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ABSTRACT: Diffusion of seawater in unsaturated poly-
ester resin (UPR) and its glass fiber reinforced composite
in the presence of titanium dioxide has been studied by
sorption method. Incorporation of glass and TiO2 to UPR
alters the seawater diffusion process from Fickian to non-
Fickian type. The dual mode sorption model is used to
separate Fickian-controlled and relaxation-controlled diffu-
sion in case of UPR-T, UPR-G, and UPR-GT. The presence
of TiO2 seems to stabilize UPR and its glass reinforced
samples but an increase in the rate of seawater diffusion is
observed for these systems. The free volume determined
from positron lifetime measurements support the diffusion

data in these systems. Results further indicate that the con-
tribution to diffusion in the later stages of sorption is due
to the increased contribution from the interfaces. The plas-
ticizing effect of TiO2 is clearly seen even in the glass rein-
forced composite. DMA results show an increase in flexi-
bility because of TiO2 presence both in the neat as well as
glass reinforced resin which is well supported by decrease
in Tg value from DSC data. � 2006 Wiley Periodicals, Inc. J
Appl Polym Sci 102: 2784–2794, 2006

Key words: unsaturated polyester; glass fiber; seawater
diffusion; positron lifetime; free volume; titanium dioxide

INTRODUCTION

Polymers have been widely used in aerospace as
well as in transport industries for a veriety of appli-
cations including structural forming materials. To
meet the increasing demand on various working
environments and at the same time to reduce the
cost, polymers have been tried with the addition of
suitable fillers and/or fibers to enhance their overall
performance in terms of mechanical, electrical, and
photonic properties, and structural stability.1 The
addition of reactive inorganic fillers can considerably
modify their solvent resistivity because of strong bond-
ing between fillers and diffusive liquids.2

The glass–fiber reinforced polymer (GRP) compos-
ite has been proposed and tried for critical marine
components such as masts, submarine control surfa-
ces, transmission shafts and propellers. This follows
the application of GRP composites in primary struc-
tures of ships including hull, decks and structural
bulkheads, and also to superstructure, nonstructural
bulkheads, submarine casings, sonar domes, and ra-
domes etc. Polyester laminates are considered better
for ship primary structural applications because of

their higher mechanical properties and cheaper cost
over phenolic laminates.3 The polymer matrix in all
GRP composites for seawater applications is either
isophthalic polyester or vinyl ester resin.4 When used
in marine applications, it is essential that these com-
posites retain their mechanical properties to the maxi-
mum possible level and do not degrade over pro-
longed usage. The degradation of these composites
arises mainly due to seawater diffusion, UV irradia-
tion from sun light and microorganisms in seawater.
However, when the ship is stationary for a long pe-
riod in the port, the degradation due to microorgan-
ism would be minimum. Introduction of UV absorb-
ing material to the resin matrix is expected to reduce
its degradation because of UV irradiation. A concern
in using the materials with UV absorbers is the influ-
ence of these UV absorbers on the seawater diffusion
behavior of the resins and composites. Studies on the
nature of seawater transport at the molecular level in
polyester resins and laminates with UV absorbers are
scanty and such a study would give an idea about
their actual usage in marine applications and hence
the present study.

In the present study, we have incorporated a transi-
tion d-block metal oxide, namely titanium dioxide
(TiO2), a UV absorbing material to unsaturated polyes-
ter resin (UPR). In case of glasses, TiO2 is known to be
a network-former and/or network-modifier.5 It is of
interest to find how the TiO2 modifies the structure of
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UPR and its glass reinforced composites at the molecu-
lar level, and how this modification in turn would
affect the seawater diffusion in them. Diffusion in poly-
mer resins heavily depends on free volume.6,7 So, the
free volume fraction becomes a measure of the ability
of the medium to sorb seawater. Free volume cavities
provide the express pathway for diffusion. Thus the
efficient means of understanding the diffusion process
in polymers is by studying their free volume fraction
and how it controls diffusion of different species. The
free volumes or the open spaces are the regions pres-
ent in the amorphous domains of the polymer system.
The existence of free volume holes in polymers was
proposed to explain the molecular motion and physi-
cal behavior of glassy and liquid states.6 One of the
most versatile experimental methods by which one
can measure this nanometer sized free volume cavities
and their content in a polymer at present is positron
lifetime spectroscopy (PLS). The topology of the poly-
mer, which influences the kinetics of seawater trans-
port, can be quantified via the PLS in terms of size and
volume fraction of the free volume. Topology here
means the spatial or geometrical characteristics of con-
nect crosslink structure. Different topologies can lead
to more open structure that would be more amenable
to the transport of small molecules such as seawater.

