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INTRODUCTION

The p r o c e s s  o f  m e t a l  c u t t i n g  i s  a v i t a l  l i n k  i n  a l l  

s t a g e s  o f  m a n u f a c t u r i n g .  I t  would  i n d e e d  be d i f f i c u l t  t o  

t h i n k  o f  any p r o d u c t  t h a t  d i d  n o t  i n v o l v e ,  d i r e c t l y  o r  i n d i r ­

e c t l y ,  some phase  o f  t h e  m e t a l  c u t t i n g  p r o c e s s ,  namely  t u r n i n g ,  

d r i l l i n g ,  m i l l i n g ,  s h a p i n g ,  p l a n i n g ,  n o b b in g  o r  b o r i n g .  The 

p r o c e s s  seemed s im p le ,  a t  l e a s t  f rom  th e  s t a n d p o i n t  o f  u t i l i ­

z a t i o n ,  and  a t t r a c t e d  t h e  a t t e n t i o n  o f  i n g e n i o u s  m ec h an ic s  and 

e n g i n e e r s  who d e v i s e d  ways of  ex p an d in g  i t s  u s e f u l n e s s .  Thus 

m e t a l  c u t t i n g  advan ced  a s  an  a r t  f o r  many y e a r s  u t i l i z i n g  t h e  

p r i n c i p l e  o f  t r i a l  and  e r r o r .

The fu n d am e n ta l  s t u d y  o f  t h e  m e t a l  c u t t i n g  p r o c e s s  n a t u r ­

a l l y  c e n t e r e d  i t s e l f  abou t  t h e  s tu d y  o f  c h ip  f o r m a t i o n ,  i . e . ,  

t h e  mechanism by w hich  t h e  t o o l  p ro d u ce d  f a i l u r e  i n . t h e  work 

m a t e r i a l .

H. T resca1 in  1873 f i r s t  c a r r i e d  out chip form ation  r e ­

search  by p lan ing  l e a d  a t  low c u t t in g  speeds w ith  a to o l  of 

zero rake ang le .  He noted t h a t  as  the  to o l  p rog re ssed  the  

work m a te r i a l  s t a r t e d  to  flow over the  t o o l  face in  an upward 

d i r e c t i o n .  F in a l l y  the  m a te r i a l  sheared  along a p lane extend­

ing from th e  c u t t in g  edge to  the o r i g i n a l  su r fa c e .  T r e s e s ’ s 

t e s t s  a re  s i g n i f i c a n t  because he was the  f i r s t  one to  conceive 

the  important idea of a two dimensional a n a ly s i s  as  a means 

f o r  f a c i l i t a t i n g  r e s e a rc h  in chip fo rm ation .

I .  Thime~ i n  1878 e x te n d e d  T r e s e s ’ s t e s t s  by i n v e s t i g a ­

t i n g  o t h e r  m a t e r i a l s  l i k e  z i n c ,  b r o n z e ,  c a s t  i r o n ,  and  s t e e l .
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He recognized tlie bas ic  d i f f e r e n c e  between the  " shear  type 

chip" occurr ing  in  the case of  tough m a t e r i a l s  and ru p tu re  

type chips encountered in  the  case of b r i t t l e  m a t e r i a l s .

A Haussner8 in  1892 cons idered  the th r e e  dimensional 

case of  chip form ation .  He had th e  concept of the  b u i l t - u p  

edge when r e f e r r i n g  to  " p a r t i c l e s  of the work m a te r i a l  s t i c k ­

ing to  the  to o l  face and i n t e r f e r r i n g  w ith  the  chip f low " .

G. S e l leg ran^  in  1896 used a t o o l  dynamometer to study 

the  c u t t in g  fo rce  in  the  d i r e c t i o n  of  the  motion of the  

workpiece. He noted the ex is ten c e  of the  shear  plane and 

a l so  d i s t in g u is h e d  between a continuous chip and a chip t h a t  

s e p a ra te s .

F. Yv. Taylor^ in  1906 publ ished  h i s  c l a s s i c  book "On the 

Art of Cutting Metals" which p re sen ted  th e  r e s u l t s  of  em p ir ica l  

r e se a rc h  on problems of to o l  l i f e ,  t o o l  f o rc e s  and p roduc t ion .

E. G. Coker0 in  1925 u t i l i z e d  p h o to e l a s t i c  methods in  

the  study of  chip form ation .

Rosenhain and S tumey^ in  1925 c l a s s i f i e d  chips as " t e a r "  

type ,  "shear"  type and "flow" type .  The t e a r  and shear  type 

chips  r e f e r  to  d iscon t inuous  chips  while  the flow type r e f e r s  

to  the  continuous chip .  In  plunge c u t t i n g  b rass  and s t e e l  they 

were able to  o b ta in  any of the above mentioned chip types by 

varying  the rake angle and the  depth of cut a t  cons tan t  c u t ­

t i n g  speeds and feed s .

E. G. H erbe r t8 in  1926 s tu d ied  the work hardening pro­

p e r t i e s  of m e ta ls  under c u t t in g  co n d i t io n s .  He s t a t e d  t h a t  

th e  b u i l t - u p  edge, when i t  appeared, a c t u a l l y  d id  the  c u t t i n g .
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The metals  are  work hardened by deformation in  the c u t t in g  

p rocess .  This work hardening- was found to be g r e a t l y  i n f l u ­

enced by the temperature a t  which deformation took p lace .

In  most fe r ro u s  as well  as  non-fe rrous  m e ta ls  the capac i ty  

f o r  work hardening snowed a low value a t  tem pera tures  of

about 250 to 300°F.
9 10Ivl. Kronenberg ’ in  1927 published  a book "Grundzuge 

der Zerspanungslehre" in  which he analyzed the  metal  c u t t in g  

r e s u l t s  of many prev ious  i n v e s t i g a t o r s .  From t h e i r  combined 

da ta  he derived two important emperical laws. The c u t t i n g

to o l  l i f e ,  F i s  the c u t t in g  fo rce ,  A i s  the  chip cross  s e c t io n a l  

area  and the remaining symbols are  co n s tan ts  depending upon 

the work m a te r i a l ,  t o o l  m a t e r i a l ,  t o o l  ang les  and c u t t in g  f l u i d .  

Kronenberg formulated t a b l e s  f o r  these v a r io u s  cons tan ts  from 

da ta  taken from var ious  i n v e s t i g a t o r s .

M. Okoshi^^ in  1930 recognized  only two types  of chips ,  

namely "c rack 11 type and " s l i p "  type .  With the f i r s t  type of 

chip a gap occurred  s u b s t a n t i a l l y  i n  the d i r e c t io n  of to o l  

motion ahead of the  t o o l ,  with the  second type of chip shear 

occurred along a shear p lane .  Okoshi assumed t h a t  the f r i c t i o n  

between the chip and to o l  was the  major cause fo r  the occurrence 

o f  e i t h e r  of the  two types of ch ips .  When the chip v e lo c i ty

speed law V = : X000A 5 and a c u t t in g  fo rce  law

F = Cp (1000A)r  where V i s  the cu t t in g  speed fo r  some d e f i n i t e
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was small the  f r i c t i o n  was almost as high as  in the  case of 

s t a t i c  f r i c t i o n .  T es ts  on b ra s s  showed t h a t  a shear type 

chip could be changed in to  a crack type chip by roughing the 

to o l  face .  Okoshi was of  the op in ion  t h a t  the shear angle 

va r ied  with  the rake angle of the to o l  and the work m a t e r i a l .  

He found the shear  angle to be a maximum f o r  a l l  m a te r i a l s

a t  a t r u e  rake o f  30°.
1 ?J .  Rathja-1-  ̂ in  1939 s im ula ted  "chip formation" by com­

p re s s in g  wet sand w ith  p r o f i l e d  t o o l s  and a l so  by p u l l i n g  

such t o o l s  through sand. A " s tag n an t"  body developed c o r r e s ­

ponding to  P r a n t l ' s  theory  of  p l a s t i c  deformation .  The f o r ­

mation of  d i f f e r e n t  types  of ch ip s  was ex p la in ed  by means of 

s l i p  l i n e s  o r  t r a j e c t o r i e s .  The flow of m a te r ia l  i s  opposed 

by f r i c t i o n  a t  the  t o o l  face and by the r e s i s t a n c e  of  th e  

m a te r i a l .  The s l i p  l i n e s  form a cons tan t  angle with the 

p r i n c i p a l  s t r e s s e s  according to  the  r e l a t i o n  45° -  J  where 

T  i s  the  f r i c t i o n  ang le .  R a th ja  assumed t h a t  a shear  type 

chip developed when the s l i p  l i n e s  a re  curved away from the  

workpiece. On the o th e r  hand when the  depth o f  cut i s  so 

l a rg e  t h a t  the  s l i p  l i n e s  a re  p a r a l l e l  to  the work surface  

or  even curved in to  the work, the  s t r e s s  in  these  l i n e s  ex- 

cedes the  shear  s t r e n g th  be fo re  the  e n t i r e  chip can f low. In 

these  cases  a " rup tu re"  chip develops.  The s l i p  l i n e s  a re  

d i r e c t e d  toward the  su rface  in  the cases  of  l a rg e  values  of  

t ru e  rake which favo r  formation  of the shear  type chip .

hi. Okoshi and S. Fukui-*--' in  1933 made p h o to e l a s t i c
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t e s t s ,  t o o k  s t a t i o n a r y  and  moving p i c t u r e s  t o g e t h e r  w i t h  

f o r c e  m ea su re m e n ts  and a l s o  o b s e r v e d  th e  d e f o r m a t i o n  o f  t h e  

m a t e r i a l  u s i n g  a  ne tw o rk  o f  l i n e s  on th e  w o r k p i e c e s .  Okoshi  • 

p r e p a r e d  a d iag ra m  of  t h e  p r i n c i p a l  s h e a r i n g  s t r e s s e s .  I t  

was found  by com par ison  w i t h  m o t io n  p i c t u r e s  t h a t  t h e  f r a g ­

m en ts  s h e a r e d  a lo n g  one o f  t h e s e  l i n e s .  The s h e a r  l i n e s  

a lw ays  s t a r t  a t  t h e  c u t t i n g  edge a t  a s l i g h t  cu rv e  away f rom  

t h e  edge to w a rd s  t h e  work s u r f a c e .

A. Rupp-^ i n  1937 work ing  tv i th  A. Sehwerd u t i l i z e d  t h r e e  

p r i n c i p a l  m ethods  f o r  i n v e s t i g a t i n g  e l a s t i c  and  p l a s t i c  d e f o r ­

m a t i o n  o f  t h e  s t r e s s  f i e l d ,  namely  1) n e tw o rk  o f  l i n e s  on t h e  

w o r k p ie c e ,  2} p h o t o m i c r o g r a p h s  and 3) r o u g h n e s s  p ro d u c e d  on 

a p o l i s h e d  and  e t c h e d  d i s c  when p l a n e d  on a  l a t h e .

F .  Sclwv-erd1 ^ i n  1932  worked with, h i g h  sp e e d  m o t io n  p i c ­

t u r e s  u s i n g  a s p a r k  i l l u m i n a t i o n  m ethod  which  a l l o w e d  e x p o s u r e s  

of  10“ 7 se co n d s  and t im e  i n t e r v a l s  be tw een  f ram e s  o f  a s  l i t t l e  

a s  l / l O  m i l l i - s e c o n d s .  Schwerd a t t e m p t e d  to  s i m p l i f y  c h i p  

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

cause  t h e  f o r m a t i o n  o f  t h e  r e s p e c t i v e  t y p e  c h i p ,  namely  " t e n ­

s i l e  c h i p " ,  " s h e a r  c h ip "  and " s e g m e n ta l  t y p e  c h i p " .  The 

t e n s i l e  t y p e  c h ip  i s  p ro d u ce d  by t e n s i l e  s t r e s s e s  and o c c u r s  

p r i m a r i l y  i n  t h e  case  o f  b r i t t l e  m a t e r i a l s .  The s h e a r  ty p e  

c h i p  d e v e lo p s  when t h e  t a n g e n t i a l  s t r e s s e s  a r e  g r e a t e r  t h a n  

t h e  t e n s i l e  s t r e s s e s .  The b u i l t - u p  edge may o r  may n o t  o c c u r  

w i t h  t h i s  t y p e .  The se g m e n ta l  ty p e  c h ip  d i f f e r s  somewhat 

f rom  th e  s h e a r  t y p e  c h ip  a l t h o u g h  b o t h  r e s u l t  f rom  t a n g e n t i a l
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F i g u r e  1
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s t r e s s e s .  Segmental type chips are produced when steady 

flow of  the shear type chip i s  i n t e r r u p te d  a t  r e g u la r  i n t e r ­

v a l s  causing a break in the chip. This  type chip i s  produced 

hy v ib r a t i o n s  w i th in  a to o l  or  work holding system.

K. E rns t  and iu. i l a r t e l l o t t i 1^ in  1935 s tu d ied  th e  process 

of  formation of the b u i l t - u p  edge. They took motion p i c tu r e s  

of bronze being planed in  which a d iscon t inuous  chip was pro­

duced. These photos,  Tig. 1, were used by the author  to 

i n i t i a t e  the  study of the d iscont inuous  chip.

K. Ernst-L? in  193S .c lear ly  descr ibed  and c l a s s i f i e d  what 

are now considered  to be the th re e  bas ic  forms of chips:  Type

1, the d iscon t inuous  or  segmental chip; Type 2, the continuous 

chip; and Type 3 the  continuous chip with  the b u i l t - u p  edge, 

F ig .  2. E rns t  s t a te d  t h a t  a compressed l a y e r  or  " b u i l t -u p  

edge" i s  formed with a l l  th ree  ty p es  of chips .  However, with

Type 1 Type 2 Type 3

Figure  2
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Type 1 chip t h i s  i n i t i a l l y  compressed l a y e r  passes  o f f  with  

each segment, with Type 2 chip the  l a y e r  con t inuously  e s ­

capes with the  chip. With Type 3 chip t h i s  l a y e r  remains 

anchored to  the to o l  face  to form a b u i l t - u p  edge while th e  

chip body shears  away from i t  and p as se s  o f f  above. As the 

s t a t i o n a r y  p i l e  of  compressed m a te r i a l  (or  b u i l t - u p  edge) 

in c re a se s  in  s ize  i t  a l s o  becomes more and more u n s ta b le .  

E ven tua l ly  a po in t  i s  reached where f a i l u r e  occurs and f r a g ­

ments th e re o f  are  t o r n  o f f  and escape both with chip and with 

workpiece. This i n t e r m i t t e n t  b u i ld in g  up and breaking  down 

of the  forward end of the  b u i l t  up edge occurs a t  an extremely  

r a p id  r a t e .  Thus t h e ' s u r f a c e  of  a workpiece f i n i s h e d  under 

these  condi t ions  i s  covered with  a m u l t i tude  of fragments of 

b u i l t - u p  edge. I t  i s  th e se  fragments t h a t  c o n s t i t u t e  the  so 

c a l l e d  "roughness” of a machined su r fa ce ,  the  degree of 

roughness being s o l e ly  a fu n c t io n  of  the  average s iz e  of  the 

fragments;  t h e i r  s iz e  in  t u r n  being determined by th e  magnitude 

of  th e  b u i l t - u p  edge from which they  were t o r n .

H. E rns t  and Ivi. E. Merchant^®’ ^  1940  rev ea led  t h a t

extremely high va lues  of c o e f f i c i e n t s  of f r i c t i o n  u s u a l ly  e x i s t  

between chip and to o l  and th a t  t h i s  i s  re sp o n s ib le  fo r  the  

ex is tence  of the  buil t -up.  edge. A study of  f r i c t i o n  re v e a le d  

th a t  the  hardness  of the  mating su r faces  and the  r e s i s t a n c e  

to  shear a t  t h e i r  a r e a s  of a c tu a l  con tac t  are  the v a r i a b l e s  

of g r e a t e s t  importance in  dry f r i c t i o n .  Eor o rd ina ry  dry 

metal su r faces  in  c o n tac t ,  r e s i s t a n c e  to shear  i s  low because
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of the  presence of s t r o n g ly  adsorbed f i lm s  of low shear  

s t r e n g th  m a t e r i a l s  which always cover such s u r fa c e s .  When 

under  unusual co n d i t io n s  (such as  i n  metal  c u t t in g )  these  

f i lm s  a re  p r a c t i c a l l y  ab s e n t ,  the  c o e f f i c i e n t  of f r i c t i o n  

r i s e s  to  very high v a lu es  because the  opposing metal  su r fa ce s  

have u n i t e d  a t  t h e i r  p o in t s  of  co n tac t  and thus  the  metal i t ­

s e l f  must be sheared .  C o e f f i c i e n t s  o f  f r i c t i o n  exceeding one 

a re  common in  m eta l  c u t t i n g .

A s im p l i f i e d  fo rce  diagram was devised which inci icated  

the  r e l a t i o n s h i p  of  a l l  the  f o r c e s  t h a t  e x i s te d  between th e  

t o o l  and the  workpiece. These papers  are  the s t a r t  of the 

q u a n t i t a t i v e  t r ea tm en t  in  metal  c u t t i n g .  By u t i l i z i n g  the  

p r i n c i p l e  of minimum energy, a r e l a t i o n s h i p  between the 

shear  angle 0, the  f r i c t i o n  angle 7  and the  rake angle a was 

developed: 20 + / - a  = 90°.

V* P i i s p a n e n 2^ i n  1937 i n d e p e n d e n t l y  p r e s e n t e d  a m a th e m a t i ­

c a l  a n a l y s i s  o f  t h e  f a c t o r s  t h a t  d e te r m in e  t h e  s h e a r  a n g l e .

This  angle was assumed to  be determined by th e  cond i t ion  t h a t  

th e  c u t t in g  fo rce  be a minimum. He a l s o  assumed t h a t  the 

shear  s t r e n g th  of the  work m a te r i a l  in c re a se d  as  the  compres­

s ive  load  on the  shear  p lane in c reased  and g r a p h ic a l ly  d e t e r -  

mined the  minimum c u t t in g  fo rc e  per  g iven m a te r i a l  tak ing  i n t o  

account the  aforementioned in c re ase  o f  shear  s t r e n g th  with  

compressive s t r e s s .  His a n a ly s i s  was remarkable in  view of 

the  l a c k  of  experimenta l  work to  a s c e r t a i n  h i s  theo ry .

M. S. Merchant21 in  1944 made a mathematical a n a ly s i s  of
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the geometry and mechanics f o r  two types  of  metal cu t t in g  

p ro ces ses ,  or thogonal  and ob l ique .  Ke developed express ions  

f o r  the  va r io u s  f o r c e s ,  v e l o c i t i e s ,  s t r e s s e s ,  s t r a i n s ,  and 

energy r e l a t i o n s h i p s  t h a t  e x i s t  in  metal  c u t t in g .

In two l a t e r  papers  Merchant2^ > 24 in  19^5 completely 

worked out the  mechanics and p l a s t i c i t y  cond i t ions  t h a t  e x i s t  

in  or thogonal  c u t t in g  with a Type 2 chip .  I t  was shown t h a t  

i f  the  smear s t r e n g th  of the work m a te r i a l  was assumed to  be 

cons tant  then  the a p p l i c a t io n  of  the p r i n c i p l e  of minimum energy 

provided the p l a s t i c i t y  cond i t ion  20 + T -  a = 90 °, which i s  the  

same as  t h a t  p resen ted  in a previous paper^-9. This cond i t ion  

was found by experiment to  be a poor approximation in  a case of 

p o ly c ry s t a l i n e  m e ta ls .  A good approximation was ob ta ined ,  how­

ever,  i f  use was made of  the f a c t  t h a t  the shear  s t r e n g th  of 

the poly cry stalj ine metal i s  a c t u a l l y  a fu n c t io n  of the  compres­

sive s t r e s s  on the  shear  p lane .  The r e s u l t i n g  p l a s t i c i t y  con­

d i t i o n  i s 2 0 + 7 " - a = : C, where "C” i s  the complement of the 

slope angle of  the l i n e a r  curve r e l a t i n g  shear s t r e n g th  to  

compressive s t r e s s .  ”C!' tu rn s  out to  be a cons tan t  of th e  

work m a te r i a l .

Such a p l a s t i c i t y  cond i t ion  e s t a b l i s h e s  a r e l a t i o n s h i p  

between the  fo rce  system and the  geometry of  chip formation 

so th a t  i f  C and the shear s t r e n g th  i s  known f o r  the given 

m a te r ia l ,  a l l  f o rc e s  involved in c u t t in g  can be c a lc u la te d  

with reasonab le  accuracy d i r e c t l y  from chip measurements 

without the use of the to o l  dynamometer.

Merchant and S l a t i n 2^ in  1946 desc r ibed  new experimental
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methods f o r  the a n a ly s i s  o f  the machine p ro cesses .  They 

used a to o l  dynamometer to  measure the  fo rce  system t h a t  ex­

i s t e d  in  continuous c u t t in g .  The shear angle was determined 

by measurements on the  ch ip .  They prepared nomographs which 

s im p l i f ied  the ev a lu a t io n  of va r ious  s t r e s s e s ,  s t r a i n s ,  c u t t in g  

r a t i o ,  e t c .  from t h e i r  bas ic  measurements.

PAST I :  THEORY 0? THE P I3GOHTIHUOU8 CHIP

The geometry, mechanics, and p l a s t i c i t y  cond i t ions  f o r  

the continuous chip have been analyzed by Merchant. His 

a n a ly s i s  has been found to  agree very w e l l  with  exper im enta l  

r e s u l t s  in  a c tu a l  cases where a continuous chip  i s  ob ta ined .

In  f a c t  h i s  a n a ly s i s  has been found to be a close, approxima­

t i o n  l o r  the  case of the Type 3 ch ips ,  i . e . , t h e  continuous 

chip with the  b u i l t - u p  edge.

There remained then the  problem of the  Type 1 chip.; i . e . ,  

the  d iscon t inuous  chip which a n a ly s i s  i s  t r e a t e d  in  the  study 

t h a t  fo l low s.  The importance of t h i s  s tudy can be r e a l i z e d  

by the f ac t  t h a t  probably 80% of  a l l  the  tonnage machining i s  

performed on c a s t  i ro n  which produces only d iscon t inuous  ch ips .

II OMEN CL ATTIRE

The fo llowing nomenclature i s  used in  t h i s  paper:

A = In s tan taneous  c r o s s - s e c t io n a l  area  of ' 'ch ip1' before  

removal from workpiece = tw-^

A„ = C ro ss - se c t io n a l  a rea  of "chip" before  removal from o

workpiece = tpw^
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Ac t C r o s s - s e c t io n a l  a rea  of chip a f t e r  removal from 

work-piece =

As = Area of the  shear  plane 

C = Machining co n s tan t  = arc  cot k

d = D is tance  t r a v e l l e d  by to o l  measured from i n s t a n t  

of chip  ru p tu re  

dj_ = Distance t r a v e l l e d  by to o l  a t  i n s t a n t  shear  s h i f t s  

from shear angle 0^ to  0 

D = Maximum d is tan ce  to o l  can t r a v e l  a t  shear angle 0^

F c = C u t t ing  fo rc e ;  fo rce  component a c t in g  in  d i r e c t i o n  

of motion of to o l  r e l a t i v e  to  workpiece.

Fn = Force component a c t in g  in  d i r e c t i o n  normal t o  shear  

p la n e .

Fs = Shearing fo rc e ;  fo rce  component a c t in g  in  d i r e c t i o n  

of  shear  of m e ta l ,  in  shear  p lane .

F.j. = Thrust f o rc e ;  fo rce  component ac t in g  in  d i r e c t i o n  

p e rp e n d icu la r  to  F .  and to  su r face  genera ted .
V

k  = Slope o f  l i n e a r  curve r e l a t i n g  shear  s t r e s s  to  

compressive s t r e s s  

= A r b i t r a r y  d is tan ce  measured in  d i r e c t i o n  of r e l a t i v e  

motion of c u t t i n g  t o o l  and workpiece .

L2 = Distance through which po in t  on chip  moves r e l a t i v e  to  

c u t t in g  t o o l ,  when to o l  advances d is tan ce  L-̂

N = Normal f o rc e ;  fo rce  component a c t in g  p e rp en d ic u la r  

to  t o o l  face

R,R! = R e su l ta n t  f o rc e s ;  fo rces  a c t in g  between chip and
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to o l  and between chip and workpiece. 

r c = c u t t i n g  r a t i o  = r^ 

r^  = chip l e n g th  r a t i o  : I«2/Ll  

r-fc = chip th ic im ess  r a t i o  = t ^ / t 2

S0 = Shear s t r e n g t h  of m eta l  a t  atmospheric p re s su re  

sn = Compressive s t r e s s  a c t i n g  p e rp e n d icu la r  to  shear  p lane  

Ss = Mean shear  s t r e s s  on sh ea r  plane 

S ’ = Mean shear  s t r e n g th  o f  m eta l  being cut 

t  = In s tan tan eo u s  th ic k n e s s  of "chip" in  d i s c o n t in ­

uous c u t t in g

tp  = Thickness of "chip"  before  removal from workpiece = 

maximum depth of  cut f o r  d iscon t inuous  chip. 

t 2 = Thickness of  chip  a f t e r  removal from workpiece, as  

measured in  d i r e c t i o n  p e rp en d icu la r  to  face  of 

c u t t i n g  t o o l

Yc = Cut t ing  v e l o c i t y ,  v e l o c i t y  of to o l  r e l a t i v e  to  

workpiece

Y f  = Chip flow v e lo c i ty ;  v e l o c i t y  of  chip r e l a t i v e  to  

c u t t in g  to o l

Y3 = T e lo c i ty  of shear ;  v e l o c i t y  o f  chip r e l a t i v e  to  

the  workpiece.

Wq_ = Width of chip before  removal from workpiece 

w'2 = Width of  chip  a f t e r  removal from workpiece 

W_ = work done in  c u t t i n g ,  p e r  u n i t  volume of metal  

removed

Wf = Work done in  overcoming f r i c t i o n  between chip and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-  I k  -

t o o l ,  per  u n i t  volume of metal  removed.

Ws = V/ork done in  shear ing  of m e ta l ,  per  u n i t  volume 

of metal  removed.

a = Oblique rake angle of to o l  measured in  plane p e r ­

p en d icu la r  to i t s  c u t t in g  edge = True rake angle 

f o r  case of o r thogonal  c u t t in g

6  = Shearing s t r a i n  undergone by chip under process  

of removal

£ 0 = Shearing s t r a i n  of metal  a t  ru p tu re  under atmos­

ph e r ic  p ressu re

K ~ Slope of l i n e a r  curve r e l a t i n g  shear ing  s t r a i n  of

metal  to compressive s t r e s s  under ru p tu re  cond i t ions  

C o e f f ic ie n t  o f  f r i c t i o n  a c t in g  between s l i d i n g  chip 

and t o o l  face = F/N

' J ' -  F r i c t i o n  angle = a rc  t a n  p.

0 = Shear angle;  angle between shear  plane and surface  

being genera ted  measured in  plane pe rp en d icu la r  to 

c u t t i n g  edge of  to o l  = shear  angle to h o r iz o n ta l  

surface

01 = Shear angle  a t  ru p tu re

02 = Shear angle to in c l in e d  surface

f  -  D i r e c t io n  of c o s t a l  e longa t ion  in chip

REVIEW OF CONTINUOUS CHI? THEORY

An a n a ly s i s  of the d iscon t inuous  chip  th e o ry  must necess ­

a r i l y  be preceded by a review of the  geometry, mechanics, and
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p l a s t i c i t y  cond i t ions  t h a t  have been developed f o r  the  c o n t in ­

uous chip.  Only the case of or thogonal c u t t in g  w i l l  be d i s ­

cussed,  i . e . ,  c u t t in g  w ith  a s t r a i g h t  edge to o l  moving r e l a t i v e  

to  th e  workpiece in  a d i r e c t i o n  perpend icu la r  to  i t s  c u t t in g  

edge. The mathematical approach f o r  t h i s  problem has been 

c a r r i e d  out by Merchant21 ’ 2* ’ 2  ̂ and h i s  nomenclature w i l l  

be r e t a in e d  whenever p o s s ib le .

Geometry of Formation of the  Continuous Chip

The to o l  with rake angle  a moves in  a d i r e c t i o n  shown 

by the  arrow, tak ing  a depth of cut tj_, F ig .  3. During the

form ation  of a continuous chip the metal i s  found to  f a i l  by 

a process  of shear confined e s s e n t i a l l y  to  a s in g le  plane ex­

tending  from the c u t t in g  edge to  the  h o r iz o n ta l  work su rface  

making an angle 0 with  r e s p e c t  to  the h o r i z o n ta l  su r face .

The th ic k n ess  of the  chip a f t e r  removal i s  des igna ted  as t 2 , 

and the r a t i o  of the depth of cut t^  to  the chip th ic k n e ss  

%2 l s  ca l le d  the  chip th ic k n e s s  r a t i o ,  where
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This r a t i o  i s  the same as  th e  r a t i o  of  the  len g th  of  chip Lg 

to  the le n g th  of pa th  from which i t  was cut Lp which r a t i o  

i s  known a s  the  chip  le n g th  r a t i o ,  r ^ .  The r a t i o s  r t  and r L 

are  commonly c a l l e d  the c u t t in g  r a t i o  r c .

l 2
r L -  LT * 52 -  ’  r ‘ ( 2 )

shea r ing  s t r a i n  6 occurs  in the  chip "by th e  displacement of 

an element o f  th ic k n e s s  AZ through a d is ta n c e  AS, P ig .  4.

KT tr

m

WORK RECE

Pigure  4

(In a c tu a l  c u t t in g  AX-*-0)

£  = 4 1  = cot 0 + t an  [0 -  a) 
A X (3)

The c r y s t a l  s t r u c t u r e  of  the metal i s  e longa ted  by the  

shear ing  p rocess  but a t  a d i f f e r e n t  d i r e c t i o n  than the  shear 

ang le ,  Pig. 5. The d i r e c t i o n  of chip e lo n g a t io n ,  , i s  

determined by

cot f  = cot 0 + t a n  (0 -  aj (4)
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Figure  5

From ( 3 ) and (4) i t  i s  seen t h a t  

£  -  cot  T

The v e lo c i ty  r e l a t i o n s h i p s  a re  shown in  F ig .  6 where

CHIP

TOOL V
<x

WORK PIECE

Figure  6

the  c u t t in g  v e lo c i ty ,  V the  v e l o c i t y  of shear ,  and Yf 

v e l o c i t y  of  chip flow up the  to o l  face .

i r  — C O S  CL______
s c cos (0 -  a)

Y^ -  V singf = Y r
^ 0 cos (0 -  a) c c

(3a) 

Yc i s

the

(5)

( 6 )
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Force R e la t io n sh ip s  i n  Orthogonal C ut t ing

The fo rc es  a c t in g  between the  to o l  and the worh have been 

convenien t ly  r ep re se n te d  by the diagram in  F ig .  7 where F c i s

the  c u t t i n g  fo rce  a c t in g  in the d i r e c t i o n  of the to o l  t r a v e l ,  

Ft  i s  the  t h r u s t  fo rce  p e rp en d icu la r  to  the  t r a v e l ,  R i s  the 

r e s u l t a n t  fo rce ,  F i s  the force  of  f r i c t i o n  between the chip 

and the to o l  f a c e ,  N i s  the  force  normal to the  to o l  face ,

Fs i s  the  force  tending  to shear th e  m e ta l  along the shear 

plane ana Fn i s  the fo rce  pe rpend icu la r  to the shear p lane .

