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Abstract: Water-swellable elastomers (WSE) constitute a 
class of rubbery materials that have been widely studied 
both in academia and industry during the last 25  years. 
Market pull is the major driver for the exploration of these 
materials. The need of WSE in several sealing applications 
has driven the attention of many academic researchers 
toward the possibility to provide a rubber with water-
swelling characteristics. As commercial rubbers are 
hydrophobic materials, making them swell in water pre-
sents an interesting and difficult challenge. This paper 
reviews the scientific and patent literature on the funda-
mental aspects of WSE: the various synthetic approaches, 
the properties of the corresponding polymers (not only 
the swelling performance but also the mechanical behav-
ior), and some of their applications. Particular attention is 
paid to the chemical structure/performance relationships 
of WSE. Finally, the authors speculate on a great future for 
WSE that can be rationally designed for improved and/or 
new applications.

Keywords: grafting; polymer blend; rubber; sealing appli-
cations; water-swellable elastomer.

Abbreviations and acronyms

AA  acrylic acid
AIBN  azobisisobutyronitrile
BA  butyl acrylate
BIIR  brominated butyl rubber
BR  polybutadiene
CIIR  chlorinated butyl rubber
CM  chlorinated polyethylene
CR  chloroprene rubber
CSM  chlorosulfonated polyethylene
DCP  dicumyl peroxide
ECO  epichlorohydrin rubber
EGMA  ethyleneglycol dimethacrylate
EPDM  ethylene-propylene-diene terpolymer
EPM  ethylene-propylene copolymer
EVM  ethylene-vinyl acetate
HEMA  2-hydroxyethylemethacrylate
IIR  butyl rubber = isobutylene-isoprene 

copolymer
LiPAA  lithium salt of polyacrylic acid
MA  maleic anhydride
MMA  methyl methacrylate
NaPA  sodium polyacrylate
NaPAA  sodium salt of polyacrylic acid
NBR  nitrile rubber = acrylonitrile-butadiene 

copolymer
NIR  acrylonitrile-isoprene copolymer
NR  natural rubber
PAA  polyacrylic acid
PAAAM  copolymer of polyacrylic acid and poly-

acrylamide
PAM  polyacrylamide
PBA  poly(butyl acrylate)
PE  polyethylene
PEG  polyethylene glycol
PEVAcMA  ethylene-vinyl acetate-methacrylate ter-

polymer
PHEMA  poly(2-hydroxyethyl methacrylate)
PIMa  isobutylene-maleic anhydride copoly-

mer
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PMVEMa  methyl vinyl ether-maleic anhydride 
copolymer

PP  polypropylene
PS  polystyrene
PSEMAAAAM  copolymer of poly(2-sulfoethyl meth-

acrylate), acrylic acid and acrylamide
PU  polyurethane
PVa  polyvinyl alcohol
PVaAA  vinyl alcohol-acrylic acid copolymer
PVAcMA  vinyl acetate-methyl acrylate copolymer
PVC  polyvinyl chloride
PVP   polyvinylpyrolidone
QM  silicon rubber
SA  hydrated silicic acid
SAN  styrene-acrylonitrile copolymer
SAP  super-adsorbent polymer
SB  styrene-butadiene block copolymer
SBR  styrene-butadiene copolymer
SBS  styrene-butadiene-styrene triblock 

copolymer
SEBS  hydrogenated SBS
SIS  styrene-isoprene-styrene triblock copoly-

mer
SR  swelling ratio
WSE  water-swellable elastomer
XPAA  cross-linked polyacrylic acid
XPAM  cross-linked polyacrylamide

1   Introduction
Rubbers, both natural and synthetic, represent a well-
known class of hydrophobic polymers. One of the classi-
cal applications of rubbery materials is in the fabrication 
of water-repellent products such as fabrics and coat-
ings. However, there are some applications for which a 
moisture-sensitive rubber is desired, for example in the 
fabrication of prophylactic devices. Moreover, rubbers 
that absorb water and swell at the same time, i.e. water-
swellable elastomers (WSE), are useful in oil field appli-
cations as well as mining and civil engineering, mainly 
as a sealant (Habberstad and Aanstad 1989). WSE find 
applications for caulking; sealing of gaps in construc-
tion works; in sewer joints; against slurry walls; in 
sheet piling especially with irregular wellbore shapes 
such as poor hole geometry and corroded casing; to 
prevent water leakage from pipe or block connections; 
preservation of airtightness in machinery and appara-
tus; isolation of open and cased holes; in underground 
installations such as culverts, subways, and sub-sea 

tunnels; impounding reservoirs and metros; retaining 
dams (Dehbari and Tang 2015) and as release-control-
ling agents (Faust et al. 1989). For example, for sealing 
applications, the property of water swelling is crucial 
(Figure 1) (Fujii et al. 1981).

Sealants are widely used in the civil engineering and 
construction industries. Usually, sealants should display 
water tightness, durability, and water resistance. When 
a conventional sealant is used in, for example, a panel 
water tank where the gap is to be filled with the sealant, 
it may deform depending on the conditions and working 
environment. Indeed, if the gap is deformed, a conven-
tional sealant (e.g. butyl rubber), which acts on the basis 
of adhesive forces only, will deform accordingly but will 
also exert a force on the surface to eliminate the deforma-
tion. As a result, the sealing capability will deteriorate. On 
the other hand, a WSE will swell in water, exerting a posi-
tive pressure on the surfaces (Fujii et al. 1981).

Due to this strong technological push and the market 
pull, several approaches have been developed for the syn-
thesis of WSE. These will be discussed thoroughly in the 
next section together with the swelling behavior of the 
corresponding products. In the next paragraph, a brief 
overview of the WSE mechanical properties is presented, 
while in the last one, a short summary of the most popular 
applications is presented.

2   Preparation of WSE

2.1   Overview

The general approach for the synthesis of WSE is based 
on the following very simple idea from a morphological 
point of view: the creation of a material in which polar 
domains that are able to attract water, in contrast to the 

Time

Water swellable elastomer as sealant

Force

Figure 1: Schematic illustration of a WSE as sealant.
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hydrophobic rubber matrix, are dispersed into the rubber 
itself (Figure 2).

The introduction of polar domains into a hydro-
phobic apolar matrix has been achieved by two main 
methodologies:
1. (Polymer) blending: the rubber and the hydrophilic 

component (also a polymeric material in most cases) 
are blended together in different kinds of equipment 
(static mixer, roll mills, and extruders) and in differ-
ent conditions (mainly at different temperatures);

2. Grafting: in this case, the hydrophilic chains are chem-
ically grafted onto the rubber, according to different 
efficiencies, chains usually in the melt and/or in solu-
tion. A method involving the use of graft copolymers 
(i.e. compatibilizers) will also be discussed under the 
name of “grafting strategy.”

