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This work explores the process of water ageing of high-temperature high-pressure polymerized urethane
dimethacrylate (UDMA) networks. UDMA samples polymerized under several pressures (0.1e300MPa)
and differing by the conversion degree of polymerization were aged in water at 37, 50 and 70 �C and
followed by gravimetry. Diffusion was observed to obey Fick's law. The diffusion coefficient and water
maximal uptake were observed to be almost independent of polymerization pressure, consistently with
analysis of Dynamic Vapor Sorption data suggesting that external polymerization pressure has no effect
on polymer affinity with water. This was ascribed to the fact that all materials have the same cohesive
energy, as confirmed by ultrasonic measurements of elastic moduli. Polymerization pressure (used to
improve conversion degree and mechanical properties) would thus have a minor influence on water
ageing that is mainly triggered by polymer chemistry. When elevating the polymerization pressure, there
is hence no compromise between the optimization of thermo-mechanical properties and the resistance
to water ageing.
1. Introduction

Materials such as ceramics and organic matrix composites for
dental applications have been developed to meet requirements of
patients for aesthetic treatments. Dental resin composites formu-
lations have been progressively improved since their introduction
in the 1950s [1,2]. Bisphenol A Glycidyl Methacrylate [3] is still
among the most used monomers. However, its high viscosity
(1200 Pa s) due to its high molecular weight (512 gmol�1), the
presence of aromatic groups limiting mobility and OH groups
creating hydrogen bond between chains [4] limits the incorpora-
tion of fillers aimed at improvingmechanical properties, andmakes
necessary to mix it with diluents co-monomers such as Triethylene
Glycol Dimethacrylate (0.011 Pa s viscosity). Urethane dimethacry-
late (UDMA) offers an interesting alternative [5] with a lower vis-
cosity (23.1 Pa s) despite its “high”molecular weight (470 gmol�1).
Its incorporation in reactive mixture was shown to delay the
Richaud).
vitrification, thus increasing the conversion degree and mechanical
properties [6].

Progress and use of computer-aided design/computer-aided
manufacturing (CAD-CAM) technology in dentistry [7e10] allows
to have access in more efficient polymerization technique such as
High Temperature e High Pressure (HT-HP) polymerization. This
process permits to produce composite blocks with better machin-
ability than ceramics blocks [11] and better mechanical properties
than conventional photo-polymerized composites linked to higher
conversion degree [12].

In the oral cavity, dental resins composites undergo water
sorption usually causing color instability [13] and embrittlement
[14]. Their durability is therefore at the heart of the concerns of
practitioners and patients [15,16].

Studies on water ageing of light cured dental composites [17]
suggest that UDMA presence reduces water sorption and improves
mechanical properties of dental composites. This does not neces-
sarily mean that long term properties will be better (a very nice
example of detrimental effect in the case of epoxies can be seen in
Ref. [18]).

It remains therefore to describe the ageing mechanisms in such

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:emmanuel.richaud@ensam.eu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymdegradstab.2018.06.003&domain=pdf
www.sciencedirect.com/science/journal/01413910
http://www.elsevier.com/locate/polydegstab
https://doi.org/10.1016/j.polymdegradstab.2018.06.003
https://doi.org/10.1016/j.polymdegradstab.2018.06.003
https://doi.org/10.1016/j.polymdegradstab.2018.06.003


thermoset networks containing ester groups. Water-polymer
interaction mechanisms were extensively covered in comparable
cases such as PMMA where hydrolysis of acrylate groups [19e21]
was observed, together with a Fick mechanism for water diffusion a
[22,23] and the existence of clustering [24]. The case of water
ageing of UDMA used as matrices for HT-HP composite remains for
us unclear and needs hence to be explored. Moreover, the effect of
varying the conversion degree with external polymerization pres-
sure on water ageing was also scarcely addressed for such
networks.

The purpose of this preliminary work is hence to study the case
of urethane-dimethacrylate networks polymerized at various
pressures. For that purpose, water permeation will be measured
from simple gravimetric curve during immersion in water, from
which water diffusion coefficient andmaximal water uptake can be
easily extracted.

