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Equations a re  der ived for  calculat ing the p r i m a r y  t h e r m a l - r a d i a t i o n  constants  of a h e t e r o -  
geneous s e m i t r a n s p a r e n t  m a t e r i a l .  These  constants  a r e  de te rmined  for  the case  of a filled 
epoxy coating.  

Quest ions assoc ia ted  with the t r ans f e r  of t he rma l  radia t ion play a leading pa r t  in many  f ields of 
modern  technology [1, 13]. The study of rad ian t  heat  t r a n s f e r  in he te rogeneous  media  is e spec ia l ly  c o m -  
pl ica ted .  When radia t ion in te rac ts  with such a medium,  sca t te r ing  occurs  at  local  inhomogenei t ies .  The 
sca t t e r ing  effects  g rea t ly  complicate  the ana lys i s  of radia t ion t r an s f e r  in sca t t e r ing  med ia .  Many pape r s  
have been published in re la t ion to these p rob l ems ,  but the ma jo r i t y  of these have been main ly  concerned 
with mathemat ica l  p rocedures  for  solving the t r an s f e r  equation.  At the same  t ime exper imen ta l  methods 
of de te rmin ing  the p r i m a r y  t he rm a l - r ad i a t i o n  c h a r a c t e r i s t i c s  and es tab l i sh ing the  r a d i a n t - t r a n s f e r  s ingu la r i -  
t ies  in a s e m i t r a n s p a r e n t  he terogeneous  m a te r i a l  a r e  not en t i re ly  sa t i s f ac to ry .  The main  r e a s o n  for  this 
is that the re  a r e  no convenient methods of obtaining these  coeff icients  f r o m  m e a s u r e m e n t s  of the ex te rna l  
t h e r m a l - r a d i a t i o n  c h a r a c t e r i s t i c s  (R k, Tk).  Among exis t ing methods we m a y  indicate fa i r ly  s imple  pheno-  
menological  ,models re la t ing  the hem i s phe r i ca l  t r a n s m i s s i o n  and re f lec t ing  powers  to the p r i m a r y  coeff i -  
c ients  of the m a t e r i a l .  The bes t  known of these is  the two-flux Gurevich - -Kubelka  - -Munk approximat ion  
[2, 3]. A shor tcoming  of these methods is the fact  that the proposed t ranscendenta l  equations a re  not ana ly -  
t ica l ly  soluble for  the unknown cons tan ts .  A number  of methods  were  developed in [4, 5]; but these cannot 
be used for the si tuations of p resen t  in te res t ,  in which re f lec t ion  of the incident radia t ion occurs  a t  the 
in ter face  between the ambient  and the continuous phase  containing the d i spersed  sca t t e r ing  cen t e r s .  

We a t tempted to develop an exper imenta l  - - ana ly t i ca l  method of de te rmin ing  the p r i m a r y  spec t r a l  
t he rma l - r ad i a t i on  c h a r a c t e r i s t i c s  of an absorb ing  and sca t te r ing  m a t e r i a l ,  allowing for  the effects  of r e -  
f lect ion at  the in terface ,  and on this ba s i s  to de te rmine  the c h a r a c t e r i s t i c s  in quest ion for a filled po lymer  
m a t e r i a l  of the EKM type .  F r o m  the point of view of t r a n s f e r r i n g  t he rma l  radiat ion,  this m a t e r i a l  is ,  on 
the one hand, s e m i t r ans pa ren t ,  and, on the other hand, a s t rongly sca t t e r ing  and absorb ing  med ium.  On 
the b a s i s  of these  physica l  cons idera t ions  it  is  c l ea r  that,  for  such m a t e r i a l s ,  in addition to de te rmin ing  
the ex te rna l  t he rma l - r ad i a t i on  c h a r a c t e r i s t i c s  (R x, TX, e~t), it is  ve ry  impor tan t  to know the p r i m a r y  co-  
eff ic ients  of the e l emen ta ry  volume or l ayer  which wonld cha rac t e r i ze  the p r o p e r t i e s  of the actual  ma t e r i a l  
[4 ,6 ] .  

