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The glass transition temperature of various diepoxide-diamine binary or diepoxide/diamine/monoamine 
ternary systems containing an amine or an epoxide excess, was determined by d.s.c, after complete cure. 
The copolymer effect of various species such as secondary amines and chain ends, was deduced from Di 
Marzio's approach 7 to the crosslinking effect on Tg and the hypothesis of additivity of the group molar 
contributions MITgL -1 of the difunctional groups. The results suggest that all tertiary nitrogens, even 
branching point ones, act as crosslink points. The chain end contribution depends on their structure but 
can be considered as constant in a given structural series, thus allowing good Tg predictions with only one 
adjustable parameter. 
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I N T R O D U C T I O N  

There is a noticeable scientific and technological interest 
for the glass transition temperature (T~) prediction in the 
field of crosslinked epoxies 1-s. The methods of prediction 
can be purely empirical or derived from various theoretical 
approaches 6-1°. The corresponding equations contain 
parameters which are generally difficult to determine with 
precision, for instance, the crosslink density, or which 
are poorly defined, for example the glass transition 
temperature T~L of the 'equivalent linear polymer'  con- 
taining all the difunctional units of the network 6'T. 

It was recently shown 5 that, at least for the aromatic 
backbone polymers and homologue series of epoxide/ 
amine networks, T~L values of reasonable physical 
validity can be determined from: 

M L T g  L - 1 _~-~ M i T g  i - 1 

where M i and Tg i a r e  the molar mass and the component 
value of the difunctional group i, respectively, and 
M E  = ~ Mi corresponds to the structural unit, represen- 
tative of the network composition, chosen for the 
calculation. The crosslinking effect can be represented by 
the Di Marzio's equationT: 

Tg -- TgL/(1 -- KFn) 

where K is a universal constant (K=2.91 for trifunc- 
tional crosslinks), F is a flex parameter expressed in 
weight unit per mole of flexible bond, and n is the 
crosslink density expressed in moles per weight unit. This 
method gave good predictions for about 60 epoxide-amine 
networks, including ternary systems, of Tg ranging from 
0 to 250°C 5'11'12 but was limited to stoichiometric 
completely cured systems. 
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The aim of the present paper is to try to apply this 
method to various non-stoichiometic systems whether or 
not they contain free chain ends. 

EXPERIMENTAL 

Materials 

The designating code and structure of the diepoxides 
and amines under study are presented in Table 1. In the 
case of the diepoxides, the degree of polymerization was 
deduced from epoxide titrations according to the French 
standard AFNOR N F T  51522 (AFNOR, Tour  Europe 
Cedex 7, 92080 Paris la Drfense). The binary D GEB A-  
D D M  and DGEBD--DDM systems were cured in the 
conditions summarized in Table 2. The ternary DGEBA/ 
IPD/TMCA systems were cured in the d.s.c, cell. The 
reaction exotherm was recorded during the first run and 
T~ was measured during the second run in which no 
exotherm was observed. 

D.s.c. measurements 

For DGEBA1-DDM and D G E B D - D D M  systems, a 
Perkin-Elmer DSC 2 apparatus was used at a 20 K min-  1 
scanning rate, on 5mg samples. For  DGEBAo/IPD / 
TMCA systems, a Mettler TA 3000 apparatus was used 
at a 10 K min-  1 scanning rate. In both cases Tg was taken 
at the inflexion point of the thermogram. In these 
conditions, no significant difference was found between 
the two experimental methods. 

RESULTS 

The glass transition temperatures are reported in Tables 
3-6. In all the cases under study, they vary with the 
amine/epoxide molar ratio (r) and are maximum for the 
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Table 1 Structure and designating code of the epoxides and amines under study 

DGEBA F CH3 

0 L C H  3 
i=0,11 in D G E B A - D D M  systems 
i=  0 in DGEBA/IPD/TMCA systems 

1 f...~ CH5 
O--CH2--CH--CH2--O-t'( 0 ) " - C ~ O - - C H 2 - - C H - - C H  2 

, \o  OH 

CHzx--/CH--CHz--O (CHz) O--CHz--CH--CHz--O (CHz) O--CHz--CH--CH2 
0 k OH J i  ~0 / 

i=  0,4 in DGEBD systems 

DDM 

H2N ~ CH2--~--NH 2 

IPD TMCA 

CH 3 -NH2 CH3~)~ NH2 

C H s " ~ C H 2 - N H  2 CH5 --" ~ 
CH 3 CH5 

Table 2 Cure conditions of the systems under study 

150°C 180°C 
System 105°C under vacuum under vacuum 

D G E B A - D D M  1 h - 1.25 h 
D G E B D - D D M  2.5 h 1 h - 

Table 3 Characteristics of the binary systems having an amine excess 

M F MNdTgN. TgL Tg,xr, T;=.,= 
System r (g M - ')  (g M - 1 )  (g M - ' )  ( K - ' )  (K) (K) (K) 