Simple mixing of the two components represents the 
straightforward strategy for producing WSE. Depending 
on the thermal properties of the rubber and the hydro-
philic component as well as on the desired dispersion 
degree, different kinds of equipment and experimental 
conditions have been used. The grafting strategy involves 
either the use of grafting polymerization procedures or 
direct grafting reactions of preformed hydrophilic chains 
onto the rubber. In both cases, after this preparative step, 
the addition of fillers and vulcanization agents, followed 
by the vulcanization step, is needed in order to obtain the 
desired material. Several kinds of rubbers and hydrophilic 
components have been used in the preparation of WSE 
(Table 1).

It must be stressed that, in general, the choice of 
the rubber is made based on the application conditions, 
service temperature, and mechanical properties. Of 
course, one has to take into account the change in the 
mechanical properties after the blending/grafting and 
upon swelling. These aspects will be thoroughly discussed 

in Section 4. From a strict chemical point of view, the 
choice of the hydrophilic and rubber components, as well 
as of the strategy (blending or grafting), is much more 
relevant. Finally, swelling of WSE is usually measured in 
weight or volume according to Eq. (1) for the swelling ratio 
in % after a given immersion time in water (SR), where Wt 
is the weight of the sample at time t and W0 is the initial 
weight in the dry state.

 

0

0

SR (%) 100tW W
W
−

= ×
 

(1)

2.2   Blending strategy

2.2.1   General considerations

Blends of rubbers with hydrophilic components have been 
used for much longer than WSE. Such compounds have 
been successfully applied in the adhesive (Counsell and 
Whitehouse 1977, Chen 2002, Lipman 2003, Vaabengaard 
and Ciok 2003) and automotive (Iwasa 1986) industries, 
for biomedical products (Huducek et al. 1980, Podell et al. 
1986), as ion exchange resins (Bodamer 1954a,b), in emul-
sions (Darlow et al. 1967), and as water transport compo-
nents in several other products (Holst et al. 1980). The aim 
in all these cases was not to induce swelling performances 
but, for example, to generate moisture sensitivity. On the 
other hand, the choice of the hydrophilic component for 
WSE is crucial from the point of view of the water-swelling 
properties. Indeed, several kinds (Watanabe 1987) have 
been proposed beyond those reported in Table 1: vinyl 
acetate-methyl acrylate copolymers, clays (Okita et  al. 
1984a,b), and (modified) starch/cellulose (Takeda and 
Okuda 1982, Ji et al. 2011, Song et al. 2011).

It is generally possible to distinguish the hydrophilic 
components according to their polarity. This can be 

Rubber matrix Hydrophilic
domain

H
2
O

Figure 2: Schematic representation of the morphology of the WSE upon water absorption.
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estimated according to their solubility parameter (δ) in 
(cal/cm3)0.5, which is defined according to Eq. (2), where 
ΔEvap is the vaporization energy per unit volume and V is 
the molar volume.

 

0.5vapE
V

∆
δ

 
=   

 
(2)

For polymers, the determination of the solubility 
parameter is always indirect, for example via group con-
tribution theories (Coleman et al. 1991). The δ of water is 
23.5 (cal/cm3)0.5 and that of typical rubbers ranges from 

7.5 (cal/cm3)0.5 for very apolar rubbers, such as ethylene-
propylene-diene terpolymer (EPDM), to a maximum of 
around 10 (cal/cm3)0.5 for polar rubbers, such as acryloni-
trile-isoprene copolymer (NIR) or ethylene-vinyl acetate 
(EVM). For this reason, rubbers are always considered 
hydrophobic. Meanwhile, δ values of typical hydrophilic 
components, such as polyacrylic acid (PAA), polyacryla-
mide (PAM), and polyvinyl alcohol (PVa) range from 15 to 
20 (cal/cm3)0.5. The solubility parameter of the hydrophilic 
component should therefore preferably be as high as pos-
sible to increase the water attraction uptake. In order to 
have optimum properties, blend components should be 

Table 1: Overview of rubbers and hydrophilic components that have been used in the preparation of WSE together with the strategy used 
(B for blending, G for grafting).

Rubber Hydrophilic component Strategy Reference

EPDM PEVAcMA B Okita et al. (1984a,b)
EPM, SBR PEVAcMA, XPAA B Shinoda (1988)
EPDM PAA B Kato et al. (1994)
SBR PS-g-PAM B Kitagawa and Aoshim (1986)
NR PIMa B Kikuchi and Minami (1995)
NR PU B Faust et al. (1989)
BR, EPDM, IIR SA B Fujii et al. (1981)
CM PIMa B Harima et al. (1982, 1983)
BR, EPDM, SBR, CM PIMa, SA B Eiichi (1990, 1994)
BR Bentonite B Harriet (1985a,b, 1988a,b)
BR SA, bentonite B Ishido and Tanaka (1982)
SBR, CSM, NR, QM, PU XPAA B Shinichi et al. (1991)
NBR (+CM + PVC) PIMa, PVaAA B Shozo et al. (1988)
CM, SBR, NBR, EPDM, NR, CSM PAA, SAN, PEG, PVAcMA B Morio et al. (1984, 1986)
NR, NBR, SBR, EPM, BIIR PHEMAMMA B Vondráček et al. (1990, 1995)
SB, CM, BR, SIS PAA, PIMa B Yoshioka and Harima (1983), Kimura et al. (1985)
QM, SB PIMa, PAA, PMVEMa B Yoshioka et al. (1983)
BR, BR/EPDM, SBR PIMa, SA B Eiichi (1990)
CM PSEMAAAAM B Michiyoshi and Kazuhiro (1987)
QM PHEMA, PVP G Šulc and Krčová (1998), Šulc et al. (1987)
SIS, SBS, SEBS SA B Toshikazu et al. (1982)
NR PAA B Shoji et al. (1997)
IIR + BR, SBR, NR, EPM, BR SA, bentonite B Yamaji and Kobayashi (1985)
EPM, SBR PVaAA B Yamamoto et al. (1991)
PEGBRPEG PAA G Iwasa (1988)
IR PHEMA G Milkovich and Chiang (1975)
CSM PAA G Ren et al. (2004a,b)
ECO XPAA B Zhang et al. (1999, 2001, 2004a,b)
NR PAA B Wang et al. (2002)
CM PAAAM B Zhang et al. (2004a,b)
NR PAA G Park and Kim (2001), Amnuaypanich and Kongchana (2009)
CR XPAA B Wang et al. (1998)
NBR NaPA B Jiang et al. (2013)
NBR Collagen B Natchimuthu et al. (1994)
NR, EPDM, CIIR XPAM B Hron et al. (1997)
EPDM PAA B Sun et al. (2002)
CR PEG G Xie et al. (1996), Li et al. (1997)
EVM PAA G Du et al. (2003)
NR ST G Riyajan et al. (2012)
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compatible. This can be achieved by matching the δ of 
the blend components. However, this is not possible in 
the case of rubber compounds with hydrophilic additives. 
Therefore, special preparation procedures have to be fol-
lowed to yield WSE with both good water swelling and 
mechanical performance (Coleman et al. 1991).

