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When consider ing the rma l  decomposi t ion of the rmoplas t i c s  by a t h e r m a l  flux, the case  
where in  radiat ion is the dominant h e a t - t r a n s f e r  mechan i sm is of special  in t e res t .  The 
t e m p e r a t u r e  field within the decomposing ma te r i a l  is then descr ibed  by equations of 
t he rma l  conductivity and radia t ion t r a n s f e r ,  for  the solution of which a knowledge of the 
the rmophys ica I  and optical  p rope r t i e s  of the ma t e r i a l  ove r  wide wavelength and tern-  
pe r a tu r e  ranges  is n e c e s s a r y .  This  p resen t  study is devoted to an examinat ion of the 
optical  p r o p e r t i e s  of teflon, a c rys ta l l ine  po lymer .  Measu remen t  of the t rue  coefficient  
of absorp t ion  of highly d i spe r s ive  media ,  including teflon, p resen t s  ce r ta in  difficult ies,  
so  in the p r e s e n t  case  spec t r a l  ref lect ion and t r a n s m i s s i o n  coefficients  were  m e a s u r e d ,  
and sca t t e r ing  and absorp t ion  coefficients were  calculated using the theory of mult iple 
sca t t e r ing .  Measu remen t s  were  made over  the wavelength range  0.2~2.5 ~ at t e m p e r -  
a tu re s  of 20-400 ~ C. 

1. Measurements of spectral reflection and transmission coefficients were made with an MPS-50 L 
two-beam spectrometer, whose optical system is shown in Fig. la; 1) light source (tungsten and deuterium 
lamps); 2) monochromator; 3) beam splitter; 4) specimen and comparison chamber; 5) diaphragm; 6) speci- 
men material; 7) radiation detector~ Photomultipliers were used as light detectors in the visible and ultra- 
violet regions, and in the infrared a zinc-sulfide photocell was employed. In the spectrometer the distance 
between the specimen and the light-sensitive surface of the detector was reduced to a minimum. This 
allows recording of diffusely transmitted light with practically no losses. We note that the ratio of the 
area of the light sensitive detector surface to the area of the incident light beam was 103 . The specimen 
was disk shaped with thickness significantly less than diameter. In this case it can be assumed that the 
detector receives all light passing through the specimen. Thus, the infinitely extended incident light beam 
model can be employed. 

Spectral reflection characteristics were measured with the reflectometric attachment of the spectro- 
meter by comparing the reflecting power of the specimen studied with that of a standard. The standard 
used was a precalibrated plate of MS-14 opal glass. 

A sketch of the reflectometric attachment which was installed in the specimen chamber is shown in 
Fig. lb. It is composed of four mirrors 2, arranged such that on the specimen 3 there falls a beam of 
light at an angle of 45 ~ The mirror component of the reflected light is absorbed by light detector I. The 
diffusely reflected light from the specimen is detected by detector 4 over a solid angle of 0.6 ~r. 

It was assumed that the angular distribution of diffusely reflected light from MS-14 opal glass and 
teflon was similar. Such an assumption is valid within the framework of approximate theory and has been 
confirmed experimentally [1] for materials with photon survival probability A > 0.8. 

Also measured was the coefficient of mirror reflection of specimen and standard, which proved to 
be weakly dependent on wavelength, being 6-8% for opal glass, and 3-5% for teflon. The presence of mirror 
reflection was considered in determination of the reflective power of the teflon. To study optical properties 
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Fig. 1 

at high temperature, a specially constructed vessel which allowed heating of the specimen to 400 ~ C was 
employed. An electric heating element in the form of a resistance spiral sealed into an insulator was 
installed in the water cooled body. The heater was supplementallyinsulated from the body by asbestos. 
The teflon specimen was located in a metallic case, which ensured uniform specimen heating and the 
case was then installed within the electric heating element. 

Light beam formation was accomplished by input and output diaphragms. The water cooled body 
protected the radiation detector from the thermal action of the heater element. C-ase temperature was 
measured by a chromel-  alumel thermocouple 0.2 mm in diameter~ It was found that temperature equili- 
brium was established between specimen and case in 10-15 rain. The high temperature vessel was located 
within the specimen chamber, and to reduce errors  to a minimum a similar vessel with no specimen 
was installed in the reference chamber~ 

As is well known, the intensity of light which does not undergo scattering depends on the optical 
density of the absorbing layer in the following manner: 

I = Io  e-: (1.1) 

Here  I0 is the intensi ty of the incident light, �9 = l (g +x ) is the optical density of a l a y e r  of thickness 
l ,  g is the sca t t e r ing  coeffieient ,  and • is the coefficient  of t rue  absorpt ion.  