2. Materials and methods

2.1. Materials

Samples were obtained by bulk radical polymerization of UDMA
(CAS 72869-86-4 supplied by Esstech, Germany) initiated by 0.5%
Benzoyl Peroxide (ref 00213 - Sigma Aldrich) at 90 �C under at-
mospheric air (0.1MPa) or under various pressures (100, 200 and
300MPa) in custom built autoclave as described in Ref. [25]. The
UDMA structure and the expected network structure are given in
Scheme 1. Some of their initial characteristics are gathered in
Table 1.

- conversion degree (DC) was measured from Near InfraRed
spectroscopy as described in Ref. [25]. Experiments were
repeated 10 times.

- Tg were measured by DMA as described later. Experiments were
repeated 8 times.

- the soluble fraction was tentatively estimated from refluxing
samples in ethyl acetate and was found to be close to 0 (within
the range of experimental incertitudes).

Samples were cut to obtain 10mm� 10mm� 1mmplates prior
to ageing using an Isomet device (Buehler).

2.2. Ageing and characterization

2.2.1. Water uptake
UDMA samples polymerized under various pressures (square

shaped of 10mm, 1mm thickness) were immerged in distilled
water at several temperatures (three groups of six samples at 37, 50
and 70 �C± 1 �C in ventilated ovens (AP60 supplied by SCS) and
Scheme 1. UDMA monomer before (
regularly weighed using a XS105 DualRange balance (Mettler
Toledo). 37 �C was chosen because it represents the value of in vivo
use. The two other temperatures were chosen as a good compro-
mise between acceleration and easy experimentation (to avoid
water loss by evaporation). Measurements were performed almost
every hour in the earliest ageing time (when mass increases
quickly) and almost every week at high ageing times (when mass
seemed to reach a plateau). Before water ageing, samples were
dried at 50 �C under vacuum, and weighted until having a constant
weight (the needed time was almost 4 weeks for 1mm thick
blocks). Those data ware used to estimate the maximal water up-
take and the diffusion coefficient as described in the ‘Discussion’
section. Experiments were repeated 6 times for each sample.

2.2.2. Dynamic vapor sorption (DVS)
The polymer affinitywithwater wasmeasured by keeping about

20mg samples in air at 0.1MPa with fixed water partial pressures
between 0 and 90% in a dynamic vapor sorption apparatus DVS-
1000 from Surface Measurement Systems. Two UDMA samples
were tested for each polymerization pressure (0.1, 100, 200 and
300MPa). Sorption isotherms were performed at a constant tem-
perature (70 �C) under varying water vapor partial pressures (0, 5,
10, 15, 20, 30, 40, 50, 60, 70, 80 and 90%) with two cycles of
sorption-desorption and 90min steps at each partial pressure. Each
experiment was duplicated.

2.2.3. Ultrasonic measurements (US)
US were performed at 5MHz using pulse method using a

Sopranel ultrasonic source at room temperature on discoid samples
of UDMA (18mm diameter� 2mm thick) for each polymerization
pressure (0.1, 100, 200 and 300MPa). The propagation velocities of
longitudinal waves (vL) and transversal waves (vT) were recorded
with an oscilloscope (LeCroy 9450 Dual 350MHz). Density r (kg
m�3) was determined by hydrostatic weighing for all samples
(XS105 DualRange, Mettler Toledo, Switzerland). Each experiment
was duplicated. The ultrasonic moduli E (Young) and G (shear) and
n (Poisson coefficient) were determined using the following
relationships:

v2L ¼ E
r

ð1� nÞ
ð1þ nÞð1� 2nÞ

v2T ¼ G
r
¼ E

2:rð1þ nÞ
Ultrasonic method was chosen here for its simplicity and reli-

ability and particularly because it allows the best estimation of the
“O K moduli” related to cohesive energy (compared to DMAwhere
samples cannot be investigated at temperatures below �80 �C) as
explained later. Experiments were repeated 3 times.
a) and after (b) polymerization.