2.2.2   Non-ionic hydrophilic components

Taking into account these simple concepts, it is easy to 
understand why the first attempts in the synthesis of WSE 
have been focused on the use of hydrophilic components 
with low values of the solubility parameter. Examples in 
this respect are ethylene-vinyl acetate-methacrylate ter-
polymer (PEVAcMA) (Okita et al. 1984a,b, Shinoda 1988), 
styrene-acrylonitrile copolymer (SAN) (Kato et  al. 1994), 
and simple poly(meth)acrylates (Vondráček et  al. 1990, 
1995, Jiang et al. 2013). However, the resulting WSE usually 
displayed very poor swelling ability, commonly not suffi-
cient for sealing applications. Therefore, several methods 
have been proposed to simply modify these basic hydro-
philic components in order to achieve better swelling 
properties and maintain good miscibility with the rubber.

For example, insertion of polyethylene glycol (PEG) 
chain as the alcoholic part of a (meth)acrylic ester 
(Figure 3) allowed obtaining very good interaction sites for 
the adsorbed water (Shioji and Okamura 1996, Shioji et al. 
1997a,b) while still achieving good miscibility. The result-
ing products were used successfully in sealing applications.

Vondráček et  al. prepared an acrylate-based copoly-
mer by radical copolymerization of methyl methacrylate 
(MMA) and 2-hydroxyethylemethacrylate (HEMA) 
(Figure  4) initiated by azobisisobutyronitrile (AIBN). 
Ethyleneglycol dimethacrylate (EGMA) was used in this 
case as cross-linker (Vondráček et al. 1995). The resulting 
copolymer was then mixed with different kinds of rubbers 
according to the recipe reported in Table 2 (ethylene-pro-
pylene copolymer [EPM] and brominated butyl rubber 
[BIIR] were mixed also with 1 phr dicumyl peroxide [DCP]). 
The SR is strongly dependent on the kind of rubber used 
(Figure 5).

No obvious correlation could be found by the 
authors between the swelling performance and the 

relative dispersion of the copolymer in the different kinds 
of rubbers. Such difference in dispersion is predictable 
on the basis of the different solubility parameters for the 
used rubbers.

2.2.3   Ionic hydrophilic components

A breakthrough in the synthesis of WSE has occurred with 
the use of super-adsorbent polymers (SAPs) (Kawaguchi 
et al. 1985, Fukushima and Ito 1990, Otsuka 1991). These 
are normally (cross-linked) polyelectrolytes: i.e. polymers 
containing electrical charges along the backbone, able 
to absorb large quantities of water up to several hundred 
times their initial weight and therefore used as such in 
many different applications (Shaw and Hopkins 1962, 
Pence 1970, Eilers and Parks 1971, Lanning and Gall 1972, 
Hessert 1974, Wolgemuth 1974, Keys et al. 1998, Lionetto 
et  al. 2003). The presence of charges on the hydrophilic 
component represents an undiscussed advantage in terms 
of swelling performance (Freger 2002). This factor usually 
overcomes the major disadvantage: poor compatibility 
with the rubber. Indeed, a classical and neutral hydro-
philic component, starch-g-acrylic acid (Weaver et  al. 
1976) was compared with an anionic SAP (sodium salt of 
PAA [NaPAA]) in WSE based on styrene-butadiene copoly-
mer (SBR) (Figure 6).

Evidently, SAP is able to induce much higher swelling 
than other copolymers can, with the difference increas-
ing dramatically after 12 h of swelling. The most popular 
examples of SAP are again based on (meth)acrylic copoly-
mers (Campan et al. 2002, Haraguchi et al. 2002). The syn-
thesis of SAP based on acrylic derivatives has also been 
reported (Figure 7). R in this figure can be H or CH3, R′ is 
(CH2)n with n = 2–4, R″ = H or CH3, and X = H or alkaline 
metal (Li, Na, K, etc.).

Neutralization can also take place in situ (with the use 
of X-OH). The resulting WSE shows SR values in weight up 
to 120%. A SAP was synthesized (Figure 8) from an isobu-
tylene-maleic anhydride copolymer (PIMa) (Sasayama 
1980) and mixed with chloroprene rubber (CR) (for sim-
plicity, only one to four units of CR are shown in Figure 8) 
to obtain the final WSE.

In this case, swelling was measured not only on a film 
of WSE but also on a composite structure (Figure  9), in 
which a layer of WSE is embedded between two normal 
rubber layers (also CR in this case). Results for swelling 
(Table 3) clearly show that the composite structure limits 
the swelling in the direction perpendicular to the layers.

Moreover, the limiting effect exerted by the two outer 
rubber layers can easily be detected. Such an effect is 

Figure 3: Schematic representation of PEG-modified methacrylate 
monomer.
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actually dependent on the volume fractions between WSE 
(VA) and the rubber layers (VB). By changing the relative 
thickness of the three layers (system remaining symmet-
ric) and measuring the relative swelling in the length (y) 
direction (SRy), it is possible to observe a clear depend-
ence of SR on the volume ratio between the two compo-
nents (Figure 10).

On a logarithmic scale (unnoticed by the authors), 
the relationship is approximately linear. Of course, the 
composition of copolymeric SAP is an important para-
meter determining the swelling behavior. Michiyoshi 

Table 2: Formulation of WSE compound (Vondráček et al. 1995).

Ingredient Parts per 100 rubber

Rubber (EPM or BIIR) 100
Elemental sulphur 1
Zinc diethyldithiocarbamate 1
Thiourea 1
Zinc oxide 1
Stearic acid 2
PHEMA 50

EPMBIIRSBR

Rubber type

NBRNR
0

5

10

15

SR
 (

%
)

20

25

Figure 5: Effect of rubber type on swelling performance of  
different WSE with formulation according to Table 2 (Vondráček 
et al. 1995).
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Figure 6: Water-swelling kinetics based on an anionic and a neutral 
SAP (Morio et al. 1986).

