
JOURNAL OF ENGINEERING PHYSICS 287 

A METHOD OF DETERMINING THE SURFACE T E M P E R A T U R E  FIELDS OF 
INACCESSIBLE MACHINE COMPONENTS 

A . P .  Lyubchenko, I .V.  Tsar ina ,  

Inzhenerno-  F iz i chesk i i  Zhurnal,  

UDC 536.5 

D.G. Sherman,  and A.S.  Shukhov 

Vol. 11, No. 4, pp. 516-520,  1966 

A description is given of a method for determining the temperature 
and the topology of the temperature field of parts that are inaccessible 
while the machine is operating. The method is based on the use of the 
sharp dependence of diffusion parameters of a material on temperature. 
fhe method has been tested on simple and complex multicomponent 
heterophase alloys, 

The methods  known for  de t e rmin ing  the t e m p e r a -  
tu res  of the s u r f a c e s  of objec ts  i n a c c e s s i b l e  dur ing 
opera t ion  a re  change of ha rdness  [1], cool ing cu rve  
[2], use of al!oy i n s e r t s  [31, the rmoeoup les ,  t h e r m o -  

sens i t i ve  paint, and the opt ical  p y r o m e t e r  [4]. How- 
eve r ,  they p o s s e s s  a number  of defects ,  which l i m i t  
the i r  r eg ion  of use fu lness .  In pa r t i cu la r ,  they do not 
p e r m i t  one to d e t e r m i n e  (with the except ion of the 
method of r ad ioac t ive  i so topes)  a continuous f ie ld  of 

t e m p e r a t u r e  change or  to r e c o r d  the "e f fec t ive"  va lue  

of t e m p e r a t u r e  r e su l t i ng  f r o m  na tura l  ave rag ing  of a 
set  of va lues  of ins tantaneous t e m p e r a t u r e s  of a m i c r o -  

vo lume .  
The p r e sen t  a r t i c l e  d e s c r i b e s  a method that we have 

developed for d e t e r m i n i n g  the t e m p e r a t u r e  f ield of 
pa r t s  i n a c c e s s i b l e  dur ing opera t ion  o v e r  a wide t e m p -  
e r a t u r e  range  ( t empera tu re s  f rom 200 ~ C upwards ) .  
The method uses  the sharp  t e m p e r a t u r e  dependence of 

the quant i t ies  D s and D v, the su r f ace  or  i n t e r c r y s t a l -  
l ine and bulk diffusion coeff ic ien ts :  

D s D,, exp (--Qs"RT), D v ,-D,, exp (--QvlRT), 

where  Qs and Qv a r e  the ac t iva t ion  ene rg i e s  of su r f ace  
and bulk diffusion;  R is the gas constant ;  and D O is a 
p reexponent ia l  mul t ip l i e r ,  p r a c t i c a l l y  independent  of 

the t e m p e r a t u r e  T. 

It is evident  that the quant i t ies  D s,  D v, D 0, Qs ,  Qv 
uniquely d e t e r m i n e  T. Informat ion  conce rn ing  D s and 
Dv may be obtained by m e a s u r i n g  the path length x of 
su r f ace  or  bulk diffusion dur ing t ime  7 (D T ~ x2) .  

The fact  that the ac t iva t ion  energ.~" Qs for  the s u r -  
face diffusion p r o c e s s  is cons ide rab ly  l e s s  than the 
ac t iva t ion  e n e r ~ '  for  bulk diffusion, is the r e a s o n  for  

the sharply  pronounced inequal i ty  D s >> D v, and so on. 
It is easy to see  that the su r f ace  diffusion method is 
cons ide rab ly  m o r e  s ens i t i ve  than the bulk diffusion 

method at low t e m p e r a t u r e s .  
The path l e n ~ h  x of su r f ace  diffusion may be d e t e r -  

mined both v isua l ly  or  (photographical ly)  using s tab le  
m a t e r i a l s  as coat ings,  and by au torad iograph ic  means  

using r ad ioac t ive  m a t e r i a l s .  
In p r ac t i c e  the p a r a m e t e r  S = (s T - s0)/s 0, where  