In the present study, we have used this novel
technique to unravel, how the nano voids influence
the seawater diffusion in the composites.8 It should
be noted here that the use of this novel technique to
understand the properties of composite materials is
very scanty.9,10 Furthermore, the long-range coop-
erative molecular motions dominate mechanical
properties both in the viscous and solid state and
can be characterized by dynamic mechanical analysis
(DMA).11 Since the molecular motions result to
change in free volume, which in turn is related to
diffusion as well as changes in dynamic and other
mechanical properties.12,13 Therefore, we have car-
ried out DMA, positron measurements, and sorption
of seawater to look for a correlation, if any among
these parameters. Thus, in the present study we
have been motivated to understand seawater diffu-
sion process in UPR and its glass fiber reinforced
composite upon TiO2 addition and probe the molec-
ular origins of changes in mechanical properties.
Seawater sorption is carried out by conventional
gravimetric method. In the present investigation,
seawater sorption was examined in three composite
laminates as described under materials section.

MATERIALS

Sample preparation

The isophthalic UPR and the curing agents used in
the present study were obtained from M/s Bakelite

Hylam, Hyderabad, India. The UPR was reinforced
with E-glass plain woven fabric supplied by M/s.
Unnati, India. The fabric had an average filament
diameter of about 12 mm and an aerial weight of
0.360 kg/m2. These glass fibers, as supplied, were
coated with an emulsion based sizing agent to pro-
mote good chemical adhesion to the resin matrix.
The UPR is a highly crosslinked thermosetting poly-
mer and can be easily cured at room temperature.
Pure and TiO2 filled UPR sheets were prepared as
follows: titanium dioxide (TiO2), obtained from Ker-
ala Mines and Minerals, India was used as the filler.
Exactly, 5 wt % of TiO2 was added to UPR and
mechanically mixed in a glass beaker for approxi-
mately 10 min. The mixture was placed in a vacuum
chamber at 28 Torr for 5 min to remove trapped air
bubbles generated during the mechanical mixing
process. The resin was accelerated with 1.25 wt %
cobalt octate and catalyzed with 1.25 wt % methyl
ethyl ketone peroxide (MEKP) solution and mixed
thoroughly. The mixture was then deaerated again
for a short time to remove the air bubbles, if any.
The second deaeration process needs to be very quick
as polymerization commences almost instantane-
ously once the catalyst is added. The final mixture
was poured into a rectangular mold coated with a
mold release agent. To prevent the particle settle-
ment at the bottom, the mold was rotated at 2 rpm
for at least 4 h until the mixture was rigid enough
so that the particles could no longer migrate. The
resin mixture was allowed to cure at room tempera-
ture with suitable pressure for 48 h. After this, the
specimen was post cured in an air-circulating oven
for 3 h at 100 8C.

The pure and TiO2 filled UPR were used to pre-
pare glass fiber reinforced laminates using the wet
hand lay-up process. The woven glass fabric was
chopped into 7 � 10 in. pieces. Resin was applied to
the bottom of the mold by a roller followed by the
first layer of the chopped woven fabric. To obtain a
homogeneous laminate free from bubbles, sufficient
resin was always placed in the mold and rolling
would displace the entrapped air from the laminate.
Twelve such layers of resin and chopped woven fab-
ric were successively applied using the same tech-
nique. Finally the mold was closed and sufficient
pressure was applied and kept at room temperature
for 48 h for curing. Postcuring was performed in a
similar manner as explained earlier for the nonglass
reinforced sheets. The cured sample was taken out
from the oven and demolded after the oven attains
room temperature. The so fabricated sheets and lam-
inates of �4 mm thickness were kept at room tem-
perature for few weeks before being cut to various
shapes for mechanical and other characterizations.
The resin content of the glass reinforced laminates
was determined by resin burning off to be 39% 6 1%
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by weight. The sample so prepared are labeled as (1)
neat UPR, (2) UPR filled with 5% TiO2 (UPR-T), (3)
60% glass fiber reinforced UPR laminate (UPR-G),
and (4) 60% glass fiber reinforced UPR filled with
5% TiO2 laminate (UPR-GT).

EXPERIMENTAL TECHNIQUES

Brief description of PLS

The basis of PLS involves the injection of positrons
from a radioactive source into the material under
study. Positrons thermalize very rapidly through in-
teractions with the surrounding molecules and these
thermalized positrons annihilate with electrons of the
medium. A positron can annihilate from different
states in a medium. In molecular media like polymers,
it can form a bound state called Positronium (Ps). The
Ps exists in two states, depending on the relative
spin of the positron and the electron. The para-Positro-
nium (p-Ps) with spins antiparallel has a lifetime of
125 ps and it annihilates with the emission of two g
photons. The ortho-Positronium (o-Ps), with parallel
spins has a longer lifetime and annihilates in free
space into three g photons with a lifetime of 140 ns. In
polymers, o-Ps annihilates predominantly via a fast
channel, called pick-off annihilation (positron of o-Ps
annihilates with an outside electron from the medium
having opposite spin) by two g photon emission and
its lifetime gets reduced to a few nanoseconds. The
o-Ps pick-off lifetime therefore is a measurable param-
eter, which depends on the overlap of the Ps wave
function with the wave function of the electrons of the
medium. The o-Ps gets localized in free volume cav-
ities like positrons localize in defects before annihila-
tion. So, its lifetime is a measure of the free volume
cavity size and in terms of probability of the o-Ps in-
tensity. Is a measure of relative number of these cav-
ities. Larger the cavity size, smaller is the overlap of
the wave functions, and longer is the o-Ps lifetime.14

