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Abstract

The water absorption characteristics of various networks based on diglycidylether of butane diol (DGEBD) and 3,5-diethyl-2,4-diami-
notoluene with amine/epoxide functional ratio ranging from 0.7 to 1.3Tgnelues ranging from 36 to 9C were studied in the 20—-180D
temperature range. The equilibrium concentrations of water are of the order of 6—7% by weight with slight tendency to decrease with
temperature, which can be attributed to the relatively high (negative) value of the heat of dissigtien—46 = 1 kJ mol ). Plasticiza-
tion effects can be predicted from a simplified version of the free volume theory showing tigtieletion is an increasing function of the
initial T, value. There is no significant discontinuity Bf of the temperature variations of the solubility and diffusivity, showing that the
behaviour is controlled by the presence of strong hydrogen bonds between water molecules and the polar groups (essentially hydroxyls) of
the polymer. The comparison of various epoxide—amine networks shows that the molar contribution of a given hydroxyl group is an
increasing function of the hydroxyl concentration, which suggests that close hydroxyls could play a concerted role in water absorption.

For the samples having an epoxide excess, the gravimetric curves of water absorption display two steps, the first one being due to the
physical sorption and the second one to the epoxide hydrolysis. The main characteristic features of this latter process are analysed. In the
conditions under study (temperature, sample thickness), it is not diffusion contr®I@@00 Elsevier Science Ltd. All rights reserved.

Keywords Epoxy; Water absorption; Plasticization

1. Introduction postulated by the theory of polymer—solvent miscibility,
water absorption is linked to the existence of interactions
There is a relatively large amount of literature on water between water molecules and polar groups present in the
absorption mechanisms and kinetics in epoxy networks, polymer. Let us recall that water is highly cohesive (Hildeb-
owing to their obvious technical interest in high perfor- rand solubility parameters of 40—45 MPhand is charac-
mance composites [1,2]. Despite this, many important terized by especially low dispersive component and an
aspects of these phenomena remain unclear. Concerningespecially high bonding component [7]. Structure—property
for instance the water equilibrium concentration, generally relationships in this field allow to predict that,® mole-
expressed in terms of mass percefts,, it has been cules must interact essentially with highly polar groups as
hypothesized that it could be linked to the available “free for instance hydroxyls in amine crosslinked epoxies [8,9].
volume” fraction, the latter being defined as it is usual in Certain authors have suggested that crosslinking could be a
polymer physics [3] or linked to hypothetical packing direct cause of hydrophilicity in these networks [3],
defects [4,5]. An interesting characteristic of this so called however it is nhoteworthy that in the structure series under
“free volume” fraction is that it could be an increasing func- investigation, the crosslink density is almost proportional
tion of the crosslink density [6]. to the alcohol concentration which can be a source of
Despite the fact that they agree with an intuitive vision of confusion.
water absorption mechanisms, the “volumetric approaches” According to Barrie [10] and Van Krevelen [11], water
of this phenomenon are highly questionable. As a matter of equilibrium concentration appears as a molar additive func-
fact, it is easy to find free volume rich polymers, for instance tion and good predictions can be obtained from this rule if
silicone elastomers or crosslinked polyethylene, having a one considers elemental structural units sufficiently large to
very low hydrophilicity. We have thus to consider that, as take into account eventual intramolecular interactions
between hydroxyls and the neighbouring polar groups [8,9].
* Corresponding author. These relationships are however fully empirical and
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Fig. 1. Determination of cure temperatures from a DSC thermogram for the stoichiometric sample.

cannot be considered as a good basis for the understandingmolecular approaches” according to which, for instance,

of the sorption mechanism. For instance, the fact that, for water diffusion would be linked to segmental motion in the

many groups, the number of water molecules absorbed pemetwork [10].

group is not an integer, is very difficult to explain in the The aim of the present work is to try to bring some

frame of such a theory. answers to the above questions by a study of the sorption
The application of the theory of solubility parameters characteristics of a series of epoxide—amine samples differ-

seems to be a priori, a sounder approach but here also strongng only by the amine/epoxide molar ratio and chosen in

difficulties are encountered: firstly, the “solubility spectra” order to have, in the temperature interval under study,

of epoxy networks are complex [12] and need a prohibitive certain samples in the glassy state and others in the rubbery

amount of experimental work to be accurately established. state.

