  o f  t h e  d y n a m o m e t e r  w a s  s h o w n  

i n  F i g .  5 . 2 .  T h e  A E - s e n s o r ,  p r e v i o u s l y  d e s c r i b e d ,  a n d  i t s  t o o l  

s h a n k ,  w e r e  m o u n t e d  o n  t o p  o f  t h i s  t a b l e  d y n a m o m e t e r  w h i c h ,  

i t s e l f ,  w a s  f i x e d  t o  t h e  t u r r e t  o f  t h e  NC  t u r n i n g  m a c h i n e .  

T h i s  A E - f o r c e  s e n s o r  t o o l  h o l d e r  s y s t e m  a l l o w s  f o r  s i m u l t a n e o u s  

r e c o r d i n g  o f  a l l  t h r e e  m a c h i n i n g  f o r c e s  t o g e t h e r  w i t h  t h e  h i g h  

f r e q u e n c y  A E - s i g n a l s .  T h e  e x p e r i m e n t a l  s e t  u p  a n d  t h e  d e v i c e s  

n e c e s s a r y  t o  r e f i n e  t h e  s e n s o r  s i g n a l s  a r e  d i s p l a y e d  i n  F i g .  5 . 3 .  

T w o  a n a l y z i n g  c h a i n s ,  o n e  f o r  t h e  r e f i n e d  A E - s i g n a l s  a n d  o n e  f o r  

t h e  r e f i n i n g  o f  t h e  f o r c e  s e n s o r  s i g n a l s  w e r e  v i s i b l e .  T h e  

r e f i n e d  A E - s i g n a l s  a n d  t h e  t h r e e  c o m p o n e n t  f o r c e  s i g n a l s  w e r e  

f e d  t o g e t h e r  t h r o u g h  a  1 2  b i t  8 c h a n n e l  A / D -  c o n v e c t o r  i n t o  t h e  

H e w l e t t  P a c k a r d  s t a n d  a l o n e  m i c r o  c o m p u t e r  s y s t e m  f o r  f u r t h e r  

a n a l y s i s .  T h e  d i g i t i z i n g  o f  t h e  f o u r  c u t t i n g  p r o c e s s  r e l a t e d  

s i g n a l s  w a s  d o n e  s i m u l t a n e o u s l y  w i t h  a  f a s t  a s s e m b l e r  o n - l i n e  

m o n i t o r i n g  l o o p .  I n  F i g .  5 . 4 ,  t h e  s o f t w a r e  f l o w  c h a r t  d e s i g n e d  b y  

T h o m a s  B l u m  ( 1 7 )  w a s  u t i l i z e d  i n  o r d e r  t o  s u p e r v i s e  t h e  c u t t i n g  

p r o c e s s e s ,  a n d  t h e  s o f t w a r e  f l o w  c h a r t  w a s  u t i l i z e d  i n  o r d e r  t o  

d e t e r m i n e  t h e  o p t i m u m  c u t t i n g  c o n d i t i o n s  b y  m e a n s  o f  t h e  o p t i m u m  

g r a d i e n t  m e t h o d  d u r i n g  t h e  e x p e r i m e n t  s h o w n  i n  F i g .  5 . 5 .
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F ig .  5 .1  Too l  shank  w i t h  the A E - s e n s o r  mounted i n s i d e  (17)

PRE-LOAD SCREW

F ig .  5 .2  K i s t l e r  t a b l e  dynamometer u t i l i z e d  (17)
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m
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F ig .  5 .3  E x p e r im e n t a l  set,--up (17)
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F ig .  5 .5  F low c h a r t  o f  the  optimum g r a d i e n t  method



4 1

Two too l ma te r ia l s  were se lec ted  to machine the s t e e l  

AISI 1045, a ca rb ide  too l (TNMG 160404-R/LC,TiC-TiN-TaC-WC) and 

a coated tool  (TNMG 160404-27, T i C-A1 (ON ) X 8  ̂m coated) of  the 

Toshiba Tungalog. The in se r t  was mounted on a too l ho lder  which 

had a c lea rance  of 6 degrees.

5.2 Experimenta l procedures

5.2.1 A s t a r t i n g  po in t  was se lec ted  based on recommended 

c u t t in g  cond i t io n s  fo r  the c u t t in g  too l,  workpiece ma te r ia l ,  

depth of  cut, and so on.

5.2 .2  P lace te s t  po in ts  around the cu r ren t  ope ra t ing  on 

a square pat tern  shown in Fig. 5.6. These po in ts  represent a set  

of e xp lo ra to ry  moves to determine which d i r e c t i o n  w i l l  improve 

the index of  performance (machining cost per workpiece).

5 .2 .3 Determine the value of the machining cos t  per 

workpiece at each of the tes t  po in ts .  This is accomplished by 

performing machining operations at each of the c u t t i n g  speed 

and feed rate  combinations represented by the po in ts .  For each

Feed Rate
A

F+AF/2-

F-AF/2-
1 3

Current cutting condition

->“ ๆ  i I
V-AV/2 V V+AV/2 Cutting Speed

F ig .  5 .6  F o r t o r i a l  e x p e r im e n t s  o f  c u t t i n g  speed 
and feed  r a t e  to e s t im a t e  the  g r a d i e n t



42

set of c u t t in g  cond i t ions ,  data fo r  job spec 1 f i c a t i o n s  and 

cost fa c to r s  must be acquired to determine the machining cos t  

per workpiece. A worksheet fo r  o rgan iz ing  the data and making 

the c a l c u l a t i o n s  fo r  machining cost per workpiece i s  shown in 

Table 5.1.