A compound po lymer  coating may  be approximated  by the following physical  mode l .  Le t  the object  
of investigation be a substance (polymerized resin)  with opt ical ly smooth su r faces  of th ickness  d and with 

TABLE 1. Value of nx, ~k  

Sample thickness, p Slmctral 
a, [ a, range, V 

1200 1770 . [ 0.9--2.2 1,62 0,23.10 -4 

a r e f r ac t ive  index of m;~ =n k -- i~tX. For  our own 
par t i cu la r  case  we m a y  put m k =n~t to a fa i r  degree  
of accuracy ,  since in the case  of d ie l ec t r i c s  the in-  
fluence of the absorpt ion  coefficient  ~X on the r e f l e c -  
ting and r e f r ac t ing  p r o p e r t i e s  of the radia t ion is ve ry  
sl ight (n~ >>~X) [11]. We shall  consider  the substance 
with r e f r ac t ive  index n x as  an optical ly homogeneous 
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Fig.  1. Analytical model of radiation t rans fe r  in a layer  of sca t ter ing 
and absorbing mate r i a l .  

Fig.  2. Spectral  t r ansmiss ion  coefficient of the base of the compound 
EKM: 1) d = 1 2 0 0 g ;  2) d = 1 7 7 0 g ;  X, g .  

(not radiation scattering) matr ix  containing scat ter ing par t ic les  (for example, the inorganic fil ler and pig-  
ment) with a ref rac t ive  index differing f rom that of the matr ix .  Owing to the jump [n ref rac t ive  index at 
the phase interface these par t ic les  scat ter  the incident thermal  radiat ion.  Thus, this model of the compound 
coating rep resen t s  the most  complicated case encountered when considering radiat ion t ransfer ,  in which 
allowance has to be made for the influence of the reflect ing and re f rac t ing  interface between the ambient 
(air) and the mat r ix .  The existence of this boundary should have a major  effect on the ref lect ing and ab-  
sorbing proper t ies  of the layer .  

Let us give some more  detailed considerat ion to the propagation of radiat ion in a model of this kind. 
If directional radiation falls on a plane-paral le l  layer  (Fig. 1), the t r ansmiss ion  of the interface may- easi ly  
be calculated by means of the Fresne l  reflection and refract ion laws. In the case of homogeneous and dif-  
fuse incident radiation of intensity I, the ref lect ing power of the surface may be found by integrating the ex-  
press ions  for the ref lected and incident fluxes over the whole solid angle 23: 

.Ere f l  =- )'o,= ~.~ I9~ cos q:dco 
P'~ '  = Einc 3'~=2~ Icos q)dco (1) 

After passing through the m e d i u m - - a i r  interface the radiation undergoes multiple scat ter ing at op- 
tical [nhomogeneit ies.  This has the effect that inside the mater ia l  the radiat ion changes its angular s t r uc -  
ture very  considerably,  and the initially directional radiation may be converted into radiation a lmost  diffuse 
as r ega rds  its angular distr ibution.  Let us now consider  the reflection of the interface on receiving rad ia -  
tion directed outward from inside the sample.  The ref lect ing power of this flux will be far  higher than that 
of the f o r m e r .  This is because radiat ion takes place through the interface f rom a dense into a less  dense 
medium.  The important  factor  which distinguishes the internal incidence of the radiat ion f rom the external 
is the fact that not all the radiation incident upon the interface is ref rac ted  into the ambient,  because of 
the phenomenon of total internal ref lect ion.  If the radiat ion is incident at  an angle (g g rea te r  than the c r i t i -  
cal angle ~Ocr, the energy will be totally ref lected (the value of the cr i t ical  angle depends on the ref rac t ive  
index of the mater ia l  and may be calculated f rom Snell 's  law). 

Let us calculate how much of the total flux incident upon the interface within the mater ia l  will be r e -  
flected with a reflect ion coefficient equal to 1 (as before,  the incident radiat ion is assumed homogeneous 
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Fig.  3. Hemispher ica l  t r ansmiss ion  
coefficient  of the compound EKM as a 
function of the layer  thickness d, ram: 
1) k =1.05/~; 2) k = l . 2 8 p .  

and diffuse, with an intensity I).  The flux of radiat ion E 1 fa l l -  

2n ~ 
ing within the solid angle oh = S J" sln~dg0d~ is equal to 

0 arc s i n ~  

$I 
~n 5- 

Ea = ~ d ,  S I cos q~ sin cpdcp, (2) 
0 1 

arc sin -~ 

where a rc  sin 1/n=~Ocr (this follows f rom Snell ' s  law). 