Figure 4: Schematic representation of WSE synthesis by first polymerization of a cross-linked HEMA, MMA, and EGMA terpolymer and sub-
sequent mixing with rubber (Vondráček et al. 1995).



L.M. Polgar et al.: Water-swellable elastomers      51

and Kazuhiro (1987) prepared a SAP by copolymerizing 
acrylamide, 2-sulfoethyl methacrylate, and sodiummeth-
acrylate (Figure  11). SAP was then mixed with DCP on a 
roll mill to obtain the final WSE. The amount of 2-sulfoe-
thyl methacrylate/sodiummethacrylate is very important 
for swelling, while acrylamide taken for the stability of the 
resulting WSE. Samples are stable and also swell in water 
containing divalent cations [2.5% Ca(OH)2] with swelling 
retentions (swelling in salty water divided by swelling in 
pure water) in the range of 20–40%. Also, polyelectrolyte 
complexes can be used as SAPs to be mixed with rubbers 
(Figure 12).

It must be stressed for this case, but also more gen-
erally, that SAP can be added to the rubber not only on 
classical mixing equipment (rubber mills, static mixers, 
and extruders) but also to the emulsified rubber (Rhein-
Chemie 1964, Parker et al. 2004).

2.2.4   Swelling of SAP and WSE: a comparison

It is interesting is to notice how the swelling behavior of 
SAPs is translated into the one of the corresponding WSE. 
For example, SAP can be prepared by hydrolyzing PAM 
with NaOH (Figure 13). In this, x is the fraction of hydro-
lyzed groups and y = n − x. The degree of hydrolysis (DH) is 
defined by Eq. (3).

 
DH (%) 100

n
x= ×

 
(3)

The swelling of this SAP generally increases with DH, 
while decreasing with the cross-linking density (XLD). The 
influence of the XLD is easily explained on the basis of 
the Flory Rehner equation for swelling polymers [Eq. (4)], 
where Vr is the polymer volume fraction in the network, 
VS the partial molar volume of the solvent, and χ is the 
Flory-Huggins interaction parameter. It should be noted, 
however, that this equation is applicable only to deter-
mine the XLD of a homogeneous rubber being swollen in a 
good solvent. This means that the equation is not suitable 
for the determination of the XLD as a result of the swell-
ing of WSE in water because water is not a good solvent 
for the elastomer, as is evident from the large difference 
in δ of rubbers and water (resulting in an extremely low 
χ value for the interaction between water and any elas-
tomer) and WSE are heterogeneous (only the hydrophilic 
additive swells in water).

 

2

3

ln(1 )
XLD (mol/ml)

(0.5 )
r r r

S r r

V V V
V V V

χ− + + ⋅
=

⋅ −
 

(4)

The cross-link density of the rubber will still affect the 
swelling of the hydrophilic ingredient in water. Increasing 
the cross-link density of rubber will limit the swell of the 
hydrophilic component and, thus, of the WSE as a whole. 
The influence of the DH can be explained qualitatively by 
considering the change in polarity of the polymer. Polar-
ity increases with DH, making the polymer more misci-
ble with water, i.e. increasing the ability of the network 
to attract water. Theoretically, such influence might be 
explained by taking into account the change in the chemi-
cal potential of the polymer with increasing DH. The same 

Figure 7: Acrylic monomers used in the synthesis of SAP (Terauchi 
et al. 1994a,b).

Figure 8: Preparation of SAP based on PIMa by first neutralization and then cross-linking and finally mixing with rubber (Harima et al. 1982).
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kind of behavior is more or less observed when mixing the 
SAP with the rubber; i.e. the swelling behavior of WSE is 
greatly improved when using polar SAPs.

Moreover, XLD is also an important parameter gov-
erning the swelling behavior of SAP. Usually, an increase 
in the XLD results in improved swelling performances up 
to a critical value (typical for every SAP), after which SR 

starts decreasing probably due to the high rigidity of the 
network (Jabbari and Nozari 2000, Yan et  al. 2000, Wei 
et al. 2003, Tang et al. 2004a,b, Zhao et al. 2004). On the 
other hand, when SAP is compounded with the rubber, 
such influence becomes negligible. Yoshioka et al. (1983) 
have compared the swelling pressure (π) exerted by WSE 
based on CR (18% crystallinity) and SAP (NaPAA). The 
water-adsorbing capability of the SAP (expressed as SR by 
weight) is correlated (Figure 14) with π as measured after 
24 h of swelling. The experimental data appear to have a 
relatively fast increase followed by a gradual decline in π, 
which allows for the prediction of the pressure from the 
swelling properties of SAP and, in turn, the relative XLD. 
Nevertheless, the behavior at high SR, namely the decrease 
in π, is interesting as one should not expect worse swell-
ing performance in the presence of high water adsorption 
of the SAP. This clearly suggests that swelling behav-
ior for WSE cannot be predicted only on the basis of the 
SAP structure/performance but instead the synergy with 
the rubber must be taken into account. Furthermore, the 
influence of crystallinity of the elastomeric component is 
studied for a series of CR rubber. In this case, the swelling 
pressure after 24 h of swelling is also plotted against crys-
tallinity. At high crystallinity, when the material is more 
rigid (high crystallinity can be easily interpreted as high 
physical XLD), a decrease in pressure can be expected as 
a result. Similar behavior is also observed for other WSE 
in which the crystallinity was suppressed by randomly 
distributing the blocks of the polymer matrix (Trinca and 
Felisberti 2015). The behavior at low crystallinity remains 
unexplained.

The same authors also synthesized WSE based on 
CR and PIMa as was shown in Figure 8. The cross-linker 
can have different chemical structures. Those used in 
the study are reported in Figure  15. The main difference 
between the cross-linkers is the structure of the corre-
sponding networks with the molecular weight between 
cross-linking points increasing in the order as depicted in 
the figure. However, such a structural change has no effect 
on the swelling performance (Figure 16).

Independently of the structure, swelling reaches sat-
uration after approximately 30 days. On the other hand, 
when blending non-cross-linked NaPAA with CR, it was 
quite surprisingly found that the cross-linked SAP was 
actually able to induce improved swelling performance 
in the WSE than with the linear polymer (Yoshioka and 
Harima 1983). These observations clearly suggest that 
cross-linking of SAP is a crucial parameter in determining 
the swelling, even if no large differences are observed by 
changing the chemical structure, namely the molecular 
weight between cross-linking points.

x

WSE (B)

Rubber layers (A)

y

z

Figure 9: Typical WSE composite structure for swelling 
measurement.

Table 3: SR values for free swelling of WSE and for composites with 
WSE layer embedded between two rubber layers (Harima et al. 1982).

