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It is shown that the type of angular distribution, the absolute values of directional emissivi ty ,  
and the degree of polarization of radiation from hea t - re s i s t an t  alloys depend significantly on 
oxidation conditions. 

Uniform heating of i tems in a furnace is determined mainly by the distr ibution of local thermal  fluxes 
which depend on the spatial distribution of radiation f rom both sources  of thermal  energy and the heated 
metal itself. During heating in a i r  o r  other  oxidizing media, oxidation occurs  on the surface of the heater ,  
of the outer  thermal  screen,  and of the metal,  which produces a change in the spatial distribution of radiation. It 
was experimental ly  shown [1-3] that the shape of the cha rac te r i s t i c  rad'iation curve for highly oxidized 
metal  sur faces  was s imi lar  to the angular  distribution of the direct ional  emiss ivi ty  e~0 of d ie lect r ics ,  with 
the nature of the dependence eq0 = f(~o) changing continuously during heating. Unfortunately, the data ob- 
tained in the works cited do not make it possible to establish the genera l  nature of the effect of the oxida- 
tion state on a metal surface on the spatial distr ibution of its radiation. The authors obtained data for the 
effect of oxidation time and tempera ture  on the spatial distr ibution of radiation from certain hea t - res i s tan t  
alloys extensively used in the construct ion of e lect r ic  furnaces.  

A radiation method [4] of adequate accuracy  and simplici ty was used to study the spatial distr ibution 
of the radiation. Measurement  of directional  emiss iv i ty  was ca r r i ed  out by compar ison between the spec-  
t ra l  or integral intensity of sample radiation and the intensity of radiation from a standard calibrated 
against  a model of an absolute black body. 

A sample in the form of a sheet 200 • 400 x 0.5 mm in s izewas  installed between the cur ren t  leads to 
the heating chamber .  The upper cur rent  lead could be shifted in a direct ion which eliminated sample bend- 
ing because of thermal  expansion through the action of tensile forces  crea ted  by the springs of a s tretching 
mechanism.  The construct ion of the cur ren t  leads made it possible to shift them relative to the optical s y s -  
tem for  cor rec t ion  of sample position and alignment of the sys tem.  

The guides and cur ren t  leads with the installed sample were mounted on a special  turntable permi t -  
ting rotation of the sample around an axis. Measurement  of the angle of rotation was made with a rotat ing 
mechanism.  The accuracy  in the measurement  of the angle of rotation was 0.5 ~ 

To avoid sample oxidation while emiss iv i ty  was being measured ,  the heating chamber  was f i rs t  purged 
with purified argon.  Measurement  of sample tempera ture  was accomplished by means of two Chromel 
- A l u m e l  thermocouples  with e lec t rodes  0.2 mm in d iameter .  The junction of the thermocouple passed 
through an opening in the sample and was attached to the test  surface at a distance of 2-3 mm from the 
a rea  of observation.  

Elect rodes  were led out on the opposite side of the sample and lay parallel  to the plane of the s a m -  
ple. The e lect rodes  were insulated with a r e f r ac to ry  coating made of magnesite powder and water g lass .  
The appearance of an oxide film on the surface of a sample introduces a cer ta in  e r r o r  in the measurement  
of the sur face  tempera ture  by the method descr ibed above. As shown by calculation, however,  the t em-  
perature  drop over  the thickness of a 2-ram oxide film does not exceed 1 ~ 
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Fig. 1. Optical a r rangement  for measurement :  1) sample; 2) CaF 2 
plate; 3} plane m i r ro r ;  4) plane A1 m i r r o r ;  5} entrance slit of 
monochromator ;  6) IKS-12; 7) globar;  8) vacuum radiation thermo-  
element;  9} diaphragm; 10, 11) parabolic m i r r o r s .  