The total flux E falling in the whole solid angle co=2~r, 

2~ 2 

E = J" d* S I cos cp sin cpd~o. (:3) 
0 0 

The proport ion of the total radiat ion falling on the i n t e r -  
face at an angle exceeding the cr i t ica l  value equals EI /E  =1 
1 /n  2. If in o rder  to be specif ic  we put n =1 .6  {this is the r ight  
o rde r  of magnitude for n in the present  case),  the contribution 

to the ref lec t ing power of the interface s imply ar is ing  f rom total internal  re f lec t ion  is about 0 .6 .  The 
second par t  of the flux falling in a cone of solid angle 2r r is divided into two components .  One component 
is re f lec ted  in accordance with the Fresne l  law, the other passes  through the in te r face .  At the same time 
the ref lec t ing power for  the incidence of radiat ion f rom outside is 0.09 in the case of a diffuse flux and 
0.05 in that of dLrectional radiat ion [9]. 

Thus, a f te r  ~onstdering the t rans fe r  of radiat ion in a sca t te r ing  layer  it is easy  to understand the im-  
portance of allowing for  ref lec t ion at the boundary su r faces .  A high value of the ref lec t ing  power for in-  
ternal  incidence of the radtatLon reduces  the probabil i ty of its leaving the l ayer ,  so that the neglect  of 
boundary effects  c rea tes  ser ious  e r r o r s .  The absorbing power of the layer  calculated without allowing 
for  ref lec t ions  at the boundary may be too low, in some cases  by a factor  of severa l  t imes  [7]. 

The two-flux approximation was used in [6] to obtain equations re la t ing the internal  optical constants 
of an e lementa ry  layer  to the exper imenta l ly  measured  hemispher ica l  the rmal - rad ia t ion  cha rac te r i s t i c s  
(Tk, 2v or Rk, 27r), without allowing for the boundary re f lec t ions .  A considerat ion of the propagation of r ad i -  
ation in a p lane-para l le l  layer  consisting of a continuous, optically homogeneous substance containing uni -  
formly  distr ibuted scat ter ing centers  leads to the conclusion that this problem ought rea l ly  to be solved 
with new boundary conditions.  The analytical  model employed is shown in Fig.  1. The general  solution 
of the well-known sys tem of equations in the two-flux method of [4] may be wri t ten [8] 

I = B~ (1 - -  I~) exp (ax) q- B~ (1 § I~) exp (-- ~x), 

L = BI(I q- I~) exp ((rx) + B~(1 --13) exp (-- (rx) (4) 

for  the following boundary conditions: 

I ~ = I i ' q -  r ' L  ~ L a = r ' l  d, (5) 

where I i t s  the intensity of the flux incident upon the outer surface;  r '  is the ref lect ing power of the s u r -  
faces with coordinates  x =0 and x =d for the incidence of radiat ion inside the l ay e r .  As a l ready indicated, 
the order  of magnitude of the ref lec t ing power of the radiat ion I i f rom the surface x =0 is ex t r eme ly  small  
('-,5%) and need not be considered in the boundary conditions. 

As indicated Ln [8, 6], the p r ima ry  the rmal - rad ia t ion  constants/3 and cr are  uniquely re la ted  to the 
absorpt ion coefficient k and the scat ter ing coefficient  s of the e lementary  l aye r  by the following relat ionshipsi  

d [~= ~ and c r = l / k ( k + 2 s ) .  q- 

After solving the sys tem of equations (4) with boundary conditions (5) we obtain an express ion  for 
the hemispher ica l  t r ansmiss ion  of a layer  of thickness d: 
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TABLE 2. Values of cr)~, f~)~ 

I 
p 

! 

1,05 0,21 0,35 

n m m  

1,62 0,14 ] 
1,62 0,14 

mm r r' mm 

I00 ol 004 1 o o Io00  
0,07 0,056 0,64 0,56 0,103 

T 2 3  x 
le( l  - - r ' )  48 

li [ l ~ r '  + [~(11 + r')~ ) ] / A ~ - - 4  + 21~ ( 1 - -  r' + r ' ) A  (6) 

where 

A ~ exp (~d) + exp (-- ad). (7) 

Writing down express ions  of type (6) for  T1.2~r and T2.27r and taking thei r  ra t io ,  af ter  cer ta in  t r a n s -  
format ions  we a r r i v e  at the equation 

= ~' Ta,~, (8) 

where T2.2Tr and T1.2Tr are  the hemispher ica l  t r ansmiss ion  coefficients  of samples  of th icknesses  d 2 and 
d 1 , r e spec t ive ly ,  in which d 1 = 2d 2 . 

