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Analyzed a re  the s t ruc tur iza t ion  cha rac t e r i s t i c s  of a po lymer  coating compound during cure  
by var ious  modes  of heating. 

In many branches  of industry po lymer  coating compounds are  now used whose cure  quality does in 
' many ways affect  the operat ional  re l iabi l i ty  of cost ly  components and devices.  The p ro ce s s  of curing these 

coatings by convect ive--conduct ive heating cannot be automated,  because it is too slow. 

Desiccat ion and cure  of varn ish- -pa in t  coatings by the rma l  i r radia t ion  has been known to be most  
effect ive,  inasmuch as high-quality product ion can be achieved here  while the p roces s  of curing becomes 
f a s t e r  [1]. Infrared i r rad ia t ion  of po lymer  compounds for  hermet ic  coatings is a p roces s  which can be 
highly automated in many technologies [2]. A study of the effect  which the rmal  i r radia t ion has on the s t r u c -  
tur iza t ion  of po lymer  binders  will ,  in turn,  r evea l  the optimum conditions for  the cure  process .  

At p re sen t  compound powders  a re  more  widely used for  coatings,  and yet  the i r  s t ruc tur iza t ion  during 
radiat ive  heating has hardly been explored at  all [3]. 

The object  of our  study was a typical  r ep resen ta t ive  of these compounds, namely a filled po lymer  
sys tem compris ing a mix ture  of g rades  ED-5 and l~D-L epoxide res ins  with mine ra l  f i l le rs  and a pigment. 
Specimens of this compound were  cured  in pans of me ta l  foil as the substrate .  

Var ious  conditions of the rma l  i r rad ia t ion  o r  composi te  heating could be establ ished in the apparatus ,  
the l a t t e r  having been designed to accomodate  var ious  kinds of in f ra red  sources  with the possibi l i ty of 
regulating the densi ty of incident radiat ion flux (q23) as well  as the t empera tu re  (ti) and the veloci ty (vl) of 
the blowing a i r  s t ream.  

Trans fo rma t ions  within the compound ma te r i a l  during heating were  indicated by an increase  in the 
gel f ract ion,  by a change in the amount of equi l ibr ium swelling, and the shape of the thermomechanica l  
curves. 

In o r d e r  to se lec t  the radiat ion sources  p roper ly ,  we evaluated cer ta in  optical cha rac t e r i s t i c s  of the 
given po lymer  sys tem by the method shown in [4]. It has been establ ished that maximum ref lect ion of 
in f ra red  energy  occurs  within the 3-5 pm range of the wavelength spectrum.  The spec t ra l  re f lec t iv i ty  of 
this compound is minimum within the emiss ion  band of h igh- tempera tu re  quartz  sources .  

The penetrabi l i ty  of this fiiled po lymer  sys tem is minimum to 1 -2#m wavelengths,  with inf rared  
radiat ion penetra t ing to a depth 6 ~ 1000#m. It has been found, m o r e o v e r ,  that inf rared  radiation beyond 
the 2.5~m wavelength is s trongly absorbed a l ready in the surface  l aye r  of this compound. Thus,  quartz  
sources  seemed p re fe rab le  for  curing the system.  Tes t s  have also shown that the p r o c e s s  is acce le ra ted  
he re ,  which, in our  opinion, can be at t r ibuted to the higher  v ibra tory  energy of reac t ive  epoxide groups 
(Fig. 1). As is well  known, in teract ion between inf ra red  radiat ion and a po lymer  mate r i a l  involves not 
only purely the rma l  effects  but also implies  a ce r ta in  se lect ive  generat ion of radiant  energy at the active 
atom groups of the cured ma te r i a l  [5]. 
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Fig. 1. Solid res idue  content  N (%) and equi l ibr ium swelling ~ (%) 
in unext rac ted  spec imens ,  as  functions of the curing t ime  f (h): 
convect ive  heating (curves 3 and 3') ,  heating with quar tz  sou rces  
(curves 1 and 1') ,  and heating with tubular  e l ec t r i c  hea t e r s  (curves 
2 and 2'). 

Fig. 2. Solid res idue  content  N (%) (curves 4, 5, 6) and equi l ibr imn 
swell ing c~ (%) (curves 7, 8, 9) as  f~nctions of the cu re  t;ime ~- (tl), 
with heating t imes  h = 3, 10, and 20 rain ( t e m p e r a t u r e - t i m e  cu rves  
1, 2, and 3 respec t ive ly) ;  a i r  t e m p e r a t u r e  t 1 (~ 

It is evident, according to Fig. i, that the strueturization of this system (based on data pertaining 
to the buildup of solid residue and to equilibrium swelling) is accelerated by 20-30% (first stage of the pro- 
cess) and by 10-15% (period of quasisteady heating) when short-wave infrared sources (quartz sources) 
with maximum emission within the narrow 0.9-1.4 #m wavelength range are used rather than other heating 
methods, with identical averaged temperature- time characteristic s of the thermal irradiation process for 
curing the compound. 

