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We examine the problems of mathematical  descr ipt ion and determination of the kinetic pa r am-  
e te rs  applicable to the process  of des t roying the binder in the h igh- tempera ture  heating of a 
g l a s s - r e in fo rced  plastic. 

A number of re fe rences  [1-3] have been devoted to the investigation of the thermal  destruction of 
polymers;  a charac te r i s t i c  feature of these r e fe rences  is the chemical approach and qualitative nature of 
the resul ts  derived. The quantitative data found in cer tain of these re fe rences  are,  for the most part,  in- 
adequate to descr ibe  the kinetics of the destruction,  and in a number of cases  they are contradic tory [4, 5]. 
Moreover,  it should be noted that the destruct ion of the polymers  in a g lass - re in forced  plastic,  because of 
the specific and nonhomogeneous s t ruc ture  of the material ,  and because of cer ta in  technological and s imi lar  
fac tors ,  may differ f rom the destruct ion of pure polymers .  Therefore ,  the destruction of polymers  under 
conditions close to operational must be investigated. 

The thermal  destruct ion of polymers  is a complex multistage chemical  p rocess  in which the original 
h igh-molecular  substance is converged to gas form, as well as into liquid and solid products of decomposi-  
tion. According to the resul ts  derived in [6, 7], the kinetics of complex chemical  react ions can be described 
approximately by a sum mary  kinetic equation compiled for some determining (and, if possible, easi ly con- 
trolled) parameter .  Here we must insist that the change in the chosen pa ramete r  be associated with the 
completion of the highest possible number of e lementary  react ions and that it uniquely define the remaining 
charac te r i s t i c s  of the process  of interest  to us (the yield of products of decomposition, the absorption of 
heat, etc.). 

Weight se rves  as a pa ramete r  fo r the  thermal  destruct ion of polymers  or, if the weight is r e fe r red  to 
the initial volume of the test  object, then it is the apparent density of the solid phase that serves  as the 
parameter .  
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Fig. 1. The rmograv ime t r i c  
curve for the decomposit ion of 
the binder used in AG-4S g lass -  
re inforced plastic,  with stepwise 
heating of the specimen.  

The summary  kinetic equation for this quantity [5] can be wr i t -  
ten in the form 

dp _ Bp ~ P - -Pc  ~ exp (1) 
d~ \ Po / 

where P0 and Pc are, respect ively,  the density of the polymer  and the 
density of the coke residue; p is the density of the solid phase in the 
destruct ion process;  T is the absolute temperature;  R is the universal  
gas constant; B, n, and AE are the general ized kinetic pa ramete r s  of 
the process  (the coefficient of the react ion rate,  the order  of the r e -  
action, and the activation energy, respectively),  which in the general  
case depend on the t empera tu re  and the degree of potymer  decom-  

position ~ = (P0- P)/(Po - Pc). 
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Fig. 2. Variation in the density and tempera tu re  of AG-4S g lass - re in fo rced  plastic 
specimens at a heating rate  b = 3 deg / sec  (a) and b ~ 10 deg/sec  (b). 

Equation (1) provides a good descript ion for the destruct ion process  at thermal  impact loads with 
a high tempera tu re  level [5]. 

Fo r  heating in the range below 1000~ and with an a rb i t r a ry  law governing variat ion in T(~) we must 
take into considerat ion the relat ionship between the depth of polymer  decomposit ion and the tempera ture  
charac te r ized  by the the rmograv ime t r i c  decomposit ion curve. The general ized summary  kinetic equation 
of destruction,  in which considerat ion is given to the above relationship, assumes  the form 

d o _  Bgo P ~ exp - -  , (2) 
d~ Po / 

where Pgr is the g rav imet r ic  density of the polymer  at the tempera ture  T. 

Equation (2) gives a good descr ipt ion of the polymer  destruct ion for any heating regimes .  

The pa ramete r s  B, n, and AE in this equation must be determined experimentally.  The usual meth-  
ods of thermal  analysis are  not suitable for  this purpose, since they are  based on an experimental  study of 
the process  being investigated under specific conditions and they are also based on the subsequent ex t ra -  
polation of the derived values of B, n, and AE for  other reg imes  and conditions of the process .  