Solving the sys tem of equations (7) and (8) we obtain an express ion  for  the constant  a: 

A, + V A~ - -  4 
a---- J-~- In 2 

The solution of (6) for  the other  constant gives the following express ion  for/3:  

- ac  + y ( ~ ) '  - o 

(9) 

( l o )  

where 

2 " b l + r '  # 1 - -  ! 
a = A ~  T~,~(l-r/)' ' l - - r '  ; c =  / A ~ - - 4  " 

Equations (9) and (10) give an explici t  analyt ical  re la t ionship  between the unknown p r i m a r y  coeff ic i -  
ents and the exper imenta l ly  measured  hemispher ica l  t ransmiss ion  coefficients of two l aye r s  of sca t te r ing  
mate r i a l  with different  th icknesses  d i and d 2. 

We may showthat  the constant (r equals the attenuation coefficient of the incident radiat ion in a layer  
of heterogeneous ma te r i a l .  Usings Eqs .  (4) and (5) we find the values of the integration constants  B 1 and 
132 for  a l ayer  of infinite thickness (d =~): 

BI=0,  B~= Ii[~(l+r')+l--r'] 
2~ (1 - -  r") @ [~o (I + r') ~ 4- (1 - -  r') 2" (11) 

From Eq.  (4) we then obtain the following equation for  the flux of radiat ion at  a depth x: 

l ( x ) = I ~ {  [ [ ~ ( l + r ' ) + l - - r ' ] ( l + 1 3 )  }e - ~ .  
if-(1 + r')~ + (1--r)~+ 2~(1--r") (12) 

The express ion  in the curly bracke ts  is equal to a constant quantity, and we may rewr i t e  (12) in the 
fo rm 

I (x) = K L e  -ax . 1 (13) 

The la t ter  re la t ionship may be considered as  the attenuation law of radiat ion propagating in a sca t -  
te r ing  and absorbing medium.  Equation (13) differs  f rom the well-known Bouguer law in that, f i r s t ly ,  it 
is applicable to a layer  with a z e ro  t ransmiss ion  (infinitely dense layer)  and, secondly,  the attenuation is 
a function of the two constants (r k and fl~. 
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In order  to determine the constants ~k and/~k f rom Eq s .  (9) and (10) we mus t  knowthe pa rame te r  r ' ,  
the ref lect ing power of the sample - - a i r  interface for  the internal  incidence of the radia t ion.  This quantity 
cannot be measured  exper imenta l ly .  However ,  the value of r~, may be calculated if we assume that the. 
flux of radiat ion falling on the boundary surface  f rom inside the sample is diffuse.  This approximation 
will be the more  accura te ,  the g rea te r  the sca t te r ing  power of the mate r ia l  under tes t .  In this case the 

! 
paramete r  r k is calculated by the Gershun equation [9]: 

7 n[" (14) 

The problem of the angular distribution of the incident radiat ion dese rves  attention, since one of the 
assumptions of the two-flux approximation is that the flux falling on the sample is diffuse.  Measuring the 
hemtspherLcal RX, 2v and Tk, 2v with diffusely incident radiat ion is, never the less ,  a ve ry  difficult p roblem.  
All modern  spec t rophotometers  have coll imated incidence of the radiat ion on the sample .  The question 
a r i s e s  as to how justifiable it is to use  the two-flux approximation in such an exper imenta l  si tuation. This 
questLon has been studied on a number of occasions [10, 11] and it has been concluded that the diffuse r ad i -  
ation may be replaced by direct ional  radiat ion wLthout introducing any ser ious  e r r o r s .  This asse r t ion  is 
valid for  large optical thicknesses  and high concentrat ions of the sca t te r ing  par t i c les  [10]. These r e q u i r e -  
ments  a re  satisfied by the major i ty  of fil led polymer  coatings.  

As a l ready indicated, our subject  for  studying the the rmal - rad ia t ion  cha rac t e r i s t i c s  was a compound 
coating of the I~KM type.  In its physical s t ruc ture  this ma te r i a l  co r responds  to the model which we have 
been considering in connection with the two-flux method (one requi r ing  due allowance for boundary r e f l e c -  
t ions).  The values of r~ were  calculated f rom the well-known F resne l  formula for directLonal radiat ion,  
using existing data as  to the spect ra l  r e f rac t ive  index of the b inder .  The re f rac t ive  index was determined 
by the method proposed in [12]. The underlying idea of this method ILes in the fact  that,  instead of the ac -  
curate  but ve ry  complicated method of calculating the constants n x and ~ forming the complex re f rac t ive  
index m~t with full allowance for the select ivi ty of the absorpt ion spec t rum,  an approximate method (which 
still  p r e s e r v e s  the select ive charac te r  of the absorption spect rum of the tes t  mater ia l )  is used.  For  this 
purpose the spec t rum of the t ransmiss ion  coefficient (Tk) is divided into severa l  regions ,  and it is assumed 
that in each of these regions ,  bounded by wavelengths Xl and kz, the optical constants remain  independent 
of the wavelength.  The coefficients n~t and ~k are  calculated by means of formulas  in which the original 
data are  the exper imenta l ly  obtained t r ansmiss ions  T 1 and T 2 of two samples  with thicknesses  d 1 and d 2, 

