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A~tract--Pulse length dependence of the efficiency of the activation of curing reactions of epoxy- 
diaminodiphenylmethane resins by pulsed microwaves (2.45 GHz) is studied at three pulse periods (1, 5 
and 42 msec) or frequencies (1000, 200 and 23.8 Hz) previously revealed for a pulse length (r)/pulse period 
(~'-) ratio of 1/5, which lead to the fastest heating of the resins. The variations of z at given period and 
higher values of z /J-  show that there is a r value for which the heating process is also optimized. On the 
other hand, at smaller ratios, the reactions are less activated than in the case of continuous mode. These 
results are discussed in terms of energy exchanges between waves and samples by resorting to the double 
relaxation process which associates dipolar and segmental relaxations. 

INTRODUCTION 

Previous papers [1-3] have shown that microwaves 
working at 2.45 G H z  can perform the crosslinking of  
epoxy resins. The use of  pulsed modes of  energy 
emission provides an acceleration of  the heating 
process, which depends on the pulse frequency values 
[3]. This variation is assumed to be due to a double 
relaxation phenomenon consisting of  the dipolar 
relaxation at 2.45 G H z  maintained by the cartier 
wave and of  the low frequency segmental relaxation 
brought by the pulsed emission mode and associated 
with motions of  short chain segments. For  pre- 
polymeric D G E B A  epoxy-diaminodiphenylmethane 
resins, three pulse periods (1, 5 and 42 msec) or  
frequencies (1000, 200 and 23.8 Hz) for a given pulse 
length (z)/pulse period (3-) ratio of  1/5 and an 
average electrical power Po = 40 W were used. Thus 
all measurements were done at constant peak power 
Pc = (~--/~) Po and z /~-  have not been changed. But 
the time of  periodical application of  the electro- 
magnetic beam has been drastically modified, passing 
from r = 8.4 m sec for ~ = 42 msec to 0.2 msec when 
J -  = 1 msec. Obviously such variations of  z should 
affect the energy transfer between the waves and the 
prepolymeric samples and consequently the efficiency 
of  microwave activation of  crosslinking. The present 
paper describes the effect due to that change. 

EXPERIMENTAL 

The irradiation experiments were carried out through a 
wave guide line previously described [2, 4], using a generator 
of microwaves working at 2.45 GHz, coupled with a pulse 
generator which can break the continuous emission of 
electrical power into pulses. This emission is now periodical 
with a period ~-- (or a frequency N = I/~-) and a pulse 
length r. The peak power Pc is deduced from the average 
electrical power P,,: 

C = Po/ ( r / J )  = ( : / r ) .Po 

P, depends on r / J -  and Po, parameters which are separated 
variables. 

The samples (20g) consist of the same prepolymeric 
mixture of DGEBA epoxy resin with n =0.19 and di- 
aminodiphenylmethane as used previously [3]. 

The variations with time during the microwave treatment 
of the temperature of the samples T = T(t), of the associ- 
ated dielectric loss P , =  P~(t), and of the derivatives 
(T) '=  dT/dt and (Pu)' = dPu/dt are continuously recorded 
with a microcomputer, to be later analyzed. 

RESULTS AND D I S C U S S I O N  

The average electrical power Po dependences at 
given pulsed mode ( Y = 5 m s e c ;  z / Y - = l / 5 )  of  
T = T(t), (T)'  = dT/dt ,  Pu = Pu(t) and (Pu)' = dP~/dt 
are shown in Figs 1, 2, 3 and 4, through a series of  
Po values: 20-30-40-50 and 57W, or Pc values: 
100-150-200-250 and 285W. A simple correlation 
between Po or Pc and the main experimental para- 
meters such as the maximum of  Pu and its abscissa 
(which is incidentally the gel time) and the co- 
ordinates of  the exothermal maximum, is observed 
(Table 1). When Po increases, the maxima of T and 
Pu curves are shifted towards low times. This change 
means that the end of  the crosslinking process 
(abscissa of  Tmax) is reached more and more rapidly, 
and that the sol-gel transition (abscissa of  P,~,,) 
occurs earlier and earlier. The same tendency is also 
observed for the fluidification transition, much better 
in (Pu)' curves ( lst  maximum) than in (T) '  curves 
( ls t  maximum). Similar results were presented pre- 
viously [1] when the power signal was periodically 
emitted but not  squared. 

