
R E L A T I O N S H I P  B E T W E E N  T H E  E N E R G Y  S U P P L Y  

P A R A M E T E R S  A N D  T H E  P H Y S I C O C H E M I C A L  L 

C H A R A C T E R I S T I C S  O F  P O L Y M E R  C O M P O S I T I O N S  

D U R I N G  D R Y I N G  AND T H E R M A L  P R O C E S S I N G  

L .  S. S l o b o d k i n ,  G. P .  P s h e n i c h n a y a ,  
a n d  M.  N.  B a r s k a y a  

UDC 667.645;621.396.6 

The effect of the type of energy  supply on the formation of t empera tu re  and concentrat ion fields 
in the the rmal  p rocess ing  of polymer  composi t ions is considered.  

The the rmal  p rocess ing  of filled polymer  composi t ions used as coatings is a complex physicochemical  
p rocess  which general ly  involves the removal  of solvents,  a t ransi t ion of the mater ia l  f rom one physical  state 
to another,  and chemical  t r ans format ions  connected with the formation of a polymer  binding s t ructure .  At pre-  
sent the the rmal  p rocess ing  of such sys tems  is usually considered by using the approximate  idea that  the mean 
t empera tu re  of the mater ia l  under quas i - s t a t ionary  heating conditions uniquely de termines  its phys icochemi-  
cal state.  This assumpt ion may not be ent irely justified since it ignores  the fact that the main features of the 
energy  supply ( thermal radiation,  convection, conduction, and combined) have a considerable effect  on the de- 
velopment of the t empera tu re  fields in p rocessed  polymer  composi t ions,  and consequently, the c mentra t ion 
fields, by which, in this case ,  we mean the degree of uniformity  of the hardening of the sys t em in the volume. 
In the final analys is  this leads to the formation of a polymer  coating with different qualitative cha rac te r i s t i c s .  

It is assumed that the use of the main energy supply and the development of a cer ta in  t empera tu re  field 
in the polymer  a re  ways of influencing the formation of the polymer  coating. Investigations of the hardening of 
a se r ies  of cha rac te r i s t i c  filled polymer  sys tems  which we have ca r r i ed  out showed that the mechanism by 
which the p rocesses  occur  in them a re  different for different types of energy  supply. 

Figure 1 shows kinetic curves  of the change in the content of the epoxy groups in a model sys tem based 
on ]~D-20 epoxy res in ,  hardened with maleic anhydride using the rmal  radiat ion (supplied by a KG220/1000 shor t -  
wave infrared generator) ,  and using conductive energy" supply, other conditions being equal. The epoxy group 
content in the composi t ion at different s tages of polymeriza t ion was determined by potentiometer  t i t rat ion [1]. 
As can be seen f rom Fig. 1 the curves  a re  different, as can c lear ly  be seen by compar ing the curves  of the rate 
of exhaustion of the epoxy group (curves 4). For  conductive hardening of the composit ion there is an initial 
rapid increase  in the fract ion of reac ted  epoxy group a ,  and then a smoother  behavior of the a(~-) curves  (Fig. 
lb).  During the p rocess  da/d~- dec reases .  For  the rma l - rad ia t ion  hardening of the polymer  sys tems  the a(~-) 
curves  have an S-shaped form:  the p rocess  f i rs t  occurs  at a velocity Vm, which increases  exponentially, there 
is then a r is ing par t  on the a(T) curve at a constant  velocity which exceeds the initial velocity Vok in conductive 
hardening, the velocity of the p rocess  then dec reases ,  and the change in Vm then occurs  smoothly (Fig. la) .  
The slow development of the hardening f i rs t  observed (the induction period) for radiant  energy supply compared 
with conductive energy  supply can be explained as follows. In conductive energy  supply the hardening begins 
f rom the subst ra te ,  where,  before t empera tu re  polymerizat ion s ta r t s ,  due to adsorpt ion interact ion betweenthe 
polymer  and the subst ra te  there  are  submolecular  s t ruc tu res  which play the role of ready po lymer iza t ioncen-  
t e r s  [2]. For the rma l  radiat ion energy  supply, due to the par t icu lar  features  of the formation of the t empera -  
ture  field as a resul t  of the permeabi l i ty  of the sys tem to inf rared radiation, new polymerizat ion centers  a re  
formed in the inner layers  of the coating having a maximum tempera tu re .  The formation of a coating proceeds 
mainly f rom a cer ta in  internal  layer  to the external  layers .  In other words,  at the beginning of the thermal  
radiation p rocess ing  p rocess  a kind of " readjus tment"  occurs  having submolecular  s t ruc tu res  over the whole 
Volume of the polymer .  Due to s ter ic  effects the velocity of the process  at this stage is sloweddown compared 
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Fig. 1. Kinetic cu rves  of the content  var ia t ion  a(~) (1-3), 
the r a t e  of d i sappea rance  dc~/dr = f(a) (4) of the epoxy 
groups in a model composi t ion  with t h e r m a l  radia t ion  (a) 
and conductive (b) ene rgy  supply,  and curves  of the d isap-  
pearance  of the methylol  groups  CM in t h e r m a l  radia t ion 
(5) and convect ive (6) hardening;  1,4) t = 60~ 2) 75~ 
3) 90~ CM, %; T, min.  