A sheet of Kh20NS0 alloy oxidized for  20 h at 1200~ was used as the standard for comparison.  The 
size of the standard was the same as that of a sample.  As shown by numerous tes ts ,  the emissivi ty  of the 
standard remained pract ical ly  unchanged under subsequent heating. The tempera ture  of the standard was 
measured  in the same way as the tempera ture  of a test  sample.  The standard was installed in the heating 
chamber  at the test-samt~le position and cal ibrated against a model of an absolute black body. 

For  measurement  of angular  distr ibution of spec t ra l  emiss ivi ty ,  the radiation flux at the exit of the 
heating chamber  was focused on the entrance slit  of an IKS-2 monochromator  spec t romete r  (Fig. 1). The 
parabolic m i r r o r  11 was diaphragmed in o r d e r  to reduce the aper ture  angle; this made it possible to in- 
c rease  the angular resolution of the device .  

The selected pa rame te r s  of the optical sys tem made it possible to study the radiation proper t ies  of 
the samples in the angular range from 0 to 85 ~ from the normal .  Within these angular l imits,  the image of 
the sample projected in the direct ion of the principal optical axis of the device covered the entire width of 
the spec t romete r  slit, which made it possible to avoid the introduction of co r rec t ions  for  nonisothermici ty  
o f  the sample and for radiation from the edges.  

In measurements  of direct ional  integral  emissivi ty ,  the intensity of radiation from sample and stan- 
dard was measured  by means of a vacuum radiation thermoelement  operated in conjunction with a P-303 
h igh- res i s tance  potentiometer  and an M 195/1 reflection galvanometer .  

An est imate of the e r r o r  in measurement  of sample emiss ivi ty  was made which included such sources  
of e r r o r  as imperfection in the model of an absolute black body, e r r o r s  in the measurement  of the t em-  
pera tures  of the sample and of the model of an absolute black body, the effect of background, flaws in the 
optical sys tem,  e r r o r s  in the measuremen t  of the effective wavelength of the spec t rometer ,  nonlinearity of 
the radiation detector  and amplif ier ,  etc. The magnitude of the e r r o r s  depends on wavelength and tempera-  
ture.  At a sample tempera ture  of 1200~ the total e r r o r  in the measurement  of integral emiss ivi ty  was 
4.2%; it was 5% at 1000~ and 6% at 800 ~ 

f ,e 

Integral  and spectral  direct ional  emiss ivi t ies  of Kh20N80, Khl5N60, KhlSN9T, EI-696, EI-952, and 
J 
EI-626 alloys were studied. 

At sufficiently long oxidation t imes and high tempera tures  (for example, 20 h at 1000~ the angular 
distr ibution of the radiation f rom all mate r ia l s  studied cor responds  to the charac te r i s t i c  radiation curves  
for  d ie lect r ics .  A decrease  in the integral  emiss iv i ty  of a surface occurs  at angles of deviation from the 
normal  ~ > 40~ the most  marked reduction in the values of er.q~ were observed for  70 < ~ < 90 ~ (Figs. 2a, 
b). 

It is interesting to note that the spatial distribution of the radiation from all alloys studied changed 
continuously in the course  of heating. For  the Khl5N60 alloy, for example, the radiation from the oxidized 
surface  cor responds  more  to the radiation from a metal than that f rom a dielectr ic  for heating times up to 
4 h (Fig. 2). It is c lear  f rom Fig. 2a that the main increase in emiss iv i ty  with increase  in heating t ime 
takes place at angles close to the normal.  The data obtained indicate that the integral emiss iv i ty  of 
Khl5N60 alloy even when heated for only 1 h nearly reaches  a maximum value for  ~ > 50 ~ and remains  
prac t ica l ly  unchanged as the duration of heating is increased.  At angles c lose r  to the normal ,  the increase 
in the values of the direct ional  integral emiss iv i ty  eEq~ continued over  a longer period of time. 
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Fig. 2. Effect of oxidation t ime on angular  
distr ibution of integral emiss iv i ty  of Kh15N60 
altoy (oxidation tempera ture ,  800~ ~0, angle 
from the normal):  1) 1 h; 2) 2 h; 3) 4 h; 4) 
20 h. 