The formation of o-Ps and its yield in polymers is
determined by the positron lifetime measurement,
attributing the long-lived component to the o-Ps
decay, which provides information on the free volume
holes in the polymer matrix.7

Positron lifetime measurements

Positron lifetime measurements were carried out
using a fast–fast coincidence system with conically
shaped BaF2 scintillators coupled to photomultiplier
tubes type XP2020/Q with quartz window as detec-
tors. 22Na positron source of 17 mCi was used in the
present experiment. Two identical samples of 1.5 mm
� 1.5 mm � 2 mm were cut from the demolded lami-
nate and placed on either side of the positron source
(standard sandwich geometry was employed). This

sandwich was placed between the two detectors of
the positron lifetime spectrometer for lifetime mea-
surements. For each sample, two to three positron life-
time spectra with more than one million counts under
each spectrum were recorded. Source contribution
and resolution functions were estimated from the life-
time of well-annealed aluminum using the program
RESOLUTION.15 A time resolution of 220 ps was
obtained using three Gaussian resolution functions,
which gave better convergence of the spectrum. More
details on the instrumentation and spectrum analysis
can be found elsewhere.15 The lifetime spectrum so
acquired was analyzed into two and three compo-
nents using PATFIT-88 computer program.16 Though
three-component analysis gave convergence to mod-
erately acceptable level, the intensity of the third life-
time component was around 1% in all these samples.
This is very small compared to surface annihilation
contribution and hence neglected. Hence only two-
component analysis results, which gave better w2 val-
ues and standard deviations than three-component
analysis, are reported here. All measurements were
performed at room temperature.

Seawater sorption measurements

For sorption measurements natural seawater (col-
lected from Bay of Bengal) with salinity content of
about 4.6% was used in the present study. Sorption
of seawater was carried out at room temperature by
soaking the samples in seawater for different inter-
vals of time. After each sorption time, the samples
were withdrawn from seawater, blotted with a blot-
ting paper for removal of surplus seawater on the
surface and weighed using a Mettler digital balance
to an accuracy of 100 mg to monitor the mass change
in them. An important point to be noted here is
that both the faces of the composite specimens were
exposed to seawater. In the actual service condi-
tions, however, the seawater diffusion is only from
one side. Moreover, these specimens do not have a
gel coat on them like the composites used in actual
seawater applications. Therefore the present results
could be taken as to represent an unusually severe
condition.

DMA measurements

Dynamic mechanical measurements were carried out
using a Dynamic mechanical analyzer of TA instru-
ments (model no. 2980). Dimensions of a typical sam-
ple were 65 mm � 12 mm � 4 mm (length � width
� thickness) and the measurements were carried out
under tensile test mode at a frequency of 1 Hz from
room temperature to 1708C with a heating rate of
58C/min.
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DSC measurements

The DSC scans were taken from a differential scan-
ning calorimeter of TA instruments (model no. 2920)
using � 5 mg of the sample with a heating rate of
58C/min and a nitrogen purge gas at a flow rate of
40 mL/min.

RESULTS AND DISCUSSION

DSC results

The DSC scans are not shown but results derived from
these namely the glass transition temperature (Tg) are
tabulated in Table I. The middle of the transition was
taken as Tg. From the table, we see that the Tg of neat
UPR is 748C and is in close agreement with literature
data.17 This Tg gets shifted to 718C in UPR-T, revealing
the plasticizing action of TiO2. However, glass fiber
reinforced UPR shows that Tg increases to 958C, sug-
gesting the effectiveness of the glass fiber as a rein-
forcing agent which means that the UPR and glass
fiber interfacial interaction is higher in this case. On
the other hand, when TiO2 is added to glass fiber rein-
forced UPR, this brings down the Tg value to 868C,
which further reiterates the plasticizing effect of TiO2.

DMA results

The DMA results can be explained in terms of three
parameters, storage modulus (SM, E0), loss modulus
(LM, E@) and the damping peak (tan d). The SM E0 is
the elastic response of the material whereas the LM
(E@) is the viscous response of the material. The
damping peak (tan d) is simply the ratio of LM (E@)
to SM (E0) and is a measure of flexibility of the mate-
rial. The tan d peak occurs in the region of glass
transition, where the material changes from the rigid
phase to more flexible rubbery state and is associ-
ated with the movement of small groups and chains
of molecules within the polymer structure, all of
which are frozen in below Tg.

To understand the nature of the samples under
study at room temperature, their storage and LM
values are tabulated in Table I. The E0 value of the
neat UPR gets lowered after TiO2 addition (sample
UPR-T). This lowering of modulus value may be
due to the dilution of the polymer. After glass rein-

forcement (UPR-G), the E0 value becomes higher
compared to neat UPR.