with conductive hardening.  Then, due to the volume nature  of the absorp t ion  of the in f ra red  radiat ion,  a large 
number  of po lymer iza t ion  cen te r s  (nuclei) is fo rmed  in the sy s t em,  and the veloci ty  of the p roces s  inc reases  
and exceeds  Vok. When a s y s t e m  based on FR-300 phenol - formaldehyde  r e s in  hardens ,  which occurs  by means 
of a polycondensat ion m e c h a n i s m  with in te rac t ion  between the methylol  groups  and a toms  of hydrogen of the 
phenol r ings ,  it was a lso  found that,  under exact ly  the s ame  conditions,  the r a t e  at which the methylol  groups 
a r e  exhausted in convect ive ene rgy  supply is much less  than in t h e r m a l  radia t ion supply (Fig. 1, curves  5 and 6). 

Hence, the above data conf i rms  the ef fec t  of in f ra red  radia t ion  on the intensi ty and mechan i sm of the 
hardening p r o c e s s e s  in po lymer  s y s t e m s .  

It  was s ta ted in [3] that intense infra ted radia t ion  a t  ce r t a in  f requencies  exc i tes  v ibra t ional  e n e r g y  of the 
appropr i a t e  groups  of a toms  in the molecule ,  t he reby  producing a chemica l ly  nonequi l ibr ium s y s t e m  of mole-  
cules .  In this case  the ra te  constant  of the chemica l  reac t ion  depends on the population of the quantum levels  
of the in terna l  (vibrat ional  in our case)  deg ree s  of f r eedom of the molecules  and is not re la ted  explici t ly to the 
t e m p e r a t u r e  of the hardened s y s t e m s .  The e s t ima te  of the in f ra red  radia t ion power given in [4] using the ex-  
ample  of a two- leve l  sys t em,  by means  of which one can de t e rmine  the population of the v ibra t ional  level ex-  
ceeding the population of t he rmodynamic  equi l ibr ium,  conf i rms  the possibi l i ty  of the above-ment ioned  effect  of 
the acce l e r a t i on  of the p r o c e s s .  However ,  it is shown theore t i ca l ly  in [5] that  it is difficult to achieve se lec t ive  
heating. 

It  is  t h e r e f o r e  advisable  to c a r r y  out a more  detai led cons idera t ion  of the fea tu res  of the p roce s s  by which 
t e m p e r a t u r e  and m a s s - c o n t e n t  f ields a r e  fo rmed in t h e r m a l - r a d i a t i o n  ene rgy  supply. It  is difficult to obtain 
expe r imen ta l ly  the t e m p e r a t u r e  and concentra t ion  dis t r ibut ion in a layer  of po lymer  coating, pa r t i cu la r ly  inthe 
e a r l y  s tages ,  when the po lymer  is in the liquid s ta te ,  in view of its l imited th ickness .  Hence,  we a t tempted  to 
study the deve lopment  of the t e m p e r a t u r e  and concent ra t ion  fields in the coating in the case  of t h e r m a l  radiat ion 
ene rgy  supply theore t ica l ly  using a p h y s i c a l - m a t h e m a t i c a l  model  of the p roce s s  [6]. We a s sumed  that  the 
m e c h a n i s m  by which the coating is fo rmed  cons i s t s  solely in po lymer iza t ion  of the bonding sys t em,  and the ex-  
t e rna l  conditions of ene rgy  supply a r e  de te rmined  by the p a r a m e t e r s  of t h e r m a l  rad ia t ion-convec t ive  heat ex-  
change.  In this case  the hea t  and m a s s  t r a n s f e r  p r o c e s s e s  in the coating layer  can be desc r ibed  by the follow- 
ing se t  of d i f ferent ia l  equations:  