Table 1
Initial characterization (mean values and standard deviations) of UDMA samples (n¼ 10 for conversion degree, 8 for Tg, 3 for r, E, G and n).

Polymerization pressure (MPa) 0.1 100 200 300

Conversion Degree (%) 89± 2 94± 1 96± 1 97± 1
Tg (�C) 118± 10 137± 2 143± 1 141± 2
r (kg m�3) 1201± 0 1202± 0 1207± 0 1204± 0
E (GPa) 6.210± 0.052 6.190± 0.026 6.450± 0.062 6.437± 0.031
G (GPa) 2.293± 0.040 2.313± 0.012 2.403± 0.021 2.393± 0.015
n 0.357± 0.010 0.347± 0.003 0.342± 0.003 0.345± 0.001
2.2.4. Dynamical mechanical analysis
Glass transition temperature (Tg) of each polymerized polymer

block obtained were determined using dynamic mechanical anal-
ysis (DMA) in three-point bending mode using a Thermal Analysis
Controller 7/DX instrument (PerkinElmer) from 8 rectangular
specimens per group (4mm width� 20mm length� 1mm thick-
ness). Measurements were carried out using a static load of
0.3± 0.02 N, dynamic load of 0.2± 0.02 N was applied and a 2 �C
min�1 heating ramp from 30 to 180 �C at a frequency of 1 Hz and a
15mm spread of the three-point bending arrangement. Tg was
determined as the maximum of damping peak.
3. Results

3.1. Ultrasonic characterization of virgin materials

Poisson ratio, shear and elastic moduli were measured from
ultrasonic measurements at very high frequency. They express the
behavior at very low temperature which is linked to the cohesive
energy [26]. The measured values are presented in Table 1. It seems
that they are very close irrespectively to the polymerization pres-
sure (NB: this is also consistent with elastic moduli values at 30 �C
measured by DMA). In the absence of a much higher number of
measurements and subsequent incertitude estimations, this will
not be commented in the following.
3.2. Sorption isotherms with DVS

The DVS shows that UDMA samples display the typical sorption
isotherms at 70 �C recorded by DVS [27]. They are overlapped in
Fig. 1. The “toe” which is typical of Langmuir type sorption,
expressing the existence of several kinds of molecular units with
different level of interaction with water, is not witnessed here.
Their shape is rather close:
Fig. 1. Sorption isotherms at 70 �C for UDMA polymerized under 0.1 (C), 100 (�), 200
(þ), 300 ( � ) MPa.
- either to the Flory Huggins sorption isotherm [28].
- or by the sum of two contributions: ➀ Henry's law at low water
activity where sorption curve is linear, expressing a random
filling of polymer by water and ➁ a positive deviation observed
at high water activity, and ascribed to the formation of clusters
(i.e. groups of associated water molecules) which will be dis-
cussed later.

In the frame of the first hypothesis, the sorption isotherms can
be described by the following equation:

ln P/P0¼ ln (1 - fp) þ fp þ c.fp
2

in which:

- P/P0 is the RH%, the water activity in the external medium
around the polymer.

- fp is the polymer volume fraction in the polymer þ water
mixture.

- c is the polymer-water interaction defined by the following
expression, in a first approximation:

c ¼ Vm

RT
�
�
dpolymer � dwater

�2
where dpolymer and dwater respectively are the solubility parameters
for polymer and water, and Vm is the molar volume for water.

At lowwater activities, Flory Huggins equation can be simplified
which gives:

ln
�
1� fP

P=P0

�
¼ ln a ¼ �ð1þ cÞ

We obtain c values ranged from 2.4 to 2.8 regardless the poly-
merization pressure (Table 2). It seems, in a first approach, that this
interaction parameter does not display any change with the poly-
merization pressure. The investigated materials have the same af-
finity with water. It takes intermediary values between highly
hydrophilic polymers such as PA6 (0.9) [29] and moderately ones
such as PLA (about 4.5) [30]. c would take an almost common
values for all the UDMA values irrespectively of the pressure under
which theywere polymerized. This suggests that theymay have the
same solubility parameter because they contain the same chemical
groups (esters, urethane) as it will be discussed more in details
below.
3.3. Kinetic curves for water uptake during immersion

