
increases .  Furthermore,  the possibility Of increasing the number of variable parameters  arises,  which makes 
the t r ia l  functions more flexible without noticeably incre.asing the volume of computations. 

The method continues to workquite effectively in those cases when the number of unknown functions can- 
not be reduced, although perhaps slightly less accurately. 

N O T A T I O N  

V1, Hi, components of velocity of center of mass and magnetic field intensity; p, density; p, pressure;  
/~, magnetic susceptibi~ty; T, temperature;  ~t, thermal  diffustvlty; a, e lectr ical  conductivity; ce, coefficient 
of thermal  expansion; )~, vector  with components (0, 0,!) ;  V, Hamtltonian operator;  AT, temperature  drop 
between boundaries. 
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E F F E C T S  OF T H E R M O E L A S T I C  S T R E S S  DURING 

HONING ON C O M - P O N E N T  D I M E N S I O N S  

A.  N. R e z n i k o v ,  T .  N. B e l y a e v a ,  
a nd  G.  N. G u t m a n  

UDC 621.923. 5 �9 539.3 

Equations are given for the temperature  distribution and thermoelast ic  deformations arising 
in the workpteee and tool during honing, as well as a method for determining the corrections 
for the temperature  e r r o r s  in adjusting automatic-control devices. 

The uses of honing are extending continually; when the process is introduced, it is usually necessary  to 
provide automatic monitoring of werkpiece dimensions. 

In turn, the setting-up procedure for the monitoring requires  information about the e r r o r s  arising from 
thermal  expansion of the workpIece and the tool, since the lat ter  can be very  important, especially for thin- 
wailed components. 

The thermal  deformation can be determined from the temperature distribution produced in the workpiece 
1 and honing rod 2 (Fig. 1), with subsequent calculation of the deformation on the basis of the theory of elast ic-  

ity. 

The hone rotates at a relat ively high speed, and the area of contact with the workpiece is fairly large, 
so one can assume that the temperature  over the entire inner surface of the component is the same to a first 
approximation and equal to the contact temperature 0 c. We may also suppose that the outer surface A of the 
workpiece 1 (Fig. 1) has boundary conditions of the third kind, since this surface is usually cooled by a con- 
tinuous flow of liquid. 

The temperature of the coolant (kerosene) and the initial temperature  of the workpiece may be taken as 

nominally zero.  

Translated from Inzhenerno-Fizicheskii  Zhurnal, Vol. 30, No. 6, pp. 1119-1126, June, 1976. Original 
article submitted April 24, 1974. 
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T A B L E  1. Values  o f  C n 

nl Bi=5,05, 
k=0,5 

--0,56 
+0,317 
--0,273 
+o, 129 

I Bi=4,2 
k=0,6 

---0,818 
+0,358 
--0,326 
--}-0,126 

r t  
Bi=5,05, 

k=0,5 

--0,172 
+0,061 
--0,126 
§ 

Bi=4,2, 
k=0,6 

---0,207 
+0,05 
--0,155 
+O, Ol 

' 5 5 ~  

b 

Fig .  1. Honing s cheme :  1) workp ieee ;  2) ho ld -  
e r  with hone 3. 

Under  the above condi t ions ,  the t e m p e r a t u r e  d i s t r ibu t ion  in the workp iece  can be r e p r e s e n t e d  as depen-  
dent only on the r ad ius  r and as sa t i s fy ing  the t h e r m a l - c o n d u c t i o n  equat ion:  

O0 [ 0 2 0 1 0 0 ]  
= a - - -  + . . . . .  . (i) 

Oz Or S r Or 

The boundary  condi t ions  a re  

The ini t ia l  condit ion is 

~,. 00 (r, aT) -F c~O (r, T)ir=R = 0 
Or r =e 

0 fro, x) = 0 c. 

0 (r, 0) = 0. 

The solut ion is d e t e r m i n e d  by s epa ra t i ng  the v a r i a b l e s  in the sum 

(2) 

(3) 

The e x p r e s s i o n  fo r  0 s is 

where  

O (r, "c) = O tr (r, "c) --~- 0 s (r). 