In such situations, e.g. typically when polymer—solvent

interactions are not predominantly of the dispersive type,

the basic approach with a single (Hildebrand) solubility 2. Experimental

parameter displays bad predictive properties. The approach

of partial (Hansen [13]) solubility parameters must be 2.1. Materials

preferred. One can suspect that in epoxies, the hydrogen ) )

bonding partial solubility parametex, plays an especially The networks were based on the diglycidyl ether of

important role [12], however the accurate determination of Putane diol (DGEBD) and 3,5-diethyl-2,4-diaminotoluene

these parameters is very difficult. Furthermore, it has been(ETHA) as the hardener. Their respective epoxide and

recently shown in the case of crosslinked PMMA, that even @Mine index were equal to the theoretical values within

the partial solubility parameter approach is questionable, exper!mental errors of titration and corresponded to the

probably because it is also largely empirical [14]. Last but following formulae: _

not least, the nature of the sorption equilibrium seems to  Diglycidyl ether of butane diol (DGEBD):

have not clearly defined “physical meaning”—to our CH,—~ CH —CH,~0 — (CH,);—0 —CH,— CH — CH,

knowledge—in the case where the polymer—solvent g/ No

mixture is in the glassy state this latter being by definition,

out of thermodynamic equilibrium. In the rubbery state, in and 3,5-diethyl-2,4-diaminotoluene (ETHA):

contrast, one knows that the sorption equilibrium results CH,

from the balance of osmotic forces resulting from the )\ NH ,

solvent penetration into the polymer and entropic forces

resulting from chain drawing in the latter [15]. J Q [
Concerning diffusion kinetics, there are numerous studies CH, CHzY CH , CHy

to establish the temperature effect on the diffusion rate or to NH

model, especially using the Langmuir’s theory, certain sorp-

tion anomalies [16], but the investigations on diffusion

mechanisms and the structure—property relationships in Networks were prepared from ETHA/DGEBD mixtures
this field are very scarce. Here, one can also distinguish with amine/epoxide functional ratios.

between the “volumetric appr_oache_s” acc_ording to WhiCh r=07.080091011 12 and 13

water molecules would essentially migrate in morphological

defects, for instance in the internodular phase [5,17], and This system displays a relatively low reactivity. From a
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Tg (°C) varies withr in such a way as:
120
dm 1132
100 = 5> ~—0125¢ mol !
80 . dr (64 + 31r)
)
o0 . = —125x 10 ® kg mol™*
40
20 A——————————— The variation of the density withis given by:
0.7 0.8 0.9 1 1.1 1.2 1.3 dp 3
— =—-20kgm"
r dr g
Fig. 2. Variation of the glass transition temperature with the amine/epoxide So that ¢/dM, = 0.16 X 10° mol m 3
functional ratio. To appreciate the average effect of atomic mass on

density, one can consider the extreme values of polyethy-
DSC analysis of the reactive mixtures (see the example of/ene (PE) and polytetrafluoroethylene (PTFE) densities in
the stoichiometric system in Fig. 1), it was decided to use for @morphous state:

all the samples a two steps cure schedule, first step: 1 h at p(PE) ~ 850 kg mi 3 _3
142°C, second step: 2 h at 225, I Ap = 1500 kg m
The samples were thus prepared as follows: p(PTFB ~ 2350 kg m

e mixing for 30 min in an oil bath until a homogeneous My(PE) ~ 4.667x 103 kg mol
mixture is obtained,; } = AM

e degassing under primary vacuum (30 min at°)5 M(PTFE) ~ 16,667 10 ° kg mol*
e moulding in metallic moulds with the above cure B 3 1
schedule. = 12x10"" kg mo

So Ap/AM, = 1.25% 10° mol m3, a value in reasonable

The resulting samples have a brown skin due to i -
g P agreement with the value of@x 10° mol m™2 found for

oxidation, which is removed by machining. DSC ther- X
mograms of the sample core reveal the total disappearancéhe series under study.
of the crosslinking exotherm. No structural anomaly due to
degradation or other side reactions was observed in FTIR
spectra. The samples were parallelepipeds of X300x 2 mn?

The glass transition temperatufg varies withr, as  dimensions, machined on both sides in order to obtain a
expected in the case where side reactions, especially etheryood surface state, and displayed no visible defects

2.2. Samples and sorption tests

ification or epoxide homopolymerization, are negligitlg: (bubbles, cracks, etc.).

is maximum at the stoichiometric point (Fig. 2) They were exposed in regulated ovens at 20, 30, 40, 50,
The density in dry state varies almost linearly witfrom 80 and 100+ 1°C.