The fo l lowing r e l a t i o n s h i p s  have been derived from t h i s  

d ia g ra m :■

CHIP

j /  TOOL

WORK PIECE'

Figure  7

jx -  F/N = tan T  

F = Ft  cos a + Fc s in  a 

Fs = Fc cos a -  Ft  s in  a (9)

(7)

( 8 )
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3 S = 3?S/Ag = (Fc s in  0 cos 0 -  Ih s i n 2 0 ) / ao

s n * *’n /~ s = 3S tan  (0 + 7  -  a)

V/|, = J r c/A0 = S’/Ac

( 11 )

( 1 2 )

( 10 )

'^s ~ ^ (13)

wc -  Ss <£ + F / ac = Ws + Wf (14)

where:
p. = c o e f f i c i e n t  of f r i c t i o n  between chip  and to o l  

face

Ss = mean shear  s t r e n g th  of  m a te r i a l

Ag = area  of shear plane = A0/ s i n  0

A0 = c r o s s - s e c t io n a l  a rea  of  "ch ip ’' before  

removal = t^w^

3n = mean compressive s t r e s s  on shear  plane

= work expended in  f r i c t i o n  between chip and

t o o l  per  u n i t  volume of metal removed 

Ac = c r o s s - s e c t io n a l  area of chip  a f t e r  removal

V/s = work expended in  shearing the  metal per  u n i t  

volume of metal removed.

= t o t a l  work expended in  cu t t in g  per  u n i t  

volume of metal  removed.

A t te n t io n  should be c a l le d  to the f a c t  t h a t  the  t o t a l  

work done in  c u t t i n g  i s  expended a t  two sources:  in  overcom­

ing f r i c t i o n  between chip and to o l  and in  the shear ing  p rocess  

on a shear plane as shown in  Equation (14)*

= Ao / r c
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P l a s t i c i t y  Condit ions in  Orthogonal Cu t t ing

In  the formation  of  a cont inuous chip the shear angle 

w i l l  assume a value so as  to  make th e  t o t a l  work done a 

minimum. Since the  c u t t in g  fo rce  component Fc i s  alone r e ­

spons ib le  f o r  the work done in  c u t t i n g ,  the  shear  angle w i l l  

take on a value as to make Fc a minimum. Fc can be expressed

in  terras of  Ss , T  , 0, and a  as

TP — ^ S  C O S  ( /  ~  01-)______  / -| r  \

s in  p cos 10 + T -  a.)

M e rc h an t^  f i r s t  assumed t h a t  th e  shear  s t r e n g th  along 

the  shear  plane was a co n s tan t ,  i . e . ,

Ss = = constant  (16)

where = shear s t r e n g th  of the m a t e r i a l .  S u b s t i t u t i o n  of 

(16) in to  (15) g ives

F > Ss Ao 003 (7*- e > (17>
c . s in  0 cos (0 a)

The minimum value of  Fc i s  found by d i f f e r e n t i a t i n g  Fc 

with  re sp ec t  to  0 and equating  to  0, y i e ld in g

cos (20 + ?■'- a)  = 0 

or :  20 + '7'-  a  = 90? (18)

Express ion  (18) was found to  be a poor approximation fo r

c u t t i n g  most p o ly c ry s t a l i n e  m a t e r i a l s .

Merchant then  made use of  the  f a c t  t h a t  the  shear s t r e n g th

of a metal  in c re a se s  when the metal  i s  su b jec te d  to h igh
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compressive s t r e s s e s .  T es t s  made by P. W. Br idgm an^ showed 

t h a t  th e  r e l a t i o n  between the shear s t r e n g t h  and the  compres­

s ive  s t r e s s  to  be close  to l i n e a r  f o r  po lyc rys ta l l ine  m a te r i a l s .

DRIL
BR

1
.L  ROD
o g m a 'n

0 ——

'

-O-—
“O'

C O M P R E S S IV E  S T R E S S -* ; ,  LBS/IN.*

Figure  8

See F ig .  8. The shear ing  s t r e n g th  of the  meta l  i n  c u t t i n g  

was, t h e r e f o r e ,  assumed to be of the  form

(19)

where S0 i s  the shear  s t r e n g th  of the  m eta l  a t  zero compres­

sive s t r e s s ,  5,a i s  the  compressive s t r e s s  and k i s  the slope 

of the curve r e l a t i n g  shear  s t r e n g th  to  compressive s t r e s s .

S u b s t i t u t i n g  (11) in to  (19) and so lv ing  f o r  Si

s' = J o
( 2 0 )1 - k tan  (0 + J~- a)

s u b s t i t u t e  (20) in to  the  express ion  f o r  Fc in  (15)

•n, = S0 Aq cos ( T -  a ) ____________________________
c “ s in  0 cos 10 + 7" ~ a ) -  ic s in  0' s in  10 + 7 ' -a )  (21)

Applying the minimum energy c o n d i t io n  to  Fc in  Equation (21)
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gives

cot (20  + 7* ~ a) = ( 2 2 )

or
20 + T  -  a = C (23)

where
C = arc cot k (24)

The cons tan t  "C” in  equa t ion  (23) i s  a p hys ica l  constant  

of the work m a te r i a l .  Values of  "C" have been determined by 

means of c u t t in g  t e s t s  f o r  many types  of s t e e l s .  By making 

use of (2 3 ) the fo rce  and energy r e l a t i o n s  t h a t  have been 

p rev io u s ly  der ived  can be t ransfo rm ed  to  a form t h a t  i s  de­

pendent only on the  phys ica l  p r o p e r t i e s  of the  work m a te r ia l  

t o g e th e r  with the e a s i l y  measured shear  angle .

The Discontinuous Chip and Orthogonal Cutt ing

The d iscon t inuous  chip i s  produced when c u t t in g  in h e r ­

e n t ly  " b r i t t l e ” m a te r i a l s  such as  c a s t  i ro n  or  when machining 

d u c t i l e  m a te r i a l s  a t  low c u t t in g  speeds in  the  absence of 

c u t t in g  f l u i d s .  In  the l a t t e r  case the d iscon t inuous  chip i s  

a s s o c ia te d  with  the  high f r i c t i o n  t h a t  i s  known to  e x i s t  be­

tween the to o l  and chip. I t  was the  ob jec t  of  t h i s  i n v e s t i ­

g a t io n  to formulate  an a n a ly s i s  c o n s is te n t  with the above f a c t s .

The c u t t in g  a c t io n  which produced a d iscont inuous  chip 

was s tu d ied  by E rns t  and M a r t e l l o t t i 1® by tak ing  moving p i c ­

t u r e s  through a microscope of bronze being cut by a p la n e r  

type t o o l .  As the too l  advances with  r e sp ec t  to  the work, 

chip segments are produced a t  approximately a uniform r a t e .
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A complete cycle showing th e  formation of  a segment i s  i l l u s ­

t r a t e d  in F ig .  1. The to o l  advances in to  the  in c l in e d  su r face  

which was produced by the  rup tu red  chip.  The metal  i s  deformed 

as in d ic a te d  by the d i s t o r t i o n  of the  network of  sc r ibed  l i n e s  

on the workpiece and ev en tu a l ly  a segment ru p tu re s  a t  approx i­

mately the  same' angle as i n  the  prev ious  case .

The a n a l y s i s  of the d iscon t inuous  chip was begun by 

assuming t h a t  as the to o l  f i r s t  advanced in to  the  workpiece, 

shear would occur along a plane extending from the c u t t in g  

edge to  the in c l in e d  surface  as  in  I ' ig .  9b. During t h i s  time

aC 6

Figure 9

the  shear angle would g rad u a l ly  decrease  because the  f r i c t i o n  

between the chip and the t o o l  face  would g ra d u a l ly  inc rease  

due to the  s e l f  c leans ing  ac t io n  o f  the chip s l i d in g  up the  

to o l  f a c e .  I t  was f u r t h e r  assumed t h a t  the shear  angle de­

creased u n t i l  the  shear  plane e v e n tu a l ly  extended to  the 

h o r iz o n ta l  s u r f a c e ^ a f t e r  which the  shear  angle was des igna ted  

as  (ZS, Fig.  9c. The continued advance of the t o o l  was
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accompanied by a continued decrease ,  in  siiear angle u n t i l  

.the value of the  shear  angle became so low t h a t  rup tu re  

occurred.

The c r i t e r i o n  f o r  ru p tu re  o f  th e  work m a te r i a l  w ith  de­

c rea s in g  va lues  of  shear  angle was a t t r i b u t e d  to  be the  be­

h av io r  of the  shear ing  s t r a i n .  As the  shear  angle decreased  

the  shear ing  s t r a i n  in c re a s e d  in  accordance w ith  eq u a t io n  (3 ). 

I f  the  work m a te r i a l  were d u c t i l e  and i f  the  f r i c t i o n  were 

not too g r e a t ,  the  shear ing  s t r a i n  corresponding to  the  

eq u i l ib r iu m  shear angle would be l e s s  than  t h a t  necessa ry  

fo r  ru p tu re .  However, i f  the  m a te r i a l  were b r i t t l e ,  a s t r a i n  

would be reached which would cause ru p tu re  before  th e  shear  

angle could seek an eq u i l ib r iu m  va lue .

Severa l  m o d i f ic a t io n s  were n ecessa ry  in  these  o r i g i n a l  

assumptions to  s a t i s f y  the  a c tu a l  c u t t i n g  cond i t ions  and they  

•will be brought out l a t e r .

A mathematical  a n a l y s i s  w i l l  be necessa ry  f o r  two condi­

t i o n s :  -  Condit ion A when the  shear i s  occu rr ing  from the  c u t ­

t i n g  edge to the in c l in e d  su r face  and Condit ion  B when shear  

i s  occurr ing  to the  h o r i z o n ta l  su r fa c e .  Condition A i s  the  

s i t u a t i o n  t h a t  e x i s t s  during the s t a r t  of  the chip segment 

form ation  while  Condition B e x i s t s  during  the  l a t t e r  s tage of  

the segment form ation .

Condition A -  Shear Occurring to  the  In c l in e d  Surface

F ig .  10 shows the  to o l  with  rake angle a a f t e r  i t  has  

advanced a shor t  d i s ta n c e  d i n to  the  workpiece which o r i g i n a l l y
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had the  shape OCE

£■

t,

AL, d  | °

Figure 10

Let t j  = t o t a l  depth o f  cut

t  = In s tan tan eo u s  depth,  i . e . ,  v e r t i c a l  d is t an ce  

from machined surface  to  th e  i n t e r s e c t i o n  of 

shear  plane AB w ith  in c l in e d  su r face  OC.

0^ = Shear angle of  ru p tu re

02 = Shear angle w hile  shear  plane extends to

in c l in e d  surface

0 = Shear angle while shear  plane extends to

h o r i z o n ta l  surface

d = Distance t r a v e l l e d  from p o in t  0

w = width of  workpiece

t  can be expressed  in  terms of 0j_, 0 2 , and d as fo l low s:

In  t r i a n g l e  OAB, angle (ABO) = (02 -  0j_)

s in  (0p -  0i ) _ s in  0i 
a AB

t  = AB s in  02

_ a s in  0p s in  02
( 2 5 )

s in  (02 - 0 i )
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tiie in s tan tan eo u s  c r o s s - s e c t io n a l  a r e a  A i s

, _ w d s in  s in  0? , ,A = tv; = ________ Li_____ l £  {2b)
s in  (02 ~ 0 1 )

the in s tan taneous  cu t t in g  fo rce  Fc becomes on s u b s t i t u t i n g  

A from (2o) fo r  A0 i n to  equation  1/5)

F = s  \v d s in  0 i  cos ( r  -  a) , .
c s s in  102 -  0 i ) cos (02 + 7 " -  a)

where 0 2 i n d i c a t e s  t h a t  shear i s  occurr ing  to  th e  in c l in e d  

su r face  r a t h e r  than the  h o r iz o n ta l  su r fa c e .  The value of the 

shear  angle 0 2 w i l l  be determined aga in  by the minimum energy 

p r i n c i p l e ,  o r  s ince the  fo rce  FQ i s  re spons ib le  fo r  the  t o t a l  

work then  Fc must be a minimum.

Case I  -  Assume the shear  s t r e n g th  S's of the  work m a te r ia l  to  

be in v a r i a n t  with  r e sp e c t  to  0 a n d / ' ,  i . e . ,  Ss = = cons tan t

Then (27) becomes

Ss w d cos a ) s ^n 01
s in  (0 2 “ 0 1 ) cos (02 + ~ a ) ^

D i f f e r e n t i a t e  Fc w ith  re sp ec t  to  02 and equate  to 0.

d 3?c -  3's w a cos (7” -  a) s in  0p
^  02  ~

cos (0 2~0i ) c o s ( 0 2+7“u ) - s i n ( 02“0 i ) s i n ( 02+/-a )  _ ^

/*sin (02~0i ) cos(02+~“ a j] 2

cos j j 0 2_0 i ) + (02+/~n)J = 0 

cos (202 +7'~ei-0i) = 0 

or 202+ r-a -0 1 = 9 0 ° (29)
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Equation (29) "would not  be expected to  provide an accu ra te  

eva lua t ion  f o r  02 s ince the shear  s t r e n g th  of p o ly c ry s t a l i n e  

m a te r i a l s  are  known to be a fu n c t io n  of the compressive 

s t r e s s e s  a c t in g  on the shear p lane .

Case I I  -  Assume th a t  the shear  s t r en g th  SI. i s  a l i n e a r  

func t ion  of the compressive s t r e s s  a c t in g  on the shear  plane 

or

“ S0 + k Sn (19)

and as  with  the  continuous chip

S,o  * r (30)
1 -  k tan  (@2 + /" “ a)

where 02 1153 rep laced  0 of equa t ion  (20).  S u b s t i t u t e  (30) 

in to  (28).

S0 w d s in  0 \  cos {7~-a)
-  s i n ('0^-01  ) co s l02+^='a s i n( 02”^ i ) s i n ( 02+?'-a) (31)

apply the  minimum energy p r in c ip l e  to ( 3 1 ) and get

cos( 202+/"-a ~0i ) = & sin(202+7”“Ct-0i)

cot(202+^-a-0 i)  = k (32)

202+^~a“01= ^ (33)
whereas before:  j , . .

C = arc  cot k (24)

Condition B - Shear Occurring to the  h o r i z o n ta l  Surface

As the  t o o l  advances in to  the  workpiece e v e n tu a l ly  the 

shear plane i s  observed to extend to  the h o r i z o n ta l  surface  

in s t e a d  of to  the in c l in e d  su r face .  Under t n i s  cond i t ion  the
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depth of cu t  'becomes t-  ̂ and the shear  angle i s  c a l l e d  0 

in s t e a d  of 02.

The continuous chip theory  i s  assumed to  hold f o r  t h i s  

co n d i t io n  up to  the time of  r u p tu re .  The shear  angle 0 

i s  th u s  expressed as in  p rev ious  eq u a t io n s .

f o r  the assumption t h a t  the shear  s t r e n g th  of the m a te r i a l  

remains constant  and

f o r  the more genera l  case where the  shear  s t r e n g th  o f  the  

m a te r i a l  i s  assumed to be a l i n e a r  fu n c t io n  of  the compressive 

s t r e s s  ac t in g  on the shear  p lan e .

Changeover o f  Shear from I n c l in e d  Surface to H or izon ta l  Surface 

At f i r s t  i t  was assumed t h a t  the  shear  angle 0 2 g r a d u a l ly  

decreased  as the to o l  advanced u n t i l  some p o s i t i o n  of  th e  to o l  

was reached when the  depth t  = tj_ and 02 became co in c id en t  

w ith  0.  In f a c t  i t  was thought t h a t  the  shape of the  upper 

su rface  of the  chip was produced during the time t h a t  shearing  

was occurr ing  a t  angle 02 to  the i n c l i n e d  su r fa ce .  This  t r en d  

of thought was in f lu en ced  by the rounded concave-down appear­

ance of the chip segment of I 'ig.  1. However, a g ra p h ic a l  

a n a l y s i s  of the  chip shape t h a t  would r e s u l t  from shear  to 

the in c l in e d  su r face  i n d ic a t e d  t h a t  the  upper su rface  of  the 

chip  segment would be concave-up as  in  i ' ig .  l i b  r a t h e r  than

20 + / '  -  a = 90° (13)

20 + T  -  a = e (23)
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concave-down a s  in  F ig .  11a. The a n a l y s i s  f o r  the upper

CL 6

Figure  11

su rface  of  the  chip shape when shear  i s  occu rr ing  to the i n ­

c l in e d  su r face  i s  as fo l low s:

When the  to o l  edge, F ig .  12, advances from i t s  s t a r t i n g

oL

Figure  12

po in t  A t o  po in t  K through a d i s t a n c e ^  dp then  the  increment 

o f  th e  workpiece a t  p o in t  A moves up the  to o l  face  to po in t  

A* by an amount A’K where
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A'K _ s in  10? , , . , .
= s i r TTfcrtt) = r eraf e autting ratl° durin§^  1 1 t r a v e l  a^.

when the  to o l  edge i s  thus  a t  point  Iv the shear plane a t  

t h i s  i n s t a n t  i s  KB making an angle ^02 with- the machined 

su r face .  The shape of  the  upper surface of  the  chip  a t  t h i s  

i n s t a n t  would be A’B. A f t e r  the to o l  moves through ano ther  

increment Ad2 (=Adj_) so t h a t  the  c u t t in g  edge reaches  po in t  

L, then the  p a r t i c l e  o f  the  workpiece a t  A’ moves s t i l l  

f a r t h e r  up the  to o l  face  to A’ ’ where

a a 11 q a h  s in  1
—  = ------ ±—=---- r = cu t t in g  r a t i o  during

aA’ d2 cos (202“a )

movement A&2* Furthermore the p rev ious  upper surface  of the  

chip rep re se n ted  by the l i n e  A’B moves p a r a l l e l  to  i t s e l f  to  

p o s i t i o n  A’ ’B ' .  Thus when the  c u t t in g  edge i s  a t  po in t  L the 

shear angle a t  t h i s  i n s t a n t  i s  202 and th e  upper surface  of th e  

chip i s  A*'B’C. Now the  shear  angle c o n t in u a l ly  decreases  as  

the to o l  advances, i . e . ,  j 02 20 2 > ^02 > “  * since the f r i c t i o n

angle T co n t in au l ly  in c r e a s e s .  By making g rap h ica l  a n a ly s i s  

in  t h i s  manner and tak ing  in to  con s id e ra t io n  the f a c t  t h a t  

the shear  angle dec reases  as  the to o l  advances the upper 

surface of  the chip segment always tu rned  out to  be concave 

up as in d ic a te d  in  F ig .  l i b  and a l so  by the l i n e  A’ ’B’ C of 

F ig .  12.

I f  shear were to  occur t o  the  in c l in e d  surface  during an 

app rec iab le  p o r t io n  of the  to o l  t r a v e l  t h i s  concavity  would 

have been p l a i n l y  v i s i b l e  in  the f i n a l  chip shape. However,
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no such, concavity  was observed on th e  upper surface of the 

chip .  I t  was, t h e r e f o r e ,  concluded t h a t  the shear ing  pro­

cess  must s h i f t  from the  in c l in e d  su r face  to  the  h o r i z o n ta l  

su r face  a f t e r  a very shor t  to o l  t r a v e l .  Such a s h i f t  could 

only occur i f  the  energy r e q u i red  to  shear  to  th e  in c l in e d  

su r face  were g r e a t e r  than  t h a t  n ec essa ry  to  shear  to  the 

h o r i z o n ta l  su r face ,  i . e . ,  the  shear  angle would a t  a l l  

t imes be determined by th e  minimum energy p r i n c i p l e .

Determination  of  Distance Tool T ra v e ls  When Energy to  Shear 
to  I n c l in e d  Surface Becomes Eoual t o  Hnern-y to  Shear to  
H o r izo n ta l  Surface

Shear w i l l  change over from the  in c l in e d  surface  to  the  

h o r i z o n ta l  surface  when the  energy p e r  u n i t  d is tan ce  t r a v e l l e d  

by th e  t o o l  to  shear to the h o r i z o n ta l  su r face  becomes equal 

to  the  energy per u n i t  d is t an ce  t r a v e l l e d  by the  too l  to shear 

to  the  in c l in e d  su r face ,  i . e . ,  when

where A0 has been rep laced  by tp  w, and from equa t ion  (31)

(34)

or when

where
and [_ J  i n d i c a t e  shear a t  ang les  0 and

02 r e s p e c t iv e ly .

From equation (2 1 )

J CJ  $  s in 0 c o s (0
S0 tp  w cos(T’-a)

( 3 5 )s (0+7*-a)-h  sin0sin(0+7~-a J

j
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- -j 30 w d s in  0q cos [T-a)
*cL“ s in(02-0j_ )cos(iZ5"2+/'-o:)-lc s in(02-0p) s in (0 2 +/ “-cd (31)

rj

As seen in  F ig .  13 ciiangeover occurs when th e  to o l  r e a d i e s

i i

t
i

2C

F igu re  13

some p o s i t i o n  where d = d^. At t h i s  i n s t a n t  l e t  0 = 0C and

02 = 02c j tk® su b sc r ip t  c i n d i c a t in g  the  i n s t a n t  of change­

over.

Now equate (35) ana (3 1 ) and solve fo r  dp.

dx = *1 s in  (02c -  0 i ) 
s in  0p s in  0C

cos(02C+7'-cc)“h s in (0 2 c+ /-a )  

cos (0c+~-a)-ic s in  (0c+7"-a)

Equation (3b) expresses  the  d is t a n c e  dp t h a t  the  t o o l  t r a v e l s

a t  which time the  energy to  shear  a t  angle 02  equals the

energy to shear  a t  angle 0.

However, as  seen in  F ig .  I k  the  shear to  the  in c l in e d  

su r face  could p o ss ib ly  cont inue u n t i l  d = D, i . e . ,  u n t i l  the 

sh ea r  plane reached the  i n t e r s e c t i o n  of the  i n c l i n e d  and the
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Figure 14

h o r iz o n ta l  su r fa ce .  The angle 02 a t  t h i s  i n s t a n t  would he 

the minimum value could  a t t a i n .  Call  t h i s  value 09 m in i­

mum. I^rom F ig .  14 i t  i s  seen t h a t  

D = tjL (co t  02. “ c° t  02 (37)

Thus shear would s h i f t  a b ru p t ly  from angle 02 to  angle 0 i f  

D>d- ,̂ i . e . ,  i f  the  d is ta n c e  from equat ion  ( 3 6 ) i s  l e s s  than 

th e  d is tan ce  D. Applying t h i s  co n d i t io n  to  equa t ions  ( 3 6 ) 

and (37)

s in  (02c -  0p)

x

(cot 0p -  cot 02  min)v>
s in  02 s in  0 C

cos(02c+ / - a ) s in  (02c+7-a')
cos (0 „+ r -a ) -k  s in  (0c+ 7 ' - a )

(33)

but by tr igonom etry

(co t  (Jx -  cot 02  ruin) -  s ln  ^ 2  n ln -  -  01 >
s in  02 s in  0 2 min.

( 3 9 )
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s u b s t i t u t e  (39) in to  (3 8 )

s in  (02  min ~ 0 1 ) s in  i$2c ~ 
s in  02 mi n s in  0 C

cos(0 2 C+~ -a ) -k  s in ( 0 2 C+/ - a ;)
(40)

(41)

cos (0c+7:-a ) -k  s in  (0 c+/k'-a)

in  equation  ( 4 0 )

l e t  M  5 ( c q s  0 2et^ -g ‘)-k s in  tlS2c+^-a) 
cos (0 c + / ' -a )-k  s in  (0 C +~-a)

■u *. ■> . , r  , cos(20 ,,+7'~a)but k = cot (20c+ /-a )  = 0 7
s i n ( 20c+7 '~a)

M = s in (2 0 c+'r-a )c o s (0 2 c+7'-aj-cos(20c+7’-a ) s in (0 2 c+/r~a)

s i n (20  +7- 0.) co s (0 + /’- a ) - c o s (20  +~-a) s i n (0  + /-a )O O 0 v

but  a t  the i n s t a n t  of changeover

2 0C + / -  a = 202c + 7"- a -  0^ = C *

may not  a c t u a l l y  be the same fo r  both 0 2 and. 0 
because of s t r a i n  hardening of  the m a te r i a l  su r­
rounding the  zone of deformation. However, i t s  
v a r i a t i o n  i s  n eg lec ted  as  a f i r s t  .approximation

_ s i n ( 202c+/ “a - 0l ) c o s ( 0 2 c+2?~ a ) - c o s ( 202c+/7- a - 0 i )  s in (02c+/ " 9 )» • IV i — - ■ ■ ■ . -  . --- . . — , . _ -  _   . . _ . . . - .    . . --------

s in  0 C

_ s in  (02c “ 0 i )

s in  0 C

S u b s t i t u t i o n  of (41a) in to  (40) g ives

(41a)

s in  (02 min -  01 ) s in 2 (0 2c - 0p)

s in  0 2 min s i n 2 0^  „2 a (42)
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Equation (42) i s  the  cond i t ion  necessa ry  f o r  abrupt  change­

over of shear  plane from in c l in e d  su r face  to  h o r i z o n ta l  su r face .

As a l im i t in g  case o f  changeover cons ider  the  cond i t ion  

when the  shear  plane g ra d u a l ly  moves up the in c l in e d  su r face  to  

the  h o r iz o n ta l '  su r face .  At t h i s  i n s t a n t  0Q ~ 02$ = 02 min

Figure  15 

(Fig .  15) and equa t ion  (42) becomes

sin  (0G - 0p) y s i n 2 (0 C -  0p) 
s in  0 C s in 2 0 Q

or 1 = s in  (0 C -  0p)
s in  0c

I f  0^ has any p o s i t i v e  value th e  r i g h t  hand s ide  i s  a l ­

ways l e s s  than 1. Hence th e  equal s ign w i l l  never  ho ld .  This  

means th a t  the cond i t ion  in d ic a ted  by F ig .  15 can never  occur 

o r  t h a t  shear plane 0 2 can never g ra d u a l ly  blend in to  the
I

shear plane 0. In o th e r  words, the  shear angle ab ru p t ly  s h i f t s  

from the i n c l in e d  surface to  th e  h o r i z o n ta l  su r fa ce .

Another proof of t h i s  i s  as  fo l lows:  a t  the i n s t a n t  o f

changeover from shear  to the in c l in e d  su rface  to  shear to the

h o r i z o n ta l  surface  equa t ions  ( 2 3 ) and (3 3 ) must s im ultaneously
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be s a t i s f i e d ,  i . e . ,

2$c + T  ~ a = G = 202 c + ^  " a " #1

but Z' i s  the  same on both s id e s  of t h i s  equa t ion

(43)

but i f  /  i s  an in c re a s in g  fu n c t io n  as  the  to o l  advances to 

form the  segment,

Equation (43) i n d i c a t e s  t h a t  an abrupt  changeover must 

occur without the  shear  plane extending to  the i n t e r s e c t i o n  

of  the i n c l i n e d  and h o r iz o n ta l  su r fa c e ,  i . e . ,  0 2c ^  ^

The above a n a ly s i s  which shows t h a t  the  changeover of  shear  

p lanes  i s  abrupt  i s  based on the assumption t h a t  a t  both p lanes  

of changeover the  fo l low ing  f a c t o r s  a re  equal:  the  f r i c t i o n

angle 7"% the shear  s t r e s s  a t  zero compressive lo a a  3Q, and the 

machining cons tan t  "O'*.

The assumption t h a t  T  i s  the  same f o r  both shear p lanes  

i s  q u i t e  a c c u ra te .  However, S0 and C are  a f f e c t e d  by the 

woric hardening  of  the m a te r i a l  which i s  known to  surround- the 

reg ion  of shear .  Hence these  va lues  may not  be the same on

(45)

(44)

should be
O

noted t h a t  i f  0^ = ^  0p , the  segment would immedi­

a t e l y  ru p tu re  a t  the i n s t a n t  of changeover.
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the  two p o ss ib le  p lanes  of shear 0,- and 0 , with  the r e s u l t
/ v b  v

t h a t  in  ac tua l  metal cu t t in g  the  shear plane may g radua l ly  

decrease r a th e r  than a b ru p t ly  changeover from shear to the  

inc l ined  surface to shear to the h o r iz o n ta l  su r face .

Maximum Value of dp

By making use of equa t ion  14-la), ( 3 6 ) can be w r i t t e n

as

al  sin"L0 i  s i n 2 0G ^3<Sâ

The maximum p o ss ib le  value of dp can be determined by 

using the cond i t ion  of equa t ions  and (V5) t h a t

^ 2 c ) mpn = |  01 and (0c )min  = $1

or d-, max = ^ ~ r —  s ^n (~Z~)1 sinj&p sin2 ^

or dp max = ^1 ( l  ~ c ° s 01)
2 sin^ 0p

Equation (4 6 ) i s  p l o t t e d  in  E ig .  16. I t  i s  seen t h a t  

a t  rup tu re  angles  g r e a t e r  than  23°, dp max ~  l / 2  tp .  Erom 

experimental r e s u l t s  taken from E rns t  and k - a r t e l l o t t i 1 '3 and 

our own t e s t s  the  t o t a l  d is tance  th a t  the to o l  t r a v e l l e d  to 

form a chip i s  of the same o rd e r  of magnitude as  the depth 

of cut t p .  Therefore ,  shear  occurs  to  the in c l in e d  surface 

l e s s  than h a l f  the  t o t a l  d is tance  of to o l  t r a v e l .

tp  s in 2 (02c " $1)
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Conditions f o r  Hupture of  Chip Segment

Both the  t h e o r e t i c a l  development as w e l l  as  experimental  

evidence a s su re s  t h a t  the metal i s  shearing a t  angle 0 to 

the  h o r iz o n ta l  plane p r i o r  to  r u p tu re .  In  f a c t  both o f f e r  

evidence th a t  shear  occurs to  the  h o r i z o n ta l  surface  during 

the major p o r t io n  o f  the chip segment fo rm ation .  I t  i s  thus 

p o s s ib le  to  apply the continuous chip theory  to  the c u t t in g  

a c t io n  during t h i s  time keeping i n  mind, however, t h a t  the 

f r i c t i o n  a n g le T  , and the  shear angle  0 are c o n s ta n t ly  changing, 

i . e . ,  T cont inues  to  in c re a se  and 0 con t inues  to decrease .  At 

any in s t a n t  0 and T are  r e l a t e d  by the  p l a s t i c i t y  cond i t ion :

2 0 + r - a  = C (23)

As p rev ious ly  d iscussed  the  chip i s  assumed to  rup ture  when 

the  shearing s t r a i n  developed in  the  chip reaches  a value a t  

which rupture  must occur.  The shear ing  s t r a i n  i n  the chip 

i s  given by equation  (3)

£  = cot 0 + t a n  (0 -  a) (3)

However, the shearing s t r a i n  necessa ry  to  produce rup tu re  

w i th in  a p o ly c r y s t a l l i n e  m a te r i a l  has been shown by P. ¥ .  

Bridgman^ to in c rease  with  the a p p l i c a t i o n  of compressive 

s t r e s s .

As an approximation assume t h a t  a l i n e a r  r e l a t i o n  ho lds  fo r  

th e  behavior of £  w ith  compressive s t r e s s ,  i . e . ,  assume
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€  = £ o + K  sn (47)

where / { -  the  slope of the £"vs. 3n curve and £ Q = shear ing  

s t r a i n  a t  zero compressive s t r a i n .

1’rom equa t ion  (11)

Sn = Ss tan  (0 + ~ a ) ( H a )

sbut S’ = ■=--- ,—r— -------— r (20)s 1 -  k ta n  (0 + -  a) '

where as before  3^ i s  the  shear  s t r e n g th  of the  m a te r i a l  under 

compressive s t r e s s  and SQ i s  th e  shear  s t r e n g th  of the m a te r i a l  

a t  zero compressive s t r e s s .

Combining (11a) ana (20)

30 tan  {0 + T  -  a)
. 1 -  k tan  (0 + T  -  a")

o r  c. = _______  Sp
°n cot [0 + r -  a) -  k

I n s e r t i n g  (4S) in to  (47) and changing 0 t o  0-,

€ -  £  + ^  S0
ruprure  ^  o ■ ^ V T 0 i " + " r “ "a)" -  k M

Using the p l a s t i c i t y  co n d i t io n s

2 ^  +y  -  a = C and k = cot C, (4V) becomes

/ ^ r u p t u r e  “ ^ o  + cot (O' ^ 0 \ ) ~ cot 0 (49a)

The chip segment w i l l  ru p tu re  when the  shear ing  s t r a i n
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i n  the  chip as  determined, by equat ion  (3) r eaches  the  value 

n ecessa ry  f o r  r u p tu re  as  determined by eq u a t io n  (49) or  when

oot 01+ tan(01-a )  -  *0 + 00t (50)

or  i n s e r t i n g  the  p l a s t i c i t y  co n d i t io n s

K s
cot 01+ta n ( 0 1-a)  = i Q * eot ( e - 0 ° ) - c o t  C (50a)

Equation (50a) makes p o ss ib le  the de te rm ina t ion  of  the  

shear  angle  a t  r u p tu re  0q from th e  phys ica l  p r o p e r t i e s  o f  the 

work m a te r i a l .