0 s ( p ) = 0  1 - - B i l n p .  
c 1 - -  Bilnk ' 

(4) 

In turn, 

Bi := a R  r -~- ;  p=~-;  k =  to. 
R 

Otr (p, Fo) = ~ C~H,~ (p) exp (--  x~Fo), (5) 
n =  1 
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where  

H,~ (9)~ [Bi Yo(x~)--x,~Y~ (x,~)] Jo (xnp)--[Bi Jo (Xn)--Xrfl, (X,~)] Iio (Xn9); 

and x n are  ~he roots  of  the cha rac t e r i s t i c  equation 

[Bi Yo (xn)~xnVa (xn)] Jo (x.k)--lBi d o (xn)--xn.l x (xr31 Yo (xJO =0. 
The sys t em of functions B~(p) is or thogonal  with weight p [1]. 

The coefficients  C n are  given by 

1 

C n  -~  k 1 

k 

Table 1 gives the values  fo r  C n. 

We sum (4) and (5) to get a genera l  formula  for  the t e m p e r ~ u r e  distr tbutlom 

Z ~ I - -  Bi In p 
0 (p, x) = CnH~ (p) exp (-- xn~Fo) + oei - -  Bf In k (~) 

tz~! 

The hone O consis ts  of a d iamond-bear ing layer  containing the bonding agent 2 and the holder  1 (Fig. lb),  which 
are  cons idered  as two inhomogeneous plates  in ideal t h e r m a l  contact .  At the surface  y =l a t empera ture  O c 
is maintained,  whim at sur face  y = 0  the re  is no heat t r a n s f e r  (we neglect  the heat loss to the cone). 

The solution of  [1] has been used  to de termine  the t e m p e r ~ u r e  of the hone. 

I n  o u r  c a s e ,  

0~ (y, Fo) -~ 1 - -  ~'~ 2 Kl Y exp ~7~ t Fo "~ (7) 

0s (y, Fo) 

C 

whe re  

Y - -  11 (,ttn y ~ l z 
~:~ ) '  

( K~K~'] ~t~K~ ( K~ ) ~,~K~. 

and ~n are the roots  o f  the cha rac t e r i s t i c  equation; 

~K~ 

as ~ 3  v a 2 l ~ l~ 

a T  
Fo ~ 

d 

Figure 2 shows computer  calculat ions,  which correspond to machining a component made of SCh28-48 
cast  i ron (~ =0.12 ca l / cm ,  sec �9 ~ wi ththe  surface  speed of the hone of V0 =66 m/min, the speed of the r e -  
c iprocat ing motion Vt=9 m/rain ,  specif ic  p r e s s u r e  p=6  kgf / cm ~, and 0 c =66~ the la t te r  being der ived f rom 
exper iment  by means of foil  thermocouples  [2]. 

The ordinate in Fig. 2 is the dimensionless  t em p e ra tu r e  0/O c, while the absc issa  is the dimensionless  
thickness  of workpiece o r  hone. It is c l ea r  that the t em p e ra tu r e  distribution in the tool  can be taken as of 
s teady-s ta te  type under  the conditions of the example for r =18 sec (Fo =1.5). 

Figure 2 also shows that the value of Fo at which the t empera tu re  distribution may be cons idered  as 
s ta t ionary  falls compara t ive ly  rapidly as the re la t ive  thickness  of the workpiece wall falls .  

The deformat ion may be de termined  by consider ing the component as having an axially s y m m e t r i c a l  
t e m p e r a t u r e  distr ibution with uniformly dis tr ibuted radia l  p r e s s u r e  on the internal  sur face .  
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iHolder 

I Tool 
] �9 �9 

0 / 0 = c  I i 

Fig. 2. T e m p e r a t u r e  dis t r ibut ions in tool  and workpiece  
(~ =0.12 c a l / c m  2 �9 sec  �9 ~ r0 =2.75 cm).  The numbers  onthe  
cu rves  are the va lues  of  r .  

i i 
t l  i . . . . .  ~ ! 

Fig.  3. Schemat ic  r ep resen ta t ion  
of me ta l  r emova l  in the p r e s e n c e  
of t h e r m a l  expansion in the tool .  