D G E B A - D D M  1.0 941 33.15 350 449 440 
1.2 1225 33.93 -0.143 354 443 422 
1.4 1700 34.63 = 0 358 411 406 
1.6 2648 35.25 -~0 362 399 392 
1.8 5494 35.81 0.002 365 387 378 

D G E B D - D D M  1.0 719 24.37 - 267 334 333 
1.2 948 25.39 0.003 275 327 325 
1.4 1330 26.32 0.032 281 316 318 
1.6 2094 27.17 0.018 288 312 311 

DGEBA-IPD 1.0 850 30.50 - 346 438 437 
1.2 1104 31.06 0.087 350 410 419 
1.4 1527 31.56 0.039 354 398 403 

a Calculated using MNH/T~, = 0.02 g M - 1 K -  1 

value r = 1. In the case of the ternary systems DGEBA/ 
IPD/TMCA,  Tg is an increasing function of the IPD 
molar fraction, e.g. of the crosslink density. 

Amine excess in binary systems 
It is well known that primary amines are more reactive 

than secondary ones. In this case, 'closed cell' networks 
(e.g. without free chain ends) would be created. Their 
average constitutional repeat unit (CRU) for a diepoxide- 

diamine system would be: 
/ / 

(-E-NH-A-NH-)jE-N - B - N  
\ \ 

A =  A 
/ / 

(-E-NH-A-NH-)jE-N - B - N  
\ \ 

where E -  is the reacted diepoxide structural unit and 
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Table 4 C h a r a c t e r i s t i c s  o f  the  b i n a r y  sys t ems  h a v i n g  a n  epox ide  excess 

M n F b F b n F b Tg o,p T~ oak 
System r (gM 1) ( M k g - a )  ( g M - t )  ( g M - I K  1) (gM 1} (gM ~K ')  (Mkg a) (gM t) (g3 M aK ~) (K) (K) 

DGEBA DDM 0.7 881 0.227 43.39 0.085 33.15 -0 .098  1.59 33.15 0.165 378 377 
0.8 901 0.888 37.70 -0 .063  33.15 -0 .103  1.78 33.15 0.171 397 397 
0.9 921 1.520 34.86 0.120 33.15 -0 .175  0.96 33.15 0.108 422 418 
0.7 659 0.303 27.49 -0 .300  24.37 -0 .310  2.12 24.37 0.097 321 320 
0.8 679 1.178 25.76 0.300 24.37 -0 .320  2.36 24.37 -0 .090  324 324 
0.9 699 2.003 24.89 0.320 24.37 -0 .346  2.58 24.37 -0 .100 329 328 

Method (a), equation (22) Method (a), equation (21) Method (b), equation (21) 

D G E B D - D D M  

Mode of calculation: 

" Calculated using b = 0.17 g M- 1 K 1 for DGEBA DDM and - 0 . 0 9  g M t K - 1  for D G E B D - D D M  and method (b) equation (21) 

Table 5 C h a r a c t e r i s t i c s  of  the ternary sys t ems  I P D / T M C A / D G E B A  w h i c h  have  a n  a m i n e  excess (r = 1.2) 

M N F T,L d n T,L d T~ . . . . .  T~ . . . .  7", e,p 

f x y (gM 1) (Mkg 1) (gM 1) (K) (gM ' K  1) (Mkg 1) (K) ( g M ' K - ' )  (K) (K) (K) 