Geometry of  the  Discontinuous Chip

In  g en e ra l  the  chip i s  observed to  have the  t r a p d z o id a l  

shape OPQR, F ig .  17- The long le g  of the t r a p a z o id  OP i s  an

o

Figure  17

accu ra te  in d i c a t io n  of the l e n g th  of the  shear  p lane a t  

r u p tu re .  Hence the  shear  angle a t  ru p tu re  can be determined
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from the r e l a t i o n

s ia  ^1 = 5F 151)

OP can be measured f a i r l y  a c c u ra te ly  on the chip by us ing  a

B r in e l l  microscope. A b e t t e r  method, however, i s  to  f i r s t  

mount the  chip in  a p l a s t i c  and then  p o l i s h  the su r face  to 

give b e t t e r  d e f i n i t i o n  to  the  c r o s s - s e c t io n a l  area .

The dimension OR on the chip d iv ided  by the average to o l  

t r a v e l  f o r  chip rup ture  i s  a measure of  the average cu t t in g  

r a t i o .  The d is tance  the t o o l  t r a v e l s  to  ru p tu re  a chip may be

determined i n  some cases  by counting the  number of  chip seg­

ments p e r  inch  of to o l  t r a v e l ,  e i t h e r  by counting the number 

of  " c l i c k s "  as the  ru p tu re  occurs  o r  by no t ing  the  d is tance  

between ru p tu re  marks on the  workpiece.

Another method o f  determining the  average c u t t in g  r a t i o  

i s  to  use the  w e igh t - leng th  method descr ibed  by Merchant and 

Z l a t i n ^  f o r  continuous ch ips .  However, the voids between the  

chip segments must be deducted from the o v e ra l l  length, o f  the 

c h i p ■i f  t h i s  method i s  used.

Experimental Study of 

Discontinuous Chip Formation

A thorough study of the d iscon t inuous  chip makes necessary  

the  simultaneous dete rm ina t ion  of  the  fo rces  ac t in g  between 

to o l  and work as  well  as the co n d i t io n s  of  shear w i th in  the 

workpiece.

The arrangement shown in  Eig .  IS was used in  t h i s  study.
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The workpiece was cl&niped in  a dynamometer which d e f l e c te d  

under load .  The d e f l e c t i o n  was am pli f ied  by an i n t e g r a l  

mechanical l e v e r  arrangement and the  am p l i f ied  d e f l e c t i o n  

was measured by a 1/10,000" d i a l  i n d i c a t o r .  The t o o l  was 

c a r r i e d  in  ano ther  dynamometer a t ta c h e d  to  the overarm of a 

m i l l in g  machine. This dynamometer measured the  h o r i z o n ta l  

d e f l e c t i o n  of the  to o l  by means of another  1 /10,000" d i a l  

i n d i c a t o r .  By s u i t a b l e  c a l i b r a t i o n  the d e f l e c t i o n s  of  the 

t o o l  and work dynamometers gave the  c u t t in g  fo rc e  Fc and the  

t h r u s t  fo rc e  F^ r e s p e c t iv e ly .

The two or thogonal  fo rce  read in g s  Fc and Ft  were s u f f i ­

c i e n t  to  determine the  e n t i r e  fo rce  system of F ig .  7, and 

to g e th e r  w i th  the  knowledge of  the depth of  cu t ,  width  of cut 

and c u t t i n g  v e l o c i t y  provided a l l  the da ta  n ec essa ry  f o r  the 

de te rm in a t io n  of the  v e l o c i t i e s ,  c o e f f i c i e n t  of f r i c t i o n ,  e t c .

The deformation of the workpiece while c u t t i n g  was ob­

served through a low power microscope which was l ik e w ise  a t t a c h e d  

to  the  overarm, F ig .  IB. Through t h i s  microscope the  shear  

angle a t  ru p tu re  was e a s i l y  d is c e rn a b le .  However, the  i n s t a n ­

taneous shear  angle dur ing  the formation of the  segment was d i f f i ­

c u l t  to observe.  A f t e r  a t tem pting  many procedures  i t  was 

found t h a t  the shear ing  zone could be approximately  determined 

in  the  fo l lowing  manner. The side of the workpiece which faced 

the  microscope was roughened by hand p o l i s h in g  on 120 g r i t  

ab ras ive  c lo th  so as to  produce v e r t i c a l  s c ra tc h e s  on the  work­

p ie c e .  The workpiece was i l lu m in a te d  by oblique l i g h t i n g  from 

a pen l i g h t  p laced two inches from the to o l  (with power
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supp l ied  by a 3 v o l t  t r a n s f o r m e r ) , and a l s o  from a No. 2 

photo f lo o d  lamp placed  30” from the  workpiece. As the  work 

advanced i n t o  the t o o l ,  the deformed meta l  bulged sideways 

s l ig h t l j^  so as to  smooth out the  s c ra t c h e s  in  t h a t  reg ion .

The deformed zone was thus  observable  by the  in c re ase  in  i t s  

r e f l e c t i v i t y .

Various  types of bronzes and ca s t  i r o n s  were cut and i t  

was found t h a t  the  bes t  m a te r i a l  f o r  o b se rv a t io n  was Ampco 

No. 15 Bronze having a composition of  87fo Cu, 10)b A1 and 

3/b Be. This  m a te r ia l  has a t e n s i l e  s t r e n g th  80,000 l b s .  per  

square inch ,  a y i e ld  po in t  of 45,000 l b s .  p e r  square inch and 

a hardness  of  175 B r i n e l l .

The workpiece was l / 2 ” long ,  j / l 6 n t h i c k  and 3 /4” h igh .  

The top of  the workpiece was machined as shown in  Big. 19

so t h a t  the  a c tu a l  width of cut was 0 .050” . Various depths of 

cu ts  from 0.005" to  0 .020” were used. The c u t t in g  v e lo c i ty  

was h e ld  cons tan t  a t  0.515” pe r  m inutes .  This speed was 

ob ta ined  by feed ing  the  t a b l e  toward the  to o l .

The c u t t i n g  to o l  was made of high speed s t e e l  and had a 

t r u e  rake of  +14° ana a c learance  angle of  6°.

> - - < —,0 5 0

Figure  19
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Two "Cine Kodak Spec ia l"  movie cameras, F ig .  20, were

used to  s im ultaneously  reco rd  th e  c u t t in g  ac t io n  through the

microscope and the d e f l e c t i o n  of the  to o l  and .work i n d i c a t o r s .

The microscope camera was a t t a c h e d  to the overarm by a bracket
/

so t h a t  the  ax is  of the microscope was in  l i n e  with t h a t  of 

the camera s h u t t e r .  The l e n s  was removed from t h i s  movie camera. 

Focusing of the camera was accomplished by viewing the ob jec t  

through the  r e g u la r  ground g l a s s  p rovided with t h i s  camera.

The second movie camera was se t  up on a t r i p o d  (Fig.  20) 

and was focused on th e  two d i a l  i n d i c a t o r s  as  wel l  as  on a 

s top  watch which was a t ta c h e d  to  the m i l l in g  machine t a b l e .

This camera had a f  1 .9 ,  25 mm. l e n s .  The i l l u m in a t io n  f o r  

t h i s  l a t t e r  camera came from the  sarae No. 2 photo f lood  lamp 

p rev ious ly  mentioned.

The syncron iza t ion  of the  force  read in g s  with t h e i r  cor­

responding chip segments was accomplished as  fo l lows:  The

cut was f i r s t  s t a r t e d  and a t  the  same time the s top  watch 

was s t a r t e d  and then both movie cameras were tu rned  on. Next 

the e n t i r e  i l lu m in a t io n  system was switched on from a s ing le  

switch. A f te r  c u t t in g  f o r  about one h a l f  minute the l i g h t s  

were switched o f f  a f t e r  which the  movie cameras were stopped.

The i n t e r v a l  of i l lu m in a t io n  produced by the switching on and 

o f f  o f  the l i g h t s  was c l e a r ly  v i s i b l e  on each of  the movie 

f i lm s  so t h a t  a d e f i n i t e  p o s i t i o n  of s t a r t i n g  ano. s toppingJ
of the cu t t in g  ac t io n  could be a c c u ra te ly  determined. About 

one to  two seconds were r e q u i r e d  to  form a s ing le  chip segment.

The speed of the movie f i lm s  was 2A frames per  second so t h a t
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t h e r e  were between 25 and 50 frames showing the  formation  of 

each segment.

Tne d e f l e c t i o n  read ings  corresponding to  a given segment 

were determined by a s s o c ia t in g  the d e f l e c t i o n  and the  segment 

a t  the  time t h a t  the  l i g h t s  were tu rn ed  on. From then on the 

correspondence between fo rce  read ings  and segments was made by 

counting o f f  fo rce  cyc les  and chip segments on the  movie f i lm .  

The stop watch gave th e  time i n t e r v a l  during the c u t t in g  a c t io n  

so t h a t  th e  average f i lm  speed f o r  each camera could be checked.

S e lec ted  frames from a scene showing the  formation of' a 

s in g le  chip segment a re  shown in  F ig .  21. Here the  depth of  

cu t  was .015" and the  camera speed was 24 frames per second.

Frame 1 shows the  to o l  a t  the  s t a r t  o f  the  segment with the

p rev io u s ly  rup tu red  segment s t i l l  in  view above th e  ru p tu re  

p lane.  In frame lo  the  to o l  had advanced a d is tan ce  d = 0.0019" 

and shear  i s  occu rr ing  to  the  i n c l in e d  s u r f a c e .  The f a c t  

t l ia t  shear  i s  not occu rr ing  to the  h o r i z o n ta l  surface  i s  

in d ic a t e d  by the absence of deformation of the  h o r i z o n ta l  

su r fa ce .  In  frame 20 wnere d = .0026" the  shear has  s h i f t e d  

to  the  h o r iz o n ta l  su r face  as w itnessed  by the upward motion

of the r i g h t  hand p o r t io n  of t h i s  su r face .  In  success ive  frames

the  upward t i l t  of the h o r i z o n ta l  su r face  becomes s te ep e r  and 

s te e p e r .  The i n t e r s e c t i o n  of t h i s  t i l t e d  su r face  and the 

h o r iz o n ta l  su r face  i s  taken as th e  i n t e r s e c t i o n  of the  shear  

plane with  a h o r i z o n ta l  su r fa c e .  Frame 38 i s  the  l a s t  frame 

p r i o r  to  ru p tu re .  Rupture i s  observed to occur along a l i n e
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extending  from the  to o l  po in t  to  the  i n t e r s e c t i o n  of the 

h o r i z o n t a l  and the  t i l t e d  su r face .

I t  should be noted  t h a t  as  the segment p ro g re sses  the  

con tac t  a rea  between the chip and the  t o o l  face  becomes 

l a r g e r  and l a r g e r .  As th e  chip s l i d e s  a c ro s s  the t o o l  face  

t h e ■c o e f f i c i e n t  of f r i c t i o n  should in c re a se  due to th e  chip 

wiping o f f  of  a l l  the  contaminating agen ts  from the  t o o l  f a c e .

The photographs of  F ig .  21 were en larged  from the  movie 

frames and a good dea l  of  th e  d e t a i l  in the f i lm  was l o s t  by- 

r ep ro d u c t io n .  Thus the r e f l e c t i v e  surface  on the  deformed 

p o r t i o n  o f  the  chip segment i s  ha rd ly  v i s i b l e  on th e se  

r e p r o d u c t io n s .

The a c tu a l  s tudy of the  chip form ation  and the  force  

re ad in g s  was accomplished by p la c in g  both movie f i lm s  side by 

s ide  in  a m icrof i lm  re a d e r  and l i n i n g  up the  frame of the  

fo rc e  read ing  corresponding to t h a t  of the  t o o l  p o s i t i o n .  The 

image o f  the  t o o l  and chip  segment was then  t r a c e d  onto drawing 

paper ( the image was approxim ate ly  45 t im es l a r g e r  than th e  

o r i g i n a l  microscope scene) .  The chip  segment shape and the 

shear  and ru p tu re  p lanes  were i n d ic a t e d  on the  ske tch .  The 

ske tches  corresponding to the  photographs of the p rev ious  

F ig .  21 a re  shown in  F ig .  22.

A. t y p i c a l  da ta  shee t  f o r  t h i s  same segment i s  shown in  

Table I .

The behavior  of  the fo rc e s  during th e  fo rm ation  of a 

segment i s  shown in  F ig .  23 where Fc and F-̂  are  p l o t t e d
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ag a in s t  the to o l  t r a v e l  a f o r  two depths of c u t ,  .015" and

.020". The c u t t in g  fo rce  F r i s e s  r a p id ly  a t  the  s t a r t  ofc
the cu t  but t a p e r s  o f f  to a very  slow r i s e  a t  about h a l f  the 

t o t a l  to o l  t r a v e l .  The c u t t in g  force  was never  observed to 

decrease between the  s t a r t  of a chip segment and the time of 

ru p tu re .  This was t r u e  fo r  every cut taken and i s  evidence 

of  the  cond i t io n  t h a t  the  minimum energy p r in c ip l e  holds  

throughout the  formation  of a segment. Tiie observed th ru s t  

fo rce  had a p o s i t i v e  value immediately a f t e r  ru p tu re .  This 

value i s  due to the e l a s t i c  d e f l e c t i o n  of th e  work and to o l  

dynamometer and i s  an in h e re n t  c h a r a c t e r i s t i c  of d iscontinuous 

chip formation .  However, in  t h i s  study the  i n i t i a l  t h r u s t  value 

rep resen ted  an e r r o r  as f a r  as  the  a n a ly s i s  i s  concerned. The 

t h r u s t  fo rce  assumes i t s  c o r r e c t  value soiaetirae a f t e r  the  to o l  

e n t e r s  the  cut and f o r  some d is tan ce  p r i o r  to f r a c t u r e  the 

t h r u s t  fo rce  i s  the  t r u e  value f o r  t h a t  p a r t i c u l a r  segment. The 

e f f e c t  of the e r r o r  was g r e a t e s t  on th e e v a lu a t io n  of the  co r rec t  

f r i c t i o n  angle f  or  the c o e f f i c i e n t  of f r i c t i o n  jx e s p e c i a l l y  

during the  f i r s t  p o r t io n  of  the to o l  t r a v e l ,  F ig .  24. The 

ac tu a l  va lues  of the  c o e f f i c i e n t  of f r i c t i o n  can only be su r ­

mised in  the  reg ion  nea r  the  s t a r t  of the  segment.

The accuracy of the  fo rce  read in g s  i s  g r e a t e s t  p r i o r  to 

the time of r u p tu re .  This  i s  f o r tu n a t e  since the rup tu re  con­

d i t i o n s  a re  the  most im portan t ,  f o r  h e re in  l i e s  the c h a r a c t e r i s t i c  

d i f f e re n ce  between the continuous and the d iscon t inuous  chip.

The accuracy of the  fo rc e  read ings  a t  ru p tu re  a re  a t  t h e i r  

h ig h es t  s ince  th e  dynamometers have had time to  steady themselves
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TABLE I I

MOVIE SCENE G. RUPTURE CONDITIONS, DEPTH CUT = . 0 1 5 "

OBSERVED CALCULATED

Seg­
ment Fc

l b s . Ftl b s . hdeg.
r-oi
deg.

r
deg. <r Ss

p s i s n.p s i deg.

1 8 4 .7 2 .2 7 42 1 .5 15.5 .277 1.64 49600 47000 85 .5

2 8 4 .7 5.38 30 3 .6 1 7 .6 .317 2.02 42700 28300 6 3 .6

3 84 .7 8 .22 42 5 .6 1 9 .6 .356 1.64 46500 46800 8 9 .6

4. 95 .2 2.83 41 1 .7 15.7 .281 1.66 55500 51200 83 .7

5 95.2 5 .67 48 3 .4 17.4 .313 1 .58 53300 66800 99.4

6 100.5 2 .27 52 1.3 15.3 .273 1.56 57200 76700 105.3

7 100.5 4.53 43 2 .6 16.6 .29 8 163 58200 59200 88 .6

8 105.7 8 .78 39 4 .7 18 .7 .339 1.70 58200 55500 8 2 .7

9
105.7 3 .12 35 1 .7 15.7 .281 1.57 58800 37700 71.7

10 105.7 3 .12
U.-.— ..w—.- 45 1 .7 15.7 .281 1.60 61700 65500 91 .7

Average C= 8 6 .2 °
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from th e  shock of the p rev ious  ru p tu re .  Likewise the  shear  

angle a t  ru p tu re  can he d i r e c t l y  measured r a t h e r  than in f e r r e d .

n  ty p ic a l  data  sheet  f o r  the ru p tu re  co n d i t io n s  f o r  a 

.015’' depth cut i s  shown in  Table I I .  A f t e r  examining such 

da ta  immediate i n t e r e s t  was aroused by the  wide v a r i a t i o n  

t h a t  was ob ta ined  f o r  0-^, the shear angle a t  r u p tu r e .  The 

v a r i a t i o n  in 0 j  in  t h i s  s e r i e s  of segments i s  seen to be 

between 30° and $2°. S im ila r  wide v a r i a t i o n s  were observed 

when tak in g  the o th e r  cu ts .  These v a r i a t i o n s  in  0-|_ r e q u i r e d  

a c l e a r  cut exp lana t ion  i f  the  developed theory  was to  have a 

meaning.

The shear ing  s t r a i n  corresponding to  the  14° rake angle 

to o l  i s  p l o t t e d  i n  Tig .  2$. l o r  the most common rup tu re  

an g le s  of 30° to $0° t h a t  were observed in  the  c u t t i n g  t e s t s ,  

the shear ing  s t r a i n  a t  ru p tu re  i s  seen to  be between 1 .6  and 

2 .1 .  I t  should be noted f i r s t  of a l l  t h a t  the l a rg e  d i f f e re n c e  

in  shear  angle a t  ru p tu re  produced a small d i f f e r e n c e  in shear ing  

s t r a i n  because the  6  vs .  0 curve i s  f a i r l y  f l a t  in  the reg ion  

in  which ru p tu re  occurred .

I f  next  the shear ing  s t r a i n  vs .  compressive s t r e s s  r e l a ­

t i o n s h i p  a t  ru p tu re  i s  examined, F ig .  2b, i t  i s  seen t h a t  the  

shear ing  s t r a i n  i s  p r a c t i c a l l y  cons tan t  over what appears to be 

a wide range in  compressive s t r e s s  (4 0 ,0 0 0  t o  80,000 l b s .  per  

square inch ) .

No f u r t h e r  enlightenment i s  ob ta ined  by in v e s t i g a t i n g  

the  r e l a t i o n s h i p  e x i s t in g  between the shear ing  s t r e s s  and the

compressive s t r e s s  a t  r u p tu re ,  F ig .  27* A small inc rease  in  

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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s h e a r  s t r e s s  was o b se rv e d  w i th  t h e  i n c r e a s e  o f  coxapressive 

s t r e s s .  The xaachining c o n s t a n t  "C" f o r  t h e  b ronze  o b t a i n e d  

from t h e  s l o p e s  o f  t h e s e  5g v s .  Sn c u rv e s  i s  s e en  t o  be 65*5° 

f o r  . 0 1 0 ” d e p th ,  84*3° f o r  t h e  .013" d e p th  and 8 8 .2 °  f o r  t h e  

.020°  d e p th .  T h is  s h o u ld  be compared to  t h e  c o n s t a n t s  ob­

t a i n e d  from th e  r e l a t i o n  C = 2 0^ + / ' -  a .  The a v e r a g e  v a lu e  

of  "C" c a l c u l a t e d  from t h i s  e q u a t io n  f o r  a l l  t h e  ch ip  segments 

was found  to  be 7 8 .1 °  f o r  .010" dep th  anu 8 6 .2 °  f o r  t h e  .013" 

and .020" d e p th .  The co rre sp on d en ce  between "0" a s  o b t a i n e d  

from t h e  3^ v s .  Sn c u rv e s  and t h a t  c a l c u l a t e d  from C = 20p + / ' - a  

i s  c o n s i d e r e d  t o  be a c lo s e  c o r r e l a t i o n  f o r  t h e  p h y s i c a l  be­

h a v i o r  o f  t h e  m e ta l  a t  t h e  i n s t a n t  o f  r u p t u r e .

F i g .  28 shows th e  s h e a r in g  s t r e n g t h  p l o t t e d  a g a i n s t  t h e  

s h e a r  a n g le  a t  r u p t u r e .  At a g iv en  d e p th  o f  c u t  th e  s h e a r i n g  

s t r e n g t h  i s  o b s e r v e d  to  be f a i r l y  c o n s t a n t  o v e r  t h e  complete  

range o f  r u p t u r e  a n g l e s .  The s h e a r i n g  s t r e n g t h ,  however,  was 

s m a l l e r  a t  t h e  g r e a t e r  d e p th s  o f  c u t .  .

F o r  an u n d e r s t a n d i n g  a s  to  t h e  n a t u r e  of  r u p t u r e ,  th e  

i n v e s t i g a t i o n  h a s  t o  go back to  t h e  h a p p e n in g s  d u r i n g  t h e  

f o r m a t io n  o f  th e  i n d i v i d u a l  ch ip  segment.  R e f e r r i n g  t o  t h e  

lo w er  curve  o f  F i g .  2y i t  i s  seen  t h a t  i n  th e  e a r l y  s t a g e s  of  

t h e  segment f o r m a t i o n  the  com press ive  s t r e s s  a c t i n g  on a shear  

p la n e  i s  v e ry  h ig h  (o v e r  200,000 l b s .  p e r  sq u a re  incx. an a  a s  n ig h  

a s  400 ,000  l b s .  p e r  squa re  i n c h ) .  T h is  n igli  co m p ress ive  s t r e s s  

i s  a s s o c i a t e d  w i t h  t h e  h ig h  s h e a r  a n g l e s  t h a t  e x i s t  a t  t h e  e a r l y  

p a r t  o f  t h e  c u t .  Accompanying t h e  h ig h  s h e a r  a n g le  i s  a h igh
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SEGMENT ,t, = .010” 
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ASSUMED RELATION 
AT RUPTURE

f  VS Sh FOR RUPTURE
s„ = 50000 tan(86- 0i)
€ = cot 0( + tan (0, - 14)FROM

RUPTURE

DURING FORMATION OF CHIP SEGMENT 
( Sn DECREASES AS TOOL ADVANCES)

RUPTURE
RANGE
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shear ing  s t r a i n .  In f a c t  th e  s t r a i n  i n  the  e a r l y  s tag es  of 

the cut  are  h ig h e r  than  the s t r a i n  v a lu e s  a t  rup tu re . .  The 

metal does not r u p tu re ,  however, because i t s  d u c t i l i t y  has  

been enormously in c re ased  by the  presence of the aforementioned 

high compressive s t r e s s e s  a c t in g  on th e  shear  p lane .  As the 

to o l  advances the  shear  angle dec reases  due .to the shape of  the  

work su r face  to g e th e r  w ith  the  co n t in u a l  in c rease  in  f r i c t i o n  

ac t ing  between .the chip and to o l  f a c e .  This  decrease in  shear 

angle i s  accompanied by a r a p id  decrease  in  the  compressive 

s t r e s s ,  if/hen th e  shear angle reaches  va lues  of 50° down to  

about 3 0 ° , ru p tu re  occu rs .  Within t h i s  shear  angle range the 

shear ing  s t r a i n  remains f a i r l y  c o n s ta n t .  However, ru p tu re  is  

caused by the r a p id  decrease  in  d u c t i l i t y  t h a t  accompanies the 

decrease  in  compressive s t r e s s -w h ic h  in  t u r n  a l lows the  work 

m a te r ia l  to  ru p tu re  a t  the  same s t r a i n  v a lu es .

The £  v s .  Sn curve f o r  rup tu re  f o r  our work m a te r i a l  i s
p if

not a v a i l a b l e  and has to  be ob ta ined  by a Bridgman ° type t e s t

(such t e s t s  w i l l  ge t  under way in  our l a b o r a to r y  in  th e  near

fu tu re  us ing  an appa ra tu s  b u i l t  by I .  Kemeny^).  However, the

approximate behavior  f o r  the shear ing  s t r a i n  with compressive
/

s t r e s s  fo r  r u p tu re  was computed from th e  r e l a t i o n s  3n = 3S tan  

(C - 0j_) and £  = cot 0^ + tan  " a ) by assuming a cons tan t  

value of 30,000 fo r  Si and a value of 86° f o r  "C" which areo
the approximate values  observed a t  r u p tu re ,  see F ig .  27 and 28. 

The r e s u l t i n g  £, vs .  Sn curve n ecessa ry  f o r  rup tu re  i s  a l so  

p l o t t e d  in  F ig .  29. I t  i s  seen t h a t  a t  th e  h igh compressive

s t r e s s e s  e x i s t i n g  a t  the s t a r t  of th e  chip segment the  shear-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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ing s t r a i n  w i th in  the  chip i s  i n s u f f i c i e n t  to  produce ru p tu re .  

However, as  the  compressive s t r e s s  ac t in g  on the shear plane 

ae c rea sss  the shear ing  s t r a i n  in  th e  chip becomes s u f f i c i e n t  

f o r  r u p tu re .  Rupture occurs  when the  two curves i n t e r s e c t .

The apparent 'wide range in  shear  ang les  a t  ru p tu re  can 

be expla ined  as  fo l low s:  the  range of compressive s t r e s s  f o r

the  same 0-̂  range (4 0 ,0 0 0  to  80,000 l b s .  pe r  square inch) 

i s  small compared to  the compressive s t r e s s  t h a t  e x i s t e d  a t  

the  beginning of the  chip segment. The £  vs.  3n curve fo r  

rup tu re  c ro sses  the £  vs.  8n curve f o r  the chip segment a t  a 

small an g le .  Any v a r i a t i o n  in  the  £  v s .  3 va lues  f o r  ru p tu re  

w i l l  thus  r e s u l t  in  a wide v a r i a t i o n  f o r  the  compressive 

s t r e s s  w i th in  the  chip f o r  rup tu re  to  occur,  huch v a r i a t i o n s  

in  the £  vs .  8n rup tu re  cond i t ions  can be p re sen t  in  the  work 

m a te r i a l  due to  inhoraogenities from poin t  to po in t  w i th in  the 

work m a t e r i a l .

I t  i s  i n t e r e s t i n g  to  see how c lo s e ly  the ru p tu re  condi­

t i o n s  agree w ith  th e  equation  developed on the b a s i s  o f  shear­

ing s t r a i n ,  equa t ion  (49a)

£  =£" + ___________ ^-, '^9___________& 0 cot (C - 01 ) -  cot  C

By extending the s t r a i g n t  l i n e  p o r t io n  of the  £  vs .  8 

curve f o r  ru p tu re  of Rig. 29 £  Q and Kean be approximately  

determined as £. Q = 0 .50,  K = 2.27  X 10“ 5 jin^ i h - l

Use 80 = 50,000 l b s . / s o .  in .  from f i g .  28

C = 86° (Average '■'rC,i fo r  .015" and .020" depth 
cuts)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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S u b s t i tu t in g  these values  in  (49a) g ives  the following 

r e l a t i o n  between £  and 0^ ?or our m a te r i a l .

z -   1^14__________________
<f -  Q.pO + cot (g6 _ 0X) .  0#07 (51)

Table I I I  shows the comparison between the  shearing 

s t r a i n  c a lc u la te d  from the a c tu a l  s t r a i n  va lues  w i th in  the 

chip, ( col man 3) and the shear ing  s t r a i n  c a lc u la te d  from 

equation (51) (column 2) .  A close c o r r e l a t i o n  i s  obta ined  

fo r  the shear  angles  of 35° to 50° which inc lude  the reg ion  

in  which p r a c t i c a l l y  a l l  the segments ru p tu re .

TABLS I I I

COMPARISON 0? CALCULATED FROM E ^ T I O 48 (51) AND (3)

*1 £  from (51) £  from (3)

.25 2.9 2.3
30 2.4 2.0
35 2.0 1 .8
40 1.3 1.7
45 1.6 1 .6
50 1.4 1 .6
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Summary of  Discontinuous Chip Formation

The geometry, mechanics and p l a s t i c i t y  co n d i t io n s  f o r  

the d iscon t inuous  chip have been worked out .

A f te r  the  ru p tu re  of  a chip segment, the  to o l  advances 

in to  the  metal whose immediate upper su r face  i s  i n c l in e d  a t  the  

rup tu re  angle 0j_ with r e sp ec t  to the  to o l  t r a v e l .  As the  to o l  

advances th e  m eta l  f a i l s  by a p rocess  of shear  along a p lane 

extending from the  c u t t in g  edge to  the in c l in e d  s u r fa ce .  Dur­

ing t h i s  time the  depth of cut in c re a s e s  s ince  the  shear  plane 

co n t in u a l ly  extends f a r t h e r  and f a r t h e r  up the i n c l in e d  s u r fa c e .  

A l l  during t h i s  pe r io d  the  in s tan ta n eo u s  shear  angle 0£, 'the 

f r i c t i o n  angle  T ,  and the rake angle a are r e l a t e d  by the  

p l a s t i c i t y  cond i t ion  202 + T -  a -  = 0 where "C" i s  a con­

s ta n t  f o r  the  work m a t e r i a l .  As the to o l  moves a long, the 

f r i c t i o n  between the  chip and to o l  in c re a s e s  and the  shear  

angle thus dec reases  in  accordance with  t h i s  p l a s t i c i t y  condi­

t io n .  when the  to o l  reaches  a c e r t a i n  d is tance  the  energy 

re q u i r e d  f o r  shear to occur to  the  h o r i z o n ta l  su rface  becomes 

l e s s  than  the  energy re q u i r e d  to  shear  to the  i n c l in e d  s u r fa c e .  

'From t h a t  po in t  on the  shear  angle and th e  f r i c t i o n  angle are  

r e l a t e d  by the  p l a s t i c i t y  co n d i t io n  20 + T -  a = C (which i s  

the  same co n d i t io n  t h a t  e x i s t s  in  continuous chip  fo rm at ion ) .  

Again as  the to o l  advances the shear  angle cont inues  to de­

crease  and ev e n tu a l ly  ru p tu re  occurs .

The shear angle  a t  ru p tu re  i s  determined by the  shear ing  

s t r a i n  ana the  compressive s t r e s s  on the shear  ALane. Every
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m a te r i a l  lias a c h a r a c t e r i s t i c  shear ing  s t r a i n  f o r  rup tu re  

y s .  compressive s t f e s s  curve. The d u c t i l i t y  of most m ater­

i a l s  i s  in c rease d  w ith  in c re a s in g  compressive s t r e s s ,  i . e . ,  

th ey  w i l l  w i th s tan d  a much h ighe r  shear ing  s t r a i n  before  

ru p tu r in g  i f  su b jec ted  to  compressive s t r e s s .  In  the e a r l y  

s tages  of  th e  chip segment fo rm ation  the  compressive s t r e s s  

on the shear  p lane i s  very h igh and may, in  f a c t ,  reach 

va lues  between 200,000 and 400,000 l b s .  per  square inch.  This  

h igh compressive s t r e s s  in c re a s e s  the  d u c t i l i t y  of the  metal  

and hence i n h i b i t s  r u p tu re .  As the  chip formation cont inues  

the compressive s t r e s s  dec reases  r a p i d l y  p r im a r i l y  because of  

the  r a p id  decrease  in shear ang le .  E v en tu a l ly  the  compressive 

s t r e s s  dec reases  s u f f i c i e n t l y  to  allow th e  e x i s t i n g  shearing 

s t r a i n  in t h e 'm e ta l  to  produce ru p tu re .