O0 OZO [ 1 ] 
0Fo 0~ 2 + KipPd (1 - -  u) n exp + Kil Bu exp ( - -  Bu~), (1) 

PO ~-Po 

Ou .... L u  02u + P d ( l _ u ) , ~ e x p (  1 ) (2) 
O Fo 8~ 2 P @ + P o  

with the initial  conditions 
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Fig.  2. Ef fec t  of the c r i t e r i o n  K i  z on the k ine t ic  curves 
@(~, Fo) (1-3) and u(~, Fo) (1 ' -3 ' ) :  1 ,1 ' )  Ki/ = 1; 2,2') 
0.14; 3,3') 0.01; a) ~ = 0 ;  b) ~ = 1 .  

and the boundary conditions 

o(~, o)= o, (3) 
u(~, O)= 0 (4) 

00(0, Fo) Bi [O(0, Fo)--  11, (5) 
a~ 

ao(1, Fo) _ 0, (6) 
a~ 

au(O, Fo) _ au(1, Fo) 0. (7) 
a~ a~ 

Here the f i rs t  t e r m  on the r ight side of Eq. (1) desc r ibes  conductive heat t r ans fe r  in the sys tem,  while the sec-  
ond rep resen t s  the presence  of an internal heat source  due to chemical  t ransi t ions ,  charac te r i zed  in this case 
by the value of the factor  K 0 in front of the exponential, and the effective activation energy E. The third t e r m  
in Eq. (1) takes into account the internal heat source  due to the permeabi l i ty  of the sys tem,  with a radiation at-  
tenuation fac tor  of ft. Equation (2) descr ibes  the concentrat ion distr ibution (the degree of excess) in the volume 
of the sys t em due to the chemical  react ion complicated by diffusion p rocesses .  We used a nonlinear method 
[7] to solve Eqs.  (1)-(7) numer ica l ly .  The thermal  cha rac t e r i s t i c s  of the coatings (the thermal  conductivity X, 
the thermal  diffusivity a, and the heat capaci ty  c) and the kinetic constants of the hardening of the polymer sys-  
tems  (the activation energy  E, the heat of react ion Q, and the factor  K 0 in front of the exponential) were taken 
from [8, 9]. 

Figures  2 and 3 shows the effect  of the external  heat-exchange c r i t e r i a  Ki l and Bi on the heating curves  
of i r radia ted  (~ = 0) and thermal ly  insulated (4 = 1) sur faces ,  and also on the kinetics of the chemical  t ransi t ion 
on the sur faces .  As can be seen f rom Fig. 2, as Ki/ inc reases ,  other conditions being equal, the t empera tu re  
in the quas i - s ta t ionary  state e s t  inc reases ,  the t ime taken to emerge  f rom the quas i - s ta t ionary  mode FOst de- 
c r ea se s ,  the t empera tu re  drop over the thickness of the coating increases ,  and the t ime taken for the Chemical 
t rans i t ions  to occur  in the sys t em dec reases .  In addition, the thermal  effect of the react ion is different depend- 
ing on the value of Ki/. For  Ki l = 0.01-0.14, when the amount of radiant  heat dissipated in the sys tem is com-  
parable  with the amount of heat dissipated in chemical  t ransi t ions  in the polymer  matrix,  the curves  of | 
Fo) have pronounced ex t rema,  while the value of the maximum tempera tu re  ~max is determined by the value 
of Kip. For  large values of Ki/(Kil >1), other conditions being equal, the curves  of e(1,  Fo) and @(0, Fo) have 
an asymptot ic  form.  