If  we use  the fo rmulas  of  [3], we get an expres s ion  for  the deformat ion  of the in ternal  d i ame te r  in the 
f o r m  

~zz (9) 

where  

C - - =  

R 

p § 2E / I n  [cz~O (r h T) - -  2J (~1)1 dq 

ro  

3 ro 2 2 5 

Here 

J(~l)== 1 ~ 0 ( ~ ,  ~)d~, 
~12 ,) 

O 

and ~zz is a component of  the s t r a in  t ensor :  

2R2J (R) 
]~2 _ _  ?.2 

The deformat ion  in the hone may  be calcula ted f r o m  the fo rmula  for  the s t ra in  in a one-d imens iona l  rod: 

l 

(~) = .t ~* (y) o (y, T) dy. 
0 
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/ /  

o 4o 8o /2o ~/ 

Fig.  4. T h e r m a l  de te rmina t ion  &d 
(~ m) of workp tece  (cas t  i ron) i n r e l a t i on  
to me ta l  r emoved  W (~ m) fo r  workp ieces  
of wall  th ickness  (ram): 1) 4,5; 2) 15; 3) 
3) 23. 

The deformat ion  in the hone in r e sponse  to the rad ia l  fo rce  can be neglected,  s ince the force  in honing 
is compara t i ve ly  smal l ,  and, consequently,  the s t r a in  is e x t r e m e l y  sma l l .  

* a re  the coeff ic ients  of  l inea r  expansion for  the holder  and hone, which gives We a s sume  that  ~ and ~3 
us a f o rmu la  for  the t e m p e r a t u r e  deformat ion  of the hone in  the f o r m  

l ,  t 

= S ,)d,j + .f ,)dr. (10) 
0 It 

We are  in t e res t ed  in the to ta l  t h e r m a l  s t r a in  a r i s ing  f r o m  in terac t ion  of the s t r a in s  in the workp.iece and tool  
with a view to instal la t ion of  an automat ic  moni tor ing device; these  quant i t ies  can be der ived  by compute r  
calculat ion f r o m  (9) and (10). 

The r e su l t s  show that  the ra te  of  t h e r m a l  expansion in the hone is init ial ly higher  than that  in the w o r k -  
piece  in mos t  c a se s .  Thin-wal led  components  r e p r e s e n t  an except ion.  

We may r e p r e s e n t  honing schemat ica l ly  as r e m o v a l  Of me ta l  in d i sc re te  f o r m  in each double pass  of  the 
tool;  Fig. 3 shows the t h e r m a l  expansion of  the workoieoe (curve 1) and that  of the hone (curve 2). The s teps  
show the d i sc re t e  changes in the in ternal  d i ame te r  of the workpieoe,  with allowauoe for  the me ta l  r emo v ed  
on account of  the difference in the t h e r m a l  expansion.  

It is c l ea r  that  t he re  a re  two c l ea r ly  defined per iods ,  in the f i r s t  of  which the ra te  of  expansion of the 
tool  exceeds  that  of  the workpieoe and the cutting ra te  i n c r e a s e s  continuously.  At some instant r i the r a t e s  
of  expansion of  tool and workpiece  come to balance,  whereupon the second per iod  s t a r t s ,  where  the expansion 
of the workpieoe exceeds  that  of  the tool .  

Under these  conditions,  the cutting continues only on account of  the r ad ia l  feed of the tool,  which is p r o -  
vided by the m e c h a n i s m .  

Then the change in in ternal  d i a m e t e r  due to the t h e r m a l  expansion of the tool .and workpiece  can be put 
as 

a (T) = { do + A S (~) ~ < ~1 
do + As (~,) - -  A, (T1) + A, (% T > ~,,- 

where  d o is the init ial  in ternal  d i ame te r .  The amount of  me ta l  r emoved  on account of  the t h e r m a l  expansion 
is 

w0 (~) = d (~) - -  d0-- A~ (~), 

{ ~  (~) - -  A, ( %  �9 < T,, 

wo(T)-- A2(~O--A~(~,), ~ > ~ .  