’’B r i t t l e "  m a te r i a l s  such as  c a s t  i r o n  w i l l  not w i th s tan d  

very h igh  shear ing  s t r a i n s  a t  low v a lu es  of  compressive s t r e s s .  

Hence b r i t t l e  m a t e r i a l s  in v a r i a b ly  produce a d iscon t inuous  

ch ip .  "D uct i le"  m a te r i a l s  such as  s t e e l  may produce e i t h e r  a 

continuous or d iscon t inuous  chip depending upon the  e q u i l i ­

brium value of the  shear  angle.  Thus in  s t e e l s  the shear  

angle reaches  an e q u i l ib r iu m  value which i s  high enough so 

t h a t  the e x i s t i n g  shear ing  s t r a i n  i s  i n s u f f i c i e n t  to  produce 

ru p tu re ,  and a cont inuous  chip i s  hence formed. However, i f  

the  f r i c t i o n  between the  chip and to o l  i s  in c re ased  (e .g .  by 

c u t t i n g  dry w ith  a h igh  speed s t e e l  t o o l  a t  low speeds) the  

shear  angle tends  to  drop to  a value so low th a t  the r e s u l t i n g
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shear ing  s t r a i n  becomes g r e a t  enough to  produce rup tu re  and 

a d iscont inuous chip i s  then formed.
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PART I I : X-RAY STUDY OF fACIIEED SURBACBS

In t ro d u c t io n

The ob jec t  o f  any machining opera t ion  i s  to produce a 

surface having a s p e c i f i e d  contour,  dimensional accuracy 

and surface f i n i s h .  P rev ious  s tu d ie s  have been d i r ec ted  to ­

ward the mechanism of the metal  c u t t in g  p rocess  in  which 

a t t e n t i o n  was focused on the  region surrounding the  shear 

p lane.  During the same process ,  however, a f in i s h e d  surface  

i s  produced and i t  i s  on-the q u a l i t y  of t h i s  surface  th a t  

t h i s  p resen t  study i s  d i r e c te d .

I t  has been shown by E rn s t  and Merchant1^  19 th a t  the

smoothness of  the surface  produced i s  a fu n c t io n  of the  "B u i l t

Up Edge" which forms in  the c u t t in g  p rocess .  These p a r t i c l e s

of "Buil t  Up Edge" are severe ly  work hardened by the c u t t in g

process^ ,  in c re a se s  in  hardness  of as much as  300 t imes having

been observed by S I a t i n  and Merchant fragments of t h i s

"B u i l t  Up Edge" are ev en tu a l ly  sloughed o f f  onto the workpiece
19and impart roughness to  tiie f i n i s h e d  surface

During the  metal  c u t t in g  o p e ra t io n  the work m a te r ia l  i s  

severe ly  deformed and al though the  major p o r t io n  of t h i s  de­

formed metal i s  removed in  the cu t t in g  p rocess ,  a cons iderable  

zone of worn hardening i s  l e f t  on the machined su r face .

Even the most s u p e r f i c i a l  metal worm o p e ra t io n ,  such as 

m eta l lographic  p o l i s h in g ,  leaves  a cold worked l a y e r .  H. Vacher^'* 

found t h a t  th e  o rd inary  mechanical m e ta l lograph ic  po l ish ing
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procedures  produced, a cold worked reg ion  or 2 to  25 microns 

(0.00008” to 0 .001” ) on s t e e l ,  and 5 to 95 microns (0.0002” 

to  . 0037") on aluminum specimens.

Thomassen and M c C u tc h e o n ^  found  d e p th s  o f  c o ld  work up

to  0.010" in  m i l l i n g  b r a s s  and up to  0 .020” in  tu rn in g  b r a s s .

In the m i l l in g  t e s t s  a t h r e e f o l d  inc rease  of depth of  cold

work was observed on us ing  a d u l l  c u t t e r  i n s t e a d  of a sharp
31c u t t e r .  Sank!, Barkov; and Schmidt-' r e p o r t  depths of cold 

working o f  0 .003” to  0 .005” in carb ide m i l l in g  Dowmetal su r ­

f ace s  and 0.002” in  ca rb ide  m i l le d  3A3 1020 s t e e l  su r fa c e s .

In a l l  of these  s t u d i e s  x - ra y  d i f f r a c t i o n  back r e f l e c t i o n  

technique was used to  d.etermine the depth of  cold  work.

J .  ifu lff- '2 s tu d ie d  the depth and na tu re  of the  su r face s  

deformed by g r in d in g ,  honing, and m e ta l log raph ic  p o l i s h in g .

He employed the e l e c t ro n  d i f f r a c t i o n  techn ique .  Bor 18)3 Cr,

8% Ni s t a i n l e s s  s t e e l  he found th a t  dry g r in d in g  produced a 

deformation 11 microns deep, wet g r ind ing  8 microns deep, 

honing and m e ta l log raph ic  m echanica l ly  p o l i s h in g  about 1 l / 2  

xaicrons deejj. O r ig in a l ly  the  s t a i n l e s s  s t e e l  had a coarse 

gra ined  a u s t e n i t i c  s t r u c t u r e .  In a l l  of th e  su r face  f i n i s h i n g  

o p e ra t io n s  the worked reg ion  was conijjosed of  deformed a u s t e n i t e  

p lus  cold v/orked f e r r i t e .  (Aus ten i te  w i l l  t rans fo rm  to  f e r r i t e  

by cola working a t  tem pera tu res  unaer 200°C). Only in  the  case 

of  dry g r ind ing  was a su r face  oxide f i lm  found. The f i rm  was 

approximate!;7- 0.3 microns t h i c k  and was caused by a f l a s n  sur­

face  temperature  exceeding o00°C.

The working of any metal  i s  accompanied by any one or 
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more of the fo l low ing :  1) Reduction in  g ra in  s iz e ,  2) De­

form ation  of the c r y s t a l ,  3) P r e f e r r e d  o r i e n t a t i o n ,

4) Phase change.

1) Reduction in g r a in  s ize  -  Luring the working of  a

metal  the g ra in s  are  d isb u rse d  in to  c r y s t a l l i t e s  of sm a l le r  
3 3s i z e .  U. hood  ̂ has found t h a t  i t  i s  im poss ib le ,  even a f t e r  

the most severe deform ation ,  to  break down the c r y s t a l l i t e
rs iz e  below about 10“ "’ cm. Eence the c r y s t a l l i t e  must be 

regarded  as a fundamental u n i t  o f  the  m e t a l l i c  g ra in ,  hood 

round th a t  the s ize  of th e  fundamental c r y s t a l l i t e  was 0 .7
4 i -"i

X 10“^ mm. f o r  copper, 1 .2  .1 10“ '+ ran. f o r  n i c k e l ,  1 X 10"-*.mm. 

f o r  aluminum, and 3*2 X 10“^ ram. f o r  i ro n .

2) Grain d i s t o r t i o n  -  Working in  m e ta l s  produce "micro- 

s t r a i n s ,f o r  s t r a i n s  w i th in  the in d iv id u a l  g r a in s ,  and "macro- 

s t r a i n s ” which r e s u l t  from e l a s t i c  d i s t o r t i o n .  Ivlicrostrains 

cause l i n e  broadening of the  x - ra y  photograms while macro s t r a i n s  

r e s u l t  in  l i n e  s h i f t s .

The na tu re  of the su r face  macro s t r e s s e s  can conven ien t ly  

be determined by the  x - r a y  method. Such s tu d i e s  are important 

on machine p a r t s  t h a t  a re  to  be su b je c te d  to  repea ted  s t r e s s e s .  

Almen-^ has shown t h a t  r e s i d u a l  compressive s t r e s s e s  a t  the 

su r face  inc rease  th e  f a t i g u e  s t r e n g th  of a metal  whereas 

r e s i d u a l  t e n s i l e  s t r e s s e s  s e r io u s ly  decrease  the  f a t i g u e  

s t r e n g th .

The x - ray  s t r e s s  measurement method i s  n o n -d e s t ru c t iv e  

and in  a d d i t io n  can be used to  determine the  s t r e s s  in  ver^ small

a r e a s  (as l i t t l e  as l / 2  mm. diameter  c i r c l e ) ,  lienee 0. s t r e s s  
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t r a v e r s e  can be made over var ious  p a r t s  of a body, such 

s tu d ie s  have been made of r e s id u a l  s t r e s s e s  produced in  

welded s t r u c t u r e s ^ .

3) P re fe r r e d  O r ie n ta t io n  - P r e f e r r e d  o r i e n t a t i o n  r e ­

s u l t s  from the  tendency fo r  the metal  c r y s t a l s  to cleave and 

g l id e  or s l i p  along c e r t a i n  c r y s ta l lo g r a p h ic  p lanes^0. Such 

p lanes  of  s l i p  a re  u s u a l ly  among the  most densely popula ted 

s e t s ,  i . e . ,  s e t s  o f  p lanes  having more atoms per  u n i t  area  

than  o th e r  c ry s t a l l o g r a p h ic  p lanes .  The sp e c ia l  d i r e c t i o n  

of f ragm enta t ion  and s l i p  r e s u l t s  in the  fragments acqu ir ing  

p r e f e r r e d  o r i e n t a t i o n  w ith  r e s p e c t  to  c e r t a i n  d i r e c t io n s  of 

the  wording p ro ces s ,  e . g . ,  with r e s p e c t  to the r o l l i n g  ax is  in

the  case of r o l l i n g  of  m e ta l .  This p r e f e r r e d  o r i e n t a t i o n  may
37be b e n e f i c i a l  or D etr im enta l .  Thus itf. Goss-" has found t h a t  

the  e l e c t r i c a l  p r o p e r t i e s  of s i l i c o n  shee t  s t e e l  f o r  t r a n s f o r ­

mer laminae are  improved by allowing i t  to  r e t a i n  i t s  p re fe re n ­

t i a l  o r i e n t a t i o n .  Such s t e e l  has a cons iderab ly  n igher  magnetic 

perm eab i l i ty  in  the  d i r e c t i o n  of r o l l .  1. Snoek-^ has found 

t h a t  the  r e s i s t a n c e  or n ic k e l  s t e e l  to  co r ro s ion  improves when 

the  o r i e n t a t i o n  i s  p r e f e r e n t i a l .  In  gene ra l ,  however, p re ­

f e r e n t i a l  o r i e n t a t i o n  i s  o b jec t io n ab le  because i t  weakens a 

metal and reduces  i t s  a b i l i t y  to  w i th s tan d  f u r t n e r  deformation.

4) Phase changes - Usually  r e s u l t  from temperature changes 

t h a t  accompany metal working, and in  some cases phase changes 

may occur by the a p p l i c a t i o n  of extreme p r e s s u re s ,  f o r  example, 

t r an so fm ra t io n  of a u s t e n i t e  to  f e r r i t e .

In the machining of m eta ls  i t  was a n t i c i p a t e d  t h a t  any one
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or a l l  of the above fou r  e f f e c t s  of m eta l  working would be 

produced in th e  v i c i n i t y  of the su r face .

Machining Tests

Three types  of a u s t e n i t i c  s t a i n l e s s  s t e e l s  were chosen 

as the work m a t e r i a l .  A l l  were of the 18 Cr, b Ni v a r i e ty :

A .1 .5 .1 .  302, 303 Se and 303 S. The l a t t e r  two were f r e e  

machining types  and conta ined  selenium and su lphur  a d d i t i v e s .  

The complete chemical and phys ica l  p r o p e r t i e s  of these  

m a te r i a l s  a re  given in  Table IV.

The s t a i n l e s s  s t e e l  bar  s tock  was not r o l l e d  and annealed. 

Test p ieces  were cut o f f  s ix  inches  long and the s id e s  were 

m il led  to l / 2  X 2 l / 2 " .  These t e s t  p ie c e s  were clamped in  a 

v i se  and face  m i l l e d  on a C in c in n a t i  3 V e r t i c a l  Dial  Type 

M il l ing  Machine with  a s in g le  to o th  face m i l l i n g  c u t t e r .  The 

c u t t e r  r ad iu s  "was 2.1" and the c u t t e r  was p o s i t io n e d  c e n t r a l l y

V ,
0 0

>

•

■
1

<
Cs

01

FEED

Figure  30
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C u t t in g  Data

TABLE V 

on S t a in l e s s S te e l s  *

Run AISI True
;

C u t t in g  i C utt ing Surface Finish**
Rake Speed

No. Type Degrees Ft/Min.  ; Ratio P n

1 302 -30 300  j • 51 35 70

2 h -30 1000 j - - 45 45
t

3 II 0 300  j • 55 18 30  !
i

4 IT 0 1000 j
1 • 54 16 20

5 303Se -30  1i 300  | .49 45 65

6 " -30 | 1000 j _ 40 55

7 It 1
0 jI 300  1

j .54 32 130

i 8s
It o |j 1000 ij .60 25 j 27

19'! 303S -30 300  ] .51 40 j 45\
1 10’

it -30  | 1000 ] - - 32 | 43

1 1 1
tt 0 I> 300  I .54 23 ; 3° j

i 12 1si
n 0 ! 1000  1 .60 25 129

* Depth c u t = .125"; Feed per to o th -  .008"

** Surface f i n i s h  i n  m ic ro - in c h es ,  rms by P ro f i lo m e te r  t e s t ;  
(p) i s  read in g  p a r a l l e l  to  t o o l  t r a v e l ;  (n) i s  read in g  
normal to  to o l  t r a v e l .
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Carboloy 7& v;as used as trie c u t t i n g  m a te r i a l .  M il l ing

cuts  were taken  0.125" deep, 2 1 / 2 ” wide, a t  a feed  per too th

of .008". Two types  of  c u t t e r s  and two c u t t in g  speeds were

used on each worn m a te r i a l .  The f i r s t  t o o l  had a 22° nega t ive

a x ia l  and r a d i a l  r ake ,  a 45° corner  angle and a t r u e  rake of 
39-30 degrees . The second to o l  had a zero degree a x ia l  and 

r a d i a l  rake ,  a 45° corner  angle and a zero degree t r u e  rake .  

With each c u t t e r  a cut speed of 300 ana then 1,000 f t .  per  

minute was used .  The p e r t i n e n t  c u t t i n g  da ta  i s  given in  Table 

V. The to o l  was sharpened vvitn a diamond g r in d in g  wheel be­

fo re  each run.

A f te r  the  t e s t  b a rs  were m i l l e d ,  a c y l i n d r i c a l  sample 

5/8" diameter by l / 2 "  h igh  was taken  from the c e n te r  of the 

t e s t  b a r ,  F ig .  31s u s ing  a hollow m i l l  f o r  t h i s  purpose. The

Q

Figure  31

side of the  specimen opp o s i te  the  t e s t  cut was e l e c t r o l y t i c & l l y  

po l ished  using  a s o lu t io n  c o n s i s t in g  or 50jo c i t r i c  a c id ,  15/> 

su lphur ic  ac id  and 35> w ate r^0 w ith  a cu r ren t  d en s i ty  of 1.8

amps per square inch ,  a  t o t a l  of .008" was po l is l iea  o f f  a t  a 
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r a t e  of .C06” per hour

Instruments  A va i lab le  fo r  X-Ray S tud ies

Two x - ray  d i f f r a c t i o n  ins t rum ents  were a v a i la b le  fo r  

these  s tu d ie s .  The f i r s t  was a North American P h i l l i p s  Co. 

type 12031 D i f f r a c t i o n 'u n i t  equipped with  a p r e c i s io n  bach 

r e f l e c t i o n  camera, a powder camera, a f l a t  t ran sm iss io n  

camera and a f l a t  bacm r e f l e c t i o n  cameitf. The x - ray  tubes  

were water  cooled w ith  non-removable t a r g e t s .  A copper, 

molybdenum and an i ro n  tube were on hand.

The second instrument was a North American P h i l l i p s  

Geiger Counter X-Ray Spectrometer type 12021, equipped with 

a Brown Recorder. Nith t h i s  were two a i r - c o o le d  x - ray  tubes ,  

copper and i ron .

L a t t i c e  Constant f o r  S t a in l e s s  S te e l s

The u n i t  c e l l  dimension a0 was f i r s t  obta ined  f o r  each 

type of s t e e l  on a se p a ra te  r e c t a n g u la r  se c t io n  l / k  x l / 2  x 5 /8" .  

The 1/2  x $ /8 n face was ground to a $ cm. r a d iu s  on a c u t t e r  

g r in d e r  to  conform with the  p e r ip h e ry  of the  P h i l l i p s  P re c i s io n  

Back R e f lec t io n  Camera. The curved face of  the  specimen was 

e l e c t r o l y t i c a l l y  p o l i sh ed  to  remove .00$". The fo l low ing  

l a t t i c e  co n s tan ts  were found using Fe-Ka r a d i a t i o n .

A. I . S. 1. C rys ta l
System a0 - Angstroms

302
303 Se 
303 S

3-57 
3.60 
3. b2
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General C ons idera t ions

Immediately a f t e r  s t a r t i n g  the  x - ray  study two impor­

t a n t  f a c t s  were r e a l i z e d .

1) Almost; a l l  s tu d ie s  would have to be by th e  r e f l e c t i o n  

r a th e r  than th e  t r an sm iss io n  method. This was not so much a 

m a t te r  of convenience as i t  was a n e c e s s i t y  because of a) the  

t h i c k  samples; b) the worked reg ion  t h a t  was to  be i n v e s t ig a t e d

was confined to  w i th in  . 005" of  the su r face ;  c) any a t tem pt  to

remove a t h i n  l a y e r  of the  su rface  f o r  t ran sm iss io n  s tu d ie s  

might in troduce  e r r o r s  of  g r e a t e r  magnitude than  the  d i s t u r ­

bance th a t  was being s tud ied .

2) None of the x - ray  tubes  on hand was s u i t a b le  f o r  t h i s  

work. The molybdenum t a r g e t  tube was u n s u i t a b le  f o r  back r e ­

f l e c t i o n  work. The copper t a r g e t  tube produced fluorescence from 

the i ron .  The i ro n  t a r g e t  tube was found to  produce co n s id e r ­

ab le  fluorescence because of the  h igh chromium content  of  th e  

s t a i n l e s s  s t e e l ,  a chromium t a r g e t  tube  seemed to nave the

necessary  q u a l i f i c a t i o n s  f o r  back r e f l e c t i o n  study on the .

s t a i n l e s s  s t e e l s .  P. Gisen^1 had r e p o r te d  t h a t  chromium r a d i a ­

t i o n  produced sharp l i n e s  in  hea t  t r e a t e d  s t e e l s .  A chromium 

t a r g e t  tube was, t h e r e f o r e ,  o rdered  from North American P h i l l i p s  

Co. however, P h i l l i p s  Co. has no t  been able  to  supply us ‘with

a chromium tube fo r  they  are  exper ienc ing  d i f f i c u l t y  in  making 

such a tube .  I t  was necessa ry ,  t h e r e f o r e ,  to use the  iron  

t a r g e t  tube fo r  the back r e f l e c t i o n  s tu d i e s .
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Ke s i  dual S t r e s s e s  in  Machined Surfaces

Residual  e l a s t i c  s t r e s s e s  a re  measured in  x - ra y  d i f ­

f r a c t i o n  by a p r e c i s e  measurement of l a t t i c e  dimensions.

Back r e f l e c t i o n  i s  most s e n s i t i v e  f o r  d e t e c t in g  small  changes 

in  atomic dimensions.  This  can be seen by d i f f e r e n t i a t i n g  

Bragg’ s lav;: n X = 2d s in  G

dd.dG = —g— ta n  G

~  = 6  = s t r a i nd

dG = -  €  tan  G

IT or  a given s t r a i n ,  d9 w i l l  be p ro p o r t io n a l  to  tan  G. 

Hence th e  l a r g e s t  v a lu e s  of dG w i l l  occur  as G->90°, f o r  then 

ta n  G-> o o .

The sum of th e  p r i n c i p a l  s t r e s s e s  in  the  plane of  the  

su r face  can be computed by p lac in g  the  specimen face  p e rpend i­

c u la r  to the  x - ra y  beam a t  a predetermined d i s t a n t ,  D, from 

the  f i lm ,  F ig .  32. I f  and cr"? are the  p r i n c i p a l  s t r e s s e s  

a c t in g  a t  a p o in t  in  the  specimen t h e i r  sum can be determined 

f  r o r n ^ :

where:
E = modulus of e l a s t i c i t y  

P = P o is so n ’ s r a t i o

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-  81 -

f i l m

I SPECI MEN

Figure 32

Figure 33
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d0 = Spacing of atomic planes ly in g  

p a r a l l e l  to  the  surface  fo r  the 

un s t re s sed  metal 

d_ = Spacing fo r  s t r e s s e d  metalb

In t h i s  r e l a t i o n  ~  ■ -T. -2  i s  the  s t r a i n  normal to  the

surface produced by the surface  s t r e s s e s  C~_ and (The

s t r e s s  normal to  the  surface  i s  ze ro . )

The accuracy of t h i s  method depends f i r s t  on working with

values  of Q close to  90° so t h a t  the spacing between the

planes pe rpend icu la r  to the surface  i s  measured, and second on

the accuracy of determining as ana dQ. This l a t t e r  accuracy 

in  tu rn  i s  a func t ion  of  the specimen to f i lm  d is ta n c e ,  D, and 

the sharpness of  the d i f f r a c t e d  r ing  on the  f i lm .  Various 

methods are a v a i la b le  fo r  determining D. The method f i n a l l y  used 

was one suggested by Thomas^ in  which D was se t  to w ith in  

.001” by means of a gauge, l i g .  33. D can be a c c u ra te ly  de­

termined by p lac ing  an annealed powder such as  gold or s i l v e r  

on the  surface of the specimen and c a l c u l a t i n g  the d is tan ce  to  

the f i lm  corresponding to  the r in g  diameter of the  powder 4 3 ,4 h t 

( I t  was found in our study using He r a d i a t i o n  t h a t  a sharp 

• c a l i b r a t i n g  r in g  could be obta ined  from molybdenum powder

spr ink led  on scotch tape which in  t u r n  was placed on the  spec i­

men fac e .  However, t h i s  was not  used in  t h i s  s t r e s s  

d e t e rm in a t io n . )

The sharpness of the  d i f f r a c t e d  r in g  in  th e  photograph 

i s  dependent upon the  gra in  s ize  of the specimen and i t s
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Figure 34
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freedom from m icroscopic  s t r e s s .  Large g r a in s  produce a 

s p o t ted  r in g  which can be o f f s e t  somewhat by o s c i l l a t i n g  the 

f i lm .  However, i f  the  g r a in  s iz e  i s  very sm al l ,  or i f  micro­

scopic s t r e s s e s  a re  p r e s e n t ,  the  l i n e s  broaden and the 

K0.i -  1^2  double t  merges in to  one broad l i n e .  This i s  j u s t  

the  co n d i t io n  t h a t  e x i s t s  in  cold worhed m e ta ls  or  i n  machined 

su r fa c e s .  Under such 'cond i t ions  h igh  accuracy in  s t r e s s  mea­

surements i s  not  f e a s i b l e .  N e v e r th e le s s ,  i t  i s  poss ib le  to  

determine the  c h a ra c te r  of the  s t r e s s ,  i . e . ,  t e n s i l e  o r  com­

p re s s iv e  and i t s  gene ra l  m a g n i tu d e ^ .

In our s tu d i e s  a c i r c u l a r  c a s s e t t e ,  F ig .  33, was used 

which could be o s c i l l a t e d  - 15 ° a t  a r a t e  of one cycle per 

minute.  The specimen was he ld  in  a goniometer and the  s p e c i ­

men face  was p o s i t io n e d  p a r a l l e l  to  the f i lm .  The f i lm  to 

specimen d i s t a n c e  was se t  to  $ cm. by means of .the gauge p re ­

v io u s ly  mentioned. A c i r c u l a r  c o l l im a t in g  tuoe 1 mm. in  d ia ­

meter  was used.  The genera l  se tup i s  shown in  f i g .  34*

The u n s t r e s s e d  s ide  o f  t h i s  specimen which had p rev io u s ly  

been e l e c t r o l y t i c a l l y  p o l i s h e d  to  remove .008" was f i r s t  p r e ­

sented to  the  x - ray  beam. Only on e -h a l f  of the f i lm  was ex­

posed, the  o th e r  n a i f  being covered by two segments, F ig .  3 3 . 

The specimen was then  turned  end fo r  end to  b r ing  the machined 

(or s t r e s s e d )  su r face  in to  p o s i t i o n ,  a t  which time the two 

segments of F ig .  33 '■■ere s h i f t e d  90° so as  to  cover th e  p re ­

v ious ly  exposed f i lm .  Thus the  s t r e s s e d  and u n s t re s sed  

p a t t e r n s  were ob ta ined  on the  same f i lm ,  F ig .  33. The ex­

posure time was 4 hours.
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Figure 35

In a i l  o f  the m i l led  su r faces  only t e n s i l e  s t r e s s e s  were 

produced, the .(approxim ate) va lues  varying  from 11000 to  

45000 I d s .  per square inch.

The t e n s i l e  s t r e s s e s  t h a t  r e s id e  in  the  surface  a f t e r  

m i l l in g  may be expla ined as fo l lows:  In the  m i l l in g  process

the surface, of the metal  i s  brought to  a high tem perature  and 

i s  p l a s t i c a l l y  deformed. The i n i t i a l  thermal s t r e s s e s  in  t h i s

expanded metal are  r e l i e v e d  by the  working process  and the 
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high tem perature .  This l a y e r ,  in  i t s  s t r e s s  r e l i e v e d  s t a t e ,  

i s  then f rozen  by the quenching a c t io n  of the base metal  be­

low the surface  and so t r i e s  to  c o n t r a c t .  However, t h i s  

c o n t r a c t io n  i s  prevented by the under ly ing  metal  and so the  

surface i s  l e f t  in a s t a t e  of t e n s io n  w ith  r e sp e c t  to the  

base metal .

On the  o ther  hand i f  the  surface  were t r u l y  cold worked, 

i . e . . ,  i f  p l a s t i c  deformation took place a t  room temperature 

(as in  shot b l a s t in g )  then the su rface  l a y e r  would t r y  to  

expand but would be prevented  from doing so by the  base m eta l .

Hence, in t h i s  case the su r face  would be held  in  a s t a t e  of 

compression by the base metal .

Depth of Worked Layer

In  the  process of t h i s  i n v e s t ig a t io n  a new method^ 0 was 

devised fo r  measuring the  depth of the  worked l a y e r  of a 

m eta l .  This  method u t i l i z e d  the  C-eiger Counter X-Ray Spectrometer^? 

to  measure the depth of cold work more r a p id ly  than  i s  poss ib le  

w ith  the  x - ray  d i f f r a c t i o n  camera technique.

A f i x t u r e ,  Dig. 3b, was designed to  p o s i t i o n  a f l a t  

specimen a t  the  Bragg angle ,  and in  a d d i t i o n  to r o t a t e  the  

specimen about an ax is  normal to i t s  f l a t  surface  (sea i n s e r t ,

Rig. 36 ).  By e le v a t in g  the f i x t u r e  so t h a t  the in c id e n t  X-Ray 

beam s t ru c k  the  specimen below the a x i s  of r o t a t i o n ,  the  

r o t a t i o n  provided the e f f e c t  of scanning the specimen su r fa ce .

Using t h i s  f i x tu r e  i t  was found t h a t  i f  the  specimen was 

p o s i t io n e d  to  one of the Bragg angles  corresponding to  the
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F igu re  36

7 c h a r a c t e r i s t i c  X-Ray r a d i a t i o n ,  then the  ou tput  of th e  Geiger

counter  va r ied  as the  specimen was r o t a t e d  slowly, i . e . ,  as  the 

specimen was scanned. I t  was a l so  found th a t  th e  amount of  

v a r i a t i o n  of the Geiger coun ter  ou tpu t ,  o r  of the i n t e n s i t y  

recorded by the p o ten t io m e te r ,  was a fu n c t io n  of  the  g ra in  

s iz e  of the specimen; small  g ra in  s ize  produced a small v a r ­

i a t i o n  in  i n t e n s i t y  and l a rg e  g ra in  s ize  produced a l a rg e  

v a r i a t i o n .  Furthermore i t  \vas found t h a t  t h i s  method of 

d e te c t in g  g ra in  s iz e  uy v a r i a t i o n  of  i n t e n s i t y  i s  most s e n s i ­

t i v e  to  g ra in  s ize l a r g e r  than  10“ 3 ran., i . e . ,  to  the s ize  th a t  

produces a d iscon t inuous  r in g  in  an x - ray  d i f f r a c t i o n  photo­

graph.
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Thus f a r  i t  has not  been p o s s ib le  to  c o r r e l a t e  the  

v a r i a t i o n  in  i n t e n s i t y  w i th  the a c t u a l  g ra in  s i a e .  However, 

th e  method has been found to  provide  a r a p id  means of d e t e r ­

mining the depth of cold'worlc on a metal  su r fa c e .  The pro­

cedure i s  to  r e co rd  the i n t e n s i t y  v a r i a t i o n  as  the  cold  worked 

su r fa c e  i s  slowly scanned. The su r face  i s  then  e tched  to  r e ­

move a known th ic k n es s  of the  cold  worked l a y e r ,  a f t e r  which 

the  i n t e n s i t y  v a r i a t i o n  during scanning i s  aga in  recorded .

This  p rocess  of a l t e r n a t e l y  e tch in g  and scanning i s  rep e a te d  

u n t i l  the  v a r i a t i o n  in  i n t e n s i t y  from the Geiger counter  be­

comes a cons tan t  q u an t i ty .

An example of the method i s  shown in  F ig .  37. F ig .  37a 

shows the i n t e n s i t y  over one cyc le  of r o t a t i o n  of an 3.A.E. 

1020 s t e e l  specimen t h a t  had been sand b l a s t e d .  The specimen 

was p o s i t io n e d  a t  the  Bragg ang le ,  0 = 23 .4° ,  corresponding 

th e  the  (110) p lanes  f o r  Fe -  Ka r a d i a t i o n .  The specimen 

was r o t a t e d  at a speed o f  one r e v o lu t io n  in  f i f t e e n  m inutes .

(A somewhat f a s t e r  r o t a t i o n  speed i s  eq u a l ly  p r a c t i c a l .  In  

f a c t  th e  specimen can be r o t a t e d  by hand’ and an obse rv a t io n  

made of  the maximum and minimum i n t e n s i t y  in  l e s s  than  one 

m in u te . )  The v a r i a t i o n  in  i n t e n s i t y  i s  o micro-amps. F ig .

37c shows a forward r e f l e c t i o n  x - ra y  photograph taken  o f  t h i s  

same sand b l a s t e d  specimen su r face  s e t  a t  approximately the  

same Bragg angle to  the  x - r a y  beam. A continuous r in g  i s  ob­

t a in e d  f o r  the (110) plane us ing  Fe -  ka r a d i a t i o n .

F ig s .  37a and 37f show the  spectrogram and the  forward
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r e f l e c t i o n  photograph of the s t e e l  specimen a f t e r  . 0045” 

had been etched o f f  the sand b la s t e d  su r face .  The v a r i a t i o n  

in  i n t e n s i t y  in  Fig. 37a corresponds to  ^4 micro-amps.

The r ing  in the photograph o f  F ig .  37f i s  now d i s ­

continuous indicat ing; a la rg e  g r a in  s iz e .  By s im i la r  i n v e s t i ­

g a t io n s  of in te rm ed ia te  s t e p s ,  th e  depth o f  cola  work due to  

sand b l a s t i n g  was found to be . 002” .

The major advantage of t h i s  method o f  measuring depth 

of cold work l i e s  in  the  shor t  time necessary  to  o b t a in  the 

spectograms compared to the  time re q u i r e d  fo r  the d i f f r a c t i o n  

photographs.  Thus 1 l / h  hours were r eq u i red  to determine the 

depth of cold work by e tch ing  5 t imes and checking the  sample 

on the  x - ra y  Spectrometer 6 t im es ,  r o t a t i n g  the specimen by hand. 

A s im i la r  study by means of  x - ra y  d i f f r a c t i o n  photographs would 

r e q u i r e  about 10 hours .

