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Emiss iv i ty  and re f lec t iv i ty  data have been obtained for  nickel,  ch romium,  C r18Ni10Ti s teel ,  
and CrNi78Ti nickel alloy in the oxidized s ta te  at  ox ide- f i lm th icknesses  on the range  f r o m  
300/~ to 45 #. It has been  found that  the re  a r e  th ree  dist inct  regions of oxide-f i lm th ick-  
nes ses  within which the radia t ion flux is differently fo rmed .  

In many  ca se s  the economical  use and re l iabi l i ty  of h igh - t empe ra tu r e  appara tus  depend on the stabil i ty 
of the emis s ive  p r o p e r t i e s  of the heated e lements ;  hence the impor tance  of being able to e s t ima te  the e m i s -  
s ivi ty  and ref lec t iv i ty  of meta l  su r faces  in an oxidizing medium.  

Under natural  conditions the su r face  of a me ta l  is a lways covered  with an oxide fi lm seve ra l  tens of 
a n g s t r o m s  thick.  Af t e r  heating in a i r  and in a slightly r a r e f i ed  a t m o s p h e r e  it is poss ib le  to obse rve  a broad 
range of oxide-f i lm th icknesses  a t  which radia t ion  can sti l l  e scape  f r o m  the meta l  [1]. In this  c~tfie the fo r -  
mat ion  of the outward flux mus t  be cons idered  in re la t ion  to the " m e t a l - n a t u r a l  t r a n s p a r e n t  oxide-f i lm ~ s y s -  
t em,  under  conditions which include ref lec t ion  at  the m e t a l - f i l m  boundary and sca t t e r ing  and in te r fe rence  in-  
volving both the oxide ' s  own em i s s i on  and the me ta l  emi s s ion  pass ing  through the f i lm.  In the case  of a non- 
t r a n s p a r e n t  f i lm the outward radia t ion  is de te rmined  solely by the oxide phase .  

Recent  publicat ions examine  the emis s ion  of oxidized me ta l s  and al loys over  re la t ive ly  broad t e m p e r a -  
t u r e  ranges  [1-4]. It has been  noted that t e m p e r a t u r e  [1] and a r a re f i ed  a t m o s p h e r e  [3] affect  the emiss ion  of 
meta l  su r f aces  with an oxide f i lm.  

However,  the impor tan t  p rac t i ca l  p rob l em of es tabl ishing the f i lm th icknesses  that  p e r m i t  broad control  
ove r  the in tegra l  emis s iv i ty  of a me ta l -ox ide  f i lm s y s t e m  has not been adequately studied.  

We have de te rmined  the in tegra l  no rmal  emiss iv i ty  on the t e m p e r a t u r e  in terval  100-800~ (Table 1) and 
the spec t r a l  re f lec t iv i ty  at  room t e m p e r a t u r e  (Table 2) for  nickel ,  ch romium,  C r l 8 N i l 0 T i  s teel  and CrNi78Ti 
nickel alloy at oxide f i lm th icknesses  f r o m  300 /~ to 45 #. The fo rmat ion  of the radiat ion flux in the oxide 
l aye r  has been  examined.  

The in tegra l  no rma l  emiss iv i ty  was invest igated by the radia t ion method on the appara tus  descr ibed  in 
[5], the spec imens  being heated in a i r ;  the spec t r a l  re f lec t iv i ty  was invest igated in the UR-20 spec t ropho tom-  
e te r  on the spec t r a l  in terva l  f r o m  2 to 25 #, the spec imen  being supplied with a nonmonochromat ic  radia t ion 
flux at  an angle of 20 ~ to the normal .  On the in terva l  300-2000 /~ the th ickness  of the oxide f i lm was es t imated  
f r o m  the in te r fe rence  co lo rs ,  and a t  values of m o r e  than 5/~ by m i c r o m e t r y .  Th icknesses  lying be tween these  
l imi ts  we re  de te rmined  by the method desc r ibed  below. 

The e r r o r  in de termining  the in tegral  no rma l  emiss iv i ty  was 4.5%, the e r r o r  in determinin~ the spec t ra l  
ref lec t iv i ty  2%, the cor responding  e r r o r s  for  the th ickness  of the oxide f i lm were  20o/0 up to 2000 A and 10% 
above 5/~. 