The comparable water affinity of all UDMA networks under
study was confirmed by performing sample immersion in water.
Curves presented in Fig. 2 display the classical auto-decelerated
shape [31]. It seems that:

① There is no evidence of a two stages diffusion process (also
named Langmuir type diffusion attributed to the existence of



Table 2
Flory interaction parameter derived from DVS isotherm sorption by DVS and calculated from UDMA samples (n¼ 2 for a and c70, 6 for water uptake).

Polymerization pressure (MPa) 0.1 100 200 300

a 0.0265± 0.0072 0.0320± 0.0004 0.0303± 0.0011 0.0274± 0.0039
c70 2.65± 0.28 2.45± 0.01 2.50± 0.04 2.60± 0.15
Water maximal uptake (%) at 70 �C 3.5± 0.0 3.4± 0.0 3.4± 0.1 3.4± 0.5
Water maximal uptake (%) at 50 �C 3.6± 0.2 3.4± 0.1 3.4± 0.0 3.4± 0.1
Water maximal uptake (%) at 37 �C 3.5± 0.1 3.4± 0.0 3.4± 0.0 3.5± 0.1

Fig. 2. Mass uptake curves for UDMA immerged in water at 70 �C polymerized under
0.1 (C), 100 (�), 200 (þ), 300 ( � ) MPa.
sites generating strong bonding with diffusing water
[32e35]), consistently with the shape of sorption isotherms
recorded by DVS (see above). It suggests that the unpoly-
merizedmethacrylate group (structure a in Scheme 1) and its
polymerized saturated analogue (structure b in Scheme 1)
have the same “interaction” with water, despite the possible
donor group of >C¼C< double bond on the ester group
suspected to increase the interaction with water.

② Despite the possible hydrolysis of urethane [36] and esters
[37], there is no effect of water hydrolysis and lixiviation
(contrarily for example to [38]) in the investigated timescale,
suggesting that UDMA undergo here mainly a physical
ageing by water permeation.

For 1mm thick samples, the maximal water uptake was
observed at about 3weeks at 70 �C, 5weeks at 50 �C, and 8weeks at
37 �C. The mean values of maximal water uptakes are also given in
Table 2. According to statistical analysis, there is no effect of poly-
mer pressure or of temperature on maximal water uptake. Those
trends will be commented din the ‘discussion’ section.

The maximum water uptake values (wm) range between about
3.4% to about 3.6%. This result is consistent with discussion of DVS
results. This confirms that there are no major differences in water
affinity between each kind of samples under investigation. From an
applied point of view, it is noteworthy that UDMAmaterials display
an affinity with water much lower than Triethylene Glycol Dime-
thacrylate (almost 6%) and slightly lower than Bisphenol A Glycidyl
Methacrylate (almost 3.6e3.9%) [13,14] which makes them a suit-
able choice for matrices of dental composites. Moreover, since
ageing by immersion can induce a loss of soluble compounds
(unreacted monomers, initiator byproducts, hydrolyzed molecules
…) contrarily to DVS experiment (where water can only migrate
into the polymer), this confirms that soluble fraction in UDMA
networks was truly negligible.
4. Discussion

This discussion is aimed at explaining why, according to our
experimental results, there is a minor effect of the polymerization
pressure on the water-UDMA interactions, and gives a precise
description of the water permeation mechanism in link with
polymer structure and architecture.
4.1. Solubility

According to DVS results, it seems that the polymer-water
interaction parameter is almost constant, irrespectively of the
polymerization pressure. This result is worth to be discussed since
polymerization pressure was shown to influence the conversion
degree of samples [25], and their subsequent structure at “molec-
ular” and macromolecular level.

The water affinity of a given polymer can be expressed as the
number of water molecules absorbed per monomeric unit [39]:

H ¼ wm:M
1800

¼
X

niHi

Where:

- M is the molar mass of repetitive unit,
- ni is the number of groups able to bind with Hi molecules of
water.