So and s T a re  the a rea  of coat ing be fo re  and af ter ,  

r e spec t i ve ly ,  the inf luence of t e m p e r a t u r e  on an object ,  

is taken as a quantity which depends on the path length 

of s u r f a c e  diffusion of a toms and uniquely d e t e r m i n e s  

the t e m p e r a t u r e  of the objec t .  
To ca lcu la te  the path length of bulk diffusion when 

working with r a d i o - e l e m e n t s ,  we m e a s u r e  the ra t io  of 
the f i - rad ia t ion  to the 7 - rad ia t ion  of the r ad ioac t ive  
i so topes  (K = J/3 : J 7  ) '  which does not  depend on the 
number  n of a toms  in the s y s t e m  an impor t an t  point in 
developing the technology of the method,  s ince  f luc tua-  
t ions a r e  poss ib le  in n and in the th ickness  of the p r o -  
t ec t ive  coat ing 6 f r o m  spec imen  to s p e c i m e n  and within 
a g iven spec imen .  It is not diff icul t  to show that  

K(Slnl) : k(52n2) = 1. 
Then the de t e rm ina t i on  of the t e m p e r a t u r e  f ie ld  of 

i n a c c e s s i b l e  pa r t s  is a ccom pl i shed  as fol lows.  The 
su r f ace  whose t e m p e r a t u r e  f ie ld  it is  d e s i r e d  to de -  
t e r m i n e  is cove red  by a coat ing of a r a d i o - i s o t o p e  
(2-3 p) ,  and then a t h i cke r  (50 #) non - r ad ioac t ive ,  

p ro t ec t i ve  l a y e r  is put on top. The function of the l a t -  
t e r  is to main ta in  the s y s t e m  of r ad ioac t i ve  a toms 
mechan ica l ly  in tac t  (the a toms  mus t  not l eave  the s y s -  
t em dur ing ope ra t i on ) .  Subsequently,  a de t e rmina t ion  
is made  of the value  K before  (K 0) and a f t e r  (K 7) the 

opera t ion  of the su r f ace  dur ing  t ime  7o. 

The ra t ios  S = (s T - s0)/s 0 and K K = KT/K 0 p e r m i t  
us to d e t e r m i n e  the t e m p e r a t u r e  of the object ,  with the 
aid of the p rev ious ly  cons t ruc ted  s tandard  c u r v e s  in 

S - T  and K K - T  coo rd ina t e s .  

CONSTRUCTION OF THE STANDARD CURVE 

This is done as fol lows:  
1. Spec imens  a r e  p r e p a r e d  of the s a m e  m a t e r i a I  as 

the su r f ace  being s tudied.  
2. A coat ing is put on the su r f ace  of the s p e c i m e n  in 

the f o r m  of points o r  r e f e r e n c e  l ines .  The choice  of 
the c h e m i c a l  e l e m e n t  of the coat ing  is  made  in each  
individual  c a s e  to a l low for  the c h e m i c a l  condit ions of 
the coat ing p r o c e s s  and of anneal ing.  The e l emen t  may 

be both s table  and r ad ioac t i ve .  
3. A thick p ro t ec t i ve  l a y e r  which wi l l  not oxid ize  

dur ing opera t ion  of the machine  is applied above the 

r ad ioac t i ve  coating.  
4. a) M e a s u r e m e n t  {with the aid of a m i c r o s c o p e )  

of the a r e a  of the points of coat ing applied to the s p e c i -  
men, or  of the th ickness  of the r e f e r e n c e  l ines  when 
s table  m a t e r i a l s  a r e  used fo r  the coating, o r  to obtain 
an au to rad iog raph  of the coat ing ,  when a rad io  i so tope  

is used.  
b) M e a s u r e m e n t  of the /3 -  and T- rad ioac t iv i ty  at 

a f ixed point of the su r f ace .  
5. Anneal ing of the s p e c i m e n s  under  the s a m e  con-  

dit ions that the t es t  m a t e r i a l  wil l  be exposed to dur ing 

opera t ion  (for �9 hours  at d i f fe ren t  t e m p e r a t u r e s  T) .  
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6. a) M e a s u r e m e n t  of the a r e a s  s T of the c o a t i n g s -  
as in w a f te r  anneal ing.  

b) M e a s u r e m e n t  of the rad ioac t iv i ty  a f te r  annea l -  
ing. 