Equation (2) is an approximate mathematical  model of the destruct ion p rocess ,  and the indicated extrapola-  
tion may therefore  lead to substantial e r r o r s .  To provide for  the best  descript ion of the actual process ,  
the pa rame te r s  of the approximate models must be determined on the basis  of the experimental  data obtained 
f rom an investigation of the p rocess  under conditions close to the operational mode. 

The above formulation of the problem leads to the task of determining the coefficients inthe equation 
descr ibing the process  on the basis  of the known experimental  data relat ing to the functions of state for  the 
sys tem being investigated; here,  because of measurement  e r r o r s  and e r r o r s  in interpretation, as well as 
because of the approximate nature of the p rocess  model employed, these data are not exact solutions of the 
equations taken. The determinat ion of the model pa ramete r s  under these conditions is possible only in the 
sense of seeking those coefficients which provide for  the best  approximation of the entire existing set of 
experimental  data. The approximation descr ibed in this case enables us to est imate the degree of c o r r e -  
spondence between the ,chosen model and the actual process .  

Let us assume that a polymer  specimen of volume V with an initial weight We = Po V is subject to non- 
steady h igh- tempera ture  heating. The tempera tu re  distr ibution T(p, T) in the specimen and the change in 
the weight w (exp)(7) of the specimen are  measured during the heating process .  

If we assume that the destruct ion of the polymer  is descr ibed by (2), to calculate the weight of the 
specimen under considerat ion we derive the express ion  

V 0 

The kinetic pa ramete r s  of the dest ruct ion process ,  i.e., B, n, and AE, can then be determined f rom 
the conditions for  the best descr ipt ion of the experimental  curve for w(exp)(~ -) by (3). The c r i te r ion  indicating 
the satisfaction of this condition may be the magnitude of the mean square deviation in the measured  values 
of the function w(T) f rom those calculated with (3). Mathematically, the problem of determining B, n, and AE 
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TABLE 1. Dete rmina t ion  of the Kinetic P a r a m e t e r s  for  the P r o c e s s  
of Binder  Dest ruc t ion  in the Glass -Re in fo rced  A G-4S Plas t ic  

p ~ k  0 1 2 3 

k a o - - 3 , 0 . 7 3  15,48 24 ,57  27 ,25  
In B = A.~ " ~  a i  ~]  a 1 - -  - - 5 , 1 2  - - 2 , 5 8 1  ---1,59 

a2 - -  - -  - - 4 , 5 3 1  - - 6 , 3 6  
i=o aa - -  - -  - -  1,381 

n 0 ,822  0 ,8088 0 ,4287  0 ,5069 

p �9 
A E _ V - -  d s  ~  

R /-"J T s ' 
s:O 

4 
d l .  10 -a  

d~.lO -5 
d3-10 -7 

507,3  19420 
--4835 

35581 

- -13578  

16436 

43868 

- -22144  

53668 

- -60632  

g, % 5 ,04  2 ,004  1,929 1 ,917 

(~ max, % 8 ,56  3 ,12 3 ,03  3 , 0  

507,3  
AE 

- -  (500OK), ~  
R 

9756 

14591 
AE 

- -  (1000oK), ~ 
R 

14999 

23647 507,3  

16.196 

26485 

is wr i t ten  in the f o r m  
-7 

5' = --=-tl ~ [co (x) __ o (exp) (x)]'d* = min, (4) 

0 

where- t  is the durat ion of the exper iment .  

To e l iminate  r andom m e a s u r e m e n t  e r r o r s  and to encompass  the ent i re  range of conditions of in teres t  
to us with r e spe c t  to the p r o g r e s s  of the des t ruc t ion  p roce s s ,  in the de te rmina t ion  of B, n, and AE we must  
use the r e su l t s  f rom the s e r i e s  of e x p e r i m e n t s  pe r fo rmed  under var ious  conditions. With s imul taneous 
p r o c e s s i n g  of the r e su l t s  f r o m  the s e r i e s  consis t ing of m exper iments ,  we find that (4) is t r a n s f o r m e d  to 

6,___ 1 ~ 1 S~'[ .(exp) (x)]~dx:min.  (5) 

t~ l  0 

Minimization of (5) with r e spec t  to the p a r a m e t e r s  B, n, and AE allows us to de te rmine  the magnitudes 
of the la t te r .  When B, n, and AE a re  functions of the independent va r i ab l e s  T and a of the p rocess ,  the r e -  
p resen ta t ion  of these  in the f o r m  of co r respond ing  s e r i e s  in these  va r i ab l e s  also reduces  the p rob lem to the 
minimiza t ion  of (5) with r e s pec t  to a finite number  of p a r a m e t e r s  (the coeff icients  of these  se r ies ) .  

