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The problem of heat flow from the strain zone of metal to the workpiece in free orthogonal 
cutting is solved by the method of high-speed sources. 

The cutting of metals  is accompanied by heat release in the zone of plast ic  deformation (Fig. 1). 
Numerous publications [1, 3, 4, 6] have been devoted to the investigation of the heat flux f rom this zone to 
the workpiece.  The authors of these investigations neglect ei ther  one of the components of the medium 
velocity,  or one component of the lat ter  together with the inclination of the source to the shear  plane. A 
solution of this p rob lem which takes more fully into consideration the kinematics of this p rocess  is p r e -  
sented here .  

Let us consider  a steady free orthogonal cutting p rocess  with plane deformation of metal and total 
heat ,  equivalent to the power spent on chip formation,  re leased in a nar row zone. We shall consider  the 
la t ter  as a plane source of uniform intensity. 

The heat flux reaching the workpieee from the s train zone can be calculated when the tempera ture  
field4n the neighborhood of the shear line L-L is known. Let us determine this field. 

It was shown in [2] that the process of plane heat propagation from a powerful high-speed linear source 

may be considered as the sum of independent one-dimensional heat propagation processes in infinite ele- 

mentary rods. We shall make use of this property of the temperature fields of fast moving sources. 

We separate in the workpiece a rectangular element (Fig. i) and shall consider it as an infinite rod 

with heat-insulated sides. This rod moves through the source at velocity v I and at the same time travels 

along it at velocity v 2. The latter in conjunction with the geometrical parameters of the cutting process 
determines the time of heating the rod 

t = ( h ) v-Z 1. (1) 
sin-----~- - -  y 

The temperature  field U (x, t) of the rod during its motion reproduces  approximately the contour of the actual 
field in front of the s t ra in  zone. 

The p roces s  of heat propagation in such a rod is defined by the F o u r i e r - K i r c h o f f  equation 

OU 

This equation is wri t ten in a sys tem of coordinates attaehed to the source .  

Taking this into considerat ion,  we reduce the problem of the tempera ture  field in the neighborhood of 
the shear  line to the following: find a solution of the heat conduetion equation (2) satisfying boundary condi-  
tions 

U(x, 0)-~{ U~ for x = O ,  (3) 
for O ~ x - ~  + co, 

V(0, t) = U0. 
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Fig. i. Diagram of the temperature field and heat flow (the strain zone is 
shown cross -hatched). 

Fig. 2. Dependence of the dimensionless parameter QI on the Peclet num- 
ber [i) Q~; 2) Q~*). 

Known solutions of this problem do not take fully into consideration the kinematics of motion of the 
medium. For example, in [3] and [4] components v 2 and v I of the rod velocity are, respectively, assumed 
to be zero. Such solutions are particular cases of the stated problem. 

The solution derived here takes into consideration both of these velocity components. 

By the substitution 

U(x, t) T(x, t)exp[ v~ v; t] = x - -  (4) 
2a 4a 

Eq. (2) is reduced to the canonical form of thehea t  conduction equation 

OT O~T 
- -  a - -  ( 5 )  

Ot Ox 2 

The boundary conditions for function T become 

T(x, 0)={  U~ for x=O,  
for 0 , ~ X ~  --~ c o ,  (6) 

T(0, t)=UoexPk [ 4aV~ t]. 

Function 

( + i j T(x, t) Uox e x p \ ~ /  exp - dv (7) 

satisfies Eq. (5) and boundary conditions (6) [5]. 

Substituting (7) into (4), we obtain the looked-for solution 

U ( x ; t ) = U o - ~ e x p [ - -  v lx]  i --~-a J exp [ . . . .  
x/2VKi 

Z ~] dZ; (S) 
Z 2 J 

here  
Vl x ~2 X 

 =14 J' z =  2}" a (t -- x) 

Using the additivity property of the definite integral, we rewrite formula (8) in the form 

x/~V~ 

0 

(9) 
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Fig. 3. Dependece of the heat 
flux /I~ (W) to the workpiece on 
the cutting speed v (m/sec). 

Since it  i s  independent  of t ime  t,  the f i r s t  t e r m  of so lu t ion  (9) 

def ines  in  a s y s t e m  of c oo r d i na t e s  a t t ached  to the sou rce  the s t ab i l i z ed  
t e m p e r a t u r e  of the rod.  The second t e r m  depends  on t ime  and r e p r e -  
s en t s  the n o n s t e a d y t e m p e r a t u r e  f ield s u p e r p o s e d  on the f i r s t .  The v 1 
ve loc i ty  componen t  a p p e a r s  exp l i c i t ly  in (9), and c o m p o n e n t v 2 i n  t e r m s  
of the rod hea t ing  t i m e .  T e m p e r a t u r e  f ie lds  with one of the c o m p o -  
nen t s  of the m e d i u m  ve loc i ty  va n i sh i ng  a r e  p a r t i c u l a r  c a se s  of (9). 