The plateau values of  the temperature (Tp) and of  
the dielectric loss (Pu)  increase linearly with Po (or 

• . P 

Pc), as shown in Fig. 5, where the thermal gradient 
ATp = (Tp - To) between the samples and the external 
medium at room temperature (T,,) is preferred to T 
to eliminate the fluctuations of  To. These linear laws 
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Fig. 1. Average electrical power Po dependence in pulsed mode (~-- = 5 msec; z = 1/5) of  T = T(t). 
(1) 20W; (2) 30W; (3) 40W; (4) 50W; (5) 57W. 
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Fig. 2. Average electrical power Po dependence in pulsed mode (°d = 5 msec; z = I/5) of  (T)' = dT/dt. 
(I) 20W; (2) 30W; (3) 40W; (4) 50W; (5) 57W. 
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Fig. 3. Average electrical power Po dependence in pulsed mode ('3- = 5 msec; z = I/5) o f  P,  = P,(t). 

(1) 20 W; (2) 30 W; (3) 4O W; (4) 50 W; (5) 57 W. 
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Table I. Average electrical power Po dependence in pulsed mode ( ~  = 5 msec; ~/:~ = I/5 of 
experimental parameters. (1) 20 W; (2) 30 W; (3) 40 W; (4) 50 W; (5) 57 W 

Po P .... Gel time Tm~ x Abscissa of Tp Pup 
No. curve (W) (W) (rain) ('~C) T~,~ (rain) ('C) ( W) 

1 20 4.7 56.0 138 89.0 33 2.0 
2 30 7.4 34.0 183 53.0 39 3. I 
3 40 10.1 23.5 208 35.7 46 4. I 
4 50 12.0 18.4 230 28.5 53 5.2 
5 57 14.0 14.0 252 23.5 57 5.9 
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o f  v a r i a t i o n  s h o w  t h a t  all f inal  c ros s l inked  s t ruc tu re s  
are  quas i - iden t i ca l ,  h o w e v e r  h igh  Po va lues  m a y  be. 
M o r e o v e r ,  t he re  is a lso d i rec t  p r o p o r t i o n a l i t y  be- 
tween  Pup a n d  ATp (or  Tp); the  t h e r m a l  p a r t  o f  the  

die lectr ic  loss Pu., r e spons ib l e  for  h e a t i n g  o f  the  
s amples  (ATp), is p r o p o r t i o n a l  to  P.p, a t  least  w i th in  
the  t e m p e r a t u r e  r a n g e  o f  o u r  expe r imen t s ,  whe re  the  
n e t w o r k s  a re  in the  glassy state.  
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Fig. 4. Average electrical power Po dependence in pulsed mode (~- = 5 m s e c ;  z = 1 / 5 )  o f  ( P u ) '  = dPw/dr 
(1) 20W; (2) 30W; (3) 40W; (4) 50W; (5) 57W. 

6 0 .  

5 0 -  

4 0 -  

3 0 -  

2 0 -  

1 0 -  

Pu(w) 

6 

5 

4 

3 

2 

1 

10 

2 

1 

2'0 3'0 4 0  5'0 6'0 P, (w)  

Fig. 5. Average electrical power Po dependence of ATp and P,p in pulsed mode ( ~  = 5msec; z = 1/5) 
(1) ATp = ATp(Po); (2) Pup = Pup (Po). 
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Fig. 6. Comparison between the activation processes under continuous and pulsed (3" = 1 msec and 
~ / ~ =  1/10) modes. Continuous mode: (I) T =  T(/); (2) P,=Pu(t). Pulsed mode: (3) T=  T(t); 

(4) P. = P,(t). 

Figure 6 shows the variations with time of T and 
P, for continuous irradiation (curves 1 and 2) and 
pulsed emission (curves 3 and 4) with G- = 1 msec and 
z/~ ' -= 1/10 at the same average power Po of 40 W. 
The continuous process leads to slight acceleration, 
although it is not pulsed and that the respective 
dielectric losses are hardly different (Table 2). On the 
basis of our hypothesis which implies a segmental 
relaxation at the same time as the dipolar relaxation 
at 2.45 GHz, an explanation of such a variation can 
be proposed on the basis of the diffusion of heat 

brought by the segmental relaxation through the 
polymerizable medium being delayed because of 
shortness of the pulse. 