The binding component of the mate r ia l  under  considerat ion was the hardened base of the compound 
I~KM (main ingredients  epoxy res in  ED-5 and maleic  anhydride) .  

The average re f rac t ive  index was determined for the spect ra l  range 0 .9 -2 .2  ~.  Figure  2 shows the 
spec t ra l  t r ansmiss ion  coefficients of the mater ia l  in question for  two different  thicknesses  of the l aye r .  
Table 1 shows the main exper imenta l  p a r a m e t e r s  and the calculated average values ~k and ~k for  the base 
of the compound I~KM. The samples were  t rea ted  so as  to produce the maximum degree  of hardening, 
which was moni tored by a spectra l  method involving the combined absorpt ion band of the epoxy groups 
(4520 cm-i ) .  The p r i m a r y  thermal - rad ia t ion  cha rac te r i s t i c s  of the compound I~KM were  determined for 
two wavelengths and calculated by means of Eqs .  (9) and (10). The resu l tan t  values of ~ and ~k and also 
the original exper imenta l  data .  a re  presented  in Table 2. 

The attenuation coefficient  at a wavelength of 1.28 ~ was considerably g rea te r  thanthat  a tawavelength  
of 1.05 ~.  ThLs fact may  be explained by r em em b er in g  that the wavelength oF 1.28 ~t l ies  in the neLghbor- 
hood of the absorption band (Fig. 2) of the binding substance,  and a considerable proport ion of the a t tenua-  
tion coefficient a r i s e s  f rom the absorption of the radiat ion.  

Figure  3 shows the dLrectional hemispher ica l  t r ansmiss ion  coefficient  of the compound ]~KM as a 
function of the thickness of the layer  for  wavelengths of 1.05 and 1.28 ~, calculated by means  of Eq.  (6), 
and the exper imenta l ly  measured  values of T~.,2 v for  sample thicknesses  of 0.12, 0.16, 0.20, and 0.25 ram, 
We see f rom Fig.  3 that the exper imenta l  points T~.,2 v a re  close to the calculated values,  the di f ference 
between these values being the smal ie r ,  the g rea te r  the optical thickness of the sample,  in agreement  with 
the basic  pr inciples  of the two-flux approximat ion.  

Let  us apply Eq.  (13) to an infinitely dense layer  in order  to de termine  the depth of penetra t ion of 
monochromat ic  radiat ion at a wavelength of 1.28 ~.  The calculated value of the coefficient  K for  the r e s u l -  
tant value of the coefficient/~k (Table 2) equals 2 .30.  Putting x =2/cr in (13) we find that at  a depth of 
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d =0.31 mm in an infinitely dense layer  of the compound EKM an incident flux of density I i is weakened by 
a fac tor  of 3 .22 .  

Thus,  the proposed method of determining the p r im a ry  the rma l - r ad ia t ion  cha rac t e r i s t i c s  al lowing 
~or surface ref lec t ion  may be used when studying the t r ans fe r  of the rma l  radiat ion in heterogeneous s emi -  
t r anspa ren t  d ie lec t r i c  mate r i a l s .  

N O T A T I O N  

R k, T~., spec t ra l  ref lect ion and t r ansmiss ion  coefficients of a layer  of thickness d; sk, spect ra l  
emiss ivi ty ;  n~., spect ra l  r e f rac t ive  index of the mater ia l ;  ~X, spec t ra l  absorpt ion coefficient;  p~, r e f l e c -  
tion coefficient  of the surface for a r ay  incident at an angle ~; $, azimuthal  angle of incidence o f  the ray;  
~ and ilk, p r i m a r y  the rmal - rad ia t ion  constants of the t ransparen t  mater ia l ;  r k, ref lec t ion coefficient for 
radia t ion incident on the sample f rom the ambient;  r~, ref lect ion coefficient  for  radiat ion incident on the 
in ter face  f rom inside the sample .  
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