1.168(r = 0.7) to 1.154(r = 1.3), which can be attributed The exposure was made by immersion in distilled water,

to the variation of the number of “heavy” atoms (O and N) at reflux for the temperatures higher tharfG0
in the structure [18]. The average atomic miakss defined

by: 2.3. Characterization
__molar mass of a representative structural unit The samples were regularly removed from water, wiped
Ma = number of atoms in this unit and weighed with a METTLER H35AR laboratory balance.

Am/m (%)

0 400 800 1200 1600 2000 2400
time (h)

Fig. 3. Sorption curves for different systems atG0r = 0.7 (#),r =0.8 (M), r =09 (A),r =10 (X),r =11 (®) andr = 1.2 (O).
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Fig. 4. Sorption curves at various temperatures for the stoichiometric samp@{€p 40°C (4), 50°C (x ), 8C°C (0) and 100C (®).

Ty in dry and wet state was determined by dynamic epoxides. The second step, which is considerably slower
mechanical testing (DMTA) using a NETZCH apparatus than the first one, is obviously linked to these latter groups.
at a frequency of 1 Hz. It was found that, in the conditions The asymptotic mass gain determined for the second step
under study, water losses by evaporation are negligible. Thehas been compared, in Table 1, with the theoretical mass
densityp in dry and wet state was determined by flotation in gain corresponding to the hydrolysis of the epoxide groups
carbon tetrachoride—heptane mixtures. in excess. Both values are in reasonable agreement (taking
into account the fact that a part of epoxide groups can be
consumed in etherification reactions during cure) so that it
can be assumed that the second step is due to epoxide hydro-
lysis.

3. Results and discussion

3.1. General features of water absorption

. . N 3.2. Density and glass transition temperature at equilibrium
Examples of sorption curves are given in Fig. 3 (all

samples under study at 80), and Fig. 4 (stoichiometric The densitiesp and glass transitioy in dry and wet
samples at various temperatures ranging from 20 t6@P0  states are given in Table 2.
For the samples free of unreacted epoxides 1), the The densities in wet state were reported only for the

process is single step and apparently Fickian. At the begin-samples free of unreacted epoxides. They are slightly higher
ning of exposure, the mass gamincreases proportionally  for wet than for dry samples. If one considers for instance

to the square root of exposure time. There is no apparentthe stoichiometric samples, the hypothesis of volume addi-
discontinuity linked to a change of physical state. For tjvity would lead to:

instance in the case of stoichiometric systeMsjecreases 1 m 1-m
from 91 to 45+ 4°C. Despite this, no anomaly was observed = = — +
in the sorption behaviour at the temperatures intermediate # Pw Pp

between 45 and 9C. o wheremis the water mass fractiop,, andp, the respective
The water e_qumbnum mass fracnom_noo is, for all the densities of water and polymer (in dry state) andhe
samples, a slightly decreasing function of temperature. ho\ymer density in wet state. This relationship would lead
Here, also, there is no discontinuity in the curves = to p = 1.151 against 1.168 experimental value. There are
f(T), associated to the glass transition as well in the dry as o ways to interpret this result: (i) water fills the “free

in the wet state. _ _ volume” (ii) the water—polymer interaction favours the
For the samples having an excess of epoxide graups molecular packing.

1), we observe a two step’s process, the first step beéing very - e glass transition temperature decreases by 25-47 K
similar to the one observed on systems free of unreacteduloon water absorption. By combining the free volume

approach of plasticization effect [19] with Simha—Boyer

Table 1 . .
Experimental and theoretical values (see text) of the mass gain correspond-r}"e [2_0]3 (ay—ag) Ty = constant, one obtains a simple rela-
ing to the second step of the sorption process tionship:
-1 __ -1
r=07 r=08 r=09 Ty =Tg T Ag
Water absorption by the second = 4.2 18 0.8 whereTy and Ty, are the respectivg, values for the wet and

step at 50C (%)
Theoretical mass gain due to 4.1 2.6 1.3
hydrolysis (%)

dry polymer,¢ is the water volume fraction (which can be
assimilated in a first approximation to its mass fraction, i.e.
¢ = m,. Ais a coefficient representative of the plasticizing
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Table 2
Equilibrium characteristics (density, glass transition temperature, plasticization parameters and solubility parameters) of the sangblely uURéenarks:
values obtained after exposure atG0