It is pos s ib l e  to ca l cu la t e  f r o m  a known t e m p e r a t u r e  f ield the 
heat  flux to the workp iece  f r o m  the c h i p - f o r m a t i o n  zone .  In the pos i t ive  
d i r e c t i o n  of the OX-ax is  it is 

t 

~)1 = --  kbv~ ( OU dt 
T x=O " ,J 

0 

Such flux would r e a c h  the workp iece  when the angle  fl of i n c l i n a t i o n  of the sou rce  is ze ro .  In an ac tua l  
cu t t ing  p r o c e s s  fl is  not equa l  to ze ro .  Hence  the workp iece  gets  only the p a r t  

(Ih = - - X b ~  OU - -  cos ~ dl ( 1 O) 
d Ox 
L 

of flux ~I passing through the shear plane L. The remaining heat is carried away by the chip. The incli- 
nation of the source to the shear plane is taken into account in formula (i0). 

The derivative OU/3x appearing in (i0) is taken at the point of the rod moving along the shear plane. 
It can be found by differentiating (9). However formula (9) contains an integral which cannot be expressed 
in terms of elementary or tabulated special functions, which makes the calculation and analysis of heat flow 
difficult. It is, therefore, expedient to determine the nature and extent of the heat flux variation by approxi- 
mate methods .  F o r  this  we shal l  f ind two func t ions  ~ and r which would sa t i s fy  condi t ions  

I)** ~ "~ -( * 1 ~ ~ 1  --<- (1) 1, 

lira I ( I )~-  �9 , I = 0 ,  

Pe-+ + c o .  

Let  us a s s u m e  that  i n s o l u t i o n  (9) 5 = 0. This  r e s u l t s  in  a lower ing  of the t e m p e r a t u r e  at al l  po in ts  of 
the rod ,  except  at x = 0 and x = +0% where  the t e m p e r a t u r e  r e m a i n s  unchanged .  F o r  s m a l l  x the g r a d i e n t  
of the new field 

v~x - -  exp - -  err (11) U (x, t) = U. exp a 2a . ] 

is g r e a t e r  than in (9). Such a t e m p e r a t u r e  f ield d e t e r m i n e s  the heat  flux ~ which is  an e s t i m a t e  of the 
upper  l im i t  of the ac tua l  flux ~l-  

The lower  l i m i t  is de r ived  f r o m  the t e m p e r a t u r e  f ield 

U(x, t )=Uoexp(  vAx) ' a  (12) 

which  is the f i r s t  t e r m  of (9). Fo r  s m a l l  x the g r ad i en t  of f ield (12) is  s m a l l e r  than that  of (9). Hence the 
hea t  flux r ca l cu la t ed  by fo rmu la  (10) with (12) taken  into c o n s i d e r a t i o n  def ines  the lower  l i m i t  of p o s s i b l e  

v a l u e s  of r 

The e x p r e s s i o n s  for  hea t  f luxes 0)~ and ~ *  in  d i m e n s i o n l e s s  p a r a m e t e r s  a r e  of the f o r m  

- -  I Pe erf (ZI) d Pe + ~ ~ V ~ - Pe O~ -- 1 -- exp (-- Pe) ---~- exp 2 ' " 

0 

Q~* = 1 - -  exp ( - - ~ ) ;  (14) 

h e r e  Q~ = (h~/U0kbc tan fi and Q~* = ~ * / U  0 Abc tan fl a re  n u m b e r s  p r o p o r t i o n a l  to heat  f luxes ~ and ~ * ,  
r e s p e c t i v e l y ;  Pe  = v lx /a  is ~he P e c l e t  n u m b e r ;  Pe  = v l h / a c o s  fi is  the m a x i m u m  value  of the P e c l e t  n u m b e r  
i n a g i v e n p r o c e s s ;  Z 1 = P c / 2  P 4 ~ e - P e  is  the value of complex  Z at the s h e a r  l ine .  
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With increasing Peclet number, functions Q~ and Q~* tend asymptotically to unity (Fig. 2). When 

Pe > 5, it may be assumed that Q~ ~ Q** ~ QI = I. In such cases the heat flux reaching the workpiece from 

the chip-formation zone is calculated by formula 

r = U0 )~ b ctg 6. (15) 

The dep th  of cut and the cu t t i ng  s p e e d  do not  a p p e a r  in (15). At  P e  > 5 t h e s e  p a r a m e t e r s  a f fec t  the 
h e a t  f lux only i f  they  v a r y  the ang le  t3 of  i n c l i n a t i o n  of  the s t r a i n  zone .  

E q u a t i o n  (15) shows  tha t  the h e a t  f lux i s  d i r e c t l y  p r o p o r t i o n a l  to the t e m p e r a t u r e  of the n o m i n a l  s l ip  
p l a n e ;  and the v a r i a t i o n  of the hea t  f lux a f f e c t s ,  in t u r n ,  the t e m p e r a t u r e  of U 0. To e l u c i d a t e  th i s  e f f ec t  we 
c a l c u l a t e  the m e a n  t e m p e r a t u r e  in the  s t r a i n  zone f r o m  the hea t  b a l a n c e  of the l a t t e r :  

O~ = ~1 + @~, 

A~ hbv = Uo L b ctg [~ + Uohbvc~,, (16) 

A~ 
U0 = 

c~z + (hv) -I ~, ctg ~ ' 