The effect  of the Bi c r i te r ion  of the kinetic curves  @(1, Fo) and u(~, Fo) is the opposite of the effect of 
Ki l. When Bi is increased  by an o rder  of magnitude f rom 0.2 to 2 (Fig. 3) the t empera tu re  of the sys t em after  
reaching its quas i - s t a t ionary  state @st falls sharply,  and approaches  in absolute value the t empera tu re  of the 
medium @st ~ 1. In this case the t empera tu re  field in the sys tem is establ ished rapidly,  and the radiant flux is, 
in effect, "blown away" and does not have any appreciable  effect on the formation of the tempera ture  field. Due 
to the low level of the t empera tu re  of the coating in this case the chemical  p rocesses  in the sys tem are charac -  
t e r ized  by low intensi ty and do not continue to the end. When the radiant  heat exchange predominates  (Bi small) 
the heating of the sys t em is cha rac te r i zed  by high values of es t  and pronounced nonstat ionary conditions. When 
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Effect of the c r i t e r ion  Bi on the kinetic curves  | Fo) (1, 
2) andu(~,  Fo) (1 ' ,2 ' ) ,  a: 1 ,1 ' )  B i = 2 ;  2 ,2 ' )  0.02; a) ~ = 0 ;  b) ~ = 
1; the dimensionless  t empera tu re  field | Fo) and the dimension-  
less concentrat ion field u(~, Fo), b: 1) Fo=  1; 2) 3; 3) 4; 4) 5; 5) 
6; 6) 6; 7) 7; 8) 24. 

the c r i t e r i a  Ki/ and Bi increase  s imultaneously the sys t em is charac te r i zed  by the rapidity with which the heat 
and mass  t r ans fe r  p rocesses  occur  and by considerable t empera tu re  drops over the thickness.  

Figure 3b shows charac te r i s t i c  curves  of the evolution of the t empera tu re  and concentrat ion fields in a 
polymer  sy s t em for combined radiant -convect ive  energy  supply. As can be seen f rom Fig. 3, when the sys tem 
is heated to the t empera tu re  of the medium (| = 1) the maximum tempera ture  is observedon  the free surface 
of the layer .  Here chemical  t ransi t ions  begin, the intensity of which dec reases  as the distance f rom the sur -  
face of the coating inc reases .  When the surface t empera tu re  reaches  the tempera ture  of the medium, due to 
the permeabi l i ty  of the composit ion to infrared radiation, equalization of the t empera tu re  field occurs ,  and then 
the t empera tu re  difference over the thickness changes, the t empera tu re  on the free surface of the layer be- 
comes less than inside. The concentra t ion field changes s imi la r ly .  In this case there  is then a lag in its de- 
velopment  compared  with the tempera ture  field. The heat dissipated in the chemical  t ransi t ion causes  some de- 
formation of the tempera ture  field, which can be seen par t icu lar ly  c lear ly  f rom Fig. 4a, in which we show the 
kinetic dependence of the t empera tu re  drop on the sur faces  of the coating A| | F o ) -  | Fo) for different 
values of Ki/ and Bi. The presence  in the coating layer  of an internal source of heat, due to the chemical  t ran-  
sitions in the polymer  matrix,  also explains the form of curves  1-5 in the region of the external  points. 

Analysis  of curves  1, 4, and 5 shown in Fig. 4a shows that when Ki/ increases  f rom 0.01 to 1 the drop 
&| inc reases  in proport ion with emergence  into the steady state. The increase  in the convective component of 
the heat t r ans fe r  Bi f rom 0.02 to 2 (curves 1-3), other conditions being equal, facilitates equalization of the 
t empera tu re  field over the thickness of the coating with simultaneous reduction in the tempera ture  level. 