Direction SR (%)

Free swelling Composite material

Thickness (x) 287 213
Length (y) 296 72
Width (z) 281 70
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Figure 10: Swelling performance of SAP based on PIMa as a func-
tion of volume ratio of WSE and rubber layers in composite materials 
(Harima et al. 1982). 
Data are fitted with a linear correlation on a logarithmic scale 
(R2 = 0.97).
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SR for SAPs generally (Sohn and Kim 2003) increase 
by decreasing the average particle size due to the 
increased surface area available for mass transfer of the 
water. No such dependence for swelling of WSE has been 
reported up to now. SR is also dependent on the pH for 
SAP. This has been explained (Firestone and Siegel 1991, 
Batich et al. 1993) by taking into account the dissociation 
degree of the ionic groups. Although this factor will pre-
dictably affect also the swelling behavior of WSE, no data 
are reported in the literature.

SAPs are demonstrated (Lee and Hsu 1998, Okay et al. 
1998, Li et al. 2004) to swell less by increasing the ionic 
strength of the medium and by using multivalent salt in 
the water. This is explained by assuming a physical cross-
linking mechanism according to which SAP is strongly 
cross-linked in the presence of such multivalent cations 
(Lee and Tu 1999). Also for WSE, the swelling pressure 
decreases if the environment is constituted by salty water 
instead of pure water (Yoshioka et al. 1983).

2.2.5   Influence of SAP amount on swelling

SR is predictably dependent on composition (Fujii et  al. 
1981) and particularly on the amount of SAP present in the 

Figure 11: Synthesis of WSE by first polymerization of sodiummethacrylate, 2-sulfoethyl methacrylate, and acrylamide into SAP, followed by 
blending with rubber (Michiyoshi and Kazuhiro 1987).

Figure 12: Preparation of WSE by first mixing of elyelectrolyte complexes in water and then mixing with the rubber emulsion (Jackson 1958).

Figure 13: Preparation of NaPAA from PAA (Krul et al. 2000).
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system, which very often appears to be the crucial para-
meter determining the swelling behavior. This is recog-
nized by Yoshioka et al. (1983), who measured the osmotic 
or swelling pressure π as a function of SAP content for WSE 
based on CR and PIMa. Remarkably, on a logarithmic scale, 
the experimental data follow quite closely a linear trend 
(Figure 17), allowing an easy correlation between compo-
sition and swelling (i.e. between structure and property).

On a more general level, it can be said (Yamaji and 
Kobayashi 1985) that when the hydrophilic component 
is present in too low a concentration, then the swelling 
is low too. On the other hand, when the concentration is 
too high, the dispersion in the rubber and, as a result, the 
material strength are reduced, ultimately leading to a lev-
eling off or even a decrease in SR.

2.3   Grafting strategy

2.3.1   General considerations

The blending approach for the synthesis of WSE (see 
Table  1) is clearly the most popular. The availability of 
mixing equipment together with the few processing para-
meters requested to obtain the final product constitutes, 
in this respect, decisive advantages. However, simple 
mixtures of hydrophilic components and rubbers have 
as a major disadvantage that the hydrophilic component 
is not attached to the rubber and can easily be detached 
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Figure 14: Swelling pressure (π) of WSE based on CR and a NaPAA 
as SAP as a function of SR (%) of SAP content (A) and as a function of 
rubber crystallinity (B) (Yoshioka and Harima 1983). 
Lines are guides to the eye.

Figure 15: Chemical structures of various cross-linkers for PIMa SAPs with increasing molecular weight between the resulting cross-linking 
points in the polymer.
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Figure 16: Swelling kinetics of WSE based on CR and PIMa as a 
function of the structure of the cross-linker used (Yoshioka et al. 
1983). 
Lines are guides to the eye.
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and solubilized in water during swelling, i.e. leaches out 
(Shinichi et al. 1991). Several methods have been proposed 
to solve this problem: the use of compatibilizers (namely 
graft copolymers), graft polymerization with formation of 
SAP in situ, and reactive grafting (blending) between the 
SAP and the rubber.

2.3.2   Graft polymerization

Grafting polymerization, most often proceeding via a 
radical mechanism (Figure  18), is a well-known process 

both in the industrial and academic environment. It has 
been applied mainly to graft polar chains on hydrophobic 
polymers such as polyolefins (Ciardelli et al. 2000,  Picchioni 
et al. 2001a,b, 2003) or rubbers themselves (Yang and Hsiue 
1996, Passaglia et  al. 2000, Simonin et  al. 2000, El-Nesr 
2002, Devi et al. 2004, Shahidi et al. 2004). The general idea 
(Figure 19) in the case of WSE is to disperse a monomer into 
the rubber and then to initiate the polymerization with an 
initiator (Šulc and Krčová 1998) or by irradiation (Gaussens 
and Lemaire 1980, Yanfeng et al. 1994).

In this process, the rubber is first swollen in an appro-
priate solvent (i). It must be noted that the solvent can 
also be the monomer itself. The hydrophilic monomer 
(together with the initiator) then diffuses into the rubber 
(ii) and the in situ polymerization is successively carried 
out (iii). The final morphology displays uniform distribu-
tion of the hydrophilic polymer. Finer particles give overall 
better behavior in terms of swelling (Šulc and Krčová 1998) 
and also leaching (Mang et al. 2002), probably due to the 
increased interfacial area (Šulc and Krčová 1998).

Ren et  al. (2004a,b) grafted acrylic acid (AA) onto 
chlorinated polyethylene (CM) by using DCP as radical 
initiator (Figure 20). The pendant acid groups are neutral-
ized in situ by NaOH.

The authors do not characterize the resulting morphol-
ogy but instead try to correlate the performance in water 
with the composition during processing. In this way, they 
are able to conclude that SR decreases with increasing 
DCP content while it increases with the amount of NaPAA 
structural units. Moreover, SR reaches its maximum when 
the molar ratio AA/NaOH is one. These observations are 
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Figure 17: Swelling pressure (π) of a WSE based on CR and PIMa as 
a function of SAP (PIMa) content (Yoshioka et al. 1983). 
Data are fitted with a linear correlation on a log scale (R2 = 0.95).

Figure 18: Mechanism for radical polymerization of M monomers onto a polymeric backbone (R′ = H or alkyl).
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explained by assuming that the actual water attracting 
species are the neutralized AA units, which, upon disso-
ciation, trap water in the ionic cluster structure. When the 
permeation stress of water molecules becomes equal to the 
elastic stress induced by the 3D network, the system is at 
equilibrium and has reached its maximum swelling value. 
Moreover, it is observed that an increase in the salinity of 
the medium has a dramatic impact on the swelling perfor-
mance and a nearly exponential decrease in SR with salt 
concentration. The SR of this WSE also has a maximum 
as a function of temperature (Figure 21) at roughly 50°C, 
which is explained by assuming that, at that temperature, 
partial leaching (solubilization of not-grafted NaPAA) 
takes place.