5 .2 .4  Determine the cu t t in g  speed and feed rate  change 

components. Table 5.2 shows the procedure.

5.2 .5  Make a move of prescr ibed length in the d i r e c t i o n  

ind ica ted  by the g rad ien t  components. This w i l l  de f ine  a new 

cu t t in g  cond i t ion  which should be super io r  to the prev ious 

c u t t in g  cond i t ions .

5.2.6 The machining cost per workpiece is determined at 

the new cu t t in g  cond i t ion .  I f  the machining cost per workpiece at 

the new cu t t in g  cond i t io n  is less  than the machining cos t  per 

workpiece at the prev ious cu t t in g  cond i t ion ,  the fo l low ing  step 

move in the d i r e c t i o n  of the previous g rad ien t  IS taken.

5 .2 .7 Repeat in step 5.2.6 u n t i l  there is  no fu r th e r  

improvement in the machining cost per workpiece. I f  the cu r ren t  

machining cost  per workpiece is g reater  than prev ious machining 

cost per workpiece, determine the new grad ien t  at the prev ious 

c u t t in g  cond i t ions .  Go to step 5.2.2 in the procedure u n t i l  an 

optimum cu t t in g  cond i t ion ,  based on the stopping c r i t e r i a ,  has 

been reached.

5.3 V a l i d a t i o n

To prove that  the proposed method can determine the 

optimum cu t t in g  cond i t ion s ,  the conventional tool  l i f e  te s t s  are 

performed. The two tes ted  groups of each cu t t in g  too ls  at the 

optimum cu t t in g  cond i t io n s  are repeated and the r e s u l t s  are
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analyzed by the s t a t i s t i c  method (18). The fo l low ing  s t a t i s t i c  

method are used:

5.3.1 Regress ion: The re la t i o n sh ip s  between the c u t t i n g  

time and the f lank  wear of each cu t t in g  too ls  are determined by 

us ing the l i n e a r  model (2).

5.3.2 Lack of  f i t :  The te s t  of the goodness of f i t  of 

regress ion  model is  confirmed whether the order of the model is  

co r rec t .

5 .3 .3  Hypothes is  te s t ing :  The wear ra te  and i n i t i a l  wear 

leve l  are tested to confi rm whether the too l  l i f e  in the 

determinat ion of the optimum cu t t ing  cond i t ions  is co r rec t .
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Table 5.1 Machining cost calculat ion

C u t t i n g  C o n d i t i o n  O p t i m i z a t i  ๐ ท

Calculation Procedure: Machining cost per workpiece
Depth of c u t : ____ mm
Cutting tool used:_
Model: MCPW - MR * (TTFTaWCT) + (MR*TCT + TC)/N

1. Known Information
Price of insert (baht) p =
Total cutting edges on tool insert (edges) E = "
Machine operation rate (baht/mi.n) MR = "
Tool changing time (min/cutting edge) TCT =
Work changing time (min/workpiece) WCT =
Tool cost per cutting edge (TC;baht) = P/E TC -

2. Total tool feed time (TTFT)
Cutting speed (m/min) V = _
Feed rate (min/rev) F
Workpiece length (mm) L = ~
Before and after cut length (mm) L, = ______
Workpiece diameter (mm) D = I I I
Actual machining time (min)

MT = 3 .142*D*L/1000*F*V MT = _____
Total tool feed time (min)

TTFT = 3.142*D*(L+L,! )/1000*F*V TTFT =

3. Number of workpiece per cutting edge (N)
F irs t  cut wear (mm) พ, =
Second cut wear (mm) พ 2 = ~
Wear rate per workpiece (mm) = พ2  — พ1 WR = ______
Wear level at tool fai lure (mm) WF =
Number of workpiece per cutting tool (pieces )

N = (WF -  พ2 )/WR + 2 N =

4. Tool l i f e  (TF;min) = N*MT TF =

5. Machining cost per workpiece (MCPW;baht) MCPW =
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T ab le  5 .2  G r a d i e n t  c a l c u l a t i o n

G r a d i e n t  C a l c u l a t i o n
Cutting speed and feed rate change analysis: Turning operation

1. Current operating condition:
Cutting speed (เท/แน่ท) 
Feed rate (inm/rev)

2. Test conditions:
Cutting speed: Level 1 = __

Feed rate: Level 1 =
Level 2
Leve 1 2

T
A  F

3. Observed results: Machining cost per workpiece (baht) 

Feed rate

Leve 1

Level

Level 1 Level 2 Cutting speed

A V

4. Gradient calculation:
Different cutting speed: A V  =

Different feed rate: A F  =
Step move: S M  =

Cutting speed gradient:
G v i=  ( Ci. 1 +Ci. 4 -Ci. , -Ci . 3 )/2 =

Feed rate gradient:
G V i = ( Ci. 1 +Ci. 3 -Ci. 3 -Ci . 1 )/2 =

Magnitude gradient:
Mp = [ Gv, 2 + G, A ไ \/2 __

New cutting condition:
new V= o ld  V  + A V ^ S M ^ G v i / M „  -
new F  =old F 1 A F *  S M * G k i / M p  =
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