Most likely, the increase in emiss iv i ty  f rom a 
slightly oxidized surface for deviation of the radiation 
f rom the normal  is explained by the difference in the 
thickness of the oxide film in the normal  and oblique 
direct ions.  When a thin oxide film is formed,  the 
radiation proper t ies  of the oxidized metal  surface in 
the direct ion of the normal  are  de te rminedby the  char -  
ac te r i s t i c s  of both the oxide layer  and the metal  sub-  
s t ra te .  For  direct ions other than normal ,  the role of 
the radiation from the oxide, which has higher values 
of emissivi ty ,  in the effective radiation from the oxide 
- m e t a l  sys tem inc reases ,  and the radiation from the 
oxidized surface at angles g rea t e r  than 50-60 ~ is de- 
termined mainly by the radiation proper t ies  of the 
oxide layer .  This type of effect of heating durat ion on 
the spatial distribution of spectral  and integral era is-  

sivity was also noted in [3]. The t ime dependence obtained for the var ia t ion of cha rac te r i s t i c  radiation 
curves  (Fig. 2) is typical of all samples  studied. 

The nature of the spatial distr ibution of radiation depends s t rongly on the wavelength of the radiation. 
In this work, the spatial distribution of the spect ra l  emiss iv i ty  was measured  for oxidized sur faces  of 
Kh20NS0, Kh15N60, and ]~I-626 alloys.  

Figure 3 presents  the resul ts  of a study of the effect of the oxidizing heating mode on the spatial dis-  
tribution e;~.  A test  sample of Kh15N60 alloy was oxidized for 20 h at 800, 900, and 1000~ The resul ts  
show that the nature of the spatial distr ibution of the radiation proper t ies  of the sample changes signifi-  
cantly with an increase  in heating t empera tu re  and, consequently, in the thickness of the oxide film. It is 
interest ing to note that considerable  difference in the nature of the e ~ / e ~ N  curves  for radiation of dif- 
ferent wavelengths is observed in the case of the sample oxidized at 800~ Thus, while the directional  
emiss iv i ty  of radiation with a wavelength h = 2 p dec reases  as  the angle between the normal  to the s u r -  
face and the direct ion of the radiation inc reases  (which is typical of samples with a thick oxide film), an 
increase  in values of e ~ / e h N  at ~ > 50 ~ is noted in compar i son  with the spect ra l  emiss iv i ty  in the d i rec -  
tion of the normal  for radiation at wavelengths of 6 and 8 t~. Fur the rmore ,  the values of ek~/ehN in this 
angular  range dec rease  as one goes to shor t e r  wavelengths. This type of spatial distribution for  spectra l  
emiss iv i ty  probably can be explained by the fact that an oxide l ayer  of given thickness possesses  g rea t e r  
t ransparency  for  infrared radiation at longer wavelengths. With an increase  ia heating tempera ture  and 
thickening of the oxide film, the radiation from a metal  surface approximates  the radiation from dielec-  
t r i c s  and the values of the ratio e~ /e~ .  N begins to fall in the angular range mentioned above. It is in- 
teres t ing to note that the charac te r i s t i c  radiation curves  for samples oxidized at 900~ a re  s imi la r  to the 
charac te r i s t i c  radiation curves  for examples with sufficiently thick oxide f i lms.  Nevertheless,  the curves  
obtained for the wavelengths 4, 5, 6, and 8 # lie above the curve represent ing the ratio ehp/eXN at 2.0 #, 
which indicates a definite t ransparency  of the oxide film for infrared radiation having a wavelength g rea t e r  
than 2 Ix. 