- wm is the equilibrium water absorption (wt. %).

Hi can be estimated from several polymers or chemicals (ideally
with only one kind of functional group). For example, data for
PMMA (wm¼ 1.5%) [27] suggest that Hester ~ 0.1. Hence, the
contribution of urethane groups Hurethane would be about 0.35 i.e.
that urethanes would be greatly hydrophilic consistently with data
on polyester-urethane networks published elsewhere (with wm
ranging from 1.5 to 8%) [,36,37,40]). However, this simple theory is
not robust enough to discuss on the effect of curing degree onwater
uptake in UDMA networks.

Based on Hildebrand's approach, Van Krevelen suggested that
the solubility of a given polymer in solvent is mainly determined by
its chemical structure [41]. The solubility parameter (d) of a given
polymer with a given solvent can be defined as the square root of
the cohesive energy density (CED) in the amorphous state at room
temperature:

d ¼ (CED)1/2

CED ¼ Ecoh
Vm

Where Ecoh is the cohesive energy (J mol�1), Vm is themolar volume
(cm3 mol�1) and CED is the density of cohesive energy (MPa1/2).

It was suggested that Ecoh was an additive property for low
molecular weight compounds and polymers [42e44] and that this
“additivity method”makes it possible to obtain a good prediction of



the cohesive energy of a polymer at room temperature. Ecoh and Vm
can be calculated according to the incremental method based on
additive group contribution proposed by Van Krevelen [26] as
shown in Table 3 for a totally polymerized (Conversion de-
gree¼ 100%) UDMA unit.

Based on degree of conversion (DC) of UDMA polymerized at 0.1,
100, 200 and 300MPa (Table 1), the solubility parameters can be
calculated. They increase from 24.97 MPa1/2 (UDMA polymerized
under 0.1MPa, DC¼ 89%) to 25.01 MPa1/2 (UDMA polymerized
under 300MPa, DC¼ 97%). This is consistent with their very close
values of elastic moduli measured from ultrasonic measurements
(Table 1) as expected since both values are correlated [26]. Let us
note that a very nice correlation between the water maximal up-
take and elastic moduli was earlier suggested by Morel et al. [45],
certainly because both values are linked to the chemistry of the
material.

In conclusion, our results mean that the polymerization pres-
sure does not significantly change the cohesive energy, polymer
polarity and later affinity with water which is expressed by the
maximal water uptake. It remains possible however that some
difference inwater uptake exists in the case of samples displaying a
wider range of conversion degree [13] but this is not the case for
pure UDMA samples [25] where conversion degree always are
higher than 90%.

Let us now discuss on the absence of temperature effect on the
maximal water uptake. Alternatively to the description by Flory
Huggins isotherms, the water sorption can be modeled using
Henry's law describing water permeation in polymer when no
clusters are formed (as it will be better justified below). This simple
theory for water dissolution is associated to a very dilute solution
behavior in which dissolved water molecules are few and far. It
assumes that maximal (equilibrium) water uptake is directly pro-
portional to the external water partial pressure:

C¼ s.P

Where C is solubility expressed for example in cc(STP)/cc(polymer),
and s is the solubility coefficient (expressed in mol l�1 Pa�1) ex-
pected to obey Van't Hoff law:

sðTÞ ¼ s0:exp
�
� DHS

RT

�

P is the water partial pressure (expressed in Pa) obeying to
Clapeyron's law:

PðTÞ ¼ P0:exp
�
� DHvap

RT

�

The apparent activation energy for water equilibrium concen-
tration is thus given by:
Table 3
Estimation of cohesive energy for UDMA (DC is the degree of conversion of
monomer).