We note that the curing of systems like the one studied here proceeds in several stages. During the 
first stage the material melts and polymerizes, whereupon the polymer molecules build up. The polymer 
s t r u c t u r e  and the conformat ion  of its chains ,  as  well  as  the s u p e r m o l e e u l a r  s t r u c t u r e s  fo rmed  during the 
f i r s t  s tage of heating, play evidently an impor tan t  role  in producing the f inished product .  In view of this ,  
we have cons idered  the effect  of two modal  p a r a m e t e r s  e spec ia l ly  impor tan t  in the subsequent  cu re  p r o -  
ce s s  during the f i r s t  s tage of heating a l ready.  These  a r e  the compound heating ra te  m,  up to a ce r t a in  
quas icons tan t  t e m p e r a t u r e  i 3, and the conditioned ambien t  t e m p e r a t u r e  l eve l s  h.  The th ickness  of the 
spec imens  in this study was  63 = 2 and 5 m m  respec t ive ly .  The p r e s c r i b e d  quas icons tan t  spec imen  t e m -  
p e r a t u r e  (t = 100~ was  r eached  within va r ious  pe r iods  of t ime ,  by vary ing  the densi ty  of incident r a d i a -  
tion flux q23. The t e s t  data  a re  shown, ave raged ,  in Fig. 2. 

Accord ing  to Fig. 2, the r a t e  at  which a coating was  heated had an apprec iab le  effect  on the final 
compound s t ruc tu re .  As the s y s t e m  heating ra te  m was  changed f r o m  27 to 4 ~ the s t ruc tu ra l  de -  
f ec t i venes s  c~ d e c r e a s e d  a lso  apprec iab ly  (from 54 to 32,7% respec t ive ly) .  We have the following exp lana-  
t ion for  this.  In a compound powder  during t h e r m a l  i r rad ia t ion  there  can init ial ly occur  two p r o c e s s e s ,  
as  has been ment ioned e a r l i e r ,  namely  mel t ing  of the b inder  and i ts  po lymer iza t ion .  In this case ,  when 
the s y s t e m  is heated r a t h e r  slowly (T 1 = 20 min) to the p r e s c r i b e d  t e m p e r a t u r e  i 3 = 100~ the curing p r o -  
c e s s  is a l so  r a t h e r  slow. This  per iod  is c h a r a c t e r i z e d  by con:formative t r a n s f o r m a t i o n s  of the binder  
mo lecu l e s ,  a s  a r e s u l t  of which the p o l y m e r  molecu les  move into favorable  re la t ive  posi t ions  so as  to 
produce  the denses t  poss ib le  lat t ice.  When the s y s t e m  is heated fas t  (T~ = 3rain) ,  then many  m o r e  po ly -  
m e r i z a t i o n  cen te r s  e m e r g e  he re  and the s y s t e m  s e e m s  to se t  at  many  locations.  Its mobi l i ty  is thus r e -  
duced and the re  is not enough t ime  for  the comple t ion  of the re laxa t ion  p r o c e s s e s  involved in the r e g r o u p -  
ing of mo lecu le s  as  wel l  as  in the t rans i t ion  of the s y s t e m  f r o m  one s ta te  to another ,  which then leads to 
a defect ive  lat t ice.  
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Fig. 3. Solid res idue  content  N (%) and equi l ibr ium swelling ~ (%) a c r o s s  the spec imen  
th ickness  6 (ram), during convect ive  heating (curves 3 and 3') ,  during heating with quar tz  
sou rces  (curves 1 and 1') ,  and during heating with tubular  e lec t r i c  hea t e r s  (curves 2 and 
2'). 

Fig. 4. (a) Solid residue content N (%) and equilibrium swelling ~ (%) as functions of the 
air temperature t 1 (~ and of the radiation flux density qr (W/cm2); (b) thermomechanical 
curves for specimens cured by convective heating (curve I) and by thermal irradiation 
(curve 2): s t r a in  e (%), spec imen  t e m p e r a t u r e  t (~ 

It was  a lso  of in te res t  to explore  the effect  which the c h a r a c t e r i s t i c s  of the va r ious  heating modes ,  
at  the s a m e  ra t e ,  have on the p o l y m e r  s t ruc tur iza t ion .  F o r  this purpose ,  the spec imens  (the 5 m m  high 
cy l inders  with p l a n e - p a r a l l e l  end faces)  of cured  compound were  examined sect ionwise.  L a y e r s  of the 
compound w e r e  s l iced off accura te ly  within 0 .0125mm on a model  TV-4 cu t te r  machine.  The cutting speed 
was  such as  to p rec lude  the des t ruc t ion  of a spec imen  during the operat ion.  