Before oxidation the su r face  of the spec imens  was given a c l a s s  V10 finish.  A full se t  of f i lm th icknesses  
was obtained on the s a m e  spec imen  by s tepwise heating in a i r  and holding, for  two hours  in each case ,  at the 
t e m p e r a t u r e s  indicated in Table  1. The em i s s ive  and re f lec t ive  c h a r a c t e r i s t i c s  and the th ickness  of the oxide 
f i lms were  de te rmined  between oxidation s teps .  

It should be noted that a f t e r  each oxidation step the spec imens  were  invest igated at a t e m p e r a t u r e  in te r -  
val on which the f i lm thickness  in quest ion was p r e s e r v e d .  This was checked with r e s p e c t  to the reproducibi l i ty  
of the resu l t s  obtained on heating and cooling the spec imens .  
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TABLE 1. I n t eg ra l  N o r m a l  E m i s s i v i t y  (e n) of Nickel ,  C h r o m i u m ,  

C r l 8 N i l 0 T i  Steel ,  and C r N 7 8 T i  Nickel  Alloy a t  Di f fe ren t  Oxide-  

F i l m  T h i c k n e s s e s  

Oxide- . ~n at a temperature (*C) of Oxida- 
film tion 

tern- nessthick" lOO 200 300 400 500 600 , 7oo 800 perature 

o 

4500 A 
650 
900 

1600 
2700 
1,5~ 
2,5 
15 
35 

0,07 
0,08 
0,09 
0,15 
0,21 
0,36 
0,44 
0,52 
0,62 

Nickel (electrolytic, 99.98~ ~ 

0,08 
0,10 
0.13 
0,22 
0,275 
0,46 
9,47 
0,54 
0,61 

0,09 
0,!2 
0,17 
0,29 
0,34 
0,44 
0,50 
0,56 
0,60 

0,1 
0,14 
0,21 
0,36 
0,405 
0,48 
0,53 
0,58 
0,60 

0,16 
0,25 
0,43 
0,47 
0,52 
0,56 
0,60 
0,60 

0,48 0,55 0,51 
0,55 0,58 ] 0,61 
0,59 0,62 i 0,65 
0,62 0,64 0,66 
0,62 0,64 0,69 

440 
475 
520 
670 
700 
900 
950 

1050 
1200 

o 

~500A 
54O 
66O 
75O 

3800 
2,0 II 
8 
45 

o 

~400A 
470 
55O 

1200 
1400 
2 p 
5 

22 
45 

0,05 
0,06 
0,08 
0, I0 
0,45 
0,66 
0,73 
0,76 

0,12 
0,13 
0,14 
0,18 
0,33 
0,61 
0,74 
0,76 
0,80 

Chromium (99.70] o ) 

0,065 0,08 
0,075 0,09 
0,11 0,14 
0,14 0,18 
0,48 0,51 
0,675 0,69 
0,73 0,73 
0,76 0,76 

Crl8Nil0Ti Steel 

0,135 0,15 
0,16 0,19 
0,175 0,21 
0,25 0,32 
0,40 0,47 
0,625 0,64 
0,75 0,76 
0,77 0,78 
0,81 0,82 

0,095 
0,105 
0,17 
0,22 
0,54 
0,705 
0,74 
0,76 

0,17 
0,22 
0,245 
0,39 
0,54 
0,655 
0,77 
0,79 
0,83 

0,II 
0,13 
0,20 
0,26 
0,57 
0,72 
0,74 
0,76 

0,19 
0,25 
0,28 
0,46 
0,61 
0,67 
0,78 
0,80 
0,84 

0,145 
0,23 ~ 0,26 
0,30 / 0,34 
0,60 ] 0,62 
0,735 / 0,75 
0,74 0,75 
0,76 0,77 

0,28 
0,32, 0,35 
0,53 0,60 
0,68 0,70 
0,68 0,70 
0,79 9,81 
0,81 0,82 
0,84 0,84 