When the ratio T/ff exceeds 1/10 and for the same 
average power Po = 40 W and period ~'- = 1 msec, the 
electromagnetic treatment leads to faster heating of 
the resins (Figs 7 and 8) up to the value of 1/4, which 
gives a gel-time of 19.0 min instead of 23.8 min for 
continuous mode (Table 3). Beyond that critical 
value, T and P, curves are shifted towards the 
continuous wave curves. This reverse tendency when 
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Fig. 7. Pulse length (r) dependence at 3 =  l msec and Po=40W of T=T(t) (1) r /3-= 1/5; 
(2) r / J -=  1/4; (3) r/~" = 1/3; (4) ~/~-= 1/2; dotted line: continuous mode. 
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Table 2. Comparison between the activation processes under continuous and pulse (3- = 1 msec and ~/~ = 1/10) 
modes 
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Pc P .... Gel time Tm~ ~ Abcissa of Tp P , ,  
No. curve r/Y- (W) (W) (min) ( °C)  Tmax(min) CC) (W) 

1, 2 - -  40 10 21.2 218 35.3 47 4.0 
3,4 1/10 400 10 22.5 215 36.3 47 4.5 

r /5 increases, which changes the pulsed mode  into 
the cont inuous,  where the relaxat ion is purely di- 
polar,  is p r o o f  of  a double  relaxat ion which combines  
the high frequency dipolar  re laxat ion at  2.45 G H z  
and  the low frequency (20-1000 Hz range) segmental  
re laxat ion which corresponds  to the mot ion  of  shor t  
chain  segments. 

A critical value of  r/~-- beyond which the rate of  
heat ing starts decreasing, is also found for two other  
periods (5 and  42 msec) or frequencies (200 and  
23.8 Hz), tha t  it is to say respectively 1/2 and  1/3. 
Table  4 collects the exper imental  condi t ions  of  the 
i r radia t ion modes  which lead to best heat ing of  the 
resins with the same average electrical power 
Po = 4 0 W .  

Compar i son  between various frequencies N, 
lengths of  pulse z and  the gel t imes on  the one hand ,  
and  the initial rates of  heat ing on  the o ther  hand ,  
shows tha t  the highest  heat ing rate is ob ta ined  at 
N = 1000Hz and  • = 0.25msec.  W h e n  z increases 
with decreasing periods (2.5 msec for 200 Hz and  
14msec for 23.8 Hz), heat ing becomes less efficient 
independent ly  of  the frequency. 

On the basis of  our  previous hypothesis  [3] tha t  the 
segmental  re laxat ion is ma in ta ined  owing to var ious 
pulsed microwave emission modes,  an  in te rpre ta t ion  
of  the double  re laxat ion p h e n o m e n o n  leading to 
dipolar  re laxat ion and  to segmental  re laxat ion can be 
proposed.  

(a ) Dipolar relaxation 

It is induced by the carr ier  wave (2.45 GHz)  and  
corresponds  to high frequency mot ions  of  d ipolar  
chemical  entities, these being mainly in our  case 
epoxide funct ions which are known  to relax in the 
3 G H z  region [1, 5] with a per iod of  3.3 10 -7 msec 
much  below the lowest pulse value (0.25 msec); there- 
fore it works as soon as the microwaves are applied 
and contr ibutes  to heat ing of  the resins in bulk. 

(b ) Segmental relaxation 

It concerns  various segments,  indexed in the pre- 
ceding paper.  They are: 

- -  O - -  C H 2 - -  CH - -  CH2 (I) 

\o / tt 

N (I1) 

H 
H 

- - O - -  CH 2 - - C H  - -  C H 2 - - O - -  
I 
OH 

( l lI  ) 

- - 0 - -  C H 2 - -  C H - -  C H 2 - - N - -  (IV) 

I I 
OH H 

! and  II can be considered as " p e n d a n t  chains" ,  
once linked to D G E B A  chains or D G E B A -  
d iaminod iphny lme thane ;  I l I  and  | V  belong to the 
chains.  A n o t h e r  type of  segment  l l '  derived from II 
has  to be considered: 

H 

- - N  N (II ')  

I . 
H It 

All these segments carry dipolar  groups which are 
sensitive to the carrier  wave (2.45 GHz)  in spite of  
the Van  der  Waals  bond ing  in which they are in- 
volved, and /o r  of  their  own weight, and  which, 
nevertheless,  relax. Consequent ly  the segments are 
stretched and  twisted under  the or ien ta t ion  effect 
with the electrical field of  the dipolar  oscillators but  

Table 3. Pulse length (r) dependence at .Y-= 1 msec and Po = 40 W of the experimental parameters 

Pc P .... Gel time Tm~ x Abcissa of Tp P~p 
No. curve r /Y (W) (W) (min) ( °C)  Trnax(min) CC) ( W) 

I 1/5 200 10.6 22.4 215 34.0 47 4.7 
2 1/4 160 10.6 19.0 208 32.0 47 4.8 
3 1/3 120 10.5 21.6 210 33.7 47 4.5 
4 1/2 60 10.3 22.4 210 34.0 47 4.3 