The usual  method of measuring changes in  g ra in  s ize  by
r

measuring the broadening of  the  l i n e  o f  the  x - ray  spectrometer  

i s  not e x p e c ia i ly  s e n s i t iv e  fo r  the  study of  depth of  cold work 

in  a metal  su r face ,  s ince the g r a in  s ize  i s  seldom sm alle r  than 

10“^ mm. (the upper p r a c t i c a l  l i m i t  fo r  l ine -b roaden ing  s tu d i e s ) .  

Thus in  t h i s  sand b la s te d  s t e e l  specimen no app rec iab le  l i n e  

broadening was found with  the spec trom eter  between the sand 

b l a s t e d  and the deeply etched su rface  (compare Figs.  37b and 

37e). To ob ta in  these  spectograms the  specimen was r o t a t e d  a t  

a f a s t  r a t e  of 50 rpm. while the  Geiger counter  arm t r a v e r s e d  

along i t s  sec to r  arm a t  the  r a t e  of  l / 4  degrees per minute in  

th e  normal manner.
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I t  should be po in ted  out t h a t  a slow r o t a t i o n  of the 

specimen in  a f i x t u r e  of t h i s  types  does not  prov ide  a method 

of  determining p r e f e r r e d  o r i e n t a t i o n  (as might appear to  be 

p o s s ib le  a t  f i r s t  g lance and as has sometimes been claimed.)

This i s  because the only p lanes  in  the  specimen which can 

d i f f r a c t  a t  a g iven  0 are  the  p lan es  which a re  p a r a l l e l  to  the 

surface  of the specimen, which i t s e l f  i s  a t  the  Bragg angle 

S to  the  in c id e n t  beam. Thus any of  these  p lanes  o r ie n te d  in 

a p r e f e r r e d  manner a t  some p a r t i c u l a r  angle w ith  r e s p e c t  to  the 

surface  can never  d i f f r a c t .  The i n t e n s i t y  of r e f l e c t i o n  i s  

merely a measure of the number of p lanes  with a given se t  of 

M i l le r  in d ic e s  t h a t  l i e  p a r a l l e l  to  the  su r fa ce .

P re f e r r e d  O r ie n ta t io n

The p r e f e r r e d  o r i e n t a t i o n  produced w ith in  the  worked

metal  i s  perhaps the  most i n t r i g u i n g  of a l l  the problems t h a t

were worked on. The usua l  method of  making such a study has

been to  tame a s e r i e s  of t r a n s m is s io n  photographs a t  d i f f e r e n t

angles  of the  specimen in  o rde r  to o b ta in  s u f f i c i e n t  in form ation

to  co n s t ru c t  a pole f ig u re  fo r  the  low o rd e r  p l a n e s ^ 5^ ’

Such a procedure i s  long and t e d io u s  and i s  su b jec t  to

v a r io u s  e r ro rs^ l . .  Thus J .  viood^ 2 took 112 photographs fo r

p l o t t i n g  a s in g le  po le  f i g u r e .  I f  i t  i s  necessa ry  t o  use a

specimen in the  form of a sheet then  th e  d e n s i ty  of the r in g s

on th e  f i lm  must be c o r r e c te d  fo r  th e  in c re a se d  ab so rp t io n  as
51the i n c l i n a t i o n  of the sample to the  beam i s  i n c r e a s e d '  . 

Furthermore the  r e l a t i v e  i n t e n s i t i e s  of the  v a r io u s  p o r t io n s  
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Figure 38a

Figure 38b
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of the  d i f f r a c t e d  r in g  are e i t h e r  es t im a ted  from v i s u a l  ex­

amination or must he f u r t h e r  ana lyzed by means of a 

photodensi tom eter .

The pole f ig u re  i s  a c i r c l e  which i s  the s te reograph ic  

p ro j e c t io n  of  an imaginary s p h e r ic a l  surface a t  the cen te r  of 

which a c r y s t a l  i s  assumed to  be p laced .  Each p o in t  on the 

sphere r e p r e s e n t s  the  o r i e n t a t i o n  of the  normal to  one of the 

c r y s t a l  p lan es .  The r e l a t i v e  number of p lanes  in  the sample 

i s  rep re se n ted  by the  den s i ty  of spo ts  in  the pole f ig u re .

For random o r i e n t a t i o n  th e re  i s  a uniform dens i ty  over the  

e n t i r e  pole f i g u r e .  The pole  f i g u re  of a s ing le  c r y s t a l  con­

t a i n s  r e g u la r ly  p laced  p o in t s  of maximum den s i ty  and the r e ­

mainder of the  f ig u re  would have zero d e n s i ty .  In  a cold 

worked metal the o r i e n t a t i o n  i s  only p a r t i a l l y  p re f e r re d .

A p re l im ina ry  examination f o r  p r e f e r r e d  o r i e n t a t i o n  was 

made using the  forward r e f l e c t i o n  camera with  the specimen 

face  in c l in e d  a t  15° to  the  in c id e n t  x - ray  beam, using Mo - Ka 

r a d i a t i o n .  Fig.  38a shows th e  u n s t r e s s e d  surface of an A . I . 3 . I .  

302 s t a i n l e s s  s t e e l  sample and F ig .  38b shows the  p r e fe r re d  

o r i e n t a t i o n  r e s u l t i n g  a f t e r  run No. 1. A major weakness of t h i s  

mtethod was the  f a c t  t h a t  the  g r e a t e r  p o r t io n  or the  d i f f r a c t e d  

r in g  was cut o f f  by the specimen f a ce .

An a t tem pt was next made to  remove the  t h i n  worked la y e r  

from the machined surface  of  the  specimen and to make a 

t r an sm iss io n  study f o r  p r e f e r r e d  o r i e n t a t i o n .  Although a 

procedure was c a r r i e d  out which enaolea us to  ob ta in  a s t r i p  

as  t h in  as  . 003" to  . U05" i t  was f e l t  t h a t  the deformation
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produced by the specimen p r e p a ra t io n  would i n t e r f e r e  with, th e  

o r i g i n a l  deformation produced in  the m i l l in g  p rocess .

A t te n t io n  was, t h e r e f o r e ,  turned toward d iv i s in g  a more 

s u i t a b l e  method fo r  determining  p r e f e r r e d  o r i e n t a t i o n  by us ing  

a r e f l e c t i o n  technique on the  x - ra y  spec trom eter .

Determination of i - re fe r red  O r ie n ta t io n  on 

X-Ray Spectrometer

The specimen i s  p o s i t io n e d  in  the  same f i x t u r e  as shown 

in  F ig .  3<o. however, the f i x t u r e  was redes igned  to  allow the  

specimen face to p ro trude  beyond the f i x t u r e  body, f i g .  3 9 .

Figure 39

(The specimen, F ig .  40a i s  mounted so t h a t  i t s  face  i s  p a r a l l e l

Figure 40

to  the  face of the bushing, F ig .  40b. The specimen i s  he ld  
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i n  the  bushing by means of  a m a te r i a l  having a low m el t ing  

p i i n t  such as  su lphur .  The p l a t e ,  Tig .  40c, i s  used to  

p o s i t i o n  the specimen in  the  bushing during the mounting p r o c e s s . ) 

The f i x t u r e  i s •so designed t h a t  the  specimen can be r o t a t e d  

about an a x i s  normal to  the  specimen face  as  in d ic a te d  in  the  

i n s e r t  of Tig. 3b. This a x i s  of r o t a t i o n  i s  a t  the same he igh t  

a s  the a x i s  of the in c id e n t  x - ra y  beam. The f i x t u r e  can a lso  

be swiveled about a v e r t i c a l  a x i s ,  i . e . ,  the  face of the  

specimen can be p o s i t io n e d  so as  t o  d ep a r t  from angle 8. An 

index p l a t e  i s  provided so t h a t  a ,  the  angle of depar tu re  from 

0,  can be determined.

In  making a p r e f e r r e d  o r i e n t a t i o n  s tudy the  f i x t u r e  i s  

f i r s t  p o s i t io n e d  so' t h a t  the  specimen face  i s  a t  an angle 8 

w ith  re sp e c t  to  the  in c id e n t  x - r a y  beam. At t h i s  time the  

Geiger Mueller tube i s  a t  28. The 8, of course ,  corresponds 

to  a d e f i n i t e  (lilcl) p lane  whose p r e f e r e n t i a l  o r i e n t a t i o n  i s  

being s tud ied .  The specimen i s  then  r o t a t e d  by means of the  

syncronous motor* and gear  r e d u c t io n  of Tig.  39 so th a t  the  

specimen makes one r e v o lu t i o n  in  7 i / 2  minutes .  Meanwhile 

the  i n t e n s i t y  output of  the  Geiger tube i s  recorded on the 

Brown rec o rd e r .  I f  the  g r a in  s ine  i s  small (and i t  w i l l  be 

f o r  a worked su r face )  a uniform i n t e n s i t y  i s  recorded .  The 

f i x t u r e  i s  then swiveled away from 8 by angle a but the 

Geiger tu se  i s  he ld  a t  angle 28. The specimen i s  aga in  r o ­

t a t e d  one r e v o lu t io n  about i t s  own a x i s .  >my p r e f e r e n t i a l  

o r i e n t a t i o n  of the vhkl) p la n es  a t  t h i s  angle a w i l l  r e s u l t
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in  a v a r ia b le  i n t e n s i t y  reco rded  by Brown re co rd e r .  The i n ­

t e n s i t y  i s  in  f a c t  a measure of the  number of (iilil) p lanes

in  p o s i t io n  to  d i f f r a c t .  Since the  brown rec o rd e r  record  

a l so  t r a v e l s  a t  a syncronous speed i t  i s  p o s s ib le  to  c o r r e ­

l a t e  the  r e c o rd e r  reco rd  w ith  r e sp e c t  to  a r e fe ren ce  p o s i ­

t i o n  on the  specimen s u r fa c e .  The specimen i s  then swiveled to 

a new angle a and th e  procedure rep ea ted .

how when pass ing  from one angle of swivel a ,  to  another  

t h e r e  i s  a change of i n t e n s i t y  even i f  t h e r e  i s  no p r e f e r r e d  

o r i e n t a t i o n .  This change i s  caused by se v e ra l  cond i t ions :

1) the  focusing  e f f e c t  of the spectrom eter  i s  a l t e r e d ;

2) the a rea  of the  specimen i r r a d i a t e d  b;y the  in c id en t

x - ra y  beam i s  changed;

3) the  le n g th  of pa th  t h a t  the x - ra y  beam must t r a v e l

through the  surface  of  th e  specimen i s  a l t e r e d  and 

hence th e re  i s  a change of i n t e n s i t y  due to  absorp­

t i o n  w i th in  the specimen.

I t  i s ,  t h e r e f o r e ,  necessa ry  to  c o r r e c t  f o r  the  change in  

i n t e n s i t y  cuased by swiveling  the sample to  th e  var ious  a ’ s .  

A f t e r  t h i s  c o r r e c t io n  i s  made, the  i n t e n s i t y  recorded f o r  any 

p o s i t i o n  of the specimen face  can be r e l a t e d  to th e  r e l a t i v e  

number of (hkl)  p lanes  a t  t h a t  same p o s i t i o n .  The p o s i t i o n  

o f  the plane i s  r e p r e s e n te d  by the  p o s i t i o n  of IT the  normal 

t o  the p lane .  IT i s  s p e c i f i e d  by ang les  a and p where a i s  

the  angle of sw ive l ,  i . e . ,  the  d ep a r tu re  of the  specimen face 

from angle 0; and 3 i s  the  angle of r o t a t i o n  of an a r b i t r a r y

X  amis on the specimen su r face  from the  in c id en t  beam, see
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F ig .  41. 4'lien th e  specimen i s  a t  angle $  with r e s p e c t  to 

the  in c id en t  beam ( i . e . ,  a = 0) then  the  d i f f r a c t e d  i n t e n s i t y  

I Q corresponds to  the p lanes  whose normal 2T i s  p e rp en d icu la r  

to  the  specimen fa ce ,  F ig .  42A. When the  specimen i s  

swiveled to an angle +a then the  d i f f r a c t e d  i n t e n s i t y  I +a
corresponds to the  p lanes  whose normal i s  r ep re se n ted  by N+ a ,

F ig .  42b. '.men the  specimen i s  swiveled to  an angle - a  then

the  d i f f r a c t e d  i n t e n s i t y  I _ a corresponds to  the p lanes  whose

normal i s  r ep resen ted  by hT_a , F ig .  42c.

The lo c a t i o n  of these  normals can be rep re s e n te d  in

s te re o g ra p h ic  p r o je c t io n  by means of  a p o la r  n e t ,  F ig .  43> in.

which the  n o r th - s o u th  ax i s  o f  th e  re fe ren ce  sphere i s  perpen-
49d ic u i a r  to  the p r o j e c t i o n  plane . The concen tr ic  c i r c l e s  on 

the  ne t  are  the l a t i t u d e  c i r c l e s  and tne  r a d i a l  l i n e s  are  the  

m er id ians .  Thus the  i n t e n s i t y  a t  cs = 0 would be rep re sen ted  

a t  the  very cen te r  of the  p o la r  n e t .  I n t e n s i t y  a t  a = +10° 

would ee r ep re se n ted  on the  l a t i t u d e  c i r c l e  ten  degrees from 

the  North Pole.  The i n t e n s i t y  a t  a = 10° and 2 = 40° would be 

r e p re s e n te d  on the 10° l a t i t u d e  c i r c l e  and a t  a m erid ian  40° 

away from the  zero m erid ian .  (The zero merid ian  i s  made to  

correspond to a given d i r e c t i o n  on the  specimen face ,  f o r  

example, the d i r e c t i o n  of  to o l  t r a v e l ) .

I t  should be noted t h a t  the. i n t e n s i t y  a t  a given a and 

p. i s  r ep ea ted  a t  - a  ana (p + 180°) .  This  means (Fig .  42d) 

t h a t  a t  a given a the  plane r e p re s e n te d  by N+a i s  again  picked 

up as  N_a when the  specimen i s  r o t a t e d . 180° about i t s  own

a x i s .  I t  i s ,  t h e r e fo r e ,  n ecessa ry  to  use e i t h e r  +a or -a  but 
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not both swivel p o s i t io n s  to complete a p r e f e r r e d  o r i e n t a t i o n  

s tu d y .

The c o r re c t io n  fo r  change in  i n t e n s i t y  with  a. ( the depar­

t u r e  of the specimen face  from 9) i s  determined as fo l lows:  

Consider the case where the specimen face  i s  a t  the  angle 9 

to  the  in c id e n t  x - ray  beam, i . e . ,  a = 0, F ig .  44a.

Let
A = In c id e n t  i n t e n s i t y  

d l0 = In c id e n t  i n t e n s i t y  d i f f r a c t e d  from 

an element of  th ic k n e s s  ax. 

x = Path le n g th  w i th in  sample before 

d i f f r a c t i o n  occurs .  

ji = C o e f f ic ien t  of abso rp t ion  of  

m a te r i a l .

The in c id e n t  d i f f r a c t i n g  i n t e n s i t y  a f t e r  p e n e t r a t io n  

in to  specimen a d is t a n c e ,  x, i s :  A6r^iX.

Let D be the f r a c t i o n  of the  in c id e n t  i n t e n s i t y  per 

u n i t  th ic k n es s  a t  any po in t  in  the  sample. ”1)" i s  a cons tan t  

f o r  random o r i e n t a t i o n .  Then f o r  a d i f f r a c t i n g  element ax, 

the  d i f f r a c t i n g  in t e n s i t y  t r a n s m i t t e d  i s

d l0 = Ae~FX D dxe"^ ( 1 )

ana

= Aue-2P  dx 

I 0 = AD J  6 ' ^  dx

( 2 )
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Let dip = i n t e n s i t y  due to  d i f f r a c t i o n  from element 

a t  su r face  of specimen 

alp = ADdx (3)

Assume t h a t  the x - r a y  beam p e n e t r a t e s  in to  the  specimen u n t i l  

I 0 = P# of Ip

o r
d l 0 = Pdlp (4)

s u b s t i t u t e  ( l )  and (3) in to  (4) 

dx = PAD dx 

e - 2>cc _ p

X - -  r 2  (5)2p.

s u b s t i t u t e  (5) as the  upper l i m i t  in to  (2) and get

AD
-2J1

0 r  -  A D  / T ,  1 \  ! \
1o * (p - 1) i°>

I f  th e  specimen i s  swiveled so t h a t  i t s  face  depa r ts  

from 9 by an angle +a, P ig .  44b, then from t r i a n g l e  0?p,

„ „ v s in  (9 + a) m i
V X s in  W ' ~ a T  i7)

By s im i la r  reasoning  t h a t  l e d  to  equation  (1) i t  i s

found th a t
s i n (9 + a)

d !+a = Ae"^X Ddxe"^X s in  {Q- ' a)
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o r  f* s in (Q  + g ) ~[
d l +a = ABdx g  ~PX  U s i n  10 -  a ) J

l e t  N r  f l  + s i n  (0 + a)  1 
j_ s i n  10 -  a)  J

t h e n  (8) becomes

d l  = A v e - ^ X dx +a

and T AD [ --uKx"!***
X+« = W  Le  Jo

( 8 )

(8a)

(9)

Again  l e t  dlj_ = i n t e n s i t y  due t o  d i f f r a c t i o n  from

e lem en t  a t  s u r f a c e

dlj^ = AD dx (3)

Assume
d I +a = ? d I l  <1 0 )

s u b s t i t u t e  (8a)  and (10) i n t o  (3 )

A D e ~ ^ x  dx = PAD dx

x - - y r  an
S u b s t i t u t e  ( l l )  a s  t h e  u p p e r  l i m i t  i n t o  19) and g e t

^  n  - 1 )  ( i 2 )

D iv ide  (12) by (6)

X+a _ 2 2
Xo N T~T'~sl'n~"(̂ ~q~aT

s i n  (8 -  a)
(13)

E q u a t io n  (13) i s  t h e  r a t i o  o f  t h e  d i f f r a c t e d  i n t e n s i t y
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when the  specimen face  i s  a t  angle a ,  to the d i f f r a c t e d  

i n t e n s i t y  when the  specimen i s  a t  angle a = 0 .

I f  the specimen i s  swiveled so t h a t  i t s  face d epa r t s  

from 8 by an angle -a ,  f i g .  4 4 c, then  by s im i la r  reasoning

Z- a  2
I 0 “ j_~ 4. s in  (8 -  a f

s in  (8 + a)

Equations (1 3 ) and (1 4 ) can be combined iso give

1+a _ 2 .
I 0 ~ 7  s in  (8 -  a) (15)

sin  (8 + a)

Equation (13) i s  p lo t t e d  in  f i g .  45 f o r  8 = 30° and

0 = u0°. I t  i s  i n t e r e s t i n g  to note  t h a t  f o r  nega t ive  values  
Iof a ,  _z!±> 1 or  the i n t e n s i t y  I _ a in c r e a s e s  with r e sp e c t  to  
fo

I 0 . The maximum poss ib le  value of I - a i s  seen to  be 2 when 

tue magnitude of - a  equals  8 . Other f a c t s  r e l a t i n g  to equa­

t i o n  (13) should be noted: 1 ) the  r a t i o  of i n t e n s i t i e s  i s

independent of the mass abso rp t ion  c o e f f i c i e n t ;  2 ) when a = 0 

the  r a t i o  becomes u n i ty ;  3 ) when 8 = 90° then 1±a _ f o r  a l l
lo

va lues  of a inc lud ing  a = -90°.  4 ) the  magnitude of  th e  swivel

angle a can never be g r e a t e r  than  8 . P h y s ic a l ly  t h i s  means th a t  

when the  specimen i s  swivelled  to  an angle +a = 8 the specimen 

face  cu ts  o f f  the r e f l e c t e d  beam I +G. when the specimen i s  

sw ive i lea  to angle j-a  j = 8 then the  specimen face cu ts  o f f  

the in c id en t  x - ray  beam A.
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Nov; in  o rde r  to  make a complete p r e f e r r e d  o r i e n t a t i o n  

study by r e f l e c t i o n  methods the  specimen must be swivelled, 

through ang les  a = 0 to  90°.  This means t h a t  0 must a l so  

reach 90°. However, the Geiger Counter Spectrometer  in  our 

Laboratory  has  a range of ang les  up to  0 = 45°.  Hence t h i s  

spectrom eter  p laced  a l i m i t a t i o n  on the  e x te n t  of the  p r e ­

f e r r e d  o r i e n t a t i o n  t h a t  could be i n v e s t i g a t e d .  However,

N o r th  American P h i l l i p ' s  Co. h a s  r e c e n t l y  announced  a "High 

I n t e n s i t y  G e ig e r  C ou n te r  S p e c t r o m e t e r  w i t h  E x te n d e d  A ngu la r  

Range" which w i l l  ■ i n c r e a s e  th e  u s e f u l n e s s  o f  t h i s  method.-

Comparison Between Equation 15 

and Experimental  R e su l t s

A specimen of A. I . S . I .  302 s t a i n l e s s  s t e e l  was mounted 

in  the  f i x tu r e  of Nig. 39 with i t s  annealed and e l e c t r o -  

po l i sh ed  su r face  exposed to  the  x - ray  beam, i'e -  Ka r a d i a t i o n  

was employed and the  Geiger tube was se t  a t  2$ = 55-23° c o r r e s ­

ponding to  th e  (111) p lane .  The specimen was r o t a t e d  a t  40 

rev o lu t io n s  per  minute about i t s  own a x i s  so as  to  minimize 

the  e f f e c t s  of the  l a rg e  g ra in  s i z e .  The s l i t  in  f ro n t  of 

the  x - ra y  tube was ad ju s te d  to  3/4 mm. width and 2.5 mm. 

h e ig h t .  The s l i t  h e ig h t  in f r o n t  of the  Geiger  tube was 

mainta ined  a t  a h e ig h t  of 2.5 mm. but the  width  was v a r ie d  

from a minimum of 1 mm. to the  maximum p o s s ib le  width of 10 

mm. The r e s u l t s  a re  shown in  Nig. 46 where I+a / l 0 i s  p l o t t e d  

a g a in s t  p o s i t i v e  and negat ive  va lues  of  a. In  the  reg ion  of
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p o s i t i v e  a^a c lose  correspondence »vas found between the in ­

t e n s i t y  r a t i o  based on equation  (15) and the experimental 

r e s u l t s  f o r  th e  1 mm. v ide  Geiger s l i t .  The correspondence 

was poorer in the  +a reg ion  while using the  wide Geiger s l i t ,  

probably  because of the background e f f e c t s .  In  the region 

of  nega t ive  a th e re  was a poor correspondence between equation  

(15) ana the experimental r e s u l t s  while employding the  1 mm. 

Geiger s l i t ,  because as the  sp&cimen i s  swivelled  in  the 

d i r e c t i o n  of - a ,  the  d i f f r a c t e d  beam widens and only a small 

p o r t io n  of the beam i s  rece ived  through the  narrow s l i t  a t  

the  Geiger tube .  However, i f  the  10 mm. s l i t  a t  the Geiger 

tube i s  employed then a close correspondence i s  obta ined in  

the  reg ion  of  - a  u n t i l  t h i s  angle becomes so g rea t  th a t  the 

specimen face cu ts  o f f  the i n c id e n t -x - r a y  beam.

The most accura te  combination was thus  found to  be the 

3A  mm. wide x - ray  s l i t  and the 1 mm. wide Geiger s l i t  and +<f j 

t h i s  combination was used in  the p r e f e r r e d  o r i e n t a t i o n  s tu d ie s  

o f  the  machined su r face s .  As p rev ious ly  mentioned i t  was not 

necessary  to  use nega tive  values  of  a f o r  t h i s  reg ion  could 

be explored  by s e t t i n g  the sample a t  +a ana r o t a t i n g  to  

(5 + 180°).

P re fe r r e d  O r ie n ta t io n  in  m i l l e d  Surfaces

P re fe r r e d  o r i e n t a t i o n  s tu d i e s  were made on a l l  of the 

specimens of f a b le  V using Pe - Ka r a d i a t i o n .  Two planes 

were in v e s t ig a te d :  the (111) p lane f o r  which 0 = 26.6° and

the (200) plane f o r  which 9 = 34 .4° .  The o r i e n t a t i o n  was
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determined from o: = 0 to  a = 25° f o r  the  l111) p la n es ,  

and from a = 0 to  a = 30° f o r  the  (200; p lanes .  The pole 

f i g u r e s  f o r  th e se  r e s p e c t iv e  planes a re  i l l u s t r a t e d  in  F ig s .

47 ana 48 f o r  run No. 3, Table V. The (111) p la n e s ,  F i g . .47 

were found to  be in c l in e d  a t  an angle of Ip to  20° to  the 

m i l l e d  su rface  in  the  d i r e c t i o n  of the  too l  t r a v e l .  T he ir  

o r i e n t a t i o n  was sy m e tr ica l  with the d i r e c t i o n  of t o o l  t r a v e l .

The (200) plane o r i e n t a t i o n ,  F ig .  48, i s  in  accord w i th  the 

r e s t r i c t i o n s  se t  up by the  ( i l l )  o r i e n t a t i o n  of F ig .  47*

The pole f i g u r e s  of tne o th e r  runs of Table Y were 

s im i l a r  to  t h a t  shown in  F ig s .  47 and 48.

V/liile the  w r i t e r  was engaged in  d iv i s in g  a method f o r  

determining p r e f e r r e d  o r i e n t a t i o n  by r e f l e c t i o n  methods on 

the  x - ray  spec trom eter ,  two o th e r  groups worked out a t r a n s ­

m iss ion  method f o r  determ ining  p r e f e r r e d  o r i e n t a t i o n  on the 

same in s t rum en t .  They were J .  T. Norton a t  M .I .T . ;  and Decner, 

Asp and Harker a t  General E l e c t r i c .  The General E l e c t r i c  group 

p re se n ted  a paper  at  the  Summer, 1947 f lee t ing  of the  American 

S o c ie ty  f o r  X-Ray and E lec t ro n  D i f f r a c t i o n ^  (as y e t  unpublished) 

desc r ib in g  t h e i r  t r an sm is s io n  methods. Their  procedure l ikew ise  

a f f o rd s  a simple and accu ra te  means fo r  determining  pole f i g u r e s .  

They p re se n t  a c o r r e c t io n  formula which ta k e s  in to  account 

ab so rp t io n  change and change in  d i f f r a c t i n g  volume as the 

sample changes p o s i t i o n  with  r e sp e c t  to  the x - ra y  beam.
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Summary of X-Ray Study of Lachinea Surfaces

S ta in l e s s  s t e e l s  of the  18% Cr, 8% Ni c la s s  were ma­

chined with carbide m i l l in g  c u t t e r s  a t  va r io u s  c u t t in g  speeds. 

The m i l l in g  process  produces a deformed l a y e r  of metal .003" 

to .00$*' deep. The e f f e c t  of t h i s  deformation i s  to produce 

l i n e  broadening when back r e f l e c t i o n  photographs are  made on 

the  x - ra y  d i f f r a c t i o n  u n i t .  The l in e  broadening i s  caused by 

a red u c t io n  in  g ra in  s i z e  combined with the  s e t t i n g  up of mi­

c r o s t r e s s e s  w i th in  the  a u s t e n i t i c  g ra in s  of the  s t a i n l e s s  

s t e e l .  The l i n e  broadening furthermore produces a merging of 

the  h i  -  Ka2 double t .  The de te rm ina t ion  of the r e s id u a l  

s t r e s s e s  in th e  machined su r face  cannot be a c c u ra te ly  accom­

p l i s h e d  because of the  im p o s s ib i l i t y  of o b ta in in g  a p rec ise  

measurement of the d i f f r a c t e d  r in g  d iam eters .  However, the 

study revea led  th a t  r e s id u a l  t e n s i l e  s t r e s s e s  a re  se t  up in  

the  machined su r face  of the  o rde r  of magnitude of 10,000 to 

43>000 lb s .  per  square inch.

A d i s t i n c t  p r e f e r r e d  o r i e n t a t i o n  was observed w ith in  the 

deformed su r face  l a y e r .  I t  was mandatory th a t  r e f l e c t i o n  

r a t h e r  than t ran sm iss io n  methods be employed to in v e s t ig a t e  

th e  n a tu re  of t h i s  p r e f e r r e d  o r i e n t a t i o n ,  s ince any at tempt 

to  i s o l a t e  a s t r i p  of the th in  surface  l a y e r  might a l t e r  the 

p r e f e r r e d  o r i e n t a t i o n  produced by the  o r i g i n a l  machining 

o p e ra t io n .

A new method was hence devised f o r  determining p r e f e r r e d  

o r i e n t a t i o n  by r e f l e c t i o n  technique on the  Geiger Counter
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Spectrometer.  This method was found to  be f a s t e r  and more 

accu ra te  than t h a t  p o s s ib le  by means of the  photographic  

procedure with  the  d i f f r a c t i o n  u n i t .

By employing the new p re fe r re d  o r i e n t a t i o n  method i t  

was found th a t  the  (111) p lanes  are a l ig n ed  a t  an angle of 

15 to  20 degrees to  the  m i l led  surface  in  the  d i r e c t i o n  of 

to o l  t r a v e l .  The o r i e n t a t i o n  of the  (111) p lanes  was found 

to  be sym etr ica l  with r e s p e c t  to  the d i r e c t i o n  of the  to o l  

t r a v e l .

In the course of t h i s  in v e s t ig a t io n  ano ther  new method 

was devised f o r  determining the depth of the  worked surface  

l a y e r  of metal by means of the  x - ray  spec trom eter .  This  new 

method i s  f a r  more rap id  than the previous procedure in  which 

the  back r e f l e c t i o n  d i f f r a c t i o n  photographic technique was 

employed. This new technique f u r t h e r  o f f e r s  a p o s s i b i l i t y  

f o r  the de te rm ina t ion  of g ra in  s ize in  the reg io n  of g ra in  

s ize  g r e a t e r  than 10“ -* cm.
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I n t r o  duet'i on

This  study i s  one of  a s e r i e s  conducted a t  tiie U n iv e r s i ty  

of C in c in n a t i  to  determine th e  b a s ic  f a c t o r s  a f f e c t i n g  the 

riiachining p r o p e r t i e s  of c a s t  i ro n .  A d iscon t inuous  chip i s  

c h a r a c t e r i s t i c  to  the  m i l l in g  of c a s t  i ro n  and the  theo ry  of  

P a r t  I  was concu rren t ly  developed to a id  in  th e  unders tanding  

of the o v e r a l l  machining problem.

At the  time th a t  t h i s  study was begun th e re  were no 

a v a i l a b l e  methods fo r  ev a lu a t in g  the expected t o o l  l i f e ,  

su r face  f i n i s h  or power requ irem ents  in  m i l l i n g  c a s t  i ro n .

This i n v e s t i g a t i o n  rev ea led  the  f a c t  t h a t  the  m ic ro s t ru c tu re  

of  c a s t  i ro n  i s  a r e l i a b l e  c r i t e r i o n  f o r  predic/lng the  above 

mentioned ma china D i l i  ty  f a c t o r s .  As a f u r t h e r  consequence 

of th e se  f in d in g s  va r ious  i n d u s t r i a l  consumers have Degun to  

demand c o n t ro l l e d  c a s t  i ro n  s t r u c t u r e s  which have s u i t a b le  

ma chin ing  chara c t  e r  i  s t  i  c s .