0,64 
0,76 
0,77 
0,81 

0,71 
0,71, 
0,81 
0,83 
0,84 

530 
615 
700 
720 
900 
950 

1050 
1200 

440 
680 
710 
770 
820 
900 
950 

1050 
1200 

o 

~450A 
540 

2000 
2,5 p 
I2 
18 

0,13 
0,15 
0,23 
0,52 
0,67 
0,78 

CrNiq8Ti Nickel alloy 

0,14 0,15 
0,175 0,20 
0,28 0,33 
0,56 0,60 
0,71 0,75 
0,81 0,84 

0,16 ~ 0,275 0,225 0,25 I 0,30 
0,38 0,43 ] 0,48 10,53 
0,63 0,65 I 0,67 I 0,69 
0 7 6  
0,84 0,83 

550 
730 

0,58 900 
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0,85 1200 

3 

4 

2 
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Fig.  1. Slope of the  t e m p e r a t u r e  dependence  of the i n t e -  
g r a l  n o r m a l  e m i s s i v i t y  as  a func t ion  of the t h i c kne s s  6 
of the oxide f i lm:  1) n ickel ;  2) c h r o m i u m ;  3) Cr18Ni10Ti  
s tee l ;  4) CrNi78Ti  n icke l  a l loy .  A En / A T,  1/deg;  6, p. 

The t e m p e r a t u r e  dependences  of the i n t e g r a l  n o r m a l  e m i s s i v i t y  at  f i lm  t h i c k n e s s e s  up to 5 # c an  be ap-  
p r o x i m a t e d  by a l i n e a r  dependence .  It is i n t e r e s t i n g  to note  the change  in  the s lope  of the t e m p e r a t u r e  depen-  
dences  of the i n t e g r a l  n o r m a l  e m i s s i v i t y  as  the t h i c k n e s s  of the oxide f i lm i n c r e a s e s  (Fig. 1). It is  c l e a r f r o m  
Fig.  1 that  on the f i lm th i cknes s  r a n g e  of up to s e v e r a l  hundreds  of a n g s t r o m s  A e n / A T  r e m a i n s  unchanged.  
In the r e g i o n  of t h i cke r  oxide f i lms  the A e n / A T  =f(6) c u r v e s  take a b e l l - s h a p e d  f o r m .  It is  i m p o r t a n t  to note 
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T A B L E  2. Spec t ra l  Norma l  Ref lec t iv i ty  (RAn) of  Nickel,  C h r o m i u m ,  
C r l 8 N I l 0 T i  Steel,  and CrNi78TI  Nickel  Al loy 

oxi~te- I ..... RAn at wavelength (p) of ' r 

filmness th ick- -2 .  J 4 I O I 8 l' 10 [ 12 I 14 ] 16"'J 18.l 90 ] 22 ] 24 

8efore oxi- Nickel (electrolytic, 99.98%) 

dation 0,77 0,8510,90 0,94 0,95 0,95 0,95[0,95t0,95 0,95t0,94 0,92 
900 A 0,19 0,76 0,90 0,94 0,95 0,95 0,9510,9510,95 0,95 0,91 0,87 

1600 0,08 0,6310,85 0,90 0,94 0,95 0,95 0,95 0,95 0,95 0,91 0,87 
2700 0,33 0,30i0,73 0,85 0,91 0,94 0,95]0,95]0,95 0,95 0,91 0,84 
1,5/J 0,09 0,1910,40 0,36 0,30 0,70 0,84j0,86J0,81 0,90 0,87 0,78 
2.5 0,11 0,12i0,24 0,27 0,19 0,62 0,5010,54~0,48 0,84 0,89 0,76 

15 0,07 0 10 0,13 0,10 0,11 0,24 0,36]0,16]0,38 0,75|0,76 0,64 
0,05 35 o,o3 0:o3i004 0,05 0,05 o,,4]o,18 o,2o o,o2/o,ollo,o6 

Before oxi- 
d ation 0,76 

540 ~ o.7t 
750 0,56 

3700 0,04 
2 p. 0,02 
8 0,01 

~45 0,01 

Before oxi- 
dation 0,64 
470 A 0,45 
550 0,21 

1400 0,06 
5 .g 0,01 

22 0,02 
45 0,01 

Before oxi- 
dation 0,72 
450 .~ 0,62 
540 0,35 

20O0 0,03 
2,5 tt 0,02 

t2 0,02 
18 0,02 

Chromium (99.7%) 

0,93 0,95 0,96 0,96 
092 0,95 0,96 0,96 
0147 0,84 0,93 0,95 
0,03 0,I0 0,22 0,39 
0,01 0,02 0,04 0,12 
0,01 0,02 0,03 0,04 
0,01 0,01 0,01 0,01 

Crl8Nil0Ti Steel 

0,75 0,80 0,83 0,86 
0,71 0,79 0,83 0,86 
0,66 0,79 0,83 0,86 
0,02 0,38 0,67 0+78 
0,10 0,04 0,22 0,06 
0,02 0,03 0,04 0,02 
0,01 0,01 0,01 0.02 