The glass transition temperature Tg can be also be
determined with significant levels of sensitivity
through DMA by monitoring the changes in the LM
maximum or tan d as a function of temperature. It is
noted that the Tg indicated by the use of the maximum
value of E@ peak is lower than tan d peak. This is
because E@ maximum occurs in the middle of the tran-
sition whereas tan d peak occurs at the end of the tran-
sition region. However, there is an argument with
regard to the consideration of Tg from DMA results
whether to consider E0 peak values or tan d peak val-
ues, particularly in polymer composites.18,19 The
authors in reference R1 argue that LM peak value
indicates more precisely the temperature at which the
stiffness suffers significant deterioration and need to
be considered as the true Tg value. In our case, LM
peak temperature values are in close in agreement
with the DSC results and hence they are considered.
However, the tan d peak temperature is found to be
lower for UPR-G as compared to neat UPR.

The magnitude of tan d peak is indicative of the
nature of the polymer system. Improvement in inter-
facial bonding in composites occurs if the lowering
of tan d value is observed.12 The higher the damping
at the interfaces, poorer is the interfacial adhesion.
From Table I, we see that the tan d peak value gets
reduced in UPR-T and UPR-G as compared to UPR.
The reason for this reduction is the incorporation of
fillers and fibers which reduce the tan d peak height
by restricting the movement of polymer molecules.
In UPR-G, lowering of tan d value is mainly due to
the reinforcing action of fiber and shear stress con-
centrations at the fiber ends. However, there is a
slight increase in its value in case of UPR-GT as
compared to UPR-G. The formation of Ti��O��Si
type bonds in UPR-GT system seems to deteriorate
the interfacial adhesion between the glass fiber and
the UPR matrix as well as the reinforcing action of
glass fiber. This aspect is further strengthened by the
decrease in Tg value for UPR-GT as compared to
UPR-G (Table I).

A correlation is observed from the values of SM
and LM and the Tg values of these samples. Upon
TiO2 addition to UPR (sample UPR-T), the SM
decreases by 1.69 times while LM decreases only by

TABLE I
Results of DMA and DSC Measurements

Sample E0 (MPa) E@ (MPa)
LM

(peak temp in 8C)
tan d

(peak temp in 8C)
tan d peak
ht (cm)

DSC
(Tg 8C)

UPR 2143 100 73 125 0.4789 74
UPR-T 1661 96.8 69 118 0.3254 71
UPR-G 10321 289 96 110 0.1763 95
UPR-GT 27642 2021 85 100 0.1891 86
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1.03 times as compared to neat UPR. This suggests
that there is an overall improvement in the flexibility
of the system, which shall result in a decrease of the
Tg. From Table I, it becomes clear that UPR-T has a
lower Tg as compared to neat UPR. Upon glass rein-
forcement (sample UPR-G), the SM increases by 4.82
times while LM increases by 2.9 times as compared
to their respective values for neat UPR. This indi-
cates an overall improvement in the rigidity of the
matrix with the incorporation of glass fibers into the
UPR matrix. Thus on account of the reinforcing
action of glass fibers in UPR, the stiffness of the ma-
trix has increased. This effect is very well reflected
by the increase in Tg value. The results of SM and
LM are quite interesting when both glass fibers and
TiO2 are present in the composite. In comparison
with UPR-G, there is an increase in both the modu-
lus values (SM value by 2.7 times and LM value by
3.5 times) in UPR-GT. Since the loss factors are more
sensitive to molecular motions, large increase in LM
as compared to SM points to decreased constraints
mainly in the amorphous domains of the system.
The TiO2 has a tendency to form chemical bond of
the type Ti��O��Si on contact with silanol group.20

If such a bond is formed in the present sample, the
existing microstructure of the matrix certainly gets
altered resulting to the observed change in modulus
values. Thus we can conclude that there is an overall
increase in flexibility in UPR-GT as compared to
UPR-G, which is well supported by decrease in Tg

values and increase in tan d peak values (Table I).
Since TiO2 is a good UV absorber and the above-

mentioned data predict the formation of Ti��O��Si
bonds, we therefore suppose that the structure stabili-
zation against UV absorption is satisfactorily evident.

Positron lifetime results

The attribution of two lifetime components to various
states of positron annihilation in the four samples of
present study is as follows: the first lifetime t1 (around
280 ps) with its intensity I1 is attributed to the contri-
bution of p-Ps self annihilation and free positron anni-
hilation. The second lifetime t2 (varies from 810 ps to
1005 ps) with intensity I2 is attributed to o-Ps pick-off
lifetime. Thermoset polymers, because of their highly
crosslinked structure, are expected to contain small
size free volume cavities.21,22 as compared to thermo-
plastics like polycarbonate,23 polyethyleneterephtha-
late,23 polytetrafluoroethylene,24 etc. The curing of
UPR involves free-radical chain growth crosslinking
and hence is expected to be highly crosslinked owing
to its covalently bonded structure.25 The o-Ps lifetime
t2 is a measure of the average size of the free volume
holes and I2 represent the relative number density of
these holes, which are mainly in the amorphous
domains of the UPR matrix.7

The o-Ps lifetime t2 is related to the free volume
hole size by a simple relation given by Nakanishi
et al.,26 which was developed based on the theoreti-
cal models of Tao27 and Eldrup et al.28 In this model,
Ps is assumed to be localized in a spherical potential
well having an infinite potential barrier of radius R0.
Also o-Ps is assumed to annihilate in a homogeneous
electron layer of thickness DR (where DR ¼ R�R0, R
being the radius of the free volume) inside the well
and the relation is

t2�1 ¼ 2½1� ðR=R0Þ þ ð1=2pÞ sinð2pR=R0Þ�ns�1 (1)