It is evident,  accord ing  to Fig. 3, that  the s t ruc tur iza t ion  of a coating p roceeds  di f ferent ly  as  r e su l t  
of convect ive  heating and by t h e r m a l  i r radia t ion .  The fact  is  that the init ial  or ienta t ion of p o l y m e r  m o l e -  
cu les ,  e spec ia l ly  in evidence in the boundary l a y e r s ,  apprec iab ly  af fec ts  the s t ruc tur iza t ion  kinet ics  and 
dynamics  in coating compounds,  depending on the specif ic  mode of heating during the subsequent  cure  s tages .  
We note that,  accordingly ,  this  a f fec ts  a l so  the the rmophys ica l  p r o p e r t i e s  of the s y s t e m  and causes  d i f -  
f e r ences  in the resu l t ing  t e m p e r a t u r e  field of a coating,  even though the ave raged  "heat ing curves"  a r e  the 
s ame  [6, 7]. During convect ive  heating,  the highest  t e m p e r a t u r e s  t3max (and the m a x i m u m  cure) in a 
coat ing a r e  noted in the su r face  l aye r s .  During t h e r m a l  i r rad ia t ion ,  on the o ther  hand, t3max occurs  in 
some  inner  l aye r ,  depending on the opt ical  pe rmi t t i v i ty  c h a r a c t e r i s t i c s  of the sys tem.  

Consider ing that  in f ra red  radia t ion had been found to pene t ra t e  the compound spec imens  to a depth 
~i ~ 1 m m ,  we examined the conditions of combined rad ia t ive - -convec t ive  heating which would ensure  the 
m o s t  favorab le  s t ruc tu r iza t ion  of the sys tem.  The level  of cu re  in a he rme t i c  coating was highest ,  a c c o r d -  
ing to Fig. 4a, with the ambien t  hot a i r  a t  the t e m p e r a t u r e  t l = 70~ * and the densi ty  of radia t ion flux q2~ 
= 0.15 W / c m  2. This  was  en t i r e ly  feas ib le ,  consider ing that,  under  the given conditions of combined r a d i -  
a t i v e - c o n v e c t i v e  heating,  the t e m p e r a t u r e  was  highest  in the inner  l a y e r s  of the coating. In this case ,  
however ,  both conductive heat  leakage to the ou te r  l aye r s  and convect ive heat  t r a n s f e r  to the boundary 
l a y e r  of the coating had played an impor tan t  role  in shaping the t e m p e r a t u r e  field. Thus,  according  to our  
ca lcula t ions ,  the convect ive component  of the rad ia t ive - -convec t ive  heat  t r a n s f e r  contr ibuted app rox i -  
m a t e l y  25% to the to ta l  heat  balance in a c losed adiabat ical ly  heated volume of the coa t ing- - subs t ra t e  s y s -  
t e m  at  ~ = 100~ Such a conditioned rad ia t ive - -convec t ive  heating of a powder - - subs t r a t e  s y s t e m  would 
e n s u r e  a sufficiently uni form t e m p e r a t u r e  field and a sufficiently high cure  ra te .  

In o r d e r  to ve r i fy  the p reced ing  ana lys i s ,  the s ame  compound was  cured  compara t i ve ly  by va r ious  
heating modes  within equal t ime  per iods  at  the s ame  ave rage  spec imen  t empe ra tu r e .  The spec imens  were  
then analyzed on the bas i s  of t he rmomechan i ca l  cu rves  plotted during uniaxial  c o m p r e s s i o n  under  a con-  
s tant  load of 3 3 . 4 k g f / c m  2. These  data a r e  shown in Fig. 4b. According to those cu rves ,  the g lass  t rans i t ion  

�9 The blow veloci ty  within the range v 1 = 0.25-0.50 m / s e c  did not significantly affect  the cure  kinetics.  
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temperature  and the breakdown temperature  of the compound cured by radiative--convective heating (curve 
2) were higher but the superelastic strain was much lower than in the case of convective curing (curve 1). 
During identical average t e m p e r a t u r e -  time cycle s, the refore ,  the structural  transformations were more 
thorough in specimens subjected to radiative--convective heating. 

Thus, our study has established the complex effects of radiative--convective heating on the physico- 
chemical transformations in a filled polymer system, and has revealed the advantages of thermal i r rad ia-  
tion over convective heating for curing this par t icular  compound. 
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