7. a) De te rmina t ion  of the quantity S = (s T - s0)/s 0. 
b) De te rmina t ion  of K K = K T = KT/K 0. 

8. a) Cons t ruc t ion  of the c u r v e  S - T .  
b) Cons t ruc t ion  of the c u r v e  K K - T .  

The points a) r e f e r  to the su r f ace  diffusion method,  
and the points  b) to the bulk diffusion method.  
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Dependence of the value of the working 
p a r a m e t e r  r e c o r d e d  in the diffusion 
method on the t e m p e r a t u r e  of the object ,  

T, ~ EI-283 alloy, quenched f r o m  T = 
= 1100 ~ C (1-wi thout  annealing,  2 - w i t h  

homogeniz ing  anneal ing for  12 hr). 

Examples  of cons t ruc t ion  of a s tandard  cu rve  for  
de t e rmina t ion  of t e m p e r a t u r e  by the su r f ace  diffusion 

method.  We checked the proposed  method on an a lu -  
minum alloy AK-4, as wel l  as on the a l loys  65G, 
IKhlSN9T, Khl2M, and EI283. 

We shal l  examine  in deta i l  the technique fo r  con-  
s t ruc t ing  a s tandard  curve ,  fo r  example ,  for  65G 
al loy.  The proposed  upper  l im i t  for  the su r f ace  t e m p -  
e r a t u r e  of the ob jec t  dur ing opera t ion  does not exceed  
500 ~ C. 

Specimens  m e a s u r i n g  14 x 14 x 5 mm w e r e  p r e -  
pared  f rom 65G s tee l .  Special  at tention was given to 

the p repa ra t ion  of the working su r f ace  of the spec imen,  
which should be ident ica l  to the su r face  of the proposed 
objec t  of inves t igat ion,  as r e g a r d s  m i c r o - g e o m e t r y  
and s t r u c t u r e .  In the given case  the s p e c i m e n s  w e r e  

subjec ted  to gr inding  and pol ishing.  P rec ip i t a t ion  of 
the r ad ioac t ive  isotope Co 60 was c a r r i e d  out f r o m  a 
bath of the fol lowing compos i t ion  (in gm pe r  l i t e r  of 
water) :  CuSOa �9 5H~O 200-250 g m � 9  1-1, H2SO 4 20-30  
gin./-1, syrup of " m o l a s s e s "  4 - 6  gm.1-1. 

F o r  a c u r r e n t  dens i ty  1.5 A" dm-2 and an e l e c -  
t ro ly te  t e m p e r a t u r e  15-25  ~ C, the r a t e  of p r e c i p i t a -  

tion was 20# �9 hr  -~. The spec i f ic  rad ioac t iv i ty  of the 
solut ion was 2 - 5  m c u r i e  �9 1-1. The coat ing had the f o r m  
of "points"  of d i a m e t e r  600-90  p. The l aye r  th ickness  
was 15-20  p. 

To obtain an au to rad iograph ,  the su r face  of the 
s p e c i m e n  was placed in contact  with the emuls ion  of a 
RT-1  X - r a y  plate.  The exposure  t i m e  was 25 -35  hr.  
Anneal ing of the a luminum alloy of the s p e c i m e n s  was 
c a r r i e d  out at a t m o s p h e r i c  condit ions in a muffle  f u r -  
nace at t e m p e r a t u r e s  of 300, 400, and 500 ~ C fo r  
15 hr .  The t e m p e r a t u r e  in the fu rnace  was con t ro l l ed  
by a P P - t h e r m o c o u p l e  and regula ted  with the aid of a 
EPD-17 e l ec t ron i c  po ten t iome te r .  Af te r  anneal ing an 
au to rad iograph  of the s p e c i m e n s  was made.  

The rad iographs  obtained w e r e  scanned and photo-  
graphed on an MB-1 m i c r o s c o p e  with the aid of a 

MFN-1  microphotohead .  The d imens ions  of the r e -  
f l ec t ions  (areas  s o and s T ) w e r e  de t e rm ined  by we igh-  

ing the pos i t ive  pr in t  of the r e f l ec t ion .  It is not d i f -  
f icul t  to e s t ab l i sh  that  in this case  the weight  of the 

pr in t  P is p ropor t iona l  to S (when the photographic 
paper  is un i fo rm)~  The va lues  found w e r e  plotted on a 
graph in t e r m s  of the S -T  coord ina t e s .  