1.0 1.2 0 884 1.81 31.06 343 1.810 343 350 419 410 
0.9 1.08 0.24 897 1.52 31.83 348 0.315 1.605 345 0.380 350 411 405 
0.7 0.84 0.72 924 0.95 33.38 351 0.083 1.212 341 0.351 348 394 387 
0.5 0.69 1.20 951 0.92 34.92 358 --0.036 0.841 342 0.231 346 378 374 
0.3 0.36 1.68 978 0 370 --0.163 0.491 351 0.062 345 364 370 
0.17 0.204 1.992 997 0 359 --0.013 0.273 348 0.099 344 355 359 

v ~ r  

Hypothesis (b) b Hypothesis (a) b Hypothesis (b) b 

° Calculated using hypothesis (b) and d = 0 . 1 5 g M  - 1 K  l 
b See text 

Table 6 C h a r a c t e r i s t i c s  o f  the ternary sys t ems  I P D / T M C A / D G E B A  h a v i n g  a n  epox ide  excess (r = 0 . 8 )  

M n F T,L b n F TgL b T~ . . . . .  T~ . . . .  Tgex p 
( x y (gM ~) (Mkg ~) (gM a) (K) ( g M - ' K  -a)  (Mkg ~) (gM t) (K) ( g M - I K  - ' )  (K) (K) (K) 

1.0 0.80 0.00 816 0.980 35.30 339 0.080 1.96 30.50 311 0.299 314 380 377 
0.9 0.72 0.16 825 0.776 36.07 343 0.065 1.75 31.27 313 0.295 315 375 372 
0.7 0.56 0.48 843 0.380 37.62 349 0.018 1.33 32.82 318 0.268 318 364 364 
0.5 0.40 0.80 861 0.000 39.17 348 0.041 0.93 34.37 316 0.313 320 352 348 
0.3 0.24 1.12 879 0.000 40.71 346 0.058 0.55 35.91 326 0.223 322 341 346 
0.1 0.08 1.44 897 0.000 42.26 331 0.203 0.18 37.46 325 0.261 324 331 331 
0.0 0.00 1.60 906 0.000 43.03 330 0.214 0.00 38.23 330 0.214 325 325 330 

Hypothesis (b) b (a) b (b) b 

"Calculated using hypothesis (b) and b = 0.27 g M -  1 K 1 
b See text 

A is the amine structural unit. If r is the amine/epoxide 
molar ratio, it can be written: 

j =  ( r -  1)/(2- r) (1) 

the molar weight is: 

M = 2ME + M A + 28 + 2j(m E + m A + 2MNH) (2) 

The CRU molar weight of the corresponding linear 
copolymer is: 

M L = M - - 2 8  (3) 

The crosslink density is: 

n = 2/M (4) 

The copolymer effect of the difunctional groups can 
be written: 

M L/ Tge = 2 M / T,E 

+ MA/T,A + 2j(ME/TgE + MA/TgA + 2MNH/T,N.) 

(5) 

which leads to: 

MNH/TgNH = 1/4j [ML/Tg L - (2 + 2j)ME/Tg E 

- (1 + 2j)MA/TgA] (6) 

The only unknown quantity, except MN, H/TgNn, is Tgl 
which can be calculated with the Di Marzio s equation 7 : 

T,, = Tg(1 - KFn) (7) 

where K=2 .91 ,  and 

F=I~(FA+2FB) (ref. 5) (8) 

where 

F A = MA/YA (9) 

FB = MB/?B = ME +j(MA + ME + 2MNn)/?E +J(?E + VA) 

(lo) 

where 7E and ~A are the number of rotatable bonds in 
respectively the diepoxide and diamine structural units 5. 
MNH/T,N n was determined in three systems: D G E B A -  
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DDM, DGEBA-IPD and DGEBD-DDM,  using the The copolymer effect can be written as: 
previously reported data 5'12 on the component values. ML/Tg L = 2MD/Tgt, + 4xMc/Tg ~ + xM A /Tg A 
The results are summarized in Table 3. According to the 
mode of calculation (equation 6), a small scatter on Tg + 4(1 - X)MF/TgF + 4(1 -- x)d (14) 
experimental values would induce a strong relative where d involves the chain end and branching effect. This 
uncertainty on MNn/TgNw It seems reasonable to take equation can be rewritten as follows: 
MNn/TgNn--~0.02, which gives a good prediction for Tg, 
most of the time within experimental errors. ML/TgL = 2MD/TgD + 4MG/Tgo + XMA/TgA 

+4(1--x)(MF/TgF--M6/TgG)+4(1--x)d (15) 

Epoxide excess in binary systems The additivity of MTg -1 gives: 