Quantity Group Ecoh (J/mol) V (cm3/mol)

1 >CH- 3430 �1
5 CH3- 4710 33.5
2 � (100-DC)/100 CH2¼ 4310 28.5
2 � (100-DC)/100 >C¼ 4310 �5.5
1 þ 2 � DC/100 >C< 1470 �19.2
2 -COO- 18000 18
8 þ 2 � DC/100 -CH2- 4940 16.1
2 COONH 26370 18.5

169530 342.9
ES¼ - DHS e DHvap

with DHvap is close to �43 kJmol�1 [31]. Here, the absence of
temperature dependence of water solubility means that ES is close
to 0 and that DHS must be close to ~43 kJmol�1 in UDMA, which is
consistent for example with the case of PMMA [46]. From a prac-
tical point of view, it means that immersion in water at tempera-
tures higher than 37 �C can be a simple and efficient way for
screening the water affinity of a polymer with the advantage of
shorter testing times. We will now focus on the effect of poly-
merization pressure on the water penetration kinetics.
4.2. Water diffusion mechanism

Kinetic curves for water uptake can be plotted versus the square
root of time, which is the most commonmethod for investigating if
diffusion obeys Fick's law [47,48]. As it can be seen in Fig. 3, plot is
almost linear in the earliest immersion time showing that diffusion
obeys Fick's, which is characteristic of diffusion regime where the
diffusion rate of water is slower than the relaxation rate of polymer
(i.e. that motions polymer segments are faster than jumps of water
molecules and layer that penetration of water does not cause a
change in the state of the polymer [49].

Crank [50] proposed solutions for Fick law in case of an infinite
plane like sample (length and width[ thickness) with a thickness
of 2e and a mass m at time t, D is the diffusion coefficient:

mðtÞ�m0

m∞�m0
¼1� 8

p2

X∞
n¼0

1

ð2nþ1Þ2
exp �D:ð2nþ1Þ2:p2:t

4e2

!

In other words, if the relative mass uptake increases linearly
with square root of time, diffusion obeys Fick's law and D can be
calculated from the slope. This equation actually admits an
approximate solution for low levels of water sorption (m/
m∞< 0.6):

DmðtÞ
Dm∞

¼ 4
e

ffiffiffiffiffiffiffi
D:t
p

r

D is here an apparent diffusion coefficient, for which a geo-
metric correction can be made [51]:

Dreal ¼
Dapp�

1þ 2e
L þ 2e

l

�2
Fig. 3. Relative mass uptake curves for UDMA at 50 �C polymerized under 0.1 (C), 100
(�), 200 (þ), 300 ( � ) MPa.



Fig. 4. MCS curves as function of %RH obtained from DVS at 70 �C for UDMA poly-
merized under 0.1 (C), 100 (�), 200 (þ), 300 ( � ) MPa.
The following values of water diffusivity given in Table 4 are
obtained from 6 samples per polymerization pressure:

The coefficient D does not seem to depend on the polymeriza-
tion pressure in a first approach. This suggests that the DC and
maybe the structure of the polymerized UDMA network have a
minor influence onwater diffusion. This might be unexpected since
thermomechanical properties are shown to depend on the poly-
merization pressure [52]: for example Tg increases by more than
20 �C when increasing the polymerization pressure from 0.1 to
300MPa (Table 1).

To propose an explanation, there are two main theories for
explain the diffusion mechanism:

➀ “free volume approach” according to which the penetrant
jumps from empty holes to another and is triggered by the
size and the quantity of those free volume holes. This theory
was developed by Cohen and Turnbull [53] in the 50's and
later developed by Vrentas and Duda in the 70's [54,55] and
is shown to describe the diffusion of apolar chemicals in
almost apolar polymers [56].

➁ theories according to which hydrophilicity is related to the
existence of specific interactions between the water mole-
cules and polar groups of the polymer. Merdas et al. [31]
observed an inverse correlation between the water diffusion
coefficient and its equilibrium solubility for a wide series of
epoxy diamine systems. It lead them to propose the
following mechanism:

I. [P1 … W] / P1þW Dissociation of the polymer/water
complex

II. W / Jump from P1 to P2
III. W þ P2 / [P2 … W] Formation of the polymer/water

complex, that water is retained by some groups of the
polymer structure slowing down its diffusion kinetics.

They justified their reasoning from the inverse correlation be-
tween the diffusion coefficient and the water equilibrium solubility
for a wide series of epoxy diamine systems.