CrNi78Ti Nickel alloy 

0,80 0,82 
0,74 0,81 
0,66 0,78 
0,36 0,67 
0,10 0,10 
0,03 0,04 
0,02 0,02 

0.84 
0,84 
0,80 
0,77 
0,16 
0,16 
0,02 

0,96 0,97 0.97 0,97[0,97 0,98 
0,96 0,97 0,97 0,97 10,97 J 0,98 
0,96 10,94 0,92 0,78]0,94 0,94 
0,56 0,501 0,2010,47 ] 0,051 0,46 
0,21 0,16 0,16 0,3310,05]024 
0,14 0,07 0,05 0 13 '0,05 0 05 
0,02 0,03 0,02 0,05 0,01 0,02 

0,98 
0,98 
0,90 
0,54 
0,24 
0,06 
0,02 

0,87 0,88[0,89 0,8810 ,8810,85 0,83 
0 87 0 88 j08910,8810,8810,851 08o  
0,87 0,88 ] 0.89 [ 0,88 [ 0,88 | 0,851 0,78 
0,86 0,88 0,8810,8410,82/0,801 0,78 
0,34 }0,641 0,691 0,7210,43]0,25 ] 0,16 
0,12 0,25 0,25 0,3210.25|0,2410,19 
0,02 0,04 0,07 0,06 0,06[0,05 0,07 

0,85 0,86 0,88J0,90j0,90 o,89Jo,88 
0,85 0,86 0.88 0,90 0,90 0,8910,88 
0,80 '0,84 0,85 0,8810,88 0.8810,85 
0,8010,84 0,85 0,90 0,90 0,8910,85 
0,43 0,82 0,71 0,7110,80 0,30~0,55 
0,20 0,20 0,50 0,50 0,63 0,46[0,24 
0,02 I 0 10 0,20 0,20 0,28 0,2710,18 

0,88 
0,84 
0,83 
0,78 
0,66 
0,08 
0,18 

tha t  f o r  al l  the oxidized m e t a l s  and a l loys  it was  poss ib l e  to  o b s e r v e  the s a m e  type  of l aw 'o f  va r i a t ion  of A n n /  
AT  with i n c r e a s e  in the  th ickness  of  the  oxide f i lm,  desp i t e  the  d i f f e rences  in compos i t ion .  With i n c r e a s e  in 
t e m p e r a t u r e  the c om pos i t i on  of  the oxide f i lm on C r l 8 N i l 0 T i  s tee l  is known to  va ry  as  [1] 

(Fe, Me)2Os-~Fe(Cr, Me)20~-+Cr2Os, 

w h e r e  Me a r e  the  o t h e r  me ta l l i c  componen t s .  

At  high t e m p e r a t u r e s  the  su r f a c e  l a y e r  of the oxide f i lm on CrNI78Ti  nickel  a l loy  is a l so  enr iched  in 
c h r o m i u m  oxide [6]. Evident ly ,  the shape of the A n n / A T  =f(6) cu rve  is not much  af fec ted  by r e - e m i s s i o n  a s -  
soc ia ted  with s u r f a c e  i r r e g u l a r i t i e s  resu l t ing  f r o m  the g rowth  of the oxide f i lm,  s ince  in the f i r s t  a p p r o x i m a -  
t ion  it m a k e s  an  addi t ive  con t r ibu t ion  to the total  e m i s s i v e  power  of the s y s t e m  [1]. 

We have used the  descend ing  b r anch  of the A e n / A T  =f(6) cu rve  to e s t ima te  oxide f i lm th i cknes se s  of the 
in te rva l  f r o m  3000 A to  s e v e r a l  m i c r o n s .  

It is  pos s ib l e  to d i s t inguish  t h r e e  reg ions  of oxide f i lm th i cknes se s  within which the f o r m a t i o n  of the 
r ad ia t ion  f lux in the  m e t a l - t r a n s p a r e n t  ox ide - f i lm s y s t e m  follows a spec i f ic  c h a r a c t e r i s t i c  c o u r s e .  