Here it is interesting to consider the CRU based on 2MD/Tgo+4Mr/TsG =2ME/Tg ~ (16) 
two moles of diepoxide and x moles of diamine. The 
amine/epoxide molar ratio is r=x. The number of Thus equation (15) is equivalent to the equation (11), 
unreacted epoxide chain ends is: 4(1 - x ) .  Using the same providing that: 
notations as before, it can be written: b = MF/Tgr~-MG/Tg6 + d (17) 

ML/TgL = 2ME/TgE + XMA/TgA + 4 ( 1 -  x)b (11) b includes the chain end effect, the branching effect and 
where b is essentially the chain end contribution to the effect of the replacement of an epoxide by an alcohol. 
MLTgL-1, but needs a more precise definition. Equation The determination of the flex parameter F is not very 
(11) can be transformed into: easy with the above CRU. Therefore, the new CRU 

shown below which contains a single chain end will be 
ML/Tg r = 2MFJ Tg E + MA/Tg A - (1 - x)(MA/Tg A - 4b) taken. 

= MLs/TgLs - (1 - x)(MA/TgA -- 4b) (12) 

where the subscript s refers to the stoichiometric CRU. 
The molar weight of the CRU is M = 2ME + XMA. This 
unit contains N = n M  crosslink mers (n=crosslink 
density), and the molar weight of the CRU of the 
corresponding linear copolymer is: 

M L = M -  14N = M(1 - 14n) (13) 

-E  
\ 

N - A - N '  
/ I 

The chain end can be represented as follows: 

\ \ 
N~CH2-CH-CHz-O-D-O--CHz-CH~CHE = N-E'  

/ I \ /  / 
OH O 

where D is the diphenyl propane (DGEBA) or tetra- 
methylene (DGEBD) moiety. It will be hypothesized that 

-E  E' 

with i=  (3 r -  2)/(2 - 2r) 
This unit contains three types of crosslinks: 

/ 
A-N 

/ \ 
E-N 

\ 
E-  

i 

-E 
\ 

N - A - N - E -  
l I 

-E E' 

one crosslink: F1 = ~(2FE + Fc) 

for sufficiently high values of the amine/epoxide molar 
ratio (r/> 0.7), the probability of finding two chain ends 
connected to the same nitrogen atom is negligible. As 
before, Tge will be determined from the experimental 
value of Tg by using Di Marzio's equation 7, then, the 
contribution of chain ends will be deduced from the 
equation (12). The physical meaning of b can be 
understood on the basis of the constitution of the 
equation (11). The monomer unit is decomposed into the 
following components: 

- B -  - C H 2 - O - D - O - C H  2- 

- F  -CH~[~H 2 
\ /  

O 

- G -  - C H 2 - C H -  
I 
OH 

- A -  diamine nucleus 
\ 

N-  
/ 
\ 

N- 
/ 

branching points 

crosslink points 

2 moles 

4(1--x) moles 

4 - -4 (1- -x )=4x  moles 

x moles 

4(1 -- x) moles 

2x-- 4(1 - -x )=  (6x-- 4) 
moles 

-E 
\ 

N - E - N - A -  
/ I 

-A E' 

one crosslink: F2 = ~(FA + Fc + FE) 

-E  
\ 

N - A -  
/ 

-E  

(2 i -  1) crosslinks: F 3 = ~(2F E + FA) 

where the subscript C corresponds to the branched chain: 

-C-  = - A - N - E -  
l 
E' 

Using the previously proposed method of determination 
for F (ref. 5): 

F= E Fi/N 

where N is the number of crosslink mers in the CRU, it 
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can be written: 

1 (2FE + Fc) + (FE + FA + Fc) + (2i-- 1)(2F E + F^) 
F =  

3 1 +2i 

which can be rearranged into: 

e = Fs + - r /(l + 20)  

(18) 

(19) 

where Fs = ~(2FE + FA) corresponds to the stoichiometric 

system. The methods of determination of F~ and FA have 
already been reported s' t ~'12. The case of F c needs a short 
discussion: 

Fc = Mc/Yc - Ms/~c (20) 

where Ms is the molar weight of the stoichiometric CRU 
and 7c is the number of flexible bonds. In principle, the 
motions in the branch E' contribute to entropy changes, 
thus: 

?c = YA + YE + YE' (21) 

In this case, the first term in parenthesis in equation 
(19) would be practically equal to zero and F would be 
practically independent of the amine-epoxide molar ratio 
and equal to F s. However, an earlier work ~2, it was found 
that good results can be obtained by considering that 
the rotatable bonds in branches are not to be taken into 
account. In this case: 

7c = 7A + 7~ (22) 

Here, 2F c > F A + F E and F increases when the amine/ 
epoxide molar ratio decreases. To determine the number 
of crosslink mers N, two methods were used: 

method (a): 

method (b): 

N =  2r -0 .8  (23a) 

N=2r (23b) 

Both methods differ in that in (b) branching points are 
assimilated to crosslinks but in (a) they are not. All 
the data relative to the systems DGEBA-DDM and 
DGEBD-DDM are listed in Table 4. 