The parameter DR has been determined by fitting
the experimental values of o-Ps lifetime obtained for
molecular materials of known hole size like zeolites,
and its value thus determined is 0.166 nm. This rela-
tion is used to calculate the average free volume
radii of the four samples under study. Assuming
these free volume cavities to be spherical, their aver-
age free volume size is evaluated as

Vf ¼ ð4=3ÞpR3 (2)

The summary of positron lifetime measurements and
free volume data obtained from these measure-
ments is provided in Table II. In polymer compo-
sites, which contain at least two different materials,
the annihilation characteristics will be different. For
samples having TiO2 as filler, to account for the frac-
tion of positrons, which annihilate in TiO2, we have
tried three positron lifetime component analysis with
t2 ¼ 329 ps corresponding to positron lifetime in
TiO2 (from a separate positron lifetime measurement
on pure TiO2, we obtained t2 ¼ 329 ps with I2
¼ 59.4%) but the analysis yielded no convergence.
Hence, we are of the opinion that 5% of TiO2, added
into the present systems contributes very little to
positron lifetimes. This is because, once the TiO2 is
added to the UPR, this becomes a dispersed phase
in the resin matrix. In such cases, what positron
mostly encounters is the UPR matrix and not the
dispersed TiO2 particles.

It is evident from Table II, the free volume cavity
size increases upon TiO2 addition to UPR. However,
the number density remains almost constant. This
increased free volume is consistent with the in-
creased flexibility of UPR-T given by DMA results.

TABLE II
Summary of Positron Lifetime Measurements

Sample t2 (ps) I2 (%) R (Å) Vf (Å)3

UPR 925 6 10 5.82 6 0.24 1.53 6 0.002 15.03 6 0.28
UPR-T 1005 6 11 5.69 6 0.18 1.67 6 0.002 19.47 6 0.37
UPR-G 946 6 09 12.1 6 0.24 1.57 6 0.002 16.15 6 0.26
URP-GT 810 6 08 14.4 6 0.34 1.31 6 0.001 9.38 6 0.16
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The increased free volume size suggests that TiO2

particles seem to act as spacers between UPR chains
which results to increased free volume. Fillers are
known to induce disruption in polymer chain pack-
ing.29 Since the number of free volume sites remains
almost constant upon TiO2 addition to UPR, seems
to suggest the formation of some interconnected free
volume sites. Such a formation of interconnected
microvoids has been proposed earlier in UPR/poly-
vinyl acetate system with CaCO3 used as filler.30

In case of glass fiber reinforced composite, fraction
of positrons can also form o-Ps and annihilate at the
interface of the resin–glass fiber and thus can con-
tribute to t2 and I2. To account for the fraction of
positrons which annihilate in the glass fibers, posi-
tron lifetime measurements were also performed on
the glass fibers alone, which yielded t2 ¼ 765 ps and
I2 ¼ 24.7%. The E-glass fiber contains 55% SiO2 as
the main component with the reminder being oxides
of other metals such as Al, Mg, and Ca, etc.31 Gener-
ally, a composite is considered to have a matrix ma-
terial (resin) surrounding it is the reinforced fiber, in
which the two phases put together would produce
characteristics not attainable by either constituent
acting alone. When resin matrix is impregnated with
these fibers, as like in TiO2 powder, a layer of resin
covers these fibers and hence the ultimate fate of
positrons is that they annihilate in the resin matrix
rather than with electrons from the glass fiber. Fur-
ther, had there been a contribution from the glass
fibers, the presence of the oxides would have re-
duced o-Ps lifetime since oxygen is a good quencher
of o-Ps. On the contrary, the t2 value remains almost
the same, suggesting that pure fiber contribution to
final results would be negligible. However, the I2
value shoots up to 12.1%, indicating that free volume
cavities/interfaces upon glass reinforcement mainly
from the interfaces have increased. In case of UPR-
GT, since TiO2 is a network former and/or modifier5

as discussed earlier, it can form chemical bond of
the type Ti��O��Si with the Silica of glass, thereby
the oxide moieties of the glass fibers have a chance
to get exposed even after resin treatment. Thus,
owing to the quenching action (decrease of lifetime)
of oxygen, the o-Ps lifetime decreases to 810 ps. The
formation of such bonds might have resulted in
increased o-Ps trapping centers, may be due to
increased interfaces. As a result the I2 value in-
creases further. Thus, we can say in this complex
matrix, positrons seem to preferably localize and an-
nihilate in the free volume cavities of the resin and
at the interfaces.