As an example  of the use  of s tab le  m a t e r i a l s  fo r  
m e a s u r e m e n t  of t e m p e r a t u r e  of i n a c c e s s i b l e  objects ,  
we shal l  examine  the cons t ruc t ion  of a s tandard  cu rve  
for  s p e c i m e n s  of the a l u m i n u m - b a s e  alloy AK-4.  The 
sugges ted  l im i t  of t e m p e r a t u r e  m e a s u r e m e n t  on an 
actual  ob jec t  is 300-500 ~ C. 

The s i ze  of the AK-4 al loy s p e c i m e n s  was 14 x 12 x 
• 5 mm.  The working su r f ace  of the spec imen  was 

pol ished and oxidized.  A copper  coat ing was deposi ted 
on the su r f ace  of the s p e c i m e n  in the fo rm of points 
500-600 # in d i a m e t e r  and 10-15  # thick. The corn-  
compos i t ion  of the bath and the condit ions for  the 
coat ing w e r e  s i m i l a r  to those  used fo r  65G s tee l  
without ac t iva t ion  with Co60. 

The s p e c i m e n s  w e r e  annealed under  a tmosphe r i c  
condit ions at t e m p e r a t u r e s  of 300, 400, and 500 ~ C 
for  15 hr .  The working su r f ace  of the spec imens  was 
photographed before  and a f te r  anneal ing.  Spreading 
of the coat ing  as a r e s u l t  of su r f ace  diffusion at the 
anneal ing t e m p e r a t u r e  was c l e a r l y  seen  on en la rged  
photographs (x 250) of the working su r f ace  of the s p e c -  

imen.  As in the case  when a r ad ioac t ive  coat ing was 
used, a de t e rmina t ion  of s o and s T was c a r r i e d  out by 
weighing the pos i t ive  pr in t  of the coat ing  before  and 

a f te r  anneal ing.  The va lues  of s o and s T w e r e  obtained 
as the a r i t h m e t i c  mean,  a f t e r  weighing of a m i n i m u m  
of t h r ee  photographic "points .  " 

Cons t ruc t ion  of a s tandard  cu rve  by the bulk d i f -  

fusion method.  Fo r  the cons t ruc t ion  of a K K - T cu rve  
we chose  a mul t i component  h e t e r o - p h a s e  c h r o m e - n i c k e l  
al loy with an i ron  base  (20% Ni, 25% Cr, e t c . ,  ). The 
high heat s tabi l i ty  and hot s t r e n ~ h  of this a l loy a r e  
at ta ined a f te r  h i g h - t e m p e r a t u r e  hardening,  t r a n s f e r -  
r ing  it mainly  to the ~-s ta te .  

We p repa red  s p e c i m e n s  meaning 10 • 10 x 5 mm of 

this m a t e r i a l .  Some of the spec imens  were  subjec ted  
to a homogeniz ing  anneal ing (to ensure  constancy of 
s t r u c t u r e  of the m a t e r i a l  throughout  the working t ime  
of i n t e r e s t  at 950 ~ C for  not l e s s  than t5 hr.  F u r t h e r  
i n c r e a s e  of the t ime  of h i g h - t e m p e r a t u r e  anneal ing did 
not lead to a not iceable  deve lopment  of phase t r a n s -  

fo rmat ions  (950 ~ C was the highest  t e m p e r a t u r e  which 
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we proposed  to r e c o r d  on the su r f ace  of the objec t  
being examined ) .  

On the r ad ioac t ive  coat ing containing Co60 we de -  
posi ted a l a y e r  ( thickness 50 #) of nonrad ioac t ive  

c h r o m i u m  f r o m  a bath containing CrzO 3 (250 gm �9 1-1 
of wa te r ) ,  HzSO4 (2.5 g m -  l-1). The bath t e m p e r a t u r e  
was 50-55  ~ C, the c u r r e n t  dens i ty  50 a � 9  -z, and the 
durat ion of the p r o c e s s  was 2.0 hr.  