Three values of b are given, bl : method (a), equation 
(22); b2: method (a), equation (21); b3: method (b), 
equation (21). 

It is interesting to note that method (a) leads to 
systematically negative b values. Indeed, equation (22), 
which overestimates the crosslinking effect, leads to 
slightly lower values of TgL than equation (21) but the 
difference never exceeds 5000. Higher values are obtained 
with the method (b). Values become positive (0.1 to 
0.2) for DGEBA-DDM, but they remain negative 
( -  0.08--0.09) for DGEBD-DDM. 

Amine excess in ternary systems 
The stoichiometric DGEBAflPD/TMCA ternary 

systems were previously studied, and their glass transition 
temperature accurately predicted by the method under 
study 12. Here homologue systems with an amine excess 
(r = 1.2) will be investigated. It is interesting to consider, 
in this case, the CRU based on two moles of DGEBA, 
x moles of IPD and y moles of TMCA. If f is the molar 

Glass transition predictions for networks: V. Bellenger et al. 

fraction of lPD in the amine mixture, it can be written: 

y = 1.2(2 - x) (24) 

x = 1.2f (25) 

The secondary amines are IH (IPD) and TH (TMCA). 
Indeed, because TMCA is a monoamine, TH is a chain 
end: 

CH3 
\ J 

N-CH 2-CH--CH 2 - O - ~  - ( ~ -  
/ l 

OH CH 3 

- CH 2-CH--CH2-NH-T 
I 

OH 

The number of chain ends per monomer unit TH can 
be estimated, assuming that IPD and TMCA have the 
same reactivity with DGEBAo: 

IH/TH = 2x/y (26) 

Furthermore, 

IH + TH = 0.8 (27) 

(amine excess for r = 1.2). 
The copolymer effect can be ascribed: 

ML/Tg L = 2MFJT,~ + xM,/Tg. + yMT/T,T 

+ 0.8MNH/TgnI4 + zd (28) 

where METgE-t=l.02262; M~T~-l=0.33; MTT, T - t =  
0.33; MnnTsNn -1 =0,02. z is the number of chain ends 
(TH), and d their contribution to M T  s- ~, including the 
chain end and branching effect. As before, Tg L can be 
obtained from Tg by Di Marzio's equation 7 and d must 
be determined by equation (28). The flux parameter can 
be estimated from the results obtained for the stoichio- 
metric systems12: 

F(,= ~) = 38.23- 7.73f (29) 

It has been found previously that: 

F(, = 1.2)- F(,= i) = 0.56 (30) 

We hypothesize that the difference is conserved over 
the whole range of f values so finally: 

F = 38.79-7.73f (31) 

To determine the crosslink density, two methods were 
used. In method (a) crosslink number = tertiary nitrogen 
number-chain end number: 

N = 2x-0 .8  (32) 

In method (b) crosslink number=tertiary nitrogen 
number: 

N ---- 2x - TH (33) 

The results are shown in Table 5. According to method 
(a) the term zd would be very low or negative for some 
systems, whereas it would be positive in all the cases for 
method (b). Relative uncertainties equal to 100% or 
higher can be expected if we consider the calculation 
method. The most accurate value is, in principle, obtained 
for the highest value of z, e.g. for the system (f=0.17). 
d=  -0 .19  (method a) or d=0.15 (method b). 

POLYMER, 1989, Vol 30, November 2017 



Glass transition predictions for networks." Ii'. Bellenger et al. 

Epoxide excess in ternary systems 
Here the system under investigation is DGEBA/IPD/  

TMCA with r=0.8.  By taking, as before, the CRU 
containing 2 moles of DGEBA, x moles of IPD and y 
moles of TMCA, it can be written that the number of 
chain ends (unreacted epoxides) z = 4(1 - r) = 0.8; and the 
copolymer effect: 

ML/TgL = 2ME/TgE + xMI/T o + yM~/TgT + 0.8b (34) 

the crosslink number: N = 2 x - 0 . 8  (method a) or N = 2x 
(method b). 