r 0.7 0.8 0.9 1.0 1.1 1.2 1.3
p (dry) (kg m™3) 1168 1166 1164 1162 1160 1158 1154

p (wet) (kg m3) 1168 1164 1160 1158

T, (dry) (°C) 36 68 80 91 70 63 54

T, (wet) CC) 11 26 43 44 37 27 26

M 0.072 0.061 0.064
A(K™ 395%x10°° 6.68x 103 447%x10°°
Taw (K) 139 106 132
S(20°C) (mol m 3 Pa’?}) 2.47 1.88 1.95
S(100°C) (mol m 3 Pa’}) 9.19% 102 7.91x 102 7.99% 102
S (mol m—2Pal) 9.4x10°° 168x10°° 152x10°°
Hs (kg mol™) —47.2 —45.0 —-455

effect of the penetrant (here water), in principle given by: into the network (no separated phase), which allows us to
1 1 reject the hypothesis that water fills the “free volume”.
A=Tgw — Tgp

whereT,, is the glass transition temperature of water. 3.3. Water solubility

We have calculated and T, their values are given in The solubility coefficientS was determined from the

Table 2 following relationship:
-1 -1
A— [Tg ™ — Tgp S= _ 10m, x P (Henry’s law)
e T iaiem, < p 4

where p is the water pressure at the temperature under
consideration. For the samples containing unreacted epox-
Tqw Values of 100-150 K are obtained. They are in good ides(r < 1), m, was taken at the first plateau when it was
agreement with physical data [21,22]. It seems thus that distinguishable. Some typical values®(at 20 and 10TC)

the plasticization effect of water on these networks is are given in Table 2.

reasonably well described by a relationship derived from  An Arrhenius plot ofSis presented in Fig. Sobeys the

the free volume theory. Incidentally, the proposed model Arrhenius law:

predicts that the plasticizing effect of water is an increasing p(

Tow=A=TgH ™"

_Hs

function of Ty, which is effectively observed here since the S= & ex RT

highestT, depletion is observed for the highegf, value
(r=12). The values ofyyandHs are given in Table 2 for = 0.7; 1.0
Returning, now to the question of density increase upon and 1.3 Hs takes a high negative value, which explains the
water absorption one sees that the above results are considact thatm,, is a slightly decreasing function of the tem-
tent with the hypothesis that water is essentially dissolved perature. The observed trends are well consistent with the

)HS being the heat of solution

InS
1 -

-4 } } } } } |
0.0024 0.0026 0.0028 0.0030 0.0032 0.0034 0.0036

UT (LK)

Fig. 5. Arrhenius plot of solubility coefficient.
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Table 3

Hydroxyl concentration and water equilibrium concentration for various epoxy networks
Systems [-OH] (mol kg [H,0] (mol kg™ Ref.
DGEBD-ETHA 6.87 3.61 This work
DGEBA-ETHA 4.46 0.94 [24]
TGMDA-DDM 6.45 241 [8]
DGEBF-DDM 4.87 1.46 [8]
DGEBA (0.11)-DDM 4.49 1.17 [8]
DGEBA (2.3)-DDM 3.94 0.88 [8]
DGEBA (6.0)-DDM 3.73 0.74 [8]

available structure—property relationships in this field parent systems in which DGEBD was replaced by the digly-
predicting thatHs must be negative for very cohesive cidyl ether of bisphenol A (DGEBA) [23]. In the case of
solvents [11]. The water dissolution in the network is thus diaminodiphenylmethane (DDM) we dispose of more
highly exothermic, which is due to the formation of strong results [8,9]. All these data are summarized in Table 3.
hydrogen bonds between the water molecules and the polaThe equilibrium number of water moles per kg was plotted
groups of the networks, especially hydroxy#gandHs) do against hydroxyl concentration in Fig. 6. The dependence
not depend sharply on the network structure in the seriesappears to be parabolic rather than linear. Thus the hypoth-
under study despite relatively large variations of the cross- esis of molar additivity of group contributions to water
link density (aboutx = 1.3 mol kg * for r = 0.7 to x = absorption is not rigorously valid, which is not surprising
34 molkg?* for r =1 andx = 2.2 mol kg * for r = 1.3, owing to the fact that molar contributions are not integers.
X being the concentration of trifunctional network nodes A possible explanation of the pseudo parabolic trend of
(Mc = 2/3x)). The fact thaSis independent of the physical Fig. 6 is based on the observation, for instance by NMR, that
state is somewhat surprising. It could be expected that, inwater is doubly bonded [24]. A pair of close hydroxyl
the rubbery state, the sorption equilibrium is determined by groups could be, then, a favourable site for water absorption.
the balance between osmotic and entropic forces, aslt can be calculated that the average distance between two
expressed by the Flory—Rehner equation [15]. But in fact
there is no significant swelling and sorption is obviously N_CHz_CIH_CHz_] groups ranges between about 0.7 and
governed by the polymer—water interactions, even afigve OH R