The initial increase of SR with the temperature is 
simply explained by the improved diffusion of water mol-
ecules into the rubber matrix. The same kind of results 
can be observed for WSE prepared in the same manner as 
above, but containing the lithium salt of PAA (Ren et al. 
2004a,b), i.e. with the use of LiOH in place of NaOH as 
shown in Figure 20. The SR values as a function of time at 

different DCP contents (Figure 22) shows the usual leve-
ling-off behavior.

Both the swelling rate (the derivative of the curve 
above) and the equilibrium values of SR decrease with 
increasing DCP amount. This is a direct consequence of 
the chemical mechanism for grafting that was depicted 
in Figure 18 (Lee and Hsu 1998). At least three competing 
reactions are taking place during grafting: grafting itself, 
homopolymerization, and cross-linking. Control over the 
homopolymerization and particularly its suppression is 
usually achieved by a rational choice of the radical initiator 
(Roelands 1999). On the other hand, once a macro-radical 
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Figure 19: The general concept of graft polymerization of a hydrophilic monomer into hydrophobic rubber, resulting in a fine dispersion of 
phase separated domains of hydrophilic polymer in the rubber matrix (submicrometer range).

Figure 20: Grafting of AA onto CM (Ren et al. 2004a,b).
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Figure 21: SR of CM-g-NaPAA as a function of temperature (Ren 
et al. 2004a,b). 
The line is a guide to the eye.
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is formed, competition between grafting and cross-linking 
is unavoidable and strongly dependent on the chemical 
structure of the starting polymer. The last reaction is even 
more pronounced in the presence of double bonds, as is 
the case of many rubbers (for example EPDM and isobu-
tylene-isoprene copolymer [IIR]) and at high concentra-
tions of the radical initiator (Picchioni 1999). Therefore, 
the observed behavior (Ren et al. 2004a,b) of SR as a func-
tion of DCP amount can be easily explained by assuming 
that at high DCP contents, the density of the cross-linked 
network is increased, therefore resulting in higher rigidity 
of the final product. As predictable on the basis of what 
has been discussed for the blending strategy (Haman 
1997), SR increases with the amount of SAP (lithium salt 
of PAA [LiPAA] in this case). More interesting is the trend 
of SR as a function of the molar ratio between LiOH and 
AA on the same WSE, as shown in Figure 23.

At low LiOH/AA molar ratios, most of the acid groups 
are not neutralized. The observed trend clearly suggests 
that –COOLi groups (both in the dissociated and non-
dissociated form) are able to attract water much more 
strongly than the –COOH groups. On the other hand, at 
high molar ratios, although all the acid groups are neu-
tralized, there is excess of the LiOH salt. Dissociation of 
this salt significantly hinders the dissociation of –COOLi, 
thus reducing the value of SR.

2.3.3   Use of compatibilizers and nanofillers

Compatibilizers are macromolecular surfactants that 
locate themselves at the interface between two polymeric 

phases (Passaglia et al. 1997, Wahab et al. 2012, Raffa et al. 
2015). As a result, the interfacial tension is decreased and a 
better dispersion (finer morphology) of the polymer blend 
is achieved (Passaglia et al. 1998, Picchioni et al. 2005). 
Compatibilizers are most often graft copolymers in which 
the two blocks are miscible with each one of the two pol-
ymeric phases. The use of compatibilizers in WSE is not 
widely studied, although the basic idea to obtain a finer 
morphology and, therefore, better swelling and leaching 
properties is undoubtedly very attractive (Satoda et  al. 
1994). Zhang et  al. (2000) synthesized a compatibilizer 
by grafting the radical polymerization of butyl acrylate 
(BA) onto PVa, yielding PVa-g-poly(butyl acrylate) (PBA). 
The resulting copolymer was then included (Zhang et al. 
1999) in the formulations of WSE based on epichlorohy-
drin rubber (ECO), cross-linked and neutralized PAA, 
PVa-g-PBA, silica, and PEG. Morphological observation of 
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Figure 22: Water-swelling kinetics of CM-g-NaPAA at different DCP 
contents (Ren et al. 2004a,b). 
Lines are guides to the eye.
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the fracture surface of WSR before and after water swell-
ing indicated that PVa-g-PBA decreased the interfacial 
tension between the rubber and the water-absorbent resin 
(Zhang et al. 2004a,b). The presence of the compatibilizer 
resulted in better leaching and swelling performance. This 
effect is not comparable with that related to the amount of 
SAP. Indeed, SAP is the component that actually attracts 
water. An increase in PAA unsurprisingly leads to an 
improvement in the swelling performance. Unfortunately, 
leaching also increases with the PAA content. Additional 
parameters influence the product performance (Zhang 
et  al. 2001): PEG and silica (filler) content. Wide-angle 
X-ray diffraction analysis shows that PEG does not form 
aggregates inside the WSE. Moreover, the swelling rate 
dramatically increases with PEG content. Given this, the 
authors propose that the PEG chains form bridges between 
the hydrophilic domains, facilitating the overall water 
transport. However, leaching also increased with the PEG 
content, which is in contrast with what was reported for 
similar systems (Morio et  al. 1986). On the other hand, 
swelling performance was not improved by increasing the 
silica content, while leaching also increased dramatically. 
The authors explain these data by assuming a cross-link-
ing reaction between the silica and the rubber (Figure 24). 
A change in the silica concentration can consequently be 
related to a change in the XLD, although no direct proof of 
this assumption is given.

Zhang et al. (2004a,b) reported the synthesis of WSE 
prepared from CM, copolymer of polyacrylic acid and pol-
yacrylamide (PAAAM) as SAP, and CM-g-PEG as compati-
bilizer. The main results can be summarized as follows:

 – Effect of SAP: swelling increases as predicted, but 
also, the higher the SAP content, the higher the leach-
ing, clearly suggesting an optimum in SR as a function 
of SAP concentration.

 – Effect of T: below 30°C, SR increases with T, while 
above 30°C, the opposite is observed. No clear expla-
nation is given.

 – Effect of compatibilizer: it improves the swelling per-
formance by creating a better (finer) dispersion of 
the hydrophilic component; this effect is visible also 

for successive swelling steps (SR1, SR2, and SR3): 
the sample is allowed to swell until equilibrium, 
removed from water, dried, and allowed to swell again 
(Figure 25).