L e t  the ang le  /3 of i n c l i n a t i o n  of the  s t r a i n  zone tend to z e r o  wi th  c o n s t a n t  p a r a m e t e r s  v ,  2~, h ,  and b.  
In accordance with (15) the heat flux will then tend to increase infinitely. This becomes evident, if one finds 
the limit of expression (16) for/3 ~ 0, and then elucidates the behavior of the heat flux. Using the expres- 
sion known in the theory of cutting, we obtain 

limU0 = lim o[cig[~ + t g ( ~ - - y ) ]  _ (~hv (17) 
~ 0  ~0 cuz + (by)-1Xctg ~ X 

Subs t i t u t i ng  (17) into (15), we conc lude  tha t  the hea t  f lux i n f in i t e ly  i n c r e a s e s .  

L e t  now the ang le  of i n c l i n a t i o n  of the s t r a i n  zone i n c r e a s e .  When /3 - -  7r/2, the  hea t  f lux r e a c h i n g  the 
w o r k p i e c e  t ends  to z e r o .  A t  h igh  cu t t ing  s p e e d s  and i n c r e a s e d  ang le  p the s econd  t e r m  in the d e n o m i n a t o r  
in f o r m u l a  (16) m a y  be n e g l e c t e d ,  and the t e m p e r a t u r e  c a l c u l a t e d  by the s i m p l e r  f o r m u l a  

Uo = A~c~  I. 

The v a l i d i t y  of f o r m u l a  (15) was  c h e c k e d  by s p e c i a l  t e s t s .  C y l i n d r i c a l  t e s t  p i e c e s ,  m a d e  f r o m  g r a d e  
35 steel, w e r e  t u r n e d  in r e v e r s e  cu t s  and t h e i r  hea t  con ten t  w a s  m e a s u r e d .  Th i s  m a d e  p o s s i b l e  the c a l c u -  
l a t i o n  of the to ta l  hea t  f lux to the w o r k p i e c e .  In  t h e s e  t e s t s  the  ang le  fl of the s t r a i n  zone i n c l i n a t i o n  w a s  
h e l d  a p p r o x i m a t e l y  c o n s t a n t  a t  25 ~ Mach in ing  was  by a s q u a r e - n o s e d  c u t t e r  2.1 m m  wide wi th  a T15K6 
h a r d  a l l oy  t ip  (T = 10 ~ oz = 10~ The dep th  of cu t  was  0.3 m m  and the feed  2.08 m m / r e v .  

U n d e r  t h e s e  m a c h i n i n g  c o n d i t i o n s  the hea t  f lux to the w o r k p i e c e  m a y  be c o n s i d e r e d  as  the s u m  

(I)x = @1 + (I)~ (18) 

of  two f luxes :  the f lux f r o m  the s t r a i n  zone and the one due to f r i c t i o n  a t  the r e l i e f  f l ank  of the c u t t e r .  The 
l a t t e r  m a y  be e x p r e s s e d  by 

cb3 = Fv. (19) 

The f i r s t  t e r m  of (18) wi l l  be c o n s t a n t , i f i n a g i v e n  s e r i e s  of t e s t s  P e  > 5, and p a r a m e t e r s  U0, b,  and /3 
a r e  c o n s t a n t .  In th i s  c a s e  the c u r v e  of CE is ob ta ined  f r o m  (19) by adding  r = cons t .  Tak ing  into accoun t  
that  r = 0 when v = 0, i t  is  p o s s i b l e  to d e t e r m i n e  r by e x t r a p o l a t i n g  the e x p e r i m e n t a l l y  ob t a ined  d e p e n d e n c e  
(18) to z e r o  cu t t ing  s p e e d .  The s e g m e n t  cut  off on the C - a x i s  g i v e s  the va lue  of the hea t  f lux f r o m  the s t r a i n  
zone to the workpieee. 

Experimental results are shown in Fig. 3. The heat flux from the strain zone to the workpiece cal- 

culated by formula (15) for the same conditions of cutting is 72 W, Which is in good correlation with ex- 
perimental data. 

V 

Vi, V 2 

h ,b  

Y 
t 

NOTATION 

is the velocity of the medium; 
are components of the medium velocity; 
are the depth and width of cut, respectively; 
is the coordinate defining the rod position; 

is the time of heating of the rod; 
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x is the coordinate of the point of temperature calculation; 
U 0 is the mean temperature of the slip surface (idealized stress zone); 
a, k are ~he coefficients of thermal diffusivity and conductivity, respectively; 
e w is the volumetric specific heat of the machined material; 
A w is the specific strain work; 

is the tangential stress in the nominal slip plane; 
is the t he rma l  power  of the s t r a in  zone; 

~1 is the heat  flux to the workpiece  f rom the s t r a in  zone; 
~2 is the heat  flux to the chip; 
~3 is the heat  flux to the workpiece  g e n e r a t e d  by the cu t te r  c lea rance  flank against  the workpiece;  
~E is the total  flux reaching the workpiece;  
F is the force of friction between the cutter clearance flank and the workpiece; 
fl is the angle between the nominal slip plane and the shear plane. 
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