The two papers  which fo l low  a re  r e p r i n t s  from T ran sac t io n s  

A.S.11.S . ,  August,  1947, ana conta in  a d e t a i l e d  account of  the 

e n t i r e  i n v e s t i g a t i o n .  This  r e s e a rc h  was conducted in  conjunc­

t i o n  with  Dr. A. A. S tansbury,  former A s s i s t a n t  P ro fe s so r  of 

M e ta l lu rg i c a l  eng inee r ing  a t  the U n iv e r s i t y  of C in c in n a t i ,  who 

i s  now a t  th e  U n iv e r s i ty  of  Tennessee.
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Eftect of M icrostructure on Machinability 
of Cast Irons— I

By M IC H A E L  F IE L D 1 a n d  E . E . ST A N SB U R Y ,1 C IN C IN N A T I, O H IO

T e s t  b a r s  w e re  p r e p a r e d  t o  s tu d y  t h e  e ffe c t o f  t h e  fo llo w ­
i n g  s t r u c tu r e s  i n  t h e  m il l in g  o f  c a s t  i r o n :  G r a p h -
i t e - p e a r l i t e  o f  v a r io u s  g r a d a t io n s  o f  c o a r s e n e s s ;  g r a p h i te -  
p e a r l i t e  p lu s  a b o u t  5  p e r  c e n t  o f  f r e e -c a rb id e  s e g re g a t io n ;  
g r a p h i t e - f e r r i te .  Q u a n t i t a t i v e  r e s u l t s  o f  t h e  re la tiv e  
m a c h in a b i l i ty  o f  th e s e  s t r u c tu r e s  a r e  p re s e n te d  i n  t e r m s  
o f  ( I )  to o l  life , (2) p o w e r  r e q u i r e m e n ts ,  (3) s u r f a c e  f in is h .  
T o o l l ife  w a s  f o u n d  t o  in c re a s e  a s  m u c h  a s  2 :1  a s  t h e  g ra p h -  
i t e - p e a r l i t e  s t r u c tu r e  w a s  v a r ie d  f r o m  fin e  t o  c o a rse .  F o r  
t h e  s a m e  g r a p h i te - p e a r l i t e  s iz e , t h e  p re s e n c e  o f  f re e  c a r ­
b id e s  h a d  n o  e ffe c t o n  to o l  l if e  a t  a  c u t t i n g  sp e e d  o f  200 
f p m  b u t  s e r io u s ly  r e d u c e d  to o l  l if e  b e tw e e n  250 a n d  1000 
f p m .  T h e  in c r e a s e  i n  to o l  l if e  f o r  t h e  g r a p h i te - f e r r i te  
s t r u c tu r e  a s  c o m p a re d  t o  a l l  o th e r  s t r u c tu r e s  w a s  o u t ­
s ta n d in g ,  e .g . ,  a t  1150 f p m  t h e  in c r e a s e  w a s  o f  t h e  o rd e r  
o f  8 :1 ,  c o m p a re d  t o  t h e  p e a r l i te  s t r u c tu r e ,  w h ile  a t  300 
f p m  t h e  in c re a s e  w a s  o f  t h e  o r d e r  o f  5 0 :1 . A ll o f  t h e  
g r a p h i te - p e a r l i t e  s t r u c tu r e s  r e q u ir e d  t h e  s a m e  a m o u n t  o f  
p o w e r  t o  m il l  a t  a  c o n s t a n t  r a t e  o f  m e t a l  re m o v a l  fo r  t h e  
s a m e  fe ed  p e r  t o o th .  T h e  g r a p h i t e - f e r r i te  r e q u ir e d  a p ­
p ro x im a te ly  V j 1 °  Vs t h e  p o w e r p e r  c u b ic  i n c h  f o r  t h e  s a m e  
f e e d  p e r  t o o th  c o m p a re d  t o  g r a p h i te - p e a r l i t e  s t r u c tu r e s .  
T h e  s h a r p n e s s  o f  t h e  c u t t e r  p la y e d  a n  i m p o r t a n t  ro le  i n  
p o w e r  r e q u i r e m e n ts .  A  " d u l l ”  c u t t e r  r e q u ir e d  a s  h ig h  a s  
3  t im e s  t h e  p o w e r a s  t h a t  f o r  a  s h a r p  c u t t e r  a t  0.002 
i n .  fe e d  p e r  t o o th ,  a n d  1 .3 t im e s  a s  m u c h  p o w e r  a t  0 .020 in .  
f e e d  p e r  t o o th .  S u r fa c e  f in is h  im p ro v e d  a s  t h e  c u t t i n g  
sp e e d  in c re a s e d  a n d  a s  t h e  g r a p h i t e  d i s t r ib u t i o n  b e c a m e  
f in e r .

I n t r o d u c t io n

IN  previous investigations3'4 fo rm ing  a  p a r t  of th e  carbide- 
m illing pro ject a t  th e  U niversity  of C incinnati, i t  w as ob­
served th a t  cas t irons having sim ilar physical p roperties often  

d iffered in  th e ir m achining characteristics. F o r exam ple, i t  was 
no ticed  in  certain  cases th a t  appreciab le  differences in  tool life 
occurred  w ith  cas t irons hav ing  on ly  s ligh t differences in  B rinell 
hardness. T herefore B rinell hardness, a s  such, w as found to  be 
a n  unreliab le  index of re la tive  m achinab ility , although , as a  gen­
e ra l trend , too l life w as observed to  increase as th e  hardness de­
creased. I t  seem ed logical, then , to  con tinue th e  research on  th e  
fu n dam en ta l facto rs contro lling  th e  m illing of cast irons b y  in­
v estiga ting  a  possible d irect corre lation  of m achinab ility  w ith  
th e ir  m icrostructures.

1 Cincinnati Milling M achine Company; Research Fellow, Univer­
s ity  of Cincinnati. Jun. A.S.M.E.

* Assistant Professor of M etallurgical Engineering, University of 
Cincinnati.

3 “ Milling Cast Iron W ith  Carbides," by  Michael Field and W . E . 
■Bullock, M ech a n ica l E n g ineering , vol. 67, 1945, pp. 647-658.

4 “ Speed and Feed Selection in Carbide Milling W ith Respect to 
Production, Cost, and Accuracy,”  by  H ans E rn st and M ichael Field, 
T rans. A.S.M .E., vol. 68, 1946, pp. 207-215.

C ontributed by the  Research Committee on M etal C utting D ata 
and Bibliography and presented a t  the Semi-Annual Meeting, D etroit, 
M ich., June 17-20, 1946, of T h e  A m e r ic a n  S o c i e t y  o p  M e c h a n i c a l  
E n g i n e e r s .

N o t e :  Statem ents and opinions advanced in papers are to  bo 
understood as individual expressions of authors and not of the  Society.
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T07A L VOLUME METAL REMOVED-CUBIC INCHES

F i g . 1 C u t t i n g  S p e e d  V e r s u s  T o t a l  V o l u m e  M e t a l  R e m o v e d  
B e t w e e n  G r i n d s  f o r  0 .0 3 0 - I n . W e a r  L a n d

[C u tte r: Single to o th ; 6-in. rad iu s; + 3 -d eg  axial rake, +  3-deg radial rake, 
30-deg corner angle, + 4 -d eg  re su lta n t rake ; (+ 3 ,  + 3 ,  30, + 4 ) .  C u t d i­

mensions: ’/ i t  in . dep th , 6 in . w idth, 0.015 in. feed per too th ].
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F ig . 2  C u t t in g  S p e e d  V e r s u s  T o t a l  V o l u m e  M e t a l  R e m o v e d  
B e t w e e n  G r i n d s  f o r  0 .0 3 0 - I n . W e a r  L a n d

[C u tte r: Single too th ; 6 in . rad iu s : ( + 3 ,  + 3 ,  30, + 4 ) .  C u t dimensions: 
V m in. d ep th , 6 in . w idth, 0.015 in. feed per too th .]

T w o experiences in  th e  m illing p ro jec t accelerated in te res t in  
th is  investigation . A t one phase  of th is w ork i t  w as observed 
th a t  tw o  different groups of alloy  cast-iron  te s t  blocks w ith  
v ir tu a lly  iden tical chem ical analyses an d  physical p roperties 
gave w idely  different values of too l life. A n exam ination  of the  
m icrostructu re  o f th e  tw o  groups revealed th a t  th e  se t of blocks 
w hich h ad  inferior m achining characteristics (designated a s  C- 
304B in  Fig. 1), con ta ined  free-carbide segregations, while th a t  
of th e  superio r group, designated  as C-304A, con tained  only  sm all 
traces of free carbides. I t  ap p eared  therefore th a t  th e  presence 
of the  large  ha rd  free-carbide fo rm ations seriously reduced th e  
tool life.

A t an o th e r phase  of th e  earlier investiga tion  i t  w as observed 
th a t  a n  alloy cas t iron  of analysis C-309 (see T ab le  1) had  th e  
sam e tool-life curve as th a t  of th e  C-304B (see F ig. 2). A check 
on th e  m icrostructu re  revealed  a  m arked  sim ilarity  in  sp ite  of 
th e  fa c t th a t  th e  tw o m ateria ls were of different chem ical com­
positions an d  h ad  been cas t in  different section sizes.

T hese  ind ications of a  dependence of tool life u p o n  m icro­
s tru c tu re  therefore  sp u rred  th e  sep a ra te  investigation  of th e  ef­
fec t of m icrostructu re  on th e  m achinab ility  of cast iron, the  speci-

665
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666 TRANSACTIONS OF TH E A.S.M.E. AUGUST, 1947

TA B LE 1 C H E M IC A L  ANALYSIS A N D  P H Y SIC A L  P R O P E R T IE S  O F CAST IR O N S  USED IN
M IL L IN G  TE ST S

UIt.
------------------------------------------- -Percent—------------------------------------------ . tensile
T otal s treng th ,

A nalysis carbon, Si S P  M n -Mo N i .C r C u  psia Bhnb
A ...............................  3 .22  1.37 0 .126  0 .1 4  0 .8 5  0 .1 0  . . .  0 .07  . . .  50000 190
C-304A...................  3 .1 5  2 .62  0.083 0 .2 0  0 .8 9  0 .4 9  . . .  0 .6 0  . . .  45000 225
C-304B...................  3 .17  2 .5 8  0 .088  0 .2 0  0 .8 7  0 .51  . . .  0 .7 0  . . .  45000 240
C-309 ......................  3 .1 5  1.97 0 .105 0 .1 8  1 .02  0 .0 5  . . .  0 .6 5  2 .77  40000 235
C-3>A......................  3 .17  1.82 0 .162 0 .13  0 .9 2    40000 195
C-l>/«......................  3 .1 0  1 .80  0 .160  0 .1 5  0 .9 6    42500 215
C - V i ........................  3 .1 0  1.76 0.156 0 .1 8  0 .9 2    41000 218
C-3‘A  annealed 2 .9 8  1.73 0 .149  0 .1 4  0 .9 0    23300 121

“ A verage values from 1.2 in. a rb itra tion  bar.
> Average B rinell hardness values from m achinability  te s t blocks.

• fic object of which was to determ ine q u an tita tiv e  relationships 
betw een m icrostructure  an d  m achinability , thereby  ob tain ing  a  
reliable index fo r th e  re la tive  m ach inab ility  of cast iron.

P r e p a r a t io n  o f  T e s t  B l o c k s

T h e  m etallurgical phase of th is investigation  involved the 
p roduction  of a  num ber of se ts o f m achinab ility  te s t blocks of . 
cas t irons hav in g  different m icrostructures. T he blocks in  each 
se t were requ ired  to  have th e  sam e m icrostructure , and  the  
m icrostructure  th roughou t each  b lock had  to  be as uniform  as 
possible. T o  m eet these requirem ents th e  inheren t m etallurgical 
characteristics of cast iron were used as guides to  th e  production 
of th e  tes t blocks.

C ast irons a re  characterized  by  th e ir  re la tively  g reat sensitiv ity  
to  changes in  m icrostructure  w ith  slight changes, in  chem ical 
com position, m elting  practice, a n d  ra te  of cooling. In  general, 
th e  basic s tru c tu re  of a  g ray  cast iron  m ay  be considered as one 
hav ing  a  pearlite  m a tr ix  in w hich g raph ite  flakes a re  em bedded. 
In  add ition  to  these  two m ajo r m icroconstituents, th e  following 
ones m ay  also be  p resen t: F e rrite , carbides, s tead ite  (iron-phos- 
ph ide eutectic), m artensite , m anganese sulphide, an d  various 
inclusions. I n  th e  “as-cast”  s ta te , conditions m ay  be varied  in 
som e cases so a s  to  allow  th e  presence and  d istribu tion  of these 
m icroconstituents to  be regu lated  a s  desired. F o r exam ple, in­
creasing th e  phosphorus co n ten t of th e  iron  will increase th e  
am o u n t of s tead ite  p resen t. On th e  o th er hand , th e  rem aining 
m icroconstituents a re  so re la ted  to  th e  sam e casting  variables th a t  
th ey  m ay  be separa te ly  varied  only over narrow  lim its. P a rticu lar 
reference is m ade to  th e  sim ultaneous appearance of fine g raph ite  
w ith  fine pearlite, an d  coarse g rap h ite  w ith  coarse pearlite.

T h e  m icrostructures produced in  a  cas t iron  of a  given analysis 
depend upon th e  ra te  of cooling of th e  m ateria l th rough  two 
tem p era tu re  ranges. T h e  ra te  of cooling from  th e  m elt dow n to  
ab o u t 1600 F  controls th e  graphite-carb ide  relationships, and  th e  
ra te  of cooling from  1600 F  dow n to  room  tem pera tu re  controls 
th e  m atrix  stru c tu re . Since th e  m achinab ility  tes ts  covered 
in  th e  p resent investigation  were confined to  th e  g ray  cast irons, 
i t  was n o t necessary to  consider th e  fo rm ation  of w hite cast iron 
resulting  from  th e  casting  of iron low  in  carbon an d  silicon.

V ery slow cooling of a  c as t iron  of norm al com position will 
produce a  s tru c tu re  of g raphite  a n d  ferrite . U nder these condi­
tions th e  g rap h ite  form s p a rtia lly  on solidification, th en  by 
p recip ita tion  from  austen ite  on  cooling from  th e  freezing tem ­
p era tu re  dow n to  th e  lower critica l tem perature, and  th e  balance 
b y  decom position of austen ite  in to  g raph ite  a n d  ferrite  on cooling 
th rough  th e  critica l-tem porature  range. As th e  ra te  of cooling 
is increased, th e  separation  of g rap h ite  is first p reven ted  a t  th e  
u tecto id , producing a  s tru c tu re  of g raph ite  and pearlite . W ith  

still g reater ra tes  of cooling, th e  separa tion  of g raph ite  from  aus­
ten ite  (on cooling from  th e  m elting  tem pera tu re  to  th e  lower 
critica l tem peratu re) will be suppressed, resulting in a  s tru c tu re  of 
g raphite , carbide, an d  pearlite.

In general, an  appreciable increase in  cooling ra te  is required  to

go from  th e  condition of g raph ite-pearlite  to  graphite-pearli te-free 
carbide. A s ra te s  of cooling a re  increased w ith in  a  range extend­
ing from  a  ra te  w hich ju s t p reven ts fe rrite  form ation, to  a  ra te  
which ju s t allows carbide form ation , th e  pearlite-g raphite  dis­
trib u tio n  becom es finer. Increasing  th e  carbon  an d  silicon con­
ten ts  have th e  sam e effect a s  reducing th e  cooling ra te . B y 
decreasing th e  carbon and silicon con ten t, and  b y  add ing  carbide- 
form ing alloying elem ents, th e  m icrostructure  will be changed in 
the  sam e m anner as if the  cooling ra te  had  been increased. Since 
the  fineness of th e  pearlite  depends m ostly  upon  th e  ra te  of 
cooling as such, th e  add ition  of carbide-form ing alloying ele­
m en ts allows th e  p roduction  of cast irons w ith  stru c tu res  of 
vary ing  graphite-pearlite  d istrib u tio n s to g eth e r w ith  vary ing  
am ounts of free  carbides.

T h e  size of th e  g raph ite  flakes an d  th e ir  d is trib u tio n  m ay be 
controlled fu r th e r  b y  add ing  inocu lating  agen ts to  th e  m elt ju s t  
before casting. T hese add itions produce a  finer g raph ite  d istri­
bu tion  an d  hence.a h igher-streng th  cas t iron. Furtherm ore, th e  
m elt so trea te d  is less affected b y  differences in  cooling ra te s  as 
exist betw een th e  outside an d  cen ter of a  given section  and  so 
will produce a  casting  of m ore uniform  s tru c tu re  th roughou t. All 
of th e  cast-iron  tes t blocks used  in th is  investigation  were cast by  
th e  M eehanite  process in which inoculations of calcium  silicide a re  
used. These blocks were cast in  th e  foundry  of th e  C incinnati 
M illing M achine Com pany.

T h e  in itia l m illing tests w ere carried  o u t on 6 '/i  X  6l/ s  X 20 l/ 2 
in . castings of analysis A an d  C-309 which had  been poured  in to  
green-sand m olds. T h e  chem ical analysis a n d  physical proper­
ties of these m ateria ls are g iven in  T ab le  1. W ith  th e  exception 
of th e  hardnesses, th e  physical p roperties refer to  those show n b y  
th e  a rb itra tio n  bar a n d  represen t com parative  p roperties of th e  
various m ateria ls tes ted  ra th e r th an  th e  p roperties of th e  actual 
te s t blocks. T h e  hardness values given refer to  averages taken  
from  th e  a c tu a l te s t blocks. T h e  g rap h ite  d istribu tions of these 
two m ateria ls a re  show n in Fig. 3, an d  th e  m icrostructures in  Fig. 
4. B o th  m ateria ls h ad  average graphite-flake sizes correspond­
ing  to  A FA  N o. 4.

T h e  m icrostructure  of th e  analysis A cast iron  was essentially 
g rap h ite  an d  norm al pearlite  w ith  very  little  phosphide eutectic 
o r free carbide presen t. T h e  analysis C-309 m ate ria l had  ab o u t 
th e  sam e m atrix  s tru c tu re  as th e  analysis A b u t in  add ition  an  
appreciable am o u n t of free carbide  was d istribu ted  th roughout 
th e  struc tu re .

Subsequently , in  a n  a tte m p t to  produce a  h a rd er cas t iron  with 
a  correspondingly finer s truc tu re , analysis C-304 was cast in to  
skin-dried  m olds to  produce te s t  blocks 3 ‘A  X 6V2 X  20l/2 in. 
T he analysis of th is m ateria l is g iven in  T ab le  1. In  tw o separate  
pourings of th e  C-304 great differences in tool life were found, 
F ig. 1. T hese tw o pourings were m ade from  tw o  separa te  heats, 
bo th  w ithin specifications; however, slightly  different foundry  
conditions resu lted  in  m ateria ls w ith  different m achining charac­
teristics. T h e  m icrostructures of th e  tes t blocks produced by 
each h ea t a re  show n in  Fig. 4.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-  1 1 8  -

FIELD, STANSBURY—EFFECT OF MICROSTRUCTURE ON MACHINABILITY OF CAST IR O N S -I 667

(a ) (b) (c) (d )
F i o .  3  P h o t o m ic r o g r a p h s  o f  G r a p h i t e  D is t r i b u t io n  

(a, Analysis C-304A, 225 B hn. 6, Analysis C-304B, 240 Bhn. c, Analysis C;309, 235 Bhn. d. Analysis A, 190 Bhn. U netched; X50.

. . («) (6) . . ( c )  id)
F i g . 4  P h o t o m ic r o g r a p h s  o f  M ic r o s t r u c t u r e  

(a, Analysis C-304A, 225 Bhn. 6, Analysis C-304B, 240 B hn. c, Analysis C-309, 235 Bhn. il. Analysis A, 100 Bhn. N ita le tch ; X375.)

F i g . 5  S k i n - D r ie d  M o l d  A s s e m b l y

As shown in  Fig. 3, the g raphite  d istribu tion  was ab ou t the  
sa m a  in both  sets of blocks. A re la tively  sm all am oun t of free 
carbide was found in blocks produced by one h eat, as shown 
in Fig. 4. T h is m ateria l will be referred to as analysis C-304A 
to d ifferentiate  i t  from  th e  m aterial of the second heat, which

F i g . 6  C o r e -S a n d - M o l d  I n s e r t

showed a  g reater am o u n t of free carbide, Fig. 4. T h is la tte r  
m aterial will be referred to  as analysis C-304B.

T he results ob tained  on th e  analysis C-304 blocks em phasized 
the need for close control in  the  p repara tion  of te s t blocks if 
definite stru c tu res were to  be  produced. Therefore subsequent 
tes t blocks were cas t in to  a  different type of m old which consisted 
of baked core sand  inserts in a  skin-dried mold. T he final mold 
assem bly is show n in  Fig. 5, and  th e  core-sand insert in Fig. 6. 
T he m etal was poured th rough  a  baked s tra in e r core (shown at.
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F i g . 7  T r a n s f e r r i n g  M e t a l  F r o m  M i x i n g  R e s e r v o ir  t o  L a d l e

cen ter r ig h t in  Fig. 5), an d  then  gated  to  five or six m old cavities 
from  a  com m on runner.

I n  order to  o b ta in  sufficient castings for a  com plete m achina- 
b ility  tes t, i t  w as necessary  to  pour two ladles of m etal. Close 
contro l of chem ical com position from  ladle to  ladle was ob tained  
b y  draw ing th e  m eta l from  a  continuously fed m ixing reservoir, 
a s  show n in  F ig . 7. Since the  am oun t of m etal w ithdraw n from  
th e  m ixing reservoirs in to  successive ladles was sm all re la tive  to  
the  am o u n t of m eta l added  from  th e  cupolas, a  sa tisfac to ry  de­
gree of un ifo rm ity  of chem ical com position w as ob tained. T h e  
castings w ere th e n  cleaned and  m achined to  a  dep th  of ' / a in. on  
all surfaces to  p roduce th e  final te s t  blocks.

T h e  large section  sizes used for th e  bldcks of analyses A, C-309, 
a n d  C-304 w ould n o t p e rm it the  range of cooling ra te s  desired. 
T h e  lim ita tions, im posed by  the  use of large test blocks necessary  
for th e  m ill in g  tes ts , forced consideration of th e  use of sm aller 
sections w hich would allow th e  production  of blocks of m ore 
uniform  s tru c tu re  from  surface to  cen ter due to  a  m ore uni­
form  casting  ra te , an d  would allow a  g reater range  of stru c tu re s 
to  be  p roduced. T hese  th in n er sections were stacked  to gether 
to  fo rm  a  lam in ated  te s t  block of the  desired section.

I n  order to  establish  the  range of stru c tu res which could be  
expected  due to  changes in  the  ra te  of cooling, these blocks were 
cas t 20V4 in. long, 4 ' / 2 in. wide, and in the  following thicknesses:

3*A in., 2 'A  in., I 1/ ,  in., 1 in. an d  3 A  in! Of these, th e  3 ‘A in ., 
l ‘A in. an d  3A  in. sections were found  to  give a  rep resen ta tive  
range of s tru c tu res, an d  sets of b ars w ere subsequently  cas t in 
these  sections to  p roduce b ars for th e  cu ttin g  tests. T h e  un i­
fo rm ity  of an y  se t of te s t  blocks was checked by  tak in g  B rinell 
hardness readings across each block a n d  b y  m icroexam ination of a  
sam ple  from  th e  sam e position  of each block for g raph ite  d istri­
b u tio n  an d  m icrostructure . I n  add ition , th e  un ifo rm ity  of g raph­
ite  d istrib u tio n  th ro u g h o u t a  given block was checked b y  tak­
ing  sam ples a t  fou r p o in ts  on th e  block. T h is was done on several 
blocks chosen a rb itra r ily  from  each se t. A pproxim ately  650 
specim ens were p repared  fo r m icroexam ination  in  th is investiga­
tion . A ny gross devia tions of e ith e r hardness o r m icrostructure  
w ere thus detected , a n d  th e  b a rs  in w hich th ey  were found were 
rejected.

C astings of analysis C, T ab le  1, were m ade in  these  th ree  
sections th u s  p roducing  th ree  se ts  of bars, each se t being of uni­
form  stru c tu re  b u t  p roducing different g raphite-pearlite  d istri­
bu tions in  each of th ree  sets.

Fig. 8 shows th e  g rap h ite  d istribu tions produced in  th e  3 ‘A-in., 
lV t-in ., a n d  3A -in. sections of th is  m ate ria l which correspond to  
A FA  graph ite  size num bers 4, 5, a n d  6, respectively. T hese 
s tru c tu re s n o t only  rep resen t th e  average graph ite  d istribu tions 
found in  th e  respective te s t blocks b u t a re  rep resen ta tive  of th e  
g rap h ite  size an d  d istrib u tio n  found th ro u g h o u t m ost of a  given 
section. D ev iation  in  g rap h ite  d is tribu tion  occurred along th e  
edges a n d  on th e  corners of th e  blocks, b u t these were sm all com ­
pared  to th e  differences found from  one section size to  ano ther.

■ R ep resen tative  e tched  m icrostructu res for these  th ree  sections 
a re  show n in  F ig. 9. T h ere  is a  defin ite  g radation  of pearlite  
lam ellar spacing  in  going from  th e  th ic k  to  th in  section. M ost 
of th e  pearlite  in  th e  3A-in. section w as to o  fine to  be resolved a t  
375 m agnification.

A duplica te  se t of 3 'A -in . blocks of analysis C  were annealed  
to  b reak  dow n th e  pearlite  com pletely  in to  fe rrite  a n d  graph ite . 
T h e  annealing  cycle consisted  of h ea tin g  to  1600 F , holding a t  
th is  tem p era tu re  for 8 h r, followed b y  a  fu rnace cool. T h e  in ­
creased am oun t of g raph ite  p roduced in  th is  m anner m ay  be seen 
by  com paring  the  annealed  se t w ith  th e  as-cast se t in  F ig. 8. 
T he  e tched  s tru c tu re  is show n in  F ig. 0 fo r com parison w ith  th e  
e tch ed  m icrostructu res of th e  o th er m ateria ls used in th is  investi­
gation.

E q u i p m e n t  U s e d  a n d  M e t h o d  o f  C o n d u c t in g  T e s t s

T h e  cu ttin g  te s ts  were ru n  on a  C incinnati 5-60 hydrom atic

A  y  v. '? •  \  ' ' j V A A  - ' n £ ' 9 v

. . - v y  * V~,  ) j, r ^ /  \  ?.

• ( a )

/ *
...1

(b) (c)
F i g . 8  P h o t o m ic r o g r a p h s  o f  G r a p h i t e  D i s t r i b u t i o n  

(a, A nalysis C-V*. 218 Bhn. 6, Analysis C -1‘A . 215 B hn. c, A nalysis C-3'/«. 195 B hn. d, Analysis C -3‘/< annealed, 121 B hn. U netcbed; X50.)
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(a) (b) (c) (d)
F ig .  9  P h o t o m i c r o g r a p h s  o f  M i c r o s t r u c t u r e  

(o, Analysis C-»/«, 218 Bhn. 6. Analysis C - l '/ i .  215 Bhn. c Analysis C-3'/<, 195 Bhn. d. Analysis C-3*/< annealed, 121 Bhn. N ital etch ; X375.)

F i g . 10 M i l l i n g  M a c h i n e , C u t t e r s , a n d  F i x t u r e  U s e d  f o r  
M a c h i n a b il it y  T e s t s

m illing m achine. A 6-in -rad ius single-tooth  c u tte r  held in  a  500- 
lb flywheel was used fo r th e  tool-life and  surface-finish tests, Fig. 
10. T h e  to o th  had  a  + 3 -d e g  axial a n d  rad ial rake, a  30-deg corner 
angle, and  a  + 4 -d e g  re su lta n t rake. In  all tes ts  a  c u t was taken 
Vis in. deep, 6 in. wide, an d  20 in. long w ith  th e  c u tte r  positioned 
centrally , re la tiv e  to  th e  work. T h e  feed per too th  was held 
co n stan t a t  0.015 in . C arboloy 44A was em ployed as the  car­
b ide a n d  was induction-brazed  to  th e  shank, using a  silver-solder 
b razing alloy. T h e  carbide was ground w ith  a  d iam ond grinding 
wheel.

All defects plus 0.010 in. were ground off the tool face as 
well as all the  clearance lan d s in resharpening. A 7-deg clearance 
angle was ground behind all th e  cu ttin g  edges. All milling was 
done dry .

Fixture for Test Blocks. T h e  C-309 A an d  C-304 te s t blocks 
were individually  bolted  to  a  m assive fix ture for th e ir respective 
m illing tes ts . T h e  C -3/ 4, C -lV i, an d  C-3V4 te s t  bars, which had 
to  be  b u ilt u p  in to  a  com posite te s t  block, were s tacked  in to  a 
special fix ture to  form  th e  te s t  b lock 4 */4 in. wide, 20 in. long, and 
6 in . high. T hus tw elve l/srin. slabs, 'six 1-in. slabs, or tw o 3-in. 
slabs w eres tack ed  to  fo rm  th e  6-in. high block. Fig. 11 shows the  
six 1-in. blocks in  position. T h e  slabs were securely clam ped b y  a 
series of screws along th e  fron t of the  fixture an d  by a  long 
clam p a t  th e  rea r  of th e  fixture. T h e  re su ltan t te s t  block was 
positioned to  overhang th e  fixture by  only ‘/ i  in. so th a t  when 
the  Vis-in. dep th  o f cu t was taken , the  c u tte r  cleared th e  front

£

F i g . 11 F i x t u r e  f o r  T e s t  B l o c k s

of the  fixture by  ‘/is  in . M eans were provided to  relocate th e  test 
block to  the  sam e position  a fte r  each pass.

Tool-Life Measurement. T h e  w id th  of th e  w ear land  on  th e  
clearance of th e  carb ides was m easured  w ith  a  calib ra ted  eye­
piece m icroscope a fte r  each pass. W hen th e  w id th  of th e  uniform  
w ear becam e 0.030 in ., th e  tool-life te s t was stopped. In  general, 
a  uniform  w ear over th e  whole carb ide clearance land  was ob­
tained a t  cu ttin g  speeds of 290 fp m  a n d  higher. How ever, a t  210 
fpm , localized 'breakdow ns occurred a t  one or m ore positions along 
the  clearance land. T hese  localized breakdow ns developed in to  
grooves which even tually  exceeded th e  leng th  of th e  uniform  wear. 
These grooves were p e rm itted  to  develop to  0.040-0.050 in., 
depending upon  the  w id th  of th e  grooves, provided th e  uniform  
w ear rem ained u n der 0.030 in.

M a c h i n a b i l i t y  R e s u l t s  

T here  are  th ree  im p o rta n t elem ents of m achinab ility , nam ely, 
tool life, power requirem ents, an d  surface finish. K now ledge of 
these th ree  elem ents is necessary to  appraise  com pletely an y  
m illing operation  an d  to  calculate the  m ost econom ical com bina­
tion  of feed an d  speed. •

Tool Life. T he  effect of th e  g raph ite-pearlite  size on tool life 
of th e  “ C ” analyses is show n in  Fig. 12 where cu ttin g  speed is
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F i g . 1 2  C u t t in g  S p e e d  V e r s u s  T o t a l  V o l u m e  M e t a l  R e m o v e d  
B e t w e e n  G r in d s  f o r  0 .0 3 0 - I n . W e a r  L a n d  

[C u tte r: Single tooth , 6 in. radius; ( + 3 ,  + 3 ,  30, + 4 ) .  C u t dimensions: 
Vie in . depth , 6 in . w idth, 0.015 in. feed per to o th .]

plo tted  against volum e of m etal rem oved to  produce a  0.030 in. 
dulling of th e  to o th . T his log-log ch art shows th a t  th e  tool life 
increased as th e  graphite-pearlite  size became larger. A t 290 fpm, 
the  life fo r C -31/-! was twice as m uch as for C -3A- A t 1150 
fpm , th e  life for C -31 A was 1.5 tim es th a t  of the  C-3A- T h e  curves 
are  s tra ig h t lines on log-log co-ordinate p ap er from  1150 down to  
290 fpm . W ith in  th is speed in terval the  w ear on th e  carbide was 
uniform  over th e  whole edge. However, a t  210 fpm , th e  tool 
failed by  a  localized breakdow n; th e  effect of this is indicated  by 
the  tu rn in g  back of th e  curve. T h is sam e b reak  in the  speed-life 
curve h as  been reported  in previous papers.3'4

T h e  curve on th e  extrem e righ t is th a t  of C -31 A annealed . The 
enorm ous increase in tool life produced by  th e  transfo rm ation  of 
pearlite  to  fe rrite  is obvious. For exam ple, a t  1150 fpm , th e  life 
for th e  C -31 A annealed was 7.5 tim es as m uch as th e  C -31 A and 
11.5 tim es as m uch as th e  C -3A- T he tool-life curve fo r the 
annealed  m ateria l is only draw n down to  500 fpm  because a t  
lower speeds th e  tool life was so g reat th a t sufficient tes t blocks 
were n o t on h and  to  obtain  a  0.030-in. wear. A te s t  was m ade a t  
290 fpm , an d  all the  available tes t blocks were cu t up  to  produce 
a  m ere 0.005 in. of w ear on the  carbide tooth .