It follows f rom Eq. (1.1) that  the optieal density of the l a y e r  may  be m e a s u r e d  by the attenuation of 
d i rec t  light.  The d i rec t  l ight is s epa ra t ed  out by the diaphragm sys t em.  At high optical densi t ies  its 
intensi ty  is quite low. Only diffusely s c a t t e r e d  light pas ses  through the spec imen,  and i ts  angular  d i s t r i -  
bution is a s s u m e d  independent of w a v e l e n ~ h .  This  assumpt ion  is a lso  valid within the approx imate  theory.  

To de termine  the total  s ca t t e r ed  light energy  pass ing  through the heated spec imen the following 
equation was  used; 

i I (Q, ~) d~ = ~ (~) 1 (~) (1 �9 2 ) 

Here  a(f~), the f rae t ion  of the s e a t t e r e d  light within a cone of solid angle ~ is dependent solely on 
sy s t em g e o m e t r y .  Using the method descr ibed  above the quantity I(T) was m e a s u r e d  for  the eold spec imen .  
Thus the total light energy  pass ing  through the heated spec imen can be de te rmined  by measu r ing  the rat io  
of the s c a t t e r e d  light ene rg ies  pass ing  through the heated  and cold spec imens .  
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At  a t e m p e r a t u r e  of 330 ~ C a sha rp  change was  noted in the tef lon optical  p r o p e r t i e s .  The m a t e r i a l  
b e c a m e  c l ea r .  Using the a t tenuat ion  of d i r ec t  l ight  the opt ical  densi ty  of the m a t e r i a l  was  m e a s u r e d  as  a 
funct ion of wavelength  at  370 ~ C. 

2. Tef lon  is a highly d i s p e r s i v e  m a t e r i a l ,  and thus the t heo ry  of mul t ip le  s c a t t e r i n g  of l ight  was  
used  to de t e rmine  i ts  opt ica l  p r o p e r t i e s .  Fo l lowing  [2], we will  c o n s i d e r  a p I a n e - p a r a I l e l  plate  of th i ckness  
l 0 with cons tan t  opt ical  p r o p e r t i e s ,  upon which at an angle 0 to the n o r m a l  t he re  fa l l s  a plane l ight  wave of 
in tens i ty  7rS. 

The  rad ia t ion  f ield within the m a t e r i a l  is d e s c r i b e d  by the t r a n s f e r  equat ion 

h ~ i ~ t t cos 0 dI  (% 0, (9) / dT = - -  I (~, 0, r + "T~ I d(p f I (T, 0 ,  q~) Z (q') sin 6 dO + (:\ / 4) S X  (y) e -*'sec~ (2 
0 0 

H e r e  h = cr ~ (~ +x" ) is the p robab i l i ty  of photon s u r v i v a l ,  X('/) is the s c a t t e r i n g  indica t r ix ,  ~ is the 
angle  be tween the incident  r a y s  and the s c a t t e r e d  l ight ,  IU,  0, ~o) is the in tens i ty  of diffuse rad ia t ion  at a 
depth �9 in a d i r ec t ion  c h a r a c t e r i z e d  by the angle  0 f r o m  the n o r m a l  and an az imu th  r 

The t e r m  c o n s i d e r i n g  na tura l  r ad ia t ion  of the med ium has been  omi t t ed  (in the e x p e r i m e n t s  the 
tef lon t e m p e r a t u r e  did not exceed  400 ~ C and t h e r m a l  r ad ia t ion  of the  med ium was  below the th re sho ld  
sens i t iv i ty  of the device) .  

The  boundary  condi t ions  indicat ing absence  of diffuse i l lumina t ion  of the upper  and l o w e r  l imi t s  of the 
l a y e r  have the f o r m  

I (0, 0, ~ ) =  0, 0 ~ 0 ~ / 2 ;  I ( % , 0 ,  ~ ) = 0 ,  n / 2 ~ 0  ~ (2.2) 

The so lu t ion  of Eq. (2.1) is a complex  p r o b l e m .  However ,  in the case  w h e r e  de t e rmina t ion  of the 
in teg ra l  in tens i ty  d i s t r ibu t ion  within the m a t e r i a l  is r equ i r ed ,  Eq.  (2.1) may  be r ep l aced  by a s y s t e m  of 
d i f fe ren t ia l  equat ions  f o r  in tens i ty ,  a v e r a g e d  o v e r  the angu l a r  coo rd ina t e s  [2] 

d_,~ (% ~) / d~: = - -  (t - -  A) i (% ~) + (A / 4) Se-~/r (2.3) 
d I  (~, ~) / d~ ---- - -  (3 - -  A X1) ~q (~, ~) + X1 (A / 4) Se--.fz~ 