The speci f ic  cutting ra te  is 

d• 2 (~) dA, (~) �9 < ~,, 
Q (~) -- d'~ dT ' 

0, �9 ~ , .  

The l a t t e r  r i s e s  init ial ly as  a fauction of t ime  but then falls;  va r ious  s tudies [4-6] explain this  behav ior  
of  the cutting curve ,  as well  as the acce l e r a t ed  r e m o v a l  of the initial  roughness  and shape e r r o r s  in the work -  
p iece .  On the o ther  hand, ca re fu l  expe r imen t s  that  e l iminate  the above e r r o r s  do show that  this turning-point  
behav io r  is s t i l l  p re sen t ,  so the effect  is due not only to the init ial  e r r o r s ,  but also to the different r a t e s  of  
expansion of  the tool  and workpiece .  
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In the f i rs t  per iod  of honing, the ra te  of increase  in the t he rma l  deformation of the hone is substantially 
g r e a t e r  than that for  the workpiece,  which acce le ra tes  the cutting. Subsequently, the ra tes  of expansion be-  
come equal, and then ul t imately  the workpiece expands more  rapidly than the tool, so the cutting rate  falls.  

The size of the workpiece obtained as a resul t  of  honing subsequently a l te rs  during cooling. 

Since honing is a compara t ive ly  rapid  p rocess ,  it may be completed before  the steady the rma l  state is 
reached,  in which case it is n e c e s s a r y  to determine the workpiece deformation in re la t ion to the amount oJ~ 
metal  removed.  

We can determine the la t te r  f rom formulas  given in [4]: 

F UT ox < t] 
Rzin i [ l__exp(  u'rfin )]-~-U(T--Tfin) , T>'~fi n. 

Rz fin 

(11) 

We substitute Tfin = (Rzfin/U) In (Rzini/Rzfin) in (11) and make var ious  simplif ications to get 

~ tZT 

(Rzini - -  Rz.fin) -~- u (T - -  "~ fin), "c> 1:fi n . 

Then the express ion  for  the total  amount of meta l  removed,  as Cor rec ted  for the t he rma l  expansion of the hone, 
is 

v/(~) = w (~) + ~0 (~). 

These  calculations on the t he rma l  expansion of the workpiece and the metal  cut have provided the f o r m e r  as 
a function of the la t te r  for  var ious  workpiece wall th icknesses  (Fig. 4). 

These  and s imi l a r  graphs der ived as above allow one to co r r ec t  for  the t he rma l  expansion of the work-  
piece,  and thus substantial ly improve the accuracy  of monitoring and thus of the workpieces  themse lves .  

N O T A T I O N  

al, a2, a3, t he rma l  diffusivities of  workpiece,  holder,  and hone, respect ively;  ~1, X2, ~3, t he rma l  conduc- 
t ivi t ies  of workpiece,  holder ,  and hone, respect ive ly ;  or, hea t - t r ans fe r  coefficient for  the outer  surface of work-  
piece;  0 l, 02, O 3, t empe ra tu r e s  of workpiece,  holder,  and hone, respect ively;  Oc, contact t empera tu re ;  r0, R, 
inner and outer  radi i  of workpiece;  ~ ,  ~ ,  c~, coefficients  of l inear  expansion of  workpiece,  holder,  and hone, 
respect ively;  E, elast ic  modulus ofworkpiece;  p, dimensionless  radius; Bi, Fo, dimensionless  Biot and Four i e r  num- 
bers ;  A1, A2, the rma l  inc rease  in the internal  d iameter  ofworkpiece  and intool  diameter ;  Q, specific amount of metal  
cut; Rzini, Rzfin, in i t ta landf inalheights  o fmic ro roughness  of workpiece surface;  r ,  t r ea tment  t ime;  Tfia, end 
of removal  of the initial roughness;  w, meta l  r emoved  by radial  feed; we,  metal  r emoved  on account of the rma l  
expansion of tool; Ado, e r r o r  in the internal  d iameter  of  workpiece due to expansion; p, specific contact p r e s -  
sure  between hone and workpiece;  e r r ,  0 s, t r ans ien t  and s teady-s ta te  components of t empera tu re  distribution, 
~ u, base metal  removed.  
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