The p rob lem of de t e rming  B, n, and AE is substant ia l ly  s implif ied if the t e m p e r a t u r e  dis tr ibut ion T(p, 
r) = T(r) in the spec imen  is uni form,  which can be ensured  in the case  of sufficiently thin spec imens .  In 
this case  

o(~xp) (~) _ ~(~xp) (~) 

Po mo 

and, having calculated the der iva t ive  dp(exp)(r)/d'r, we can de te rmine  B, n, and AE f rom the condition of bes t  
approximat ion  of dp(exp)(r)/d'r by (2). It b e c o m e s  poss ib le  to reduce  the p rob lem of minimizat ion to a l inear  
problem.  Having presented  B in the f o r m  of B = expb  and assuming  b, n, and AE to be a lgebra ic  functions 
of T and ~, i .e. ,  

b = 2 a f ;  n = ~ ~ cnT'eZ; AE : ~.~ Z dsq Tseq' s =/= 1, 
] r l s q 

f r o m  the condition of minimiza t ion  for  the coefficients  aj, Or/, and dsq of the functional 
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Fig. 3. Comparison of experimental  and theoret ical  curves  for p(r) 
for var ious laws governing the heating of g las s - re in fo rced  AG-4S 
plastic specimens:  1) experimental  curves for  specimen weight 
loss; 2 and 3) calculation of weight loss according to Eqs. (2) and 
(1), respectively;  4) law governing the heating of the specimens.  

Z 1rid,o, ( p,--Og  _AE-I  
~=1 Po RTi J 

0 

we obtain a sys tem of l inear  equations whose solution determines  the values of aj, Or/, and dsq and, conse-  
quently, the funetions B(e), n(e, T), and AE(e,  2"). 

In calculating dp(exp) (r)/dT we should bear  in mind that the functions p~exp) (T), because of the measurement  
and interpretat ion e r r o r s ,  a re  random and the usual formulas  of numer ica l  d~fferenttation may therefore  lead to 
substantial  e r r o r s .  

With the method of [east squares  we can smooth the random e r r o r s  and obtain ra the r  exact vaIues for 
the derivat ive of the empir ical  function 

dp(exp) (~) 1 [-- 2p (exp) (~ -- 2A~) -- p(exp) (~ __ A, 0 +p(exp) (~ + At) + 2p(eXp) (T + 2A~)], 
d'~ 10A~ 

where Ar is the differentiation in te rva l  

The thermal  destruct ion of the binder in h igh- tempera ture  heating was studied experimental ly  on 
g lass - re in fo rced  AG-4S plastic specimens with dimensions of 20 x 20 x 0.5 ram. The heating was accom-  
plished in an argon medium on an IMASh-11 installation [8], which provides for  unilateral  p rogrammed heat -  
ing. The heating regime is controlled on the basis  of the readings f rom a C h r o m e l - A l u m e l  mie ro the rmo-  
couple attached to the specimen surface;  the junetion of the mierothermocouple  had been rolled to a thick-  
ness of 0.05 mm. The thermoeoupIe junction was attached to the specimen surface with VK-6 h e a t - r e s i s -  
tant glue and covered with a si l iceous fabric  cover  with dimensions of 3 x 4 mm and a thickness of 0.025 
ram. The t empera tu re  was recorded  on the graph paper of  an automatic PS1-01 potentiometer.  