Seawater diffusion results

The sorption data is plotted and shown in Figures
1–4 for the four samples of study. From these mois-

ture-uptake profiles, the diffusion coefficients can be
easily calculated making use of the Fickian diffusion
equation32

Qt ¼ Mt

M1

8>: 9>;
¼ 1� 8

p2
X1
n¼0

1

ð2nþ 1Þ2 exp
�ð2nþ 1Þ2p2Dt

L2

( )
(3)

where Mt is the moisture uptake at time t; M?, the
equilibrium moisture uptake; L, the sample thick-
ness; and D is the diffusion coefficient. This solution
of Fick’s second law holds true for the conditions
of an infinite plane sheet maintained at a constant
concentration. The ratio (Mt/M?) in eq. (3) is the
quantity experimentally measured which can be
expressed as

Qt ¼ ðWt �WdÞ=ðW1 �WdÞ (4)

where Wd is the weight of the dry sample; Wt, the
weight of the sample that has been soaked in sea-
water for a time t; and W? is the weight of the sam-
ple in the final stages of sorption. The ratio Qt is
evaluated according to the above equation with the
measured values of Wt, Wd, and W?. A widely used
approximation is the rule that at short time (up to
Mt/M? ¼ 0.5), the amount of substance diffused is
proportional to square root of the time of sorption,
which is also known as the square-root-of-time-law
or Stefan’s approximation32,33 and is given by

Qt ¼ 4½Dt=pL2�1=2 (5)

This approximation is derived under the assumption
that the diffusion coefficient (D) is a constant. The
diffusion coefficients can also be calculated from the
late-time approximation of eq. (3) taking n ¼ 0
which results in

Qt ¼ 1� ½ð8=p2Þ exp½�Dp2t=L2� (6)

A plot of Qt versus square root of sorption time (t1/2)
is generally called the sorption curve, and D is calcu-
lated from the initial linear portion of this curve.

Figure 1 presents the sorption curve for UPR. The
curve is linear during the early stages of sorption
and reaches equilibrium at longer times, i.e., the ratio
Qt varies linearly with t1/2 up to a value of Qt ¼ 0.8
and levels off at the final stages of sorption, which is
characteristic of Fickian diffusion.33,34

Fickian diffusion is characterized by the rate of
diffusion being much less than that of the polymer
segmental relaxation, due to mechanical, structural
and other such modes of penetrant–polymer system
interaction. Non-Fickian type diffusion is that for
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which the diffusion occurs faster than the segmental
relaxation process and is hence termed relaxation-
controlled diffusion.

Figures 2–4 demonstrate the respective sorption
curves for UPR-T, UPR-G, and UPR-GT. At short
times, the mass uptake Qt increases linearly with t1/2

indicating the Fickian behavior, but at longer times,
the maximum uptake exhibits a protracted non-Fick-
ian asymptotic approach towards equilibrium. So,
there is a second stage of uptake showing an upward
curvature, which is not a linear function of t1/2.

Such anomalous kinetics of diffusion (two stage)
coupling Fickian diffusion and polymer structural re-
laxation are often described using Berens and Hopfen-
berg model,35 otherwise called dual mode sorption
model. According to this model, the rapid Fickian dif-
fusion process dominates the sorption at the initial
stages of a penetrant-free polymer sample, while in-
cremental sorption shows larger relative contributions
from slow relaxation processes. The relaxation proc-
esses appear to be related to slow redistribution of
available free volume through relatively large scale
segmental motions in the relaxing polymer. Analysis
of experimental sorption data through this model,
yields kinetic and equilibrium parameters describing
the individual contributions from the diffusion and
relaxation process.35 This model has been shown to
provide a meaningful analysis of several non-Fickian
‘anomalies’, including a very slow approach to appa-
rent equilibrium.35,36 From the description of Fickian
and non-Fickian (anomalous) sorption processes and
a careful examination of the weight uptake plots in
Figures 1–4, seawater sorption in UPR is pure classical
Fickian diffusion whereas, for UPR-T, UPR-G, and
UPR-GT, the sorption curves indicate anomalous dif-
fusion (with continuing uptake rather than a plateau
at longer immersion times), because of supplementary
mechanisms, may be from interfaces which become

dominant. Hence, we have used the dual mode sorp-
tion model to analyze the two-stage sorption kinetics
in UPR-T, UPR-G, and UPR-GT. The analytical repre-
sentation of this model, which explicitly separates
contributions related to Fickian diffusion from those
related to first order relaxation, is given by

Qt ¼ ð1� arÞ

1� 8

p2
X1
n¼0

1

ð2nþ 1Þ2 exp
�ð2nþ 1Þ2p2Dt

L2

( )" #

þ 1� ar exp
�t

tr

8>: 9>;� �
ð7Þ

where (1�ar) and ar are the fractions of mass uptakes
in the overall sorption contributed by Fickian diffu-
sion and relaxation respectively, and tr is the first-
order time constant associated with the long time drift
in mass uptake. The long time drift in sorption
kinetics is usually ascribed to mass uptake controlled
by the viscoelastic relaxation of the polymer chains to
accommodate penetrant.36 This model represents dif-
fusion and relaxation as parallel processes and the
faster process controls the initial mass uptake. On the
basis of the linearity of initial mass uptake with t1/2 in
Figures 3 and 4, Fickian diffusion seems to control the
initial mass uptake in all the cases. Since rate of sorp-
tion in the initial stage is controlled by Fickian diffu-
sion, this initial portion may be used to estimate the
diffusion coefficient even when the total sorption does
not follow the Fickian model.37 Hence the Fickian dif-
fusion coefficients for UPR-T, UPR-G, and UPR-GT,
are estimated from the slope of the linear regions of
their sorption curves in Figures 1–4 and the best fitted
values of D are tabulated in Table III.