 – Effect of salt in the environment: SR generally 
decreases. Moreover, such a decrease is related more 
to the valency of the cation than to that of the anion 
(Table 4). No clear explanation for these data is given.

Another approach to improve the interaction between pol-
yolefins such as polyethylene (PE) and natural rubber (NR) 
with thermoplastic starch involves the use of maleated 
polyolefins such as PE-g-maleic anhydride (MA) (Huang 
et al. 2005), polypropylene (PP)-g-MA (Noor Azlina et al. 
2011), and EPM-g-MA (Wahab et al. 2012). These polymers 
combine the hydrophobic character of their backbone 
with their hydrophilic grafted MA groups to improve the 
miscibility of the blend as a whole.

Figure 24: Coupling of ECO to silica (Morio at al. 1986).
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Figure 25: SR as a function of successive swelling steps (1, 2, or 3) 
of WSE prepared from CM, PAAAM as SAP and CM-g-PEG as compati-
bilizer (Zhang et al. 2004a,b).

Table 4: SR of WSE based on CM with PAAAM as SAP and CM-g-PEG 
as compatibilizer as function of the type of electrolyte in an aqueous 
solution (Zhang et al. 2004a,b).

Electrolytesa SR (%)

None 231.7
None (tap water) 135.0
NaCl 69.8
KCl 67.1
NH4Cl 70.7
(NH4)2SO4 72.1
CaCl2 54.6
AlCl3 36.4

aTotal concentration of 0.09 mol/l.
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A different compatibilization approach has been used 
in the case of cross-linked polyacrylic acid (XPAA) modi-
fied CRs (Liu et al. 2006). The interfacial active agent in this 
case is a cross-linked PAA-co-PBA formed in situ by radical 
copolymerization of AA and BA in the XPAA matrix (pre-
swollen by the AA), giving an interpenetrating polymer 
network. The improved compatibility between the rubber 
phase and SAP was demonstrated by the generally better 
mechanical properties and water-swelling behavior of the 
compatibilized material compared to the non-compatibi-
lized one. Also, SEM pictures showed a better dispersion 
of the SAP into the rubber matrix.

In all these studies, a direct proof of the compatibi-
lizer effect on the morphology is not reported. As a conse-
quence, the effect on leaching and swelling performance 
has a rather practical character and does not allow any 
conclusion on the molecular structure. Moreover, if the 
graft copolymer can absorb water by itself (Wang et  al. 
2002), the analysis of the experimental data becomes too 
complicated even to isolate the simple effect of the com-
patibilizer from the other factors.

Yet, another approach that can be used to prevent the 
hydrophilic part from breaking off from the rubber matrix, 
and also to improve compatibility and swelling ability, is 
the introduction of nanofillers. Among these, the most 
used appear to be the already mentioned silica, clays 
(Sengupta et  al. 2007), electrospun nanofibers (Dehbari 
and Tang 2015), and polysaccharides (especially chitin 
nanocrystals) (Nair and Dufresne 2003, Liu et al., 2015), 
whose popularity comes from being bio-based and, thus, 
green and easily available. The use of nanofibers improves 
the water absorption, stability, and mechanical proper-
ties of WSE as demonstrated for PAA (Zhao et  al. 2015), 
PVa (Dehbari et al. 2017), and styrene-butadiene-styrene 
triblock copolymer (SBS) (Dehbari et al. 2017) nanofibers. 

The increased water swelling was attributed to the pres-
ence of spider web-like structures with enhanced specific 
surface areas. Meanwhile, the electrospun fibers act as 
internal water channels that bridge the isolated hydro-
philic domains.

2.3.4   Reactive blending

Reactive blending typically entails the blending of two 
polymers in the presence of reactive chemical groups in 
order to obtain a grafting (cross-linking) of the overall 
final product. The use of reactive blending for the syn-
thesis of WSE has been stimulated by the general idea of 
swelling improvement and leaching reduction (Masashi 
1993, Ikeda et  al. 1995, Hron et  al. 1997, Hisada and 
Kawakami 2000). The influence of diisocyanate coupling 
agent should be considered (Iwasa 1988) in order to graft 
SAP onto the rubber component (Figure 26).

The chemistry of isocyanate coupling, also used for 
the synthesis of other WSE (Kono and Senda 1991a,b, 
1992a,b,c), has the major advantage of being very fast 
from a kinetic point of view and extremely selective. 
The first important result is that the coupling reaction 
greatly improves the swelling performance (Figure  27) 
probably because of the reduced leaching. This remains 
valid even at high SAP concentrations (up to 200 phr), 
where the obtainment of higher cross-linking densities is 
expected and a consequent negative effect on swelling is 
predicted. Moreover, for coupled products, the amount of 
SAP remains the key factor governing the swelling perfor-
mance. More interesting is the fact that swelling reaches 
a plateau after 1 day. If one takes the value of SR at the 
plateau and plots it against the amount of SAP in the WSR, 
a nice correlation can be found.

Figure 26: Use of diisocyanate as cross-linking agent (Iwasa 1988).
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The data fit quite well with an exponential, allowing 
for the easy prediction of swelling performance as a func-
tion of composition. Depending on the structure of rubber 
and SAP, the use of a coupling agent is not always neces-
sary in order to achieve reactive blending. For example, 
in the case of CP/starch/XPAA WSE, the allyl groups of 
the rubber react directly with the hydroxyl groups of the 
starch (Figure  28), improving the compatibility of the 
two phases (Takeda and Okuda 1982). However, here, the 

starch is not the only water-absorbent component of the 
blend, since PAA is simultaneously grafted in situ by DCP-
initiated polymerization of sodium acrylate.