Continuous --  40 9.8 23.8 199 37.7 47 4.3 
mode 

Table 4. Pulse period dependence of the critical r/~- values at given average power 
Po = 40 W 

N ~ Po P~ Gel time 
(ms) (Hz) Critical T/~Y- (ms) (W) (W) (min) 

1 1000 1/4 0.25 40 160 19.0 
5 200 1/2 2.50 40 80 20.2 

42 23.8 1/3 14.00 40 120 20.3 
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Fig. 8. Pulse length (z) dependence at ~ -= lmsec  and Po=40W of P,=P,(t) (I) z/~--= 1/5; 
(2) r/~--= 1/4; (3) r / ~  = 1/3; (4) z/.ff = 1/2; dotted line: continuous mode. 

because of their length or size, they cannot follow the 
motions of the dipolar groups. However, they should 
be actuated by a low frequency motion more or less 
activated by the electrical peak power Pc periodically 
applied. The frequency of such a motion depends on 
the chemical structure of the segments--for given 
z / Y =  1/5 and P o = 4 0 W ,  three frequencies have 
been detected (1000, 200 and 23.8 Hz) which could 
correspond to the series of segments I, II, II ' ,  I II  and 
IV and/or their possible combinations, although 
some could not part icipate--and its amplitude and 
consequently the instantaneous resulting thermal 
effect, at given average electrical power, are linked to 
the pulse length z. For  a low value of z as in the case 
of Fig. 7 (curves 3 and 4) where z = 0.1 msec, the rate 
of heating is slightly lower than that due to the 
continuous mode, but the variations with time of the 
dielectric loss are of the same magnitude for both 
modes. The only explanation of this result is that the 
segmental entities which are concerned at that fre- 
quency (1000 Hz) absorb the fast transferred energy, 
but also that resulting heat is not immediately 
diffused through the polymerizable matter. More- 
over, this local heating causes a transient acceleration 
of the motion of the segments, i.e. an increase of its 
frequency. When z goes to higher values, energy 
transfer to the samples becomes more homogeneous 
and heating is accelerated by the double relaxation: 
the segmental relaxation is responsible for the accel- 
eration of the heating process, since the rate of 
heating is decreased with increasing values of z/J" 
beyond the critical value i.e. when the dipolar relax- 
ation is increased. The critical z / J -  value corresponds 
to a compromise between the dipolar (continuous 
mode) and segmental (pulsed mode) relaxations 
which both consume electrical energy that they par- 
tially convert to heat inside the samples. 

As far as the fact that the pulsed mode at 1000 Hz 
accepts the lowest critical z value (0.25 msec), it 
means that the thermal response to the segmental 
relaxation is the shorter as the mobi l i ty--or  
flexibility--of the concerned segments is high. This is 
entirely compatible with the mechanism of energy 
transfer through the conversion to heat of the associ- 

ated dielectric loss which induces a positive variation 
of the entropy of the chain segments, this being 
fastest when the initial state corresponds to a still 
high Brownian motion of them. 

CONCLUSION 

This study has shown that the activation under 
pulsed microwaves of the crosslinking reactions of 
epoxy resins greatly depends, at given average elec- 
trical power Po and pulse period 3- or frequency N, 
on the pulse length z by monitoring the respective 
contributions of both dipolar and segmental relax- 
ations. An optimization of heating is obtained for a 
critical value of z which makes a compromise be- 
tween these two relaxation processes. If z is small, 
electrical energy is transferred as heat to samples in 
local zones spreading in the vicinity of the concerned 
segments at a given frequency, with increase of 
entropy. The interactions between the resins and the 
pulsed waves are also governed by the intensity of the 
average electrical power Po which, if it increases the 
temperature T and dielectric loss P, decreases the 
experimental resolution between the various modes 
of microwave energy emission. 

The next papers of the present series will refer to 
the extension of the results obtained for liquid resins 
to crosslinked final products where pendant chain 
segments really do not exist. 

Acknowledgement--A research scholarship is granted to 
one of us (N.B.) from the Algerian Ministry of Higher 
Education. 

REFERENCES 

1. Q. Le Van and A. Gourdenne. Eur. Polym. J. 23(10), 
777 (1987). 

2. N. Beldjoudi, A. Bouazizi, D. Douibi and A. Gourd- 
enne. Eur. Polym. J. 24(1), 49 (1988). 

3. N. Beldjoudi and A. Gourdenne. Eur. Polyrn. J. 24(1), 
53 (1988). 

4. M. Teffal and A. Gourdenne. Eur. Polyrn. J. 19(6), 543 
(1983). 

5. F. Legros, D. Le Pen, A. Gourdenne and A. Fourrier- 
Lamer. To be published. 