H e r e / =  4 ~ - l l d q ) I I  (v, ~l, T)dy is  the mean  diffuse rad ia t ion  in tens i ty ,  4n• ---- I dcp ~ I  (~, cp) ~ ] d l ]  

0 0 0 - - 1  
qJ 

is the diffuse rad ia t ion  flux, and Xl = ~/~ i X (q() cos 7 sin 7d~ is the flux t e r m  in the expans ion  of the s c a t t e r i n g  
0 

i nd ica t r ix  in L e g e n d r e  po lynomia l s ,  rt = cos0,  ~ = cos 00, and c is the ve loc i ty  of l ight .  The boundary  con-  
di t ions  fo r  this s y s t e m  will  have the f o r m  

2H (0, ~) ---- - -  i (0, ~), 2Kr (~0, ~) = I (~0, ~) (2.4) 

This  s y s t e m  is not exac t ,  but f o r  values  of A > 0.8 its solut ion di f fers  f r o m  that  of the exac t  equat ion 
by not  m o r e  than 10%. 

The solut ion of Eq.  (2:3) has the f o r m  

t 3~ + (i A) X~  (1 + 2~)1 [e K('-o-:) (t + b) - i = +  S~" ( I -  K~)-~  e~":o(t_~b)~_e-g':,(t_bp • - -  (2.5) 

- -  e~;( . . . .  ) ( t  - -  b)] + [2  - -  3~  - -  (1 - -  A )  X ~  ( t  - -  2~)]  e--.o/r • [e-K* (1 - -  b) - -  e g-. ( t  + b)]} - -  {3  + (1 - -  A )  X ~ }  ~e--.a] 

H~~- "4A I "~.~S~ [ eK-.~ i +bp--e-~C-.~ _ bp {[2+3~ + ( t - - A ) X ~ ( t + 2 ~ ) ] [ e  to:( . . . .  ) ( l + b ) + e  K( .... ) ( i - -b ) ]  + 

+ [2 --  3~ - -  (I - -  A) X ~  (t - -  2~)] e--.~ [e -g'. (i - -  b) + e g~ (t + b)]} --  {1 + (i - -  A) X~} e-'/}J 
l 

K = g (~  --  i )  (3 - -  AXe), b = 2 g ( l - -  A) ( 3 - -  AX0 "~ 

F r o m  Eq. (2.5) f o r  the total t r a n s m i s s i o n  and r e f l ec t ion  (albedo) coef f ic ien ts  we have 

V = ~ ~ (To, ~) + e -~o/~ = (h / 2) 1 / (1 --  K ~  ~) • (2 
i [2b [2 + 3~ + (1 - -  A) X ~  (i + 2~)] + 

>4. "e K':~ (~. + b) ~ - -  e -K":" ( i  - -  b) ~ 

+ [2 - -  3~ --  (l - -  A) X ~  (l - -  2~)] e-~.~: [e-~-.o (l - -  b) - -  

- -  eK'o(i + b)]] - -  [3 + (l - -  A) Xx] ~e-*~ + e--.o,l~ 
J 
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i ~2 + 3~ + (2 (i - A) X1~ (i + 2~)j x A = 2 / S~7 (0, ~) = 2 i / (i -- K~ 2) eK'~o (t + b) e--K~o 0 b) 

X [eK~~ + b) -- e-K~o(t -- b)] + [2 -- 3~ -- (l -- A) X1}(I -- 2~)] 2be-:o/~] - -  [3 + (t -- A) X1] ~} 

Assuming T O = ~o we obtain an express ion for the aIbedo of a semiinfinite plate 

A ~ =  (A/2)  2 - -3b~+ (1 - -  A) X ~ ( 2 ~ - -  b ) / ( l  @ b) (i - - K ~  ~) (2.8) 

Equations (2.6-1.8) make possible calculat ion of the scat ter ing coefficient ~, the coefficient of true 
absorption n ,  and the coefficient Xi, which charac te r izes  the deviation of the scat ter ing indicatrix from 
spherical ,  f rom experimental ly measured  t ransmiss ion  and reflection values of plates of various thickness.  