There is great  interest  in the effect of length of heating on the spatial distr ibution of spect ra l  emi s -  
sivity. Studies of this kind were made with Kh20NS0 alloy samples .  After cold rolling, the samples  were 
oxidized without additional surface t rea tment  di rect ly  in the heating chamber  at 1000~ Since the time to 
measure  the spatial distr ibution of radiation for a single wavelength did not take more  than 1-2 rain, the 
measurements  were made direct ly  during the course  of the heating. The nature of the relat ionships e ~  
= f(q~) and e h ~ / e k N  = f(q~) for the wavelengths 4.5, 6, and 8 # are  s imi la r  (Fig. 4) to the cor responding  
relat ions for d ie lec t r ics ,  although the low values of ~ are  evidence of sa t i s fac tory  t r ansparency  of the 
oxide film to infrared radiation. 

Most likely, this kind of spatial distr ibution of spectral  emiss iv i ty  is explained by the fact  that the 
thickness of the oxide film formed on the metal  surface is so slight that it does not have a significant effect 
on the radiation from the metal  surface even at angles close to 90 ~ f rom the normal .  

It should be noted that the sharp  r i se  in values of e~p for (p = 70-80 ~ typical of polished metals  was 
not observed in the present  work and the direct ional  emiss ivi ty  decreased  monotonically as the radiation 
angle increased.  This can be explained by the fact that the surface of the tes t -a l loy  samples  selected af ter  
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Fig. 3. Effect of oxidation temperature on angular 
distribution of spectral emissivity for Kh15N60 alloy. 
Samples oxidized for 20 h at t of: a) 800~ b) 900~ 
c) 1000~ Numbers on the curves denote wavelength 
~,~. 
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Fig. 4. Effect of length of oxidation on angular distribution of radiation 
fromKh20NS0 alloy: [1) 30 min; 2) 1 h; 3) 2 h ; 4 )  3 h; 5) 6h ] .  a) k =  2 
# , 3 )  3 h ; b ) X = 4 . 5 ~ ;  c) ~ . = 6 # ;  d) ~ .=8# .  

rolling was of considerable  roughness in compar i son  with a polished metal and, as shown [5], even a small 
increase in roughness of a metal surface leads to a sharp decrease  in the values of e ~  in the angular  
range at 70-80 ~ from the normal .  

The relative directional emiss iv i ty  e~ /e~ .N increases  in proport ion to thickening of the oxide layer ,  
reaching maximum values af ter  some time where the length of this time interval is different for  radiation 
of different  wavelengths. After  reaching maximum values at ~ = 60 ~ the ratio e ~ / e X N  begins to fall be- 
cause of the r i se  in the spectra l  emiss iv i ty  eXN in the direct ion of the normal .  Fu r the rmore ,  the spatial 
distr ibution of the emiss ivi ty  approximates  the distr ibution from die lec t r ics .  

It is well known that the radiation from polished metal  is highly polarized at angles ~ > 80 ~ from the 
normal ,  while the radiation from a highly oxidized surface is pract ica l ly  unpolarized. There is therefore  
g rea t  in teres t  in the nature of the change in polarizat ion proper t ies  of radiation from a metal  during oxida- 
tion of its surface .  

A po la r ize r  (indium film on a quartz backing) was installed in front of the window of the heating cham-  
ber for  studies of the polarization proper t ies  of an oxidized surface.  Studies were made of the effect of the 
degree of oxidation of a metal surface on the angular  distribution of the parallel  and perpendicular  compo-  
nents BII and B j_ of polarized radiation and of the degree of polarization P of initially unpolarized radiation 
f rom EI-626 alloy samples with a polished surface oxidized at 600, 1000, and 1100~ for  2 h. The studies 
showed that with an increase  in oxidation tempera ture ,  the relat ive brightness of unpolarized radiation in- 
c reased  at angles other than the normal .  When the oxide layer  thickened, the values of the relat ive bright-  
nesses  of the components of polarized radiation were considerably different,  although the degree of polar -  
ization decreased .  

Thus the resul ts  indicate that radiation from oxidized metal surfaces  depends strongly on the d i r e c -  
tion of radiation. Surface roughness ,  thickness of oxide film, and spectral  range of radiation have a s t rong 
effect on the nature of the angular  distr ibution and on the absolute values of the direct ional  integral  and 
spec t ra l  emiss iv i t ies .  
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