It is interesting to remark that, in the system under study 0.9 nm for the samples of Table 3. However their spatial
as in most of the epoxide—amine systems, the number ofdistribution is not homogenous and there is a fraction of OH
water molecules (at equilibrium) per hydroxyl group is pairs sufficiently close to allow the formation of complexes
smaller than unity, which indicates that certain hydroxyls with water molecules. The effect of the concentration of OH
do not act as hydrophilic sites. This result can be consideredgroups (e.g. of the average distance between OH groups)
as a strong argument against predictive approaches based ocould be thus schematized by the following oversimplified
the hypothesis of molar additivity of water absorption [10] model: the spatial distribution of distances between OH
despite their relatively good results in the field of epoxide— groups is supposed to be gaussian with an arbitrary chosen
amine networks [8,9]. There is no doubt that the main standard deviationy, of 2.5 nm. If one considers that only
hydrophilic site in these materials is the amino—alcohol the OH pairs with a distance lower than 6.2 nm are active in
group: H,O sorption, then, the concentration of OH groups

would be:C, = pC whereC is the whole OH concentration
*I‘\I*CH 2*(‘3H*CH )

OH [H 20], molikg
4

The contribution of this group to water absorption
depends on its immediate neighbour (which determines
especially the electron density on the nitrogen atom [3,8]). .
Thus, in a series of samples based on the same hardener and
containing no other significantly hydrophilic group (suchas 11 u
for instance —S&-) than amino-alcohol, the hypothesis of
molar additivity can be checked. The equilibrium water
concentration is expected to be proportional to the hydroxyl
concentration.

In the case of ETHA, we dispose only two series of data Fig. 6. Number of sorbed water moles per kg against hydroxyl concentra-
relative to the system under study (DGEBD-ETHA) and to tion.

2 4 6 8
(- OH), molikg
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Fig. 7. Fraction of active OH groups. Determined from the water equilibrium concentratigp €& aC) (®) and from a gaussian model for OH spatial

distribution @&).

andp = [5? 1(o/2m) exp— ((d — d)))/(20%) dd whered

This is surprising since free volume is expected to play a

is the average distance between neighbouring OH groups:key role in diffusion. A possible explanation of this beha-

d = (L/(N,Cp))Y® whereN, is the Avogadro’s number and
the densityp has been plotted againgtandC in Fig. 7. As
predicted, it varies pseudo parabolically with the OH
concentration.

3.4. Water diffusivity

The uncorrected diffusion coefficiebt, was determined
by the classical method derived from Fick’s law:

Trez( )2

16
wheree is the sample thickness.
Then the diffusion coefficierd was calculated using the
shape factor of Shen and Springer [25]:

Dy

e e)\?
(1+ i + I)
whereL andl are, respectively, the length and the width of
the sample.

Some typical values ob are given in Table 4 and an
Arrhenius plot ofD is shown in Fig. 8. The apparent activa-
tion energy is of the order of 17 kJ md| however the
curves display a slightly sigmoidal shape indicating some
non-Arrhenian character. As in the case of solubility, no
clear discontinuity can be observed B (wet or dry).

1
We

aw
dt

Dy

D:

Table 4
Diffusion coefficients at 20, 50 and 1TD

viour is that the transport of water molecules into the matrix
is kinetically governed by the polymer—water association—
dissociation equilibrium, an elementary step of water trans-
port being schematized as follows:

W — diffusion step fromP, to P,  (Il)
W+ P, — [W—P,] )y

[W_Pz]—>W+P2etC.

where W is the water molecule; Bnd B are neighbouring
hydrophilic sites, and [W—P] is the hydrogen bonded poly-
mer—water complex. One can imagine that, schematically,
diffusion is not strongly influenced by the polymer molecu-
lar mobility if the dissociation of the polymer—water
complex (1) is slower than the water diffusion (II).