By assuming, as in the preceding part, that F varies 
linearly with the composition: 

F = 43.03-  7.73f (35) 

where f is the IPD/TMCA molar ratio. All these data 
and the experimental values of Tg lead to the results of 
Table 6. 

In the case of the method (a), b varies with f .  It is 
interesting to note that four samples ( f = 0 . 5  to 0) are 
ungelled systems in which b is a decreasing function of 
the branching ratio• In the case of method (b), no clear 
propensity can be observed in variations of b. It can be 
assumed that b=0.3+0.1 .  Whatever the method of 
determination, the contribution of chain ends appears to 
be higher for epoxide excess than for amine excess 
(Table 5). 

DISCUSSION 

In the easiest case of diamine excess, it will be possible 
to predict T~ accurately from the chemical composition, 
by considering the network as a 'closed cell' without 
chain ends. All the needed characteristics can be derived 
from the data on stoichiometric systems 5'12, except for 
the contribution of the secondary amine MNuTgNn-~-~ 
0.02. 

The problem of the systems containing free chain ends 
is considerably more complicated because three new 
component values are involved: the own chain end effect, 
the branching effect, and the copolymer effect of end 
groups which can be appreciated by the comparison of 
amine and epoxide chain ends. The following observations 
can be made. 

The most important fact is that generally, method (a) 
for the determination of the crosslink density leads to 
negative values of the chain end effect. It is noteworthy 
that in a reciprocal function such as MTg-1, a negative 
contribution indicates a crosslinking (or similar) effect. 
Thus, the chain ends would have an opposite effect in 
linear and tridimensional polymers, which seems difficult 
to justify. In fact, each chain end is associated with a 
branch so that at least two opposite effects can be 
considered: Tg increases due to the reduction of the 
number of available configurational states by the presence 
of a branch; and Tg decreases due to the free volume 
excess of the chain ends. The fact that d or b are negative, 
indicates only that the first effect predominates over the 
second in the cases under study. A simple approach to 
the first effect consists in considering the branching points 
as crosslinks (method b). To appreciate its physical 
validity, it is interesting to consider the data obtained 

on linear polymers. For linear polymers: 

M/Tg = M / T ~  + 2b (36) 

(b = chain end contribution) 

This gives for high M values, the Fox and Flory relation 6: 

T,= T,® - 2b Taoo2/M 

From the experimental results on DGEBA linear 
polymers s, it can be obtained" T = 365 K; 2bT ®2 = 6 6 x • g g • 

104 K Mg-  1 and b = 0 . 2 5  g M - t K - t. This latter value is 
of the same order as the ones obtained by method (b) in 
the networks under study (b=0.1 to 0 .4gM -~ K -~ for 
epoxide chain ends). Obviously, b depends on the nature 
of the diepoxide: b -~ - 0.1 for DGEBD and -~ 0.03 for 
DGEBA, but further investigations would be needed to 
interpret these differences. 

Noticeable differences are also found between amine 
and epoxide chain ends (see Tables 5 and 6): b (epoxide) > 
d (amine). A possible explanation can be given by 
equation (18), if: MFTg F -  l > M~TgG- 1, e.g. if the replace- 
ment of an epoxide by an alcohol increases T_. This seems 
to be reasonable considering the smalP ~ but non- 
negligible effect of hydrogen bonding by OH groups on 
r,. 

From a practical point of view, method (b) for crosslink 
counting is the most interesting one because it requires 
only one adjustable parameter (b or d stands for the chain 
end effect). Another advantage of the method is that F 
can be considered constant and can be determined in an 
ordinary case (for instance, the stoichiometric systems). 
Tg was calculated for all the systems under study by using: 

M Nn/ TgNr I = 0.02 

b=  -0 .09  (DGEBD-DDM);  0.17 (DGEBA-DDM); 
0.27 (DGEBA/IPD/TMCA) 

d = 0.15 (DGEBA/IPD/TMCA, r = 1.2). 

The absolute error of the prediction is less than l0 K 
in all cases except one (DGEBA-DDM, r--1.2). The 
systematic underestimation of Tg in Table 4 could be 
linked to the uncertainty of the measurement of the 
polymerization degree of the diepoxide. The average 
relative error AT~/Tg is less than 1.2% for the 28 systems 
under study, which is largely within the experimental 
scatter. 
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