Hence, analysis  of the effect  of the c r i te r ia  Ki/ and Bi on the heat and mass  t r ans fe r  p rocesses  shows 
that by changing the rat io between the value of the radiant and convective fluxes, one can not only affect the tem- 
pera ture  levels of the process  but also control  the formation of the tempera ture  field in the coating, and conse-  
quently, the concentrat ion field also.  Exper iments  ca r r i ed  out on mode[ sys tems  with a thickness of 5 = 4 mm, 
which enabled a layer analysis  to be ca r r i ed  out in the final s tages of the hardening, when the hard body of the 
polymer  is formed,  showed that the qualitative cha rac t e r i s t i c s  of the coating are  ext remely  sensitive to the 
par t icu lar  features 5f the t empera tu re  distr ibution over the thickness.  The charac te r i s t i c s  of the coating were 
determined by an analysis  of l ayer  sections (51 ~ 0.25 mm) f rom specimens of the mater ia ls  being investigated. 
At this stage of the p rocess  of coating formation the most  significant features are  the degrees  of harding N of 
the polymer  binding, determined by the extract ion method, and the value of the equil ibrium swelling k in pairs  
of solvents [10]. 

A s can be seen f rom Fig; 4b, for convective energy supply the grea tes t  degree of hardening of a polymer 
sys t em based on epoxy res in  (EKM compound) [11] is observed at the boundary layers ,  and in the case of ther-  
mal radiat ion energy supply the maximum hardening is cha rac te r i s t i c  for a cer ta in  internal layer and is duet| 
the permeabi l i ty  of the sys tem.  Analysis  of the equi l ibr ium-swel l ing curves ,  which are  one of the charac te r i s t i c s  
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Fig. 4. Effec t  of the c r i t e r i a  Bi (1-3) 
and Ki/(4,  5) on the t e m p e r a t u r e  drop 
A| a [1) Bi=  0.2; 2) 0.02; 3) 2.0; 
1-3) Ki/ = 0.14, 4) Ki /=  0.01; 5) 1.0; 
4, 5) Bi = 0.2] and the change in the 
value of the equi l ib r ium swell ing k(6) 
(1,2) and the degree  of hardening N (6) 
(1', 2') in the po lymer  composi t ion  for 
convect ive  (1, 1') and t h e r m a l  r ad i a -  
tion (2, 2') ene rgy  supply b; k, n, %; 
6, m m .  

of the s t r u c t u r e  of ce l lu la r  p o l y m e r s ,  a l so  shows that  over  the th ickness  of the layer  the fo rmat ion  of the s t r u c -  
tu re  due to the ac t ion  of rad ian t  ene rgy  takes  place f r o m  a ce r t a in  in terna l  layer ,  de te rmined  by the p e r m e a b i l -  
i ty of the compos i t ion  to in f r a red  radiat ion,  to the ex te rna l  boundar ies  of the coating in the d i r ec t i ono f the  flow 
of heat .  Inves t iga t ion  of the submolecu la r  s t ruc tu re  of the compos i t ion  by e lec t ron  m i c r o s c o p y  conf i rmed that 
it is difficult  for  convect ive  and radia t ion  energy .  For  convect ive  ene rgy  supply there  is a nonuniform s t r u c -  
tu re  with la rge  fo rmat ions .  An excess  of radiant  ene rgy  supply is  accompanied  by a more  un i fo rm s t ruc tu re  
cons is t ing  of globules whose d imens ions  on the whole do not exceed  0.02-0.03/~m [6]. 

An in tegra l  e s t i m a t e  of the s tate  of the coating of PI~K compound, c a r r i e d  out using a t he rmomechan i ca l  
method [12], con f i rms  that  r ad ian t  ene rgy  supply in this case  enables  one to obtain a ma t e r i a l  with a higher  
v i t r i f ica t ion  t e m p e r a t u r e  Tc,  and a higher  des t ruc t ion  t e m p e r a t u r e  Td, with a much lower value of h igh-e las t ic  
de fo rmat ion  e. 

The specif ic  f ea tu res  of the fo rmat ion  of the t e m p e r a t u r e  field in a po lymer  coating in the case  of r ad i a -  
tion ene rgy  supply can be explained by the i nc rea se  in the adhes ion contact  in the  p o l y m e r - m e t a l  sy s t em,  ob- 
s e rved  in [13], and the high h e r m e t i c  sea l ing  p rope r t i e s  of c rys t a l l i z ing  pentone po lymer .  In this case  the volu- 
me na ture  of the absorp t ion  of i n f r a red  radia t ion  in the coat ing layer  leads to effect ive  des t ruc t ion  of the sub-  
mo lecu Ia r  fo rmat ions  which ex i s t  in the melt ,  and fac i l i ta tes  the format ion  of a finely divided po lymer  s t r u c -  
tu re  c h a r a c t e r i z e d  by high values  of the densi ty,  degree  of c rys ta l l in i ty ,  and smal l  swelling in solvent .  