A tru e r  represen tation  of the  re la tive  tool life of th e  four cast 
irons u n d er discussion is b rought o u t by  rep lo ttin g  th e  cu ttin g  
speed versus volum e of m etal rem oved, on rectangu lar co-ordinate 
paper, F ig . 13. I t  is ev iden t here th a t  th e  change in  tool life 
is sm all fo r large speed differences a t  high cu ttin g  speeds, whereas 
i t  is very  m uch greater for th e  sam e speed difference a t  low cu t­
tin g  speeds. T h e  actual tool life a t  high speeds for a ll th e  g raph­
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F i g .  14 C u t t i n g  S p e e d  V e r s u s  A c t u a l  C u t t i n g  T im e  f o r  0 .0 3 0 -  
I n .  W e a r  L a n d

[C utter: Single too th , 6 in . rad ius; ( + 3 ,  + 3 ,  30, -)-4). C u t dimensions: 
’/ i t  in . depth , S in . w idth, 0.015 in . feed per tooth .]

ite-pearlite  s tru c tu res  w as v e ry  sm all so th a t  th e  percentage 
difference in  tool life betw een them  is of slight significance. 
However, a t  low speeds, e.g., 300 fpm , th e  tool life is of 
practical significance, so th a t  a  2- to - l  difference in life is very 
im portan t.

T h e  ac tu a l increase in  tool life produced by  annealing to  a 
graphite-ferrite  s tru c tu re  is a lso em phasized in  its  tru e  propor­
tions by  Fig. 13. I t  is in te resting  to  no te  th a t  the  tool life for 
th is  s tru c tu re  a t  1150 fpm  was th e  sam e as th e  C-31A analysis a t  
a  speed of 360 fpm .

Tool life is p lo tted  ag ain st th e  a c tu a l cu ttin g  tim e in m inutes 
for the  sam e fou r m ateria ls in  Fig. 14. W ithin  th e  cutting- 
speed range of 1150 down to  290 fpm , th e  curves a re  represented 
by  th e  following equations;

Analysis Equation
C-3A . . ................................................................7 JTM0J =  ggo
C-1»A................................................................. FT»-3”  =  1060
C-3>A.................................................................................=  1160
C-3>A annealed................................................ VT«'«3 =  3000

As m entioned in  a  previous p ap er,3 0.030 in . w ear was taken
as a  lim it for tool life, an d  th e  choice of th is m agn itude  perm itted  
com parison of resu lts w ith  those  of o th er investigators. How­
ever, in  ac tu a l shop applications i t  frequen tly  happens th a t 
carbide m illing c u tte rs  m u s t b e  rem oved from  service before a 
w ear land  of 0.030 in. has been reached. On som e jobs, for ex­
ample, where th e  therm al d isto rtion  caused by  an  excessive wear 
land  would produce dim ensional inaccuracy, th e  w ear land  cannot 
exceed 0.015 in. I t  is therefo re  desirable to know rela tive  tool
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F i g . 13  C u t t in g  S p e e d  V e r s u s  V a r io u s  T o o l -L i f e  C r i t e r i a  f o r  0 .0 3 0 - I n . W e a r  L a n d ; R e c t a n g u l a r  C o -O r d in a t e s  
[C utter: Single tooth , 6 in. radius; (+ 3 ,  + 3 ,  30, + 4 ) .  C u t dimensions: a/i« in. dep th , 6 in . w idth, 0.015 in. feed per tooth .]
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leng th  of one pass *» 20 in.]

life for th e  various s tru c tu res a t  an y  an d  all w ear lands. T h is 
was achieved b y  keeping a  record of th e  progress of tool wear w ith 
tool life.

A  typ ical se t of tool-w ear versus tool-life curves is show n in 
Fig. 15 for th e  C -31/* analysis. A t high cu ttin g  speeds th e  tool 
w ear progressed a t  p ractically  a  co n stan t ra te , b u t a t  low cu t­
tin g  speeds th e  ra te  of tool w ear was n o t steady, a s  exemplified 
by  th e  irregu larity  of th e  curves. B y  m eans of such curves i t  is 
possible to  p lo t cu ttin g  speed versus tool life for a n y  co n stan t w ear 
land.

T h u s in Fig. 16 is show n a se t of curves for 0.015-in. uniform  
w ear land, again  for th e  four previously m entioned struc tu res. 
T h e  re la tive  tool life a t  0.015-in. w ear is sim ilar to  th a t  of th e  
0.030-in. w ear except th a t  no  b reak  in  th e  curves appears a t  th e  
low speed. T h e  b reak  in  th e  curves is absen t because these 
curves represen t only th e  uniform  w ear an d  n o t th e  localized 
breakdow n, w hich usually  determ ines th e  end p o in t a t  low speed 
for th e  0.030-in. wear te s t. Localized breakdow ns were p resen t in 
som e cases, also a t  th e  0.015-in. w ear po in t, b u t  th e ir  m agnitudes 
were n o t m uch  m ore th an  0.015 in., an d  in no  case were th ey  
sufficiently large to  ju stify  a  w ithdraw al of th e  tool from  service.

C u ttin g  speed - tool life curves for 0.005-in. w ear land  are  pre­
sen ted  in  Fig. 17. In  these cases localized breakdow ns had no t 
s ta r te d  so th a t  th e  w ear was uniform  over th e  en tire  edge. T he 
curves are  th u s  continuous th roughou t th e  speed range of 1150 
dow n to  210 fpm . I t  is only in  th is  se t of curves th a t  th e  tool life 
of th e  ferritic  s tru c tu re  can  be com pared w ith th a t  of th e  pearlitic 
s tru c tu res a t  290 fpm . A t th is speed 1550 cu in. of th e  C -31 A 
-annealed m ateria l was rem oved w ith  one too th , w ith  a  w ear of 
only 0.005 in. T h is phenom enal tool life was 50 tim es as m uch as

1 5 0 0

5  io o o

I  6 0 0; 700 
W 6 0 0  
h  5 0 0
bJ
£  4 0 0

3 0 0

z 200

10 20 30  40 30 70 100 200 300 300 700 1000
TOTAL VOLUME METAL REMOVED-CUBIC INCHES

F i g . 1 6  C u t t i n g  S p e e d  V e r s u s  T o t a l  V o l u m e  M e t a l  R e m o v e d  
B e t w e e n  G r i n d s  f o r  0 .0 1 6 - I n . U n i f o r m  W e a r  L a n d  

[C u tte r: Single too th , 6 in . rad iu s ; ( + 3 ,  + 3 ,  30, + 4 ) .  C u t dim ensions: 
*/ie in . dep th , 6 in . w idth , 0.015 in . feed per too th .]

th a t  of th e  C -3‘/« analysis. T h e  trem endous im provem en t in  tool 
life produced b y  annealing  should  certa in ly  find app lications on 
m any  m achine or s tru c tu ra l p a r ts  where th e  low er physical proper­
ties of th e  g raph ite-ferrite  s tru c tu re  can  sa tisfac to rily  be em ­
ployed.

T h e  effect of free-carbide segregations on  tool life is show n 
in  F ig . 2 w here th e  c u ttin g  speed -  tool life curves for 0.030-in. too l 
w ear a re  presented for th e  C-309 and  C-304B m aterials. W hile 
these analyses a re  considerably  different, as show n in T ab le  1, th e ir 
m icrostructures a re  m uch a like  and, as prev iously  m entioned, 
th e ir  tool-life curves a re  rem ark ab ly  sim ilar. As show n by  th e ir  
photom icrographs, Fig. 4, b o th  s tru c tu res  co n ta in  re la tively  large 
carbide segregations w hich m ay  account for th e  appreciab ly  lower 
tool life in  th e  norm al speed range betw een 250 an d  1000 fpm , 
as com pared w ith  th e  C - P / i  analysis. T hese  carbides hav e  a  
K noop  hardness of the  o rd er of 1000, while pearlite  has a  K noop  
hardness of on ly  300 to  400. I t  is also significant th a t  th e  c u t­
ting  speed - tool life characteristics no  longer give a  stra igh t-line  
re lationship on  log-log co-ordinate  paper.

T h e  tool life fo r b o th  th e  C-309 and  th e  C-304B a t  210 fpm  
was ab o u trthe  sam e as th a t  of th e  C - l 'A  analysis. A n exam ina­
tion  of the  m icrostructu re  revealed th a t  th e  lam ellar spacing an d  
grain size of th e  p earlite  in  th e  C-309, th e  C-304B, a n d  th e  C - l1/ ,  
analyses were all of th e  sam e order of m agnitude, Figs. 4 a n d  9. 
T h e  presence of free-carbide segregations em bedded in  a  given 
graphite-pearlite  s tru c tu re  does no t appreciab ly  a lte r  tool life a t  
210 fpm , b u t seriously reduces tool life in  th e  neighborhood of 250
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Fio. 17 C u t t i n g  S p e e d  V e r s u s  T o t a l  V o l u m e  M e t a l  R e m o v e d  B e t w e e n  
G r i n d s  f o r  0 .0 0 5 - I n .  U n i f o r m  W e a r  L a n d  

[C u tte r: Single to o th , 6 in . radius; ( + 3 ,  + 3 ,  30, + 4 ) .  C u t dim ensions: >/n in. 
dep th , 6 in . w idth, 0.015 in. feed per tooth .]

F i g . 18 C u t t i n g  S p e e d  V e r s u s  T o t a l  V o l u m e  
M e t a l  R e m o v e d  B e t w e e n  G r i n d s  f o r  0 .0 3 0 - I n . 

W e a r  L a n d

[Casting size: 6>A X O '/s X 20 'A  fo r analysis A, 3 l/ t  X 
4 lA  X 20 ' / 1 fo r analysis C-3>A. C u tte r : Single tooth , 6 
in . radius; ( + 3 ,  + 3 ,  30, + 4 ) .  C u t dim ensions: Vi« in. 

dep th , 6 in. w idth, 0.015 in. feed per too th .]
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P i g .  1 9  E f f i c i e n c y  o f  M e t a l  R e m o v a l  V e r s u s  F e e d  P e r  T o o t h  
(C u tte r: 8 tee th , 9 l/ u  in- d iam , -f  3-deg axial rake , + 3 -d eg  rad ia l rake , 30- 
deg corner angle, -f-4-deg resu ltan t rake; carbide =* 44A. C u t dim ensions; 
*/u in* dep th , 6 in . w idth; cu tting  speed =  220 fpm ; d u ll c u tte r  had  0.030-in. 

w ear lan d  on carbide tee th .)

to  1000 fpm . F urtherm ore, i t  appears th a t  the  tool life w ould be 
th e  sam e in  th e  v ic in ity  of 1700 fpm .

A n  ad d itio n a l confirm ation of th e  dependence of tool life 
on  m ic rostructu re  can be seen in  F ig . 18 w here th e  cu ttin g  speed- 
tool life curves of th e  C -31/ ,  a n d  th e  A  analysis a re  show n. T hese 
m ateria ls also h a d  a lm ost identical tool-life curves an d  qu ite  
sim ilar m icrostructures, in  sp ite  of th e ir  differences in  chem ical 
com position a n d  section  sizes.

Power Requirements. T h e  pow er requ ired  for m illing th e  v a ri­
ous cast irons was determ ined, using a n  8-too th , 9Vis-in-diam  
carb ide-tipped  solid-body face mill, F ig . 10. T h e  tool angles on 
th e  m u ltito o th  cu tte rs  w ere th e  sam e as th a t  of th e  single-tooth 
c u tte r, i.e., + 3  deg axial a n d  rad ia l rak e  a n d  30-deg corner angle, 
giving a  + 4 -d e g  re su ltan t (or “ tru e” ) rake. T h e  pow er a t  the  
c u tte r  w as m easured in  te rm s of th e  k ilo w att in p u t to  th e  m otor, 
th e  m illing m achine hav ing  been calib ra ted  by  m eans of a  P rony- 
b rak e  te s t. C u ts  wero tak en  6 in. wide, 0.187 in. deep a t  a  con­
s ta n t  cu ttin g  speed of 220 fpm , a n d  a t  feeds per to o th  of 0.002 
to  0.030 in. T h e  results are  shown in  F ig . 19 w here th e  “ effi­
ciency of m eta l rem oval” (in cubic inches pe r m in u te  pe r horse­
pow er a t  th e  spindle) is p lo tted  ag a in st feed pe r to o th  fo r bo th  
sh a rp  a n d  du ll cu tte rs . F o r th e  sh a rp -cu tte r  te s t, th e  c u tte r  was 
ground im m ediately  before each run . T h e  du ll-cu tte r tes ts  were 
m ade w ith  a  c u tte r  in  w hich th e  carbide tee th  had  p re ­
viously been worn to  0.030-in. w ear land . All th e  .........
sh a rp -cu tte r  curves were s tra ig h t lines on  th e  log-log [-'■ 
co-ordinate paper. T h e  efficiency of m etal rem oval 
fo r th e  C -3l/< annealed te s t bars v aried  from  2.4 cu 
in . p e r  m in  p e r  h p  a t 0.002 in. feed pe r to o th  to 3.0 a t I
0.030 in. feed  per tooth . T h e  en tire  group of the  j
g raphite-pearlite  analysis, including th e  C-309 and 
th e  C-304B which contained th e  free carbides, had 
a b o u t th e  sam e “ efficiency” curves when m illed w ith 
th e  sh a rp  cu tte r, th e  values increasing from  1.2 a t 
0.002 in. feed pe r to o th  to 2.1 a t  0.030 in. feed per 
too th .

T h e  sharpness of the c u tte r  was observed to  exert 
a  very  g rea t effect on th e  power requ irem ents. A t 
0.002 in. feed per too th , th e  efficiency fo r th e  C-3 
annealed  b a rs dropped from  2.4 to  1.4 owing to  the 
dulling  of th e  cu tte r, while a t  0.020 in . feed per 
to o th , th e  efficiency dropped from  3.0 to  2.3. T his 
m eans th a t  th e  dull c u tte r  required  1.8 tim es as 
m uch paw er per cu in. per m inu te  a t  0.002 in . feed 
per to o th , a n d  1.3 tim es as m uch pow er a t  0.020 in. 
feed p e r to o th  while m illing th e  ferritic  stru c tu re .

C-3t, 2* FACE ANGLE A 

C-3 ,2* FACE ANGIE O 

C - J i .O "  FACE ANGLE A 

C-3 , O’ FACE ANGLE •

2 0 0  4 0 0  6 0 0  8 0 0  IOOO 1 2 0 0

CUTTING S P E E D -F E E T  PE R  M INUTE

F i g . 2 0  P r o f i i o m e t e r  R e a d in g  V e r s u s  C u t t in g  S p e e d  
[C u tte r: Single to o th , 6 in . rad ius; ( + 3 ,  + 3 ,  30, + 4 ) .  C u t dim ensions: 

Vie in . dep th , 6 in . w id th , 0.016 in . feed per too th .]

T h e  d rop  in  efficiency, o r th e  increase in  pow er consum ption, 
due  to  dulling  of th e  cu tte r, w as even  g rea ter w ith  th e  pearlitic  
cas t irons. T h u s a t  0.002 in . feed p e r to o th , th e  pow er 
pe r cubic inch  per m in u te  increased  3 tim es w ith  th e  dull 
cu tte r.

T w o im p o rta n t conclusions can be s ta te d  on th e  su b jec t of 
pow er requirem ents:

(a) G raph ite -pearlitic  cas t irons differ l ittle  in  pow er consum p­
tion  fo r a  g iven c u tte r  u n d e r given cu ttin g  conditions.

(b) T h e  increase in  pow er consum ption due  to  dulling of th e  
c u tte r  m ay  bp a s  m uch a s  3 tim es a t  sm all feeds pe r to o th , b u t  th e  
increase is m uch  less a t  h ig h  feeds per to o th .

Surface Finish. T h e  surface finish produced  on  th e  w ork was 
m easured  w ith  a  p rofilom eter a t  th e  s ta r t  a n d  end of each  ru n . 
I n  add ition , a  Faxfilm  rep lica  w as m ade  of th e  surface  finish a fte r 
th e  first run . I n  general, th e  surface  finish d id  n o t change appre­
ciably  as th e  ru n  progressed. T h e  m eth o d  of grinding th e  face- 
cu ttin g  edge h a d  a n  im p o rta n t bearing  on th e  finish ob tained, and 
in  fact, was found  to  b e  a s  influential as th e  m icrostructure . All 
tests were m ade first w ith  a  2-deg face angle an d  th e n  w ith  a  0- 
deg face angle, o r flat lan d  0.040 in. long. I n  general, th e  surface 
finish was b e tte r  fo r th e  fine g raph ite-pearlite  stru c tu res. In  
Fig. 20 is show n th e  com bined effects o n  profilom eter read ing  of 
cu ttin g  speed, face angle, and  m icrostructu re . F o r all m ateria ls 
the  finish im proved a s  th e  speed was increased. F o r  th e  C -31/ .

ANALYSIS C -f ANALYSIS C -3 f
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F ig . 21
[C u tte r:

S u r f a c e  F i n i s h  R e p r o d u c e d  F r o m  F a x f il m  R e p l ic a s

C u t dim ensions: Vie in. 
X23.J

Single too th , 6 in. radius; ( + 3 ,  + 3 .  30, + 4 ) .  
dep th , 6 in. w idth, 0.015 in . feed per too th ;

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-  124 -

FIELD, STANSBURY—EFFECT OF MICROSTRUCTURE ON MACHINABILITY OF CAST IRONS—I 673

b ars m illed w ith  a  O-deg-face-angle cu tte r, th e  profilom eter read­
ing decreased from  195 microinches a t  210 fpm  to  90 m icroinches a t  
1150 fpm . B y  using th e  0-deg face  angle, i t  was possible to  ob ta in  
a lm ost as good a  finish on  th e  C-3V4 bars as on th e  C-3/ i  te s t  bars.

P ho tom icrographs of th e  Faxfilm  replicas a re  show n in  F ig. 21 
fo r th e  C~3/t  a n d  th e  C-3'/< te s t  bars a t  210 an d  1150 fpm . T hese 
photom icrographs a re  good reproductions of th e  a c tu a l ap pear­
ance  of th e  surface finish on  th e  te s t  bars. T h e  sim ila rity  in  
finish  on  th e  C -’A  a n d  C -3’/< te s t  blocks fo r th e  sam e cu ttin g  
speed a n d  face  angle is read ily  observed.

C o n c l u s io n s

T h e  resu lts  of th is  investigation  show th a t  m icrostructure  ra th e r  
th a n  chem ical analysis o r physical p roperties of a  cas t iron  is th e  
m ajor fac to r governing th e  too l life in  carbide-m illing. F o r  each 
m icro stru c tu re  there  exists a  characteris tic  cu ttin g  speed versus 
too l life cu rve. T hese curves m u st be know n in  o rder to  p red ic t 
th e  re la tive  to o l life in  milling, th e  various cas t irons em ployed 
com m ercially. T h e  resu lts th u s  fa r  have show n th a t  fo r cast 
irons con ta in ing  g rap h ite  a n d  p earlite  only, th e  tool life was 
doubled in  going from  a  fine to  a  coarse d is tribu tion  of these 
m icroconstituents. T h e  com plete g raph itization  of these s tru c ­
tu res b y  annealing  resu lted  in  a  m ateria l contain ing fe rr ite  and  
g raph ite  on ly , which h a d  a  too l life as g rea t as 50 tim es th a t  of 
th e  g raph ite-pearlite  s tru c tu re .

T h e  presence of free  carbides in  a n  otherw ise norm al pearlite- 
g raph ite  c a s t iron w as show n to  have  re la tive ly  no effect on 
tool life a t  a  cu ttin g  speed of 210 fpm , b u t seriously reduced 
th e  tool life in  th e  range  of 250 to  1000 fpm .

T h e  pow er requ ired  for m illing a t  a  given ra te  was found  to  
be th e  sam e fo r  all th e  g raphite-pearlite  s tru c tu res, including the  
ones w ith  th e  free  carbides. T h e  pow er p er cubic inch pe r m in u te  
requ ired  fo r a ll  s tru c tu res  decreased as the  feed p e r to o th  increased. 
T h e  graph ite-ferrite  s tru c tu re  requ ired  one ha lf to  tw o th ird s  th e  
power p er cub ic  inch fo r th e  sam e feed p e r to o th . T he  sharpness 
of th e  c u tte r  w as found  to  p lay  a n  exceedingly im p o rta n t ro le in 
pow er consum ption . A t sm all feeds p er tooth,- for exam ple, 
0.002 in., d u ll cu tte rs  requ ired  3  tim es as m uch power as sharp  
cu tte rs , w hereas a t  h igh  feeds p er to o th  th e  increase in  pow er was 
of th e  o rder o f  1.3.

T h e  su rface  finish on  th e  w ork was b e tte r  for cas t icons having 
th e  finer g rap h ite  d istribu tion . T h e  surface finish im proved as 
th e  cu ttin g  speed  increased fo r all s tru c tu res. I n  add ition , the  
surface finish w as found  to  be im proved b y  grinding a  fla t lan d  in 
th e  face-cu ttin g  edge of th e  cu tte r.

I n  o rder to  ex tend  th e  knowledge of th e  effect of m icrostructure  
of cas t irons o n  the ir m achinability , add itional w ork  is in  progress 
on  irons con ta in ing  v ary ing  am o u n ts  of stead ite  o r phosphide 
eutectic, an d  m artensitic  segregation. I n  addition , various 
m alleable cas t irons a re  to  be investigated . T h e  re la tive  m achina­
b ility  of these  s tru c tu re s  have  been corre lated  in to  those a lready  
stud ied  an d  th e  resu lts a re  p resen ted  elsewhere in  th is issue.6

A c k n o w l e d g m e n t s

T h e  au th o rs  wish to  express th e ir apprecia tion  for th e  experi-
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D iscussion
A . O. S c h m id t .5 T hese careful an d  w ell-evaluated te s ts  of 

the  m illing of cast iron in v ite  a  th o rough  stu d y . T h ey  will pro­
vide a n  answ er to  m an y  cases of unexplained p roduction  troubles 
in m achining castings. T h e  a u th o rs  have m ade a n  especially 
fine p resen ta tion  in  p lo ttin g  th e ir  d a ta , showing n o t  only th e  
general tool life -  cu ttin g  sp ted  ch arts  b u t bringing o u t  th e  in te r­
relationship of num ber of passes, volum e of m eta l rem oved, an d  
o ther p e rtin en t factors. T h e  g raphs can  be read  w ith  under­
stand ing  w ithou t looking a t  th e  te x t,  which in  itself is  a  w orth­
while achievem ent.
• T h e  m etallurgical analysis of th e  te s t  pieces should  be a  guide 
to  m an y  foundrym en, engineers a n d  forem en, who a re  engaged 
in  th e  p roduction  a n d  subsequent w orking of cas t iron .

C oncerning feed pe r too th , th e  a u th o rs’ findings o f a  high in ­
crease in  tool w ear w ith  th in  chips, accom panied by  a  subsequent 
increase in  power consum ption of a s  m uch  as 300 p er cent, agree 
w ith  th e  observations of th e  w riter. I n  m any  cases th e  sm all 
feed p er to o th  used  in  early  experim ents w ith  negative  rak e  angles 
in m illing a t  high speeds often  led to  erroneous conclusions.

T h e  fac t th a t  free-carbide segregations in  a  graphite-pearlite  
s tru c tu re  do n o t appreciably  a lte r  to o l life a t  210 fp m  cu ttin g  
speed b u t  do have a  pronounced influence in  reducing tool life 
a t  cu ttin g  speeds above 250 fpm  m ig h t be  a ttr ib u te d  to  th e  in ­
creased tem p era tu re  th e  tool t ip  will have a t  th e  h igher cu tting  
speed.

T h e  w riter believes th a t  a n  investiga tion  of too l tem pera­
tu res  w ould shed fu r th e r  lig h t on  th e  in te rdependen t factors of 
m achinability .

A u t h o r s '  C l o s u r e

T he k ind  rem arks of D r . Schm id t a re  apprecia ted . T h e  reduc­
tion in  tool life due to  th e  presence; of free-carbide segregations in 
cast iron is undoubted ly  caused b y  th e  inheren t abrasiveness of 
th e  h a rd  free-carbide constituen ts w ith in  th e  cast iron . These 
free-carbide segregations have a  K noop  hardness rang ing  from  
1000 to  1300 while the  pearlite  m a trix  has a  K noop  hardness of 
the order of 400. T he p reven tion  of th e  extrem ely  h a rd  carbide 
segregations in cast irons is  of course desirable in  order to  prolong 
tool life. T h is can generally be  done b y  the  p roper selection of 
analysis for the  section size of th e  casting .

6 Research Engineer, charge M etal Cutting, Kearney &  Trecker 
Corporation, Milwaukee, W is.. Mem. A.S.M.E.
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Effect of Microstructure on Machinability 
of Cast Irons— II

By M IC H A E L  F IE L D 1 a n d  E . E . STA N SB U R Y ,2 C IN C IN N A T I, O H IO

T h e  g e n e ra l  in v e s t ig a t io n  o f  t h e  e ffec t o f  m ic r o s t r u c tu r e  
o n  t h e  m a c h in a b i l i ty  o f  c a s t  i r o n  re p o r te d  i n  P a r t  I 3 w as 
c o n t in u e d  o n  s t r u c tu r e s  o f  v a ry in g  p e a r l i te  a n d  g ra p h i te  
s iz e  b u t  w i th  t h e  a d d i t io n  o f  a b o u t  five p e r  c e n t  o f  fre e  
s te a d i te ,  t h e  i r o n  -  i r o n  p h o s p h id e  e u te c t ic .  F in a lly ,  
s t r a ig h t  m a l le a b le  i r o n  a n d  o n e  ty p e  o f  p e a r l i t ic  m a l le a ­
b le  i r o n  w ere  s tu d ie d .  T h e  s t r a ig h t  m a l le a b le  i r o n  h a d  
a  s t r u c tu r e  c o n s is t in g  o f  f e r r i te  a n d  n o d u la r  g r a p h i te  
w h ile  t h e  p e a r l i t ic  m a lle a b le  s t r u c tu r e  c o n s is te d  o f  r e ­
c o m b in e d  C arb o n , f e r r i t e ,  a n d . n o d u la r  g r a p h i te .  T h e  
to o l  life , p o w er r e q u i r e m e n ts ,  a n d  s u r fa c e  f in ish  w ere  
d e te r m in e d  fo r  th e s e  s t r u c tu r e s ,  a n d  c o m p a r is o n s  a r e  
sh o w n  w i th  t h e  s t r u c tu r e s  o f  P a r t  I .  B y  m e a n s  o f  th e s e  
d a t a  t h e  e x p e c te d  m a c h in a b i l i ty  o f  a  c a s t  i r o n  c a n  b e  
d e te r m in e d  b y  c o m p a r in g  i t s  m ic r o s t r u c tu r e  w i th  th o s e  
p r e s e n te d  i n  t h i s  a n d  t h e  p re v io u s  p a p e r .3

TA BLE 1 C H E M IC A L  ANALY SIS AND PH Y SIC A L P R O P E R T IE S  
O F CAST IR O N S U SE D  IN  M IL L IN G  TE ST S

I n t r o d u c t io n

IN  T H E  first re p o rt o f the  p resen t investigation, a  general 
sum m ary  of cast-iron m etallu rgy  was given. I t  was poin ted  
o u t th a t  th e  m icrostructu re  a n d  th e  m echanical properties 

of cast irons could be varied  over wide ranges by  changes in 
chem ical analysis, m elting  p ractice , ra te  of cooling, and by  
h ea t-trea tm en t. U tilizing these  characteristics of cas t iron, 
sets o f te s t  blocks were p repared  each hav ing  a  different micro­
stru c tu re . T he m achinab ility  was reported  for cast irons of the  
following m icrostructu res: (1) Alloyed c as t irons hav ing  different 
am oun ts of free carbides. (2) C ast irons o f th e  sam e chemical 
analysis, in which th e  g raph ite  d istribu tion  an d  pearlite  fineness 
were controlled by  v ary ing  th e  cooling ra te  th rough  the  use of 
castings of different section sizes. (T here  were no free m icro­
constituen ts in  these cas t irons o th er th a n  g raph ite  and  pearlite .) 
(3) C ast iron hav ing  a s tru c tu re  of ferrite  an d  graph ite  in flake 
form . T h is was produced by  annealing  a  s tra ig h t cast iron un til 
a ll of th e  pearlite  h a d  broken down in to  g raph ite  and  ferrite.

P r e p a r a t io n  o p  T e s t  B l o c k s

In  continuing th e  general investigation  in to  th e  m achinability  
o f cast irons, i t  was tho u g h t desirable to  p roduce stru c tu res  of 
vary ing  pearlite  fineness and  g raph ite  size as in  item  (2), b u t  in 
add ition  to  have a  dispersion of stead ite , the  iron-iron phosphide 
eutectic, th roughou t each struc tu re . Accordingly, m elts having a  
base analysis sim ilar to  th a t  of th e  “ C ” cast iron used previously 
were prepared  using a  higher percentage of Southern  pig iron- in 
th e  cupola charge, which increased th e  am oun t of phosphorus, 
thus producing the  desired am ount of stead ite . T he m elts were

1 Cincinnati Milling Machine Company, Research Fellow, Univer­
sity of Cincinnati. Jun . A.S.M.E.

3 Assistant Professor of Metallurgical Engineering, University of 
Cincinnati.

3 P a rt I, pp. 665-674.
Contributed by the Special Research Committee on Metal Cutting 

and Bibliography and presented a t  the Annual Meeting, New York, 
N . Y., December 2-6,1946, of T h e  A m e r i c a n  S o c i e t y  o f  M e c h a n i ­
c a l  E n g i n e e r s .

N o t e :  Statem ents and opinions advanced in papers are to be un­
derstood as individual expressions of their authors and not those of 
the Society.

Analysis -
T otal

carbon Si

—P er cent— 

S P M n
E -3 V * ... 1 .85 0.185 0 .34 0.74
E - lV i . . . . . . 3 .3 6 1.82 0 .2 0 0.31 0 .7 0
E -V ........... . . 3 .3 8 1.74 0 .19 0 .35 0.72
M ............ .. . . 2 .5 0 0 .9 0 0 .0 9 0 .1 2 0 .37
P M ........... . . .2 .2 3 0 .9 8 0.1Q0 0 .18 0 .27

U ltim ate
tensile

strength ,
psi

36000
36000
36000
54000
75000

Bhn
176
197
197
113
172

trea ted  w ith  calcium silicide as th e  inoculating agen t by the  
M eehanite  process.

T hree sets of te s t  blocks of th is m ateria l were prepared, each set 
consisting of a  sufficient num ber of bars to  allow com plete m a­
chinability  tes ts  to  be run.. T h e  graphite  and  pearlite  d istribu­
tions were varied  by  casting  th e  b ars in th e  th ree  thicknesses th a t 
had been previously used, i.e., 3 A in., I 1/* in., and  3'/-t in ., each 
b a r being 20V< in. long a n d  4V j in. wide. T he bars were cas t in to  
a  skin-dried m old w ith  th e  te s t-b a r cavities lined w ith a  baked- 
core-sand insert. Previous experience had shown th a t  such an  
assem bly produced th e  m ost uniform  castings. T he m etal was 
poured th rough  a  baked s tra in e r core an d  th en  gra ted  to  five or 
six mold cavities from  a  comm on runner. T h e  castings were then 
cleaned and  m achined to  a  dep th  of V« in. ofy all surfaces to  pro­
duce th e  final te s t  blocks.

T he chemical analysis an d  physical p roperties of these three 
sets of bars are  given in T ab le  1. W ith  th e  exception of th e  hard ­
ness values, th e  physical p roperties refer to  those show n by  the  
a rb itra tio n  b ar an d  rep resen t com parative properties of th e  m a­
terials tested  ra th e r th an  th e  p roperties of th e  ac tu a l te s t blocks. 
T he uniform ity  of any  se t of te s t  blocks was checked by taking 
Brinell hardness readings across each block. . Blodks whose av­
erage hardness o r hardness d is tribu tion  deviated  unduly  from  the  
average for the  lo t were re jected . T he hardness values given in 
T able 1 re fer to  these averages on th e  actual te s t  blocks.