1. F i lms  400-500/~ Thick .  The in teg ra l  n o r m a l  emi s s iv i t y  of the me ta l  su r f ace  does not change  with 
g rowth  of the oxide f i lm on this  th ickness  range .  T h e r e  is a c e r t a i n  lo s s  of loss  of re f lec t iv i ty  at  wave lengths  
of l e s s  than  4 # only.  At  T > 400~ this  leads  to the t e m p e r a t u r e  dependence  of the in tegra l  n o r m a l  emi s s iv i t y  
b e c o m i n g  non l inea r  as  a r e s u l t  of the  shif t  of the  e m i s s i o n  s p e c t r u m  into the reg ion  of s h o r t e r  wavelengths ,  
with the inc lus ion  of  wave lengths  ~.< 4# .  However ,  this devia t ion  is r e v e r s i b l e  and does  not  af fec t  the gene ra l  
t r end ,  i .e . ,  A e n / A T  = cons t  a t  T < 400~ 

2. F i lms  f r o m  400-500 to 2000/~ Thick.  The loss  of re f lec t iv i ty  at  r o o m  t e m p e r a t u r e  extends to w a v e -  
lengths  of 6 #. 
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At n e a r - r o o m  t e m p e r a t u r e s  the in tegra l  normal  emis s iv i ty  changes only slightly,  but its t e m p e r a t u r e  
dependences fan out as  the slope i n c r e a s e s  with the growth of the f i lm.  This  s i tuat ion is ref lec ted  in the left  
ascending branch  of the Aen/AT =f(6) cu rves .  

A c o m p a r i s o n  of the spec t r a l  and in tegra l  c h a r a c t e r i s t i c s  r evea l s  that in p r ac t i c e  l i t t le  long-wave e m i s -  
sion is genera ted  in f i lms  up to 2000 A thick.  At the s a m e  t ime ,  the cons iderab le  i nc r ea se  in the in tegral  no r -  
ma l  emiss iv i ty  of the s y s t e m  at the s a m e  oxide f i lm th ickness  with i nc rea se  in t e m p e r a t u r e  is a s soc ia ted  with 
intensified sca t t e r ing  in the oxide f i lm as a r e su l t  of the exci tat ion of the c ry s t a l  la t t ice  and the shift  of the 
emiss ion  spec t rum into the region of s ho r t e r  wavelengths .  Consequently,  on this th ickness  in terval  broad v a r i -  
at ion of the in tegral  emiss iv i ty  is poss ib le  only as a r e su l t  of t he rma l  exci tat ion of the s y s t e m  ( tempera ture  
factor) .  

3. F i lms  More  Than 2000/~ Thick.  The loss  of re f lec t iv i ty  assoc ia ted  with the thickening of the f i lm 
continues to sp read  into the region of longer  wavelengths and at  5 > 3000-5000 ~ e m b r a c e s  the whole of the 
spec t r a l  in terva l  cons idered .  The R~. n =f(k) 5 curves  develop a s e r i e s  of a l ternat ing peaks  and troughs,  r e -  
f lect ing the in t e r fe rence  of the n .n inon . ch roma t i c  radiat ion incident on the oxidized su r face .  At f i lm th ick-  
nesses  of m o r e  than 5 # the re f lec t iv i ty  is ve ry  low over  the ent i re  spec t rum;  the in te r fe rence  pa t t e rn  is 
smoothed out. Concurrent ly  with the loss  of ref lec t iv i ty ,  in the long-wave pa r t  of the spec t rum the re  is a 
sharp  i nc r ea se  in the in tegra l  normal  emiss iv i ty  at low t e m p e r a t u r e s .  This  leads to a dec r ea se  in Aen/AT, 
which is ref lected in the r ight  descending branch  of the Aen /AT =f(6) cu rves .  

Maximum emis s ive  power  is p o s s e s s e d  by a s y s t e m  with a nont ransparen t  oxide f i lm.  Nont ransparency  
develops when the genera t ion  of radia t ion  is confined to the oxide l aye r .  At m a x i m u m  th icknesses  the oxide 
f i lms invest igated a r e  st i l l  to some  extent t r anspa ren t ,  s ince the in tegral  normal  emiss iv i ty  continues to in-  
c r e a s e  with the th ickness  of the fi lm, espec ia l ly  at low t e m p e r a t u r e s .  Moreover ,  the emis s ive  power  of the 
s y s t e m  is affected by the s t ruc tu ra l  c h a r a c t e r i s t i c s  of the f i lms ,  developed during fo rmat ion  under  different  
t e m p e r a t u r e  conditions.  

N O T A T I O N  

en, integral  normal  emiss iv i ty ;  Rkn, spec t r a l  no rmal  ref lect ivi ty ;  6, th ickness  of oxide fi lm; ~, wave-  
length; T, t e m p e r a t u r e .  
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