Special h igh-sensi t iv i ty  (up to 0.5 mg) heat -sens i t ive  scales  were designed and fabricated for  the auto- 
marie record ing  of changes in specimen weight. An e l e c t r o n i c - m e c h a n i c a l  (mechanotronie) pickup sensitive 
to small displacements  and forces  [9] was used as the sensing etement. The readings of the heat-sensi t ive  
scales  were recorded  on the tape of an automatic ]~PP-09 potentiometer.  Small weights were  used to indi- 
eate the base markings  on this same tape to permit  interpretat ion of the instrument readings.  P r io r  to at- 
tachment of the thermoeouple june[ion and subsequent to the tests ,  the specimens were weighed on an ana-  
lytical balance to ver i fy  the readings of the hea t -sens i t ive  scale. In the final weighing the thermoeouple and 
the cover  with the glue were careful ly  removed f rom the surface of the object being tested. Subsequent 
roast ing for 3 h in air  at a t empera tu re  of 1073~ enabled us to determine the weight content of the binder 
in the specimen. 

To remove the adsorbed mois ture  d i rec t ly  pr ior  to the test ,  the specimen was kept for  10 rain at a 
t empera tu re  of 393~ 

Figure  1 shows the the rmograv ime t r i c  decomposit ion curve for  the binder for  the case of stepwise 
heating of the specimen s (in steps of 50~ being held at each tempera ture  to the point at which there is 
no fur ther  weight loss. The magnitude of the coke residue at a t empera ture  of 1173~ equal to pc/P0 = 0.398 
(0.4, 0.404, 0.33, 0.4, 0.393, 0.41), proved in this case  to be close to the data of [10], where Pe/Po = 0.385 
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was found as a resul t  of holding such a r e s i n i n  a porcelain crucible with a cover for 10 rain at a t empera -  
ture of 1173~ 

To study the kinetics of the destruct ion process ,  we performed the experiments  at constant heating 
ra tes  of b ~ 1, 3, 5 deg/sec .  Such reg imes  are  ra ther  close to the operational and make it possible to en- 
compass  a very  broad range of var ia t ion in the var iables  T and ~. P re l iminary  experimental  investigations 
and rough es t imates  showed that the t empera tu re  difference ac ross  the thickness of the specimen is 
ra ther  small  (not exceeding 10-15~ and that the heating of the specimen can be regarded as uniform. 

Figure 2 shows the curves  for p(exp)(T)/Po and T(T), obtained in the heating of the specimens at ra tes  
of 3 and 10 deg /sec .  Similar curves  were obtained for other  heating regimes .  

The resul ts  of each of the 16 tes t s  were processed  in accordance with the above-descr ibed method. 
Here it is assumed that 

k p 
1 

(7) 
i = 0  s = 0  

The approximation polynomials were assumed to be of the success ive  degrees  p = k = 0, 1, 2, 3. The 
calculations were per formed on an M-20 digital computer.  The resul t ing values for the coefficients aj, d s 
= d s / R  and n a re  given in Table 1. Here we also find the magnitude of the mean 6 and of the maximum 
(6i)max square deviations for  the processed  se r ies  of curves.  

It follows f rom an analysis  of these resul ts  that the kinetic pa ramete r s  of the process  involved in the 
des t ruct ion of the AG-4S binder are  determined by solution of (6) and (7) when p = k = 1, i.e., 

B-~exp(15.48---5,12s); n=0"8088;AER =19426--48350 ( ~ )  . (8) 

The use of higher  approximations is not advisable and is incorrect ,  since the approximation accuracy  
obtained for p = k = 1 with the experimental  data on p(exp)(T) are  within the l imits of measurement  e r r o r  
and a fur ther  increase  in p and k resul ts  in no significant improvement.  

To verify these assumptions and the derived data pertaining to the kinetics of the po lymer-des t ruc t ion  
p rocess  and, in par t icular ,  the destruct ion of the AG-4S binder, we performed additional studies of the de-  
struction under the conditions of complex heating reg imes .  Figure 3 shows the experimental  (curve 1) and 
theoret ical  (curves 2 and 3) relat ionships for  the change in the density of the AG-4S binder with a change in 
the specimen t empera tu re  according to the law specified by curve 4. The theore t ica l  curves  2 have been 
derived f rom the use of (2) and (8) for  the kinetic pa ramete r s ,  while curves  3 have been derived through 
the use of (1) and the values of B, n, and AE, also determined according to the above method on the basis  
of the p(exp)(T) data for  constant heating ra tes  b ~ 1, 3, 5, 10 deg/sec .  

We see good agreement  in the above graphs between the theoret ical  (curves 2) and experimental  values 
of p(T), even in the case of complex heating regimes .  
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