Anneal ing of a s e r i e s  of s p e c i m e n s  fo r  the c o n s t r u c -  

t ion of a K K - T  s tandard  c u r v e  was  c a r r i e d  out in 
vacuum, in a i r ,  o r  in an a t m o s p h e r e  of burnt  vapor  of 
MS-20 machine  oi l .  The t ime  of diffusion anneal ing 
as s t r i c t l y  sui ted to the given s e r i e s  of s p e c i m e n s  

al lowed us to obtain a c l e a r  diffusion cu rve .  
In o r d e r  to r e c o r d  the T-component  of the spec t rum,  

the f i - rad ia t ion  of the Co60 was f i l t e r ed  with a luminum 

foil  1 mm thick. 
The r e s u l t  of one s e r i e s  of t e s t s  is shown in the 

f igure ,  r e p r e s e n t e d  in the f o r m  of the K K - T  c u r v e .  

Here  K K = K T :  K 0, L =  (s 0 -  sT): s o , where  K 7 and 
K 0 a re  pa r t i a l  va lues  obtained by subdivis ion  of the 
r a t ios  of fl- to T- rad ia t ion  r e s p e c t i v e l y  a f te r  and before  
the test ,  and s 7 and s o a r e  va lues  of the b lackening  of 
the photoemuls ion  in contact  with the object ,  a f t e r  and 

before  the t es t .  
It may be seen  f r o m  the f igure  that a c l e a r l y  de -  

fined dependence of t e m p e r a t u r e  on the r e c o r d e d  d i f -  
fusion p a r a m e t e r  K K is obtained, both in the c a s e  of 
the al loy ex is t ing  in the working  s ta te  (1), and in the 

case  of p r e l i m i n a r y  homogeniz ing  of the m a t e r i a l  (2). 
It is easy  to see  that  the upper  l i m i t  of t e m p e r a t u r e s  
m e a s u r e d  with the aid of the diffusion method, is un-  

bounded. By choice  of a sui table  r a d i o - i s o t o p e  and by 

use of the method of su r f ace  diffusion, the lower  l i m i t  
may be dropped to 150-200 ~ C. 

It is of i n t e r e s t  to c o m p a r e  the r e s u l t s  of t e m p e r a -  
tu res  m e a s u r e d  with the aid of the diffusion method 
with data obtained by o ther  means .  Accord ing  to c a l i -  
b ra t ion  t es t s ,  the devia t ion  of a m e a s u r e d  t e m p e r a t u r e  
f r o m  the t rue  va lue  does not exceed  �9 1% for  the 
lower  par t  of the t e m p e r a t u r e  r ange  (400-500 ~ C) .  

Thus, the proposed  diffusion method for  t e m p e r a t u r e -  
de t e rmina t ion  has the fol lowing advantages  compared  
with o ther  known methods:  the poss ib i l i ty  of d e t e r m i n -  
ing the t e m p e r a t u r e  of any s u r f a c e s  of objec ts  ( includ-  
ing those  i n a c c e s s i b l e  dur ing opera t ion)  ; the poss ib i l i ty  
of m e a s u r i n g  a continuous f ie ld  of t e m p e r a t u r e  v a r i a -  
t ion in a given d i r ec t ion  of the su r f ace  (volume) of the 
ob jec t  (topology of the t e m p e r a t u r e  f ield)  ; the m a i n -  

tenance  of the component  in tact ;  s a t i s f ac to ry  accu racy  
and the poss ib i l i ty  of m e a s u r i n g  e f fec t ive  va lues  of 
t e m p e r a t u r e ,  i . e . ,  those  on which c o r r o s i o n ,  so f ten-  
ing, d i s in tegra t ion ,  e t c . ,  of the m a t e r i a l  depend. 

R E F E R E N C E S  

1o A. Bo F r i d m a n  and A . B .  Podol 'ski i ,  GVF, no. 7, 
1937. 

2. L I. Zverev ,  T r .  TsIAM, no. 139, Oborongiz,  
1948. 

3. A oI. Tols toy and N.I .  Mironov,  Sb. NAMI, 
no. 2, 1947. 

4o G~ Ro Rikardo,  High-Speed Internal  Combust ion  
Engine [in Russian] ,  Mashgiz,  1960. 

3 M a y  1966 T r a n s p o r t  E n g i n e e r i n g  Plant  
Kha r ' kov  