In the present study, samples differ by their initial glass tran-
sition value, and possibly mobility. The fact that D does not change
despite differences in Tg values (Table 1) leads to reject the “free
volume theory” (or at least to consider it is not valid for glassy
samples). Water diffusion is studied here at glassy state in polymer
containing the same concentration in polar groups which justifies,
for us, why mechanism 2 seems obeyed. From a practical point of
view, it means that the use of an enhanced polymerization pressure
pay permit to improve the initial mechanical properties [25] but
the “ageing” behavior will remain almost the same.

Last, the chemical properties of the polymer would be the pre-
ponderant factor. D was shown to obey Arrhenius law:

D¼D0. exp(-ED/RT)

ED takes a value close to 50 kJmol�1 for each material under study,
in good agreement with those observed in other thermosets net-
works [57].
Table 4
Water diffusivity values obtained from immersion curves, corresponding average activatio
mean cluster size (MCS) values obtained from DVS.

Polymerization Pressure (MPa) D (m2 s�1) at 37 �C D (m2 s�1) at 50

0.1 (9.2± 0.9)� 10�17 (1.6 ± 0.1)� 10�

100 (8.5± 0.7)� 10�17 (1.8 ± 0.4)� 10�

200 (7.0± 0.7)� 10�17 (1.3 ± 0.1)� 10�

300 (6.7± 2.0)� 10�17 (1.6 ± 0.4)� 10�
4.3. On the presence of clusters

The positive curvature in the DVS (Fig.1) can be explained by the
presence of water clusters (i.e. groups of associated water mole-
cules) within the UDMA [58], meaning that water-water in-
teractions are stronger than polymer-water. Those later can be
evidenced by dielectric spectroscopy [59]. To explore this
assumption, the MCS (mean cluster size) was numerically deter-
mined by the method of Zimm Lundberg [60,61]. The clustering
function was defined as:

fZL ¼
G11

n1
¼ �ð1� f1Þ

"
va1=f1
va1

#
T ;P

�1

G11 is a cluster integral for the water and n1 and 41 are the partial
molecular volume and volume fraction of water, respectively.When
fZL is below a value of �1, no clustering occurs. Means Cluster Size
(MCS) is given by:

MCS ¼ 1 þ f1.G11/n1

Table 4 shows that the MCS is almost similar for the different
pressures (values from about 1.2 to about 1.4). The MCS tends to
increase slightly with the polymerization pressure of UDMA. Fig. 4
shows that water molecules are associated to form “dimers” when
water external partial pressure is up to 80% (MCS greater that 1).

This shows a certain tendency of water to aggregate at higher
water activity, which canmodify themechanisms of water diffusion
and solubility, and possibly the mechanical properties of wet
UDMA samples [62].
n energy (values between brackets correspond to minimal and maximal values) and

�C D (m2 s�1) at 70 �C ED (kJ mol�1) MCS at 90% RH

16 (7.2± 0.5)� 10�16 56 (48e62) ~1.2
16 (5.3± 0.7)� 10�16 49 (41e54) ~1.2
16 (4.5± 1.1)� 10�16 50 (39e61) ~1.2
16 (4.9± 0.9)� 10�16 53 (33e64) ~1.4



5. Conclusions

This paper addresses the water ageing of polyurethane dime-
thacrylate networks obtained by radical polymerization in auto-
clave under several pressures. Samples were studied by classical
gravimetric method. The sorption isotherms were monitored by
Dynamic Vapor Sorption. This paper clearly shows that the
maximal water uptake is about 3.5% irrespectively of the poly-
merization pressure with no influence of temperature (at least in
the range 37e70 �C). The diffusion was observed to obey Fick's law
and diffusivity values also seem to be constant for all the samples
under investigation. In other words, the external polymerization
pressure has a strong effect on initial mechanical properties but the
rate at which these later decrease during water ageing should be
the same. The case of UDMA based dental composites, where
interfacial phenomena are expected to play an important role on
water diffusion [47,48], remains now to be addressed.
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