3. Results of spectra l  ref lect ion and t ransmiss ion  coefficient measurements  for  teflon plates of 
various thickness a re  shown in Fig. 2. Here curves 1-3 correspond to coefficients of reflection for plates 
15, 2, 0.13 mm in thickness.  The experiments  with plates of different thickness,  showed that the coefficient 
of reflection shows pract ical ly  no var iat ion for  thickness g rea t e r  than 10 ram. It may be assumed that the 
resul ts  of curve 1 (Fig. 2) cor respond  to the case of a semiinfinite plate. 

T ransmiss ion  coefficients for  plates 2 and 0.13 mm thick as functions of wavelengths are  shown by 
curves  4 and 5 of Fig. 2. Using Eqs. (2.6)-(2.8), these experimental  results  permi t  calculating the s ca t t e r -  
ing coefficient ~ the coefficient of true absorpt ion n ,  and the quantity Xi as functions of incident light wave-  
length. The resul ts  of these calculations,  pe r fo rmed  with an electronic computer,  a re  shown in Fig. 3, 
curves  1, 3, and Fig. 4, curve 1. The calculated t r ansmiss ion  coefficient V as a function of optical density 
behaves as follows: 

v 0.91 0.78 0.6 0.4 0.25 0.2 0.16 o.it 
I/Io 0.85 0.73 0.55 0.37 0.25 0.2 0.i8 0.12 

0.37 0.75 i.5 3 5 6 7.5 io 

Also shown a re  results  of measurement  of the coefficient of t ransmiss ion  I/I0 for  plates of various thick- 
ness at wavelength 0~ #. 

The resul ts  shown are  taken from measurements  made under normal conditions with specimdn 
tempera tu re  20 ~ C.  

The dependence of scat ter ing coefficient on tempera ture  is shown in Fig. 5, "curves 1-3 for  wave-  
lengths of 0.29, 0.5, and 1.65~, respect ively .  With heating of the teflon from 20 to 400~ the scat ter ing 
coefficient initially increases  proport ional ly to tempera ture ,  and then at 330 ~ C drops sharply a lmost  to 
zero .  This behavior  may be explained as follows. Under normal  conditions teflon is a crystal l ine po lymer  
with a 70-80~ degree of crysta l l izat ion.  Light scat ter ing in such s t ruc tures  takes place on internal in- 
homogeneities such as density and crysta l  orientation fluctuations. 

As was demonstrated in [3, 4], the scat ter ing coefficient is proport ional  to the mean square of these 
fluctuations. Upon heating of the teflon, the decrease  in density of the crystal l ine phase is Iess than that 
of the amorphous phase.  This leads to an increase  in mean density fluctuations in the mater ia l ,  which in 
turn leads to an increase  in the scat ter ing coefficient.  At a tempera ture  of 327 ~ C melting of the e rys ta l l -  
ires occurs .  The mater ia l  t r ans fo rms  to an amorphous phase and scat ter ing decreases  sharply.  

The total attenuation coefficient of clarified teflon is shown in Fig.  4 (curve 3). Comparing curves 1 
and 3 (Fig. 4) we note that in the long wave portion of the spectrum the absorption coefficient of clarif ied 
teflon is less than the true absorpt ion coefficient of the cold specimen. This is all the more  valid because 
attenuation of light passing through the teflon is produced by both absorption and scat ter ing.  In the visible 
region compar ison  of curves  1 and 3 (Fig. 4) is complicated,  since the fract ion of light sca t te red  inc reases ,  
leading to a significant increase in the coefficient of total attenuation. 

To obtain a teflon specimen with a different degree of crystallization under normal conditions the 
quenching method [5] was used. In this method a specimen is cooled rapidly from the crystal melting point 
of 327 ~ C to a temperature below 250 ~ C. The crystallization rate at temperatures below 250 ~ C is insigni- 
ficant. According to the data of [5] the quenched teflon is 500/0 crystallized. Its optical properties differ 
somewhat from these of the material in the original state. The spectral coefficients of reflection and trans- 
mission for a plate of quenched teflon are presented in Fig. 2, curves 6 and 7. Using these values the 
scattering coefficient and true absorption of quenched teflon were calculated, and these values are presented 
in curve 2, Figs. 3, 4. 
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In calculation, the quantity Xl was assumed to be the same as in the original state. This assumption 
is valid for the case where the crystallite geometry is preserved, and only their concentration is changed. 
As is evident from Fig. 3, scattering is proportional to the degree of crystallization of the material.  

Comparison of curves 1 and 2, Fig. 4 shows that the coefficient of absorption of teflon in the amor- 
phous phase is less than in the crystalline phase. This has been supported by measurement of the coeffi- 
cient of total attenuation of clarified teflon. 

The authors thank Yu. E. Dombrovskii for his participation in the experiment. 
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