Figure 1 Variation of Qt and Qt/(1�ar) as a function of
square root of sorption time t1/2 for UPR.

Figure 2 Variation of Qt and Qt/(1�ar) as a function of
square root of sorption time t1/2 for UPR-T. (l) represent
the experimental points; (—) is a fit to part I of eq. (7); and
(– – –) is a fit to part II of eq. (7).
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To separate the pure Fickian contribution in the
sorption curves, the experimental data were fitted to
the model for diffusion in a uniform plane sheet30

Qt

ð1� arÞ ¼ 1� 8

p2
X1
n¼0

1

ð2nþ 1Þ2 exp
�ð2nþ 1Þ2p2Dt

L2

( )

(8)

which is nothing but the first part of eq. (7).The solid
curves in Figures 1–4 represent this fit and corre-
sponds to pure Fickian contribution to seawater sorp-
tion in these samples.

In the spirit of the model embodied in eq. (7),
relaxation controlled mass uptake is described as a
single exponential,

lnð1�QtÞ ¼ ln ar � ðt=trÞ (9)

To separate relaxation contribution to the seawater
sorption kinetics, graphs of ln (1�Qt) versus sorption
time t are drawn for the samples UPR, UPR-T, and
UPR-GT. Then the time constant tr, characterizing the
non-Fickian drifts in mass uptake towards equilib-
rium after the initial diffusion controlled regime, for
each case is found from the inverse of slope of these
graphs. Further, the intercepts of these plots yield
the respective ar values. The parameter values so
obtained are recorded in Table III. The dashed curves
in Figures 2–4 represent the fit to the experimental
data with these calculated values of tr and ar.

Now, it becomes evident from diffusion and relaxa-
tion separated curves, sorption remains Fickian upto
43, 47, and 41% for UPR-T, UPR-G, and UPR-GT res-
pectively. The incorporation of glass and TiO2 changes
the mode of diffusion to non-Fickian type. Though

there is not much change in percentage Fickian contri-
bution, it can be observed that as small as 5% of TiO2

addition appears to change the Fickian diffusion to a
greater extent than 60% of glass fiber in UPR. The dif-
fusion of seawater in UPR-G in the present case is
125 cm2/s, which is very much less compared to
228 cm2/s reported in literature.3 Although the curing
agents used in the present study and Ref. 3 were the
same, the proportion is little different which seems to
be crucial from the point of view of crosslinking. Fur-
ther, in our case, post curing was done at 1008C,
whereas in Ref. 3, the authors carried out post curing
at 708C. Higher the curing temperature, higher is the
crosslink and this increased crosslink is the cause of
reduced diffusion rate.

From the combined PLS, DMA, and sorption re-
sults, TiO2 addition in UPR seems to have created
some interconnecting free volume cavities because of
which the size of cavities have increased. As such the
rate of diffusion has increased from 79 to 152.8 cm2/s
in case of UPR-T. Once the preexisting free volume
cavities get filled, the Fickian diffusion has changed to
non-Fickian type, where the diffusion at interfaces
becomes significant. This implies that TiO2 sits at the
interfacial region of chain segments thus enhancing
the free volume size and probably interfaces. These
effects are reflected in the increased free volume size
(t2) in case of UPR-T. DSC results clearly indicate the
plasticizing action of TiO2 through reduction in its Tg

(sample UPR-T vis-à-vis UPR), which also contributes
to the increasing permeation rate. The process of
relaxation involves tension between the swollen and
un-swollen parts of the polymer because the latter
resists further swelling. The presence of TiO2 seems
to hinder the segmental motion of the chains and

Figure 4 Variation of Qt and Qt/(1�ar) as a function of
square root of sorption time t1/2 for UPR-GT. (l) represent
the experimental points; (—) is a fit to part I of eq. (7); and
(– – –) is a fit to part II of eq. (7).

Figure 3 Variation of Qt and Qt/(1�ar) as a function of
square root of sorption time t1/2 for UPR-G. (l) represent
the experimental points; (—) is a fit to part I of eq. (7); and
(– – –) is a fit to part II of eq. (7).
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restricts the chain segments to reach their equilibrium
position. This is reflected from the measured larger
structural relaxation time constant tr of 2257.8 h and
decreased tan d peak height in UPR-T as compared to
neat UPR.

The incorporation of glass fiber as reinforcement
reduces the segmental motion and hence the tan d
peak height falls almost 1/3 to its original value.
However, in case of UPR-G, although there is not
much change in the free volume cavity size, the rate
of diffusion enhances compared to neat resin. This is
probably due to creation of the additional free vol-
ume sites (I2 increases), which are formed upon glass
reinforcement in UPR. In case of UPR-GT the free
volume cell size decreases but there is an increase in
the number of free volume sites and hence the rate
of seawater diffusion increases. This can be seen as
the plasticizing action of TiO2 as we noticed in the
case of UPR-T. The possible formation of Ti��O��Si
type bonds in UPR-GT system seems to increase the
tension between the swollen outer part and the rigid
core. Hence tr is higher in UPR-GT when compared
to UPR-G. The relaxation contribution to diffusion
(ar ¼ 0.59) in UPR-GT is greater than in UPR-G
(ar ¼ 0.53). Similar effect is also reflected in the
observed high value of E0 in UPR-GT (Table I).