3.5. Hydrolysis of epoxide groups
The hydrolysis process can be ascribed:
E+W-—=Y

where E, W and Y represent respectively the epoxide group,
the water molecule and the resulting diol.

As quoted in the first paragraph of this discussion, the
experimental values of the mass gain at the second step

r=07 r=08 r=09 r=10 r=11 r=12 r=13
D x 102 (m?s™}) at 40C 2.72 - - 0.69 - - 0.81
D x 10'? (m?s™) at 50C 2.72 2.89 2.18 179 1.87 1.97 211
D x 102 (m?s™%) at 80C 17.1 - - 10.5 - - 10.4
D x 10*2 (m?s™Y) at 100C - - - 26.9 29.9 305 317
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Fig. 8. Arrhenius plot of diffusion coefficient.

are in good agreement with the hypothesis of such a hydro-diglycidyl ether of butane diol (DGEBD)-3,5-diethyl-2,4-

lysis process. diaminotoluene (ETHA). This system was chosen in order
In a first approach (neglecting the hydrophilicity of the to study these characteristics on both sides of the glass tran-

formed diols), the following simplified kinetic model can be sition temperature. The results can be summarized as

proposed: follows:
(jj_\t( = kWE = kW(E, — Y) o Water absorption occurs with a very small volume

change but without clustering or microvoiding.
Here W=W,, (equilibrium water concentration), e Plasticization effects can be predicted from a simplified
because the hydrolysis is not diffusion controlled (both sorp-  version of the free volume theory. This latter predicts
tion and hydrolysis processes are well separated in most of that, as observed, tHE, depletion is an increasing func-

the gravimetric curves). tion of the initial (dry) T, value.
One can thus consider thidfV = K = constant; so that: e The equilibrium water concentration is a slightly decreas-
_ _ _ ing function of the temperature, which is explained by the
¥ = Bl — exp=Ky) highly exothermic character of the water dissolution in
K can be estimated from the half life tinyg, such as fot = the polymer, due to the formation of relatively strong
ty, Y = Eo/2. Then: polymer—water hydrogen bonds. Water molecules
In 2 could be linked to pairs of hydroxyl groups, which
K= E would explain the pseudo parabolic dependence of equi-

librium water concentration with the hydroxyl concentra-
The reciprocal oK: k = ty»/In 2 can be considered as the tion.

time constant of the hydrolysis reaction. Its values are given e There is no marked discontinuity at the glass transition

in Table 5, where they can be compared to the diffusiontime  temperature in the temperature dependence of solubility

constant:p, = €°/D. One can see that: or diffusivity, which seems to indicate that the whole

behaviour is governed by the strength of the polymer—

a) k > 1p Which justifies our assumption that hydrolysis
@ > 7 ] P yeroly water hydrogen bonds.

is not diffusion controlled,;

(b) k is practically independent of the residual epoxide
concentration as expected in the frame of the chosen
model.

For the samples having an epoxide excess, the gravi-
metric curves display a second plateau linked to the epoxide
hydrolysis into diols. It is interesting to note that in compo-

4. Conclusions sites, the existence of a second plateau has been often inter-
preted in terms of Langmuir absorption mechanism. This

We have studied the water absorption characteristics ofinterpretation is probably to be reconsidered in many
some networks resulting in the condensation between cases since one knows that industrial composites are often

Table 5
Hydrolysis characteristic time and diffusion characteristic time
Temperature°C) r=0.7 r=08 r=09
kX 1075 (s) 7 X 1075 (s) kX 107° (s) > X 107° (s) kX 107° (s) > X 107° (s)
40 56.3 2.9 - - - -
50 45.4 15 35.7 14 30.7 1.8

80 54 0.05 - - - —
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undercured and contain, thus, epoxide groups. It is note-[11] van Krevelen DW. Properties of polymers. Their correlation with
Worthy however. that from the kinetic viewpoint hydroly- chemical structure. Their numerical estimation and prediction from
sis and Langmuir models can give formally equivalent additive group contributions, 3. Amsterdam: Elsevier, 1990.

[12] Bellenger V, Morel E, Verdu J. J Appl Polym Sci 1989;37:2563.

results. [13] Hansen C-M. J Paint Technol 1967;39:104, see also p. 511.
[14] Bellenger V, Kaltencker-Commercon J, Verdu J, Torjeman Ph. Poly-
mer 1997;38(16):4175.
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