Sections were cu t from each b a r for m icroexam ination as a  
check on th e  uniform ity of s tru c tu re  from  b ar to  bar in the  sam e 
lot, and as a  m eans of g e ttin g  th e  best average s tru c tu re  for each 
se t of te s t  blocks. Several blocks from  each lo t were sectioned a t  
th e  corners, along the  edge, on th e  face, and in the  center, to  as- 

‘ certain  th e  degree of uniform ity  th a t  was being obtained in the  
various section sizes. T he graphite-flake sizes and distributions 
for th e  analysis E  iron in th e  th ree  section sizes is shown in Fig. 1. 
Since th e  carbon con ten t o f th e  analysis E  m ateria l was slightly 
higher th an  th a t  of th e  analysis C m aterial, th e  g raphite  was 

• coarser for th e  sam e section size, being AFA graphite  size num ­
bers 3, 4, and  5 for the  3 ‘A-in., lV i-in ., and 3/ (-in. sections, re­
spectively. R epresentative  e tched  m icrostructures for these th ree  
section sizes are shown in Fig. 2.

I t  is to  be no ted  th a t  th e  in terlam ellar spacing of th e  pearlite  
increases as the  section size increases. A comparison of these 
struc tu res w ith those in Fig. 9 of p a r t  I  indicates th a t  the  in te r­
lam ellar spacing of the  analysis E  cast iron is g reater for a  given 
section-size casting th an  th e  analysis C m aterial. T hus the  pearl- 
ite-graphite  size in th e  analysis E -3/<-in. bars is com parable to  
the  analysis C-1!A in., th e  analysis E -D A  in. to  th e  analysis C- 
3 7 ,  in., while th e  analysis E -3V (-in. bars had  a  coarser struc tu re  
than  any o ther m aterial stud ied . All of the  analysis E bars coti-

675
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(N ita l  e tc h ; X 37S .)

E-3‘A

tained particles of s tead ite  as a  discontinuous netw ork around 
th e  g ra in  boundaries. Such a  d istribu tion  is quite  com m on in 
iron of th is  analysis, since th e  stead ite  which is th e  iron-iron 
phosphide eutectic  is th e  last m ateria l to  solidify and  hence of 
necessity  m u st be a t  th e  grain  boundaries. Based upon th e  analy ­
sis of th e  m ate ria l and  from  m icrostructural exam ination, i t  is es- • 
tim a ted  th a t  3 -5  pe r cen t of stead ite  was p resen t in these s tru c ­
tures.

In  p a r t  I  of th is investigation, th e  results of m illing tests o n . 
annealed C-3V4 analysis were reported . T he m icrostructure  of 
th is m ateria l consisted of ferrite  and  graphite  in flake form. Since 
such a  s tru c tu re  m ay  be considered a  sim ulated m alleable iron, 
i t  was th o u g h t th a t  additional m illing studies on several grades 
of comm ercial malleable cast iron would be valuable for com pari­
son. Accordingly, a  sufficient num ber of te s t blocks of s tan d ard  
m alleable iron were procured to  allow com plete m illing te s ts ‘to  be 
m ade upon  them . These bars were l ' / i  in. th ick , 2OV4 in. long, 
and 4 'A  in. wide. T he iron was m elted in  and  cast from  a  con­
ventional type, pulverized-coal-fired a ir furnace, and th e  resulting 
castings were h ea t-trea ted  by packing in tig h tly  sealed pots in a  
pulverized-coal-fired po t oven using a  7-day anneal cycle.

T he unetched and etched stru c tu res  of th e  stan d ard  m alleable 
iron (designated by  “ M ” ) are  shown in Figs. 3 and 4. These pho­
tom icrographs show the ferrite  grain struc tu re , and th e  tem per

carbon (nodular g raphite) particles resu lting  from  th e  decom po­
sition  of iron  carbide during  th e  annealing  cycle. T h e  chemical 
analysis an d  physical p roperties of th is  m ateria l a re  given in 
T ab le  1. Figs. 3  and 4 also show th e  photom icrographs of 
th e  e tched  and unetched stru c tu res  of th e  C-3V4 annealed 
m ateria l so th a t  com parisons can be m ade w ith th e  m alleable- 
iron s truc tu re .

In  order to  continue th e  studies on th e  m illing of all types of 
cast iron, te s t  blocks of a  h ea t-trea ted  m alleable iron  were pro­
cured. Since th e  object of th is investigation  was to  correlate  th e  
m icrostructure  of th e  various cast irons w ith th e ir  m achinability , 
th e  s tu d y  of a  h ea t-trea ted  m alleable iron  in troduced  a  m ateria l 
having a  different type  of graphite  d istrib u tio n  and  a  different 
m atrix . T h e  s tru c tu re  of th e  m ateria l was ob tained  b y  reheating  
th e  m alleabilized iron above th e  critical tem p era tu re , quenching 
and  then  draw ing to  th e  desired s tru c tu re  and  physical properties. 
T his trea tm e n t causes recom bination of carbon  (m ostly  a t  th e  
grain  boundaries) such th a t  a  h igh-strength  tem pered  stru c tu re  
surrounds and p a rtia lly  fills th e  grains. T he m ate ria l was sup­
plied in bars 20 V i in. long, 4 1/ :  in. w ide, and 3ft  in. th ic k ; Vs in. 
was m achined from  all surfaces in o rder to  produce te s t blocks 
which could be bu ilt up in to  a  com posite for th e  m achinab ility  
tests . T he unetched stru c tu re  of th is m ate ria l is shown in Fig. 3 
(designated “ P M ” ), in which i t  is to  be  no ted  th a t  th ere  is less free
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graph ite  th an  in any  o th er of th e  cas t irons considered in th is  in ­
vestigation . T he e tched  s tru c tu re  a t  th e  sam e m agnification is 
show n in Fig. 4. T he d a rk  areas o th er th a n  th e  nodular g raph ite  
are  recom bined carbon and  th e  w hite areas fe rrite . T h e  s truc ­
tu ra l deta ils of th e  e tched  m ate ria l m ay  be m ore clearly  seen in

Fig. 5, a t  375 diam . T he chem ical analysis an d  physical p roper­
ties of th e  pearlitic  m alleable a re  given in  T ab le  1.

Since th e  c u ttin g  process involves th e  flow o f th e  chip across th e  
face o f th e  tool and  th e  abrasion  of th e  clearance land  b y  th e  cu t 
surface, i t  w as th o u g h t th a t  th e  hardness values of th e  individual 
m icroconstituents m igh t corre late  to  som e degree w ith  th e  tool- 
life results. Accordingly, th e  hardness of th e  ind iv idual m icro­
constituen ts were m easured w ith  a  T ukon  m icrohardness tes te r. 
Several hundred  readings w ere tak e n  on th e  sam ples a n d  aver­
aged to  give th e  following K noop  hardness values for th e  ind i­
cated  m icroconstituents:

Pearlite ............................................................................. 350
F errite ............................................................................... 200
G raphite.................................   20
C arbide............................................................................. 1000 to  1300
Steadite ..................................................... ; ..................... 880
Recombined carbon areas of pearlitic m alleable. . .  425

These values represen t th e  hardness of these  co n stitu en ts  a t  
room  tem pera tu re . T h eir re la tive  hardness m ay  change considera­
bly a t  th e  e levated  tem p era tu res p resen t in  th e  cu ttin g  process.

T e s t  C o n d i t i o n s  

T he cu ttin g  tes ts  w ere conducted  u n der th e  sam e conditions
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C i n c i n n a t i  5 -6 0  H y d r o m a t ic  M il l i n g  M a c h in e

these th ree  elem ents is necessary to appraise  any m illing operation 
and  to  calculate th e  m ost economical com bination o f feed and 
speed.

Tool Life. T he tool-life values observed when m illing th e  vari­
ous irons are  p lo tted  in Fig. 7. In  th is rectangular co-ordinate 
c h a r t i t  is seen th a t  a t  a  cu ttin g  speed of 1150 fpm  all of th e  ma- 

'te r ia ls  had  a  low tool life. T he change of tool life w ith  cu tting  
speed is sm all a t  th e  high speeds, b u t th e  curves flatten  o u t a t  the 
low speeds. T he sam e d a ta  are  show n on  logarithm ic pap er in 
Fig. 8 where cu ttin g  speed is p lo tted  against to ta l volum e of 
m etal rem oved by  one to o th  before u ltim ate  dulling. T he wear 
on the  clearance land of the  tool was uniform  for th e  E -3/ j ,  E- 
l ‘A, and E -3 l/ i  m aterials over the  speed range of 1150 down to 
290 fpm . However, a t  210 fpm  localized failures occurred a t  one 
o r m ore po in ts along the  carbide cu ttin g  edge which resulted  in 
th e  tu rn in g  back of th e  curves a t  th e  low speed.

T he tool life of the high-phosphorus “ E ”  m ateria ls varied 
w ith  th e  coarseness of th e  pearlite-graphite  d istribu tion , the 
coarsest (E -3 ‘/ j )  having th e  h ighest tool life, and  th e  finest (E- 
Vi) producing th e  lowest tool life.

3
Z
i
<E
LI

□

Z

BOO
TOTAL VOLUME METAL REMOVED - CUBIC INCHES  I__________ I---------------- 1------- Xx

DISTANCE TRAVELED BY TOOTH -FEET

1386 IB4S
CUBIC INCHES RER INCH

2310
CUTTING EDGE

F ig .  7 C u t t i n g  S p e e d  V e r s u s  V a r i o u s  T o o l - L i f e  C r i t e r i a  f o r  0.030 In . Tool W ear 
(C u tte r :  + 3 - d e g  axiu l ra k e , + 3 -d e g  ra d ia l r a k e , 30-deg  co rn e r  a n g le ,+ 4 - d e g  resu ltan t, ra k e ; Vni-in. d e p th , 6 -in . w id th ; 0 .015 in . feed  p e r  to o th .)

as described in  deta il in  th e  previous p ap er3 an d  hence will only 
be sum m arized here. T h e  cu ttin g  tes ts  were ru n  on a  C incinnati 
5-60 H ydrom atic  m illing m achine. A single-tooth cu tte r, held in  
a  500-lb flywheel a t  a  6 in. radius, was used fo r th e  tool-life and  
surface-finish tests. T he to o th  had  + 3  deg axial- and  rad ia l 
rakes, a  3-deg corner angle, and  a + 4 -d eg  resu ltan t rake, Fig. 6. 
In  all cases th e  cu t was 3/io in - deep, 6 in. wide, and 20 in. long 
w ith th e  c u tte r  positioned cen trally  re la tive  to  the  work. T h e  
feed p e r to o th  was 0.015 in. C arboloy 44A w as em ployed as th e  
carbide and was induction-brazed to  th e  steel shank. A 7-deg 
clearance angle was ground behind all cu ttin g  edges. All m illing 
was done dry.

T he tes t b a rs were stacked and  clam ped in to  a  fixture to  form  a  
te s t  block 4 Vi in. wide, 20 in. long, and  6 in. high.

T h e  w idth of the  w ear land on th e  clearance of the  carbide was 
m easured w ith  a  calibrated-eyepiece m icroscope afte r each pass. 
W hen the  w id th  of th e  uniform  w ear reached 0.030 in. th e  too l- 
life tes ts  were stopped. How ever, if  localized breakdow n occurred 
on th e  clearance land, th e  te s ts  were stopped  when these  grooves 
reached 0.040-0.050 in . in leng th , even though  th e  uniform  w ear 
rem ained less th an  0.030 in.

M a c h in a b il it y  R e s u l t s

T here sire th ree  im p o rtan t elem ents of m achinability , nam ely , 
tool life, power requirem ents, and  surface finish. K now ledge of

*  700

f t -200

>0 30 4 0  50  70 < 0 0  20 0  30 0  400500 700 1000
TOTAL VOLUME METAL REMOVED -  CUBIC INCHES

F i g . .8 C u t t in g  S p e e d  V e r s u s  T o t a l  V o l u m e  M e t a l  R e m o v e d  t o  
D u l l  T o o t h , f o r  0 .0 3 0 - I n . T o o l  W e a r

T h e  pearlitic m alleable (curve P M ) also exhibited th e  b reak  in 
th e  tool-life curve a t  th e  low speed. H ence a  speed of 300 fpm 
appears to  be th e  op tim um  for th is m ateria l. T he m alleable iron 
(curve M ) had such a  long tool life th a t  sufficient m ateria l w as no t 
available to  ob tain  0.030 in. tool w ear a t  cu ttin g  speeds below 510 

■fpm. In  fact 1575 cu in. were rem oved a t  290 fpm  to  produce a 
tool w ear of only 0.005 in. ’

T he cutting-speed versus ac tu a l cu tting -tim e curves to  produce 
0.030 in. w ear on th e  clearance land  are  shown in Fig. 9. These 
curves can be represented by th e  following equations in the  cu t­
ting-speed range of 1150 to  300 fpm :
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Material Equation
PM   ...............................................................  VT“-” S =  7 9 0
E-V< .............................................................................................  p r o .M s  =  9 6 0
E - l '/ i    7ro.jss -  iooo
E-3‘A ........................................................   7 7 W.JH =  1040
M    7 ZH.JM =  1250

where V  =  cu ttin g  speed, fpm ; and T  =  actual cu tting  tim e, min.
A  record was k ep t of the  ra te  of w ear on th e  carbide versus the  

volume of m etal rem oved. B y  m eans of th is record th e  tool life 
in  term s of volum e of m etal removed could be evaluated  for any 
tool wear. T hus th e  life curves corresponding to  a  uniform  w e a r ' 
of 0.015 in. on th e  too l are show n in Fig. 10. T he re la tive  order of 
tool life for th e  various m aterials was the  sam e as a t  0.030 in. 
wear. Only two po in ts are p lo tted  for th e  m alleable-iron curve. 
A t lower speeds th e  tool life was so g reat th a t  0.015 in. tool w ear 
could n o t be  reached. A t th e  highest speed of 1150 fpm  w ith  this 
sam e m ateria l, th e  carbide edge broke down locally before th e  
0.015-in. uniform  w ear was obtained. W ith th e  pearlitic mallea­
ble, th e  tool also exhibited  th is sam e tendency  to  break  down 
suddenly before a  uniform  w ear of 0.015 in. could be obtained so 
th a t  no curve is shown for th e  P M  m aterial.

•The tool-life curves for 0.005 in. uniform  w ear are  shown in 
Fig. 11. A uniform  w ear of 0.005 in. was obtained for all speeds so 
th a t  the  curves a re  com plete for all th e  m aterials.

T he effect of the  presence of stead ite  on tool life is show n in Fig. 
12. H ere th e  E  irons of th e  p resen t series are  com pared w ith  the  
C irons discussed in th e  previous paper.3 T he E -3/ i  m ateria l had 
th e  sam e pearlite-graphite  size as the  C -l'A , b u t th e  E -3/ i  had 
approxim ately 5 p e r  cen t stead ite  in addition. T he presence of 
the  stead ite  reduced th e  tool life som ew hat a t  speeds above 350 
fpm  b u t a t  lower speeds th e  tool life was im proved by th e  presence 
of stead ite . T he sam e tendency  is observed in com paring th e  E - 
U /4 and  th e  C -31 A m aterials. These two irons also had th e  sam e 
pearlite-graphite  size. Again, i t  is observed th a t  the  E - l1/* 
which contained ab o u t 5 p e r  cen t stead ite  had  a  lower tool life 
th a n  th e  C -31 A a t speeds above 300 fpm  b u t had a  longer tool 
life a t  the  lower speeds.

T A B LE 2 R E L A T IV E  TOOL L IF E  W IT H  F R E E  C A R B ID E S 
VERSUS S T E A D IT E "

R atio  of tool life R atio  of tool life
C u tting  speed, of C - l ‘/« to C-304B of C - l '/ i  to E-*/i

fpm  (free carbides) (steadite)
1000 1 .6  1.25
700 2 .2  1.21
500 2 .4  1 .16
300 3 .0  0 .8 0

0 T aken from  Fig. 12.
N o t e : C om parison lim ited to  cutting  speeds higher th an  300 fpm  because 
of erra tic  results arising from localized breakdown a t  lower speeds.

T he e ffec t of th e  hard  (880 Knoop) s tead ite  is qu ite  different 
from  th e  effect of th e  hard  (1150 Knoop) free carbide presen t in 
th e  C-304 B  m aterial. (This m ateria l was discussed in  deta il in 
p a r t  I 3). T he E -3/ 4, C -l Vo and  C-304B m aterials all had approxi­
m ately  th e  sam e pearlite-graphite  size, w ith  th e  E -3/< containing 
ab ou t 5 p e r cen t stead ite  and the  C-340B containing ab ou t 5 per 
cen t free carbide. F rom  Fig. 12 and Table 2 i t  is seen th a t  the  
presence o f free carbide (curve C-304B) reduced th e  tool life con­
siderably w ith respect to  a  given pearlite-graphite  size (curve C- 
V/t)  in  th e  speed range of 750 to  300 fpm. On th e  o ther hand, th e  
presence o f stead ite  (E -3/ J  decreased tool life slightly  a t  1000 fpm  
b u t  ac tu a lly  increased tool life a t  300 fpm.

T he sligh t decrease in tool life a t  high speeds and the  actual 
im provem ent in  tool life a t  lower speeds due to  the  presence of 
s tead ite  m ay  possibly be explained as follows: S tead ite  is th e  
iron - iron  phosphide eutectic and hence is the  lowest m elting con­
s titu e n t p resen t in th e  iron. T he high tem pera tu re  a t  th e  tool 
po in t d u ring  th e  m illing operation  should be sufficient to  reduce 
considerably the  hardness of th e  s tead ite  while cu tting . This 
reduction  in  hardness m ay  even be so g reat as to  allow th e  
stead ite  to  “sm ear”  over th e  tool surfaces to  some ex ten t during  
cu tting , th u s in som e cases p ro tecting  these surfaces instead of 
abrad ing  th em  as th e  hard carbides do.

In  F igs. 13 and 14 tool-life d a ta  for th e  C-3/ j ,  th e  C-3V( and the  
C -3l/ i  annealed  irons (reported on in p a r t  I 3) are p lo tted  for com­
parison w ith  th e  o th er irons tested  in this series. Fig. 13 repre­
sents 0.030-in. tool wear, while Fig. 14 is for 0.005-in. wear.
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T h e  C-31/ .  annealed and  th e  m alleable-iron stru c tu res  consisted 
only of free  ferrite  and free g raph ite , th e  difference betw een  th e  
tw o  m ateria ls being  in  th e  form  and  am o u n t o f th e  free graphite. 
T h e  g raphite  in  th e  C-31/ .  annealed was in  th e  form  of flakes, 
while th e  g raph ite  in  th e  m alleable iron  w as in  th e  form  of nod­
ules, see F ig . 3. T h e  tool life for th e  m alleable iron was practi­
cally  identical w ith  th a t  for th e  C -3l/ i  annealed fo r all speeds, 
w ith  th e  exception of th e  highest speed tes ted , i.e., 1150 fpm . 
T h e  tool life for th e  ferritic  stru c tu res, curves M  an d  C-31/ .  an­
nealed, is seen to  be  a t  least 5 tim es as high a s  th e  best of th e  pearl­
itic  stru c tu res a t  500 fpm , an d  50 tim es as h igh  a t  300 fpm , Fig. 
14.

T h e  pearlitic  m alleable which h a d  a  s tru c tu re  consisting of fer­
r ite  and  recom bined carbon w ith  free no d u lar g raphite  gave a  tool 
life (based o n  0.030-in. tool w ear) sim ilar to  th a t  of th e  fine pearl­
i te  s tru c tu re  of th e  C -s/ 4-in. m ateria l, Fig. 13. B ased on 0.005- 
in  un iform  w ear, th e  too l life was s im ila r to  th e  E -3/«-in. m a te ­
rial, F ig. 14. In  all these tool-life com parisons i t  is im p o rtan t to

keep in m ind th e  high physical p roperties of th e  m alleable irons, 
see T able  1.

Power Requirements. T h e  E -J/<» E - l 1/*, and  th e  E -3 ‘/< m a­
terials, as well as th e  pearlitic  m alleable iron requ ired  practically  
th e  sam e am o u n t of power to  rem ove m eta l a t  a  g iven ra te . This 
is show n in  F ig. 15 where efficiency of m eta l rem oved in  cubic 
inches pe r m inute  per horsepower a t  th e  spindle is p lo tte d  against 
feed pe r to o th  for a  sharp  c u tte r. T he efficiency v aried  from  1.4 
a t  0.002 in. feed p e r to o th  to  2.2 a t  0.030 in . feed p e r too th . 
T h is  power curve was de term ined  b y  m eans of an  8-to o th  cu tte r  
on th e  calibrated  m illing m achine show n in  Fig. 6. T h e  sharpness 
of th e  c u tte r  m ust be em phasized since i t  was found th a t  a  dull 
c u tte r  m ay  requ ire  as m uch as 3 tim es th e  pow er used  b y  a  sharp  
cu tte r. T he efficiency curve for m alleable iron  is also shown in  ■ 
Fig. 15, th e  values ranging from  1.8 cu  in . p e r m in  p e r hp  a t 
0.002 in. feed p e r to o th  to  2.4 cu in. per m in  pe r h p  a t  0.030 in. 
feed pe r to o th . ®

In  Fig. 16 is show n a  com parison of th e  pow er requ irem ents for

EftIS9 0 1
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(C u tte r: 8 teeth , 9 '/i«  in. diain, + 3 -d eg  axial rake , + 3 -d eg  rad ia lfrake , 30-deg corner angle, + 4 -deg  resu ltan t rake; carbide: 44a. C u t dimensions:
J/ u  in. depth , 6 in . w idth ; cu tting  speed =  220 fpm.)
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all th e  s tru c tu res  te s te d  to  d a te  (for sharp  cu tte rs). T h e  lowest 
curve is for th e  pearlite-g raphite  s tru c tu res an d  th e  pearlite- 
g raphite  plus 5 p e r  c en t free-carbide stru c tu re . T he nex t higher 
curve is fo r th e  p earlitic  m alleable iron as well as th e  pearlite - 
g rap h ite  p lus 5 p e r  cent stead ite . T h e  h ighest efficiency was 
o b ta in ed  for th e  C -3'/4 annealed  iron  w hich h a d  a  fe rrite-g raph ite  
s tru c tu re . T h e  m alleable iron  w hich also h ad  a  ferrite-graph­
ite  s tru c tu re  h a d  a n  efficiency lower th an  th e  C-3V< annealed .
T h e  h igher pow er requ irem ents of th e  m alleable iro n  over th e  
C -31/* annealed  is a ttr ib u te d  to  th e  fa c t t h a t  th e  form er m ate ria l 

' con ta ined  less free g raphite , see F ig . 3.
Surface Finish. T h e  surface finish fo r th e  E -’/ e  E-3V<> p earl­

itic  m alleable a n d  m alleable irons is  shown in  F ig. 17, w here 
profilom eter read ing  is p lo tted  against cu ttin g  speed. T hese 
d a ta  a re  tak e n  from  th e  single-tooth  cu ttin g  tes ts , using  a  to o th  
hav ing  a  fla t land  o n  th e  face-cu tting  edge th a t  was 2  to  3  tim es 
th e  feed p e r  to o th . T he pearlitic  m alleable p roduced a  surface 
finish sim ilar to  th e  E -’/ i  s tru c tu re , while th e  m alleable iron  an d  
th e  E -3 1/* surface-finish curves were likewise sim ilar. T h e  surface 
finish versus cu tting-speed  curves o f all the  rep resen ta tiv e  s tru c ­
tu res  a re  show n in  F ig . 18. I n  general, i t  w as observed th a t  th e  
surface finish w as a  function  o f th e  am o u n t of free g rap h ite  p res­
en t, th e  g rea te r th e  am o u n t of free g raph ite , th e  poorer th e  su r­
face finish, see F igs. 1 an d  3.

Breakout. I n  m illing all th e  cas t irons, th e  edge of th e  te s t  
block w as broken  aw ay  w here th e  to o th  le ft th e  w ork. F o r the  
30-deg-corner-angle c u tte r  feeding a t  0.015 in. feed p e r to o th  th is  
b reak o u t w as o f th e  order of 0.015 in. to  0.030 in., depending 
m ain ly  upon th e  sharpness o f th e  c u tte r. H ow ever, th e  m alleable 
an d  th e  pearlitic  m alleable irons being m ore ductile  exh ib ited  no 
such  b reak o u t on  th e  tra iling  edge of th e  te s t  block, b u t  on  th e  
co n tra ry  produced  a  sm all burr.

H  +  0.78 V  =  250 • ’
C o r r e l a t io n  o f  M a c h in a b il it y  W i t h  P h y s ic a l  P r o p e r t ie s

w here H  =  Brinell hardness nu m b er
I t  is n o t feasible to  a tte m p t to  corre late  m achinab ility  w ith  7  =  T o ta l volum e of m eta l rem oved  to  produce 0.030-in.

tensile  s tre n g th  of cas t iron since th e  tensile  s tre n g th  is only availa- uniform  w ear on a  carbide to o th  a t  300 fpm
ble from  a rb itra tio n  bars, whereas th e  tensile  s tre n g th  of th e
ac tu a l casting  is ra re ly  known. T h is  equation  is in ten d ed  to  rep re sen t th e  behavior only  of

T h e  hardness, how ever, is readily  determ ined for m o st castings pearlite-graph ite  cast irons h av ing  a  hardness range of 175 to  240 
an d  hence a  possible correlation  w as investigated  betw een  too l B h n  an d  being m achined a t  a  speed of 300 fpm . T h e  hardness
life an d  B rinell hardness. I t  was found th a t  a  tren d  could be ob- va lue  used in  th e  foregoing eq u atio n  m u st be  th e  average hard -
ta in ed  betw een hardness and  tool life if  only the  uniform  w ear on  ness Hiany readings tak e n  over th e  en tire  surface of th e  casting
th e  too l is considered, i.e.’, if all te s t  points are  o m itted  fo r w hich to  be  milled.
th e  to o l failed b y  localized breakdow n. T h u s Fig. 19 shows th e  T h f  fac t th a t  a  useful correlation  betw een  B rinell hardness and
B rinell hardness p lo tted  against volum e of m eta l rem oved to  p ro - too l life was found only fo r a  300-fpm  cu ttin g  speed confirms the
duce 0.030-in. uniform  w ear along th e  carbide clearance lan d , conclusion presen ted  in  p a r t  I 3 o f th is  investigation  th a t  Brinell

hardness is a n  inadequate  criterion  of m achinability .

C o n c l u s io n s  o f  C o r r e l a t io n  o f  M ic r o s t r u c t u r e  W i t h  M a ­
c h in a b il it y  o f  C a s t  I r o n

From  th e  results of th e  investigations reported  here and in  p a r t  
I, i t  is concluded th a t  th e  m icrostructure  o f cast iron is th e  m ost 
reliable criterion  of th e  th ree  sa lien t phases of m achinability , 
too l life, pow er requirem ents, and  surface finish. I t  has been 
show n th a t  (1) th e  tool life increases as th e  pearlite-graph ite  dis­
trib u tio n  becomes coarser; (2) th a t  th e  presence of approxi­
m ate ly  5 p e r cen t free carb id e  in  a  given pearlite-graph ite  d istri­
bu tio n  decreases too l life considerably; (3) th a t  th e  presence of 
approxim ately  5 p er c en t stead ite  in  a  g iven pearlite-g raphite  dis­
tr ib u tio n  decreases too l life slightly  a t  h igh  speeds b u t increases 
too l life a t  low speeds; (4) th a t  th e  ferrite-g raph ite  s tru c tu re  
im proves too l life as m uch  as 50 tim es over the  pearlite-graph ite  
s tru c tu re  a t  low speeds; an d  (5) th a t  th e  form  of th e  free graph-

v iuu tuu jvv ’w nu ggv w svv m , .
TO TA L  V OLUM E M ETA L R EM OVEO * CUBIC INCHES ite  has no  appreciable effect on  too l life.

F ig .  19 B r i n e l l  H a r d n e s s  N u m b e r  V e r s u s  T o t a l  V o l u m e  T h e  P o w e r  r e q u ir e d  t o  m il l  c a s t  i r o n  a t  a  g iv e n  r a t e  o f  m e ta l  
M e t a l  R e m o v e d ,  f o r  0.030-In . T o o l  W e a r  r e m o v a l - i s  f o u n d  t o  b e  p r a c t i c a l l y  t h e  s a m e  f o r  a l l  t h e  p e a r l i t e -

0  FT /M i l.isaft.120

t

I I S

M  (b)
F i g .  2 0  P h o t o m i c r o g r a p h s  S h o w i n g  M i c r o s t r u c t u r e  o f  A n a l y ­

s i s  E-3V i
(a. Specimen taken from te s t b lock; b, ch ip  from cu t a t  210 fpm ; n ita l 

e tch , X 375.)

*

T h e  B rinell hardness o f each m ate ria l is ind icated . I t  is seen th a t  
a t  i  150 fpm  all th e  m ateria ls from  240 to  175 B hn h ad  p ractica lly  
th e  sam e tool-life values. A t 500 fpm  th e  change in  th e  tool life 
w as again  sm all over th is  sam e h ardness range. H ow ever, a t  300 
fpm  i t  is observed th a t  th e re  is a  general increase o f too l life w ith  
decrease o f B rinell hardness, th e  re la tion  being approxim ate ly  lin­
ea r in  th e  region of 175 to  240 B h n  a n d  can  be  represen ted  b y  th e  
following equation  ,
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g rap h ite  s tru c tu re s  including th e  ones which con tain  5 p e r  cent 
free carbide o r 5 p e r cen t stead ite . T h e  ferrite-g raph ite  s tru c tu re  
requires less pow er for a  given ra te  of m etal rem oval th a n  the  
pealitic-graphite  s tru c tu res. Fu rtherm ore , th e  pow er is less for 
th e  fe rrite-graphite  s tru c tu res con tain ing  th e  g reater am oun t of 
free graphite.

T he surface finish is d irec tly  associated w ith the  am o u n t of free 
g raph ite  p resen t in  th e  s tru c tu re , th e  m ateria ls w ith  th e  least 
am o u n t of free g raphite  producing th e  b est surface finish.

T herefore th e  expected m achinab ility  of a  cast iro n  can be de­
term ined  sem iquan tita tively  by  com paring  its  s tru c tu re  w ith 
those presen ted  in  th is an d  th e  previous p ap er.3 T h e  too l life, 
pow er requ irem ents, an d  surface finish can  th en  be estim ated  
from  th e  curves corresponding to  th e  s tru c tu re  involved. .

T he s tru c tu re  o f th e  ac tu a l workpiece ra th e r  th a n  th e  a rb itra ­
tio n  b a r m u st be ob tained. A  sam ple can  be cu t o u t of th e  work­
piece by  m eans of a  hollow m ill o r hacksaw  an d  exam ined under 
th e  microscope. I n  fac t th e  s tru c tu re  of th e  workpiece can  be re ­
liab ly  judged  from  a  m illing chip w hich h as been m oun ted  in  lu- 
c ite  o r B akelite, for i t  has been found th a t  the  s tru c tu re  of the  
b ody  of th e  chip is n o t appreciab ly  d is to rted  in  th e  m illing of cast 
iron  (th is is n o t tru e  for th e  m illing of w rought steels). F ig. 20,

fo r example, show s th e  m arked  sim ila rity  betw een th e  stru c tu re  
of th e  w orkpiece and  th a t  of th e  chip, th e  la t te r  having been taken  
from  a  c u t a t  210 fpm.

T his p ap er concludes the  form al s tu d y  of th e  effect of m icro­
stru c tu re  on  th e  m achinability . I t  is realized of course th a t  
o ther s tru c tu re s exist in  cast irons th a t  were n o t investigated 
here.

However, an  a tte m p t was m ade to  cover all of th e  com m on con­
s titu en ts  of cas t irons so as to  ob tain  a n  understand ing  of their 
effects on  m achinability .
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