To illustrate the effect of fibers and interfaces on the
seawater uptake in glass reinforced polyester, the
uptake data were normalized on the basis that no fiber
was present and this is presented in Figures 5 and 6 as
attributed uptake for the matrix in glass fiber rein-
forced laminate. As can be seen from these, in both
UPR-G and UPR-GT, the uptake occurs marginally
faster for the glass reinforced laminates (UPR-G and
UPR-GT) than for the neat resins (UPR and UPR-T).
The fast uptake for the glass reinforced laminates than
neat resins is reflected in a fast attributed uptake for
the matrix in glass reinforced laminates. This higher
attributed uptake for matrix in UPR-G and UPR-GT
can be interpreted as the dominance of free volume
over interface effects. From positron results it is clear
that, upon glass reinforcement (sample UPR-G), the
free volume number density (I2) increases by 6.3% as
compared to pure UPR. Similarly, in case of UPR-GT,
I2 increases by 8.7% compared to UPR-T. This high
porosity, in case of glass reinforced samples is due to
the interlaminar spacing, which is responsible for

enhanced water uptake. Such a kind of dominance of
free volume over interface effects in enhancing uptake
has been reported for carbon/epoxies.36 Absorption
enhancement due to void content has been described
by Thomason38 for a range of glass–epoxy composites
exposed to 100% humidity. Direct linear proportional-
ity was reported between void level and both the rate
of uptake and the peak uptake. Void content was
reported to be more significant than interfaces in
enhancing absorption.36 This could also be the reason
for high rate of seawater uptake of 2.2% in case of
UPR-G compared to 1.25% in UPR and 5.7% in case of
UPR-GT when compared to 1.0% in UPR-T.

Possible fiber related mechanisms include transport
along the interfaces or continuing diffusion through
the matrix with accumulation at the boundaries of the
fibers. Ashbee and Wyatt.39 proposed osmosis at the
interface by alkali metal oxides leaching from E-glass
in the presence of moisture to form concentrated salt
solutions. They opined that concentration gradient
would drive further diffusion of water towards the
interface. Further it was illustrated, etching on the sur-
face of fibers and differentiated three glass fiber types
on the basis of correlations between alkali content and
fiber debonding considered to result from osmotic
pressure. Debonding from this process would further

TABLE III
Summary of Seawater Sorption Measurements

Sample Sorption type
% of

Fickian
% of max
wt gain

D � 1010

(cm2/s) tR (h) aR 1�aR

UPR Fickian 100 1.25 79.0 0.0 0.0 1.00
UPR-T Non-Fickian 43 1.00 152.8 2257.8 0.57 0.43
UPR-G Non-Fickian 47 2.20 125.0 1505.0 0.53 0.47
URP-GT Non-Fickian 41 5.7 167.0 1859.3 0.59 0.41

Figure 5 Weight uptake (%) of UPR and UPR-G with the
attributed uptake for the matrix in UPR-G based on the
resin proportion.
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assist water transport along interfaces. Such osmoti-
cally enhanced uptake would be manifest later rather
than earlier in the uptake history, consistent with the
second stage uptake in both UPR-G and UPR-GT,
which is dominated by relaxation controlled diffusion,
in the present study.

Hence, it is very clear from sorption results, the ini-
tial mass uptake in glass reinforced samples, is through
free volume in matrix and interlaminar spaces, which
is indicated by Fickian behavior. On the other hand
the second stage uptake is non-Fickian diffusion
dominated by contribution from interfaces.

CONCLUSIONS

From the seawater diffusion study in UPR and its
glass reinforced composites, we see that the sorp-
tion mechanism for pure UPR follows typical Fick-
ian diffusion. The incorporation of glass and TiO2

changes the mode of diffusion to non-Fickian type.
The Fickian and relaxation contribution to diffusion
have been analyzed using the dual mode sorption
model. Though there is not much change in per-
centage Fickian contribution, TiO2 addition appears
to change the Fickian diffusion to a larger extent
than glass fiber in UPR. The UV absorber TiO2 acts
as spacer and seems to have created some intercon-
necting free volume cavities increasing the rate of
diffusion in UPR-T as compared to pure UPR. Glass
reinforcement also results in increased diffusion rate
through increase in free volume density due to
interlaminar spacing. Once the preexisting free vol-
ume cavities get filled, the Fickian diffusion changes
to non-Fickian type, where the diffusion at interfa-
ces becomes significant. The sorption results corre-

late very well with the positron, DMA and DSC
results.

Though TiO2 leads to structure stabilization against
UV irradiation through Ti��O��Si bond formation,
it also increases the seawater diffusion in the UPR
composites. Therefore this research is still open to
find out the behavior of TiO2 in other composites
might lead to a better way of using TiO2 as UV
absorber in marine applications.
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