Hence,  the above data show that  the pa r t i cu l a r  f ea tu res  of the fo rmat ion  of t e m p e r a t u r e  fields in po lymer  
coat ings for d i f ferent  f o r m s  of ene rgy  a r e  due to the specif ic  d i f ference  in the concentra t ion field, and have a 
cons iderab le  ef fec t  on the fo rmat ion  of the s t ruc tu r a l  and phys ica lochemica l  c h a r a c t e r i s t i c s  of the ma te r i a l .  
For  radia t ion  ene r gy  supply the conditions a r e  produced in which f iner  po lymer s  and m0re  un i form s t r u c t u r e s  
a r e  obtained, giving high quali ty coat ings.  This  mus t  be taken into account  when developing the technology for 
the t h e r m a l  p roces s ing  of po lymer  m a t e r i a l s .  

N O T A T I O N  

To, T, ini t ial  and cu r r en t  t e m p e r a t u r e  of the coat ing;  Tm,  t e m p e r a t u r e  of the a i r ;  | = ( T - T 0 ) / ( T m - T  0) 
d imens ion les s  t e m p e r a t u r e  of the coating;  a, t h e r m a l  diffusivi ty;  A, absorp t ion  power  of the coating; D, dif- 
fusion coeff ic ient ;  X, t h e r m a l  conductivi ty;  c, t h e r m a l  capac i ty ;  7, densi ty;  ~k, convect ive heat  t r a n s f e r  co-  
eff icient ;  i, number  of moles  of r eac t ing  groups  per  unit volume of po lymer ;  K0, fac tor  in front  of the expo-  
nential ;  R, gas constant ;  u, concent ra t ion;  Q, t h e r m a l  ef fec t  of the reac t ion ;  qn, densi ty  of the incident radiant  
flux; ~ = x /6 ,  d imens ion les s  coordinate  over  the th ickness  of the coating; Ki /=  AqnS/X (T m -  To), g i r p i c h e v  c r i -  
t e r ion  c h a r a c t e r i z i n g  the t h e r m a l  ef fec t  of the reac t ion ;  Kip= Qi / c~ / (Tm-T0)  , analog of the Predvodi te lev  c r i -  
te r ion ,  cha r ac t e r i z i ng  the r a t e  of o c c u r r e n c e  of a chemica l  exce s s  in the sys t em;  Bu = fi6, Bouguer c r i t e r ion ;  
Lu=  D/a ,  Lykov number ,  Fo=  aT~52, Four i e r  number ;  P 0 = R T 0 / E ;  P = R ( T m - T 0 ) / E ;  B i=  ~k<5/X, Biot number .  
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A P P R O X I M A T I O N  O F  T R A N S F E R  P R O P E R T I E S  A N D  

T H E  S O U N D  S P E E D  O F  W A T E R  BY A D E P E N D E N C E  

O F  T H E  T A I T  I S O T H E R M  E Q U A T I O N  T Y P E  

A .  M .  M a m e d o v  UDC 532.2.022 + 532.13 + 
534.22:519.245.001.5 

The heat  conduction and speed of sound of wa te r  a r e  desc r ibed  with g rea t  a c c u r a c y  by depen- 
dences  of the Tar t  i s o t h e r m  equation type on the bas i s  of ava i lab le  l i t e ra tu re  data.  

The poss ib i l i ty  of approx imat ing  the heat  conduction and v i scos i ty  coeff icients  and the speed of sound of 
wa te r  by dependences  of the Tai t  i s o t h e r m  equation type [1]* 

v=v:[1--Aln p~+BP+B ] . (1) 

is examined  in this paper .  

To find the e m p i r i c a l  coeff ic ients  of the heat  conduction equation 

k = k : I I - - A ~ I n  p §  1 (2) 
" P +Kj 

we wri te  it for  two s ta tes  and then obtain by dividing one by the other 

*We have rep laced  the p a r a m e t e r s  P0, v0 in the Ta i tequa t ions  by the p a r a m e t e r s  Ps, Vs of a sa tura ted  liquid. 
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