3   Modeling of swelling behavior
When considering the swelling kinetics, usually two steps 
are taken into account for the corresponding mechanism 
(Rosa et al. 2002): the diffusion of water molecules inside 
the polymer and the relaxation of the hydrated polymer 
chains with expansion (swelling) of the overall struc-
ture. The relative rates of these two phenomena deter-
mine the swelling mechanism. Accordingly, two models 
are proposed (Ren et  al. 2004a,b) to explain the kinet-
ics of water swelling, both based on similar theories for 
SAPs (Baker et  al. 1994, Ishidao et  al. 1995, Melekaslan 
and Okay 2000) and polymer films in general (Bucknall 
et  al. 1994, Knörgen et  al. 2000, McDonal et  al. 2001, 
Mura et al. 2001). The former takes simply into account 
the Fickian diffusion of water molecules toward the WSR. 
When water swelling is short enough, this results in Eq. 
(5) (Sammon et  al. 2000, Ren et  al. 2004a,b), where Wt 
and We are the mass of adsorbed water at time t and equi-
librium, respectively; D is the diffusion coefficient; and 
h is the thickness of the sample. If, on the other hand, 
the swelling is a non-Fickian process, the diffusion and 
relaxation rate of the polymer chains become compara-
ble. This results in another expression of Wt as a func-
tion of time [Eq. (6)] (Guerrica-Echevarría et al. 2003, Ren 
et al. 2004a,b), where kr is the relaxation rate constant. 
The two swelling mechanisms are usually distinguished 
by using Eq. (7) to fit the experimental data, where K is a 
characteristic constant of the system and m is the swell-
ing exponent.
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When m = 0.5, the swelling is a Fickian process. If, on 
the other hand, 0.5 < m < 1.0, then swelling is described 
by non-Fickian diffusion. In the present case (Ren et al. 
2004a,b), swelling data follow a Fickian model only at 
initial stages (Figure 29). From the equation above and the 
experimental data, it is possible to calculate the diffusion 
coefficient, which is then reliable only at the early stages 
of the diffusion process. The calculated values of D show 
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Figure 28: Reaction between CR and starch (Takeda and Okuda 1982).
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an increase with T, with NaPAA concentration and with 
decreasing DCP amount. In this sense, they agree with 
the SR values and with the molecular mechanism pro-
posed by the authors. A better, overall fit of the SR values 
is, however, obtained by using the relaxation model. kr 
values can be determined from these. Once again, like 
for the diffusion coefficient, kr increases with T, with 
NaPAA concentration, and with decreasing DCP amount. 
The interpretation of these results lies, according to the 
authors, in the effect of these variables on the dissipation 
of the water-swelling tension.

Du et al. (2003) used the Fickian model to calculate 
the diffusion coefficient of water as a function of the SAP 
(NaPAA) content in WSE. They obtained values in the 
range from 0.01 × 10−7 cm2/s at 10 phr NaPAA up to 1.4 × 10−7 
cm2/s at 50 phr NaPAA. These data nicely match the exper-
imental observations of swelling performance.

Although these first results point to a useful applica-
tion of the models to real products, it must be stressed that 
systematic studies in this respect are not reported in the 
literature. The extreme variety of chemical structures and 
processing methods makes the task of unique theoretical 
interpretation extremely difficult. Moreover, depending 
on the nature of the hydrophilic component, water might 
be present in the WSE according to different structures, 
for example as free or in the crystallite structure (Ren et al. 
2004a,b), in analogy with what is observed for pure SAPs 
(Chatakanonda et al. 2003). This has predictably an influ-
ence on the driving force for water absorption and, ulti-
mately, for swelling.

4   Mechanical properties

4.1   Structure of rubber

The mechanical properties of WSE in the dry state are 
clearly related to chemical composition and macromo-
lecular structure. For example, the mechanical properties 
of rubber modified with NaPAA (tensile and tear strength, 
hardness and modulus, and tension set) all increase 
monotonically with NaPAA content (Du et al. 2003); elon-
gation at break decreases. All of these effects are attributed 
to the presence of a physical cross-linked network (beyond 
the chemical one) due to the formation of ionic clusters 
as already observed for other kind of polymers (Picchioni 
1999, Picchioni et al. 2001a,b, Tiihonen et al. 2001).

Ideally, one would like to relate the swelling behav-
ior to the mechanical performance of the WSE before 
swelling in order to decide a priori which kind of rubber 
to use in WSE. However, this task is not easy, as testi-
fied by several reports. Hron et  al. prepared WSE based 
on NR, EPDM, and chlorobutyl rubber (CIIR) with cross-
linked poly(acryloamide) hydrogel as SAP (Hron et  al. 
1997). Swelling behavior (at equal content of SAP) shows 
quite clearly that, in terms of swelling rate, the rank of the 
rubbers is NR > EPDM > CIIR. However, if one looks at the 
mechanical properties of the three WSE in the dry state 
without SAP (i.e. the three virgin rubbers), this rank is 
not reflected in any of the initial properties (elongation 
at break, hardness, tensile strength, and resilience) in the 
dry state.

Vondráček et al. (1995) performed a very similar study 
on WSE prepared from rubbers prepared with a cross-
linked acrylic copolymer as SAP. Once more, they noticed 
(Table  5) that the correlation between the mechanical 
behavior and SR is not trivial. The tensile behavior does 
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broadly align with the polarity of the rubbers as the larger 
TS of NR can be explained by strain-induced crystalliza-
tion (not found in the other rubbers).

Yoshioka et al. (1983) prepared WSE composed of CR 
(or butyl rubber or styrene-butadiene [SB] block copoly-
mer) and a neutralized copolymer of isobutylene/MA. It 
is then possible to rank the initial rubber in terms of the 
corresponding swelling pressure: SB > CR > > IIR. Also in 
this case, a clear explanation could be found. However, 
for a more characterized system (styrene-isoprene-styrene 
triblock copolymer [SIS]), the same authors were able to 
study the influence of composition as a function of the 
polystyrene (PS) content (Figure 30).

The same kind of observation, namely the lack of 
correlation, has been made by other groups for differ-
ent kinds of WSE (Kitagawa and Aoshima 1985, Uwano 
et  al. 1999). Strangely enough, one of the few examples 

of deeper understanding of this correlation is given in the 
case in which a composite structure (Figure 9), instead of a 
much more simple WSE film, is used for swelling measure-
ment (Harima et al. 1982). In a series of experiments, the 
authors used the NaPAA as SAP and polyisoprene rubber 
(IR) with different amounts of carbon black as material 
for the A layers (Figure 31). As first effect, the modulus at 
300% elongation (M300) of the B layers increases with the 
carbon black amount in a linear way. This can be expected 
since the rigidity of the rubber increases with the amount 
of the rigid filler. On the other hand, swelling degree as 
measured on a sandwich composite decreases exponen-
tially with the CB amount. This clearly suggests that the 
improved rigidity of the rubber layers hinders the swelling.

Also, for other kinds of WSE (Rault et  al. 1996), the 
influence of the filler content is a crucial factor in deter-
mining the mechanical behavior. In any case, a systematic 
study of this correlation, not reported in the literature up 
to now, is probably needed in order to better correlate the 
structure with the performance.

4.2   Properties of the swollen WSE

The mechanical behavior of WSE significantly changes in 
the presence of water, in analogy to what happens for pure 
SAPs (Rault and Le Huy 1996, Rault et al. 1996). Explana-
tions for these changes are most often given in connection 
with the role of water as a plasticizer for the system (Amnu-
aypanich and Kongchana 2009). Another important effect 
that may affect the stability of the material properties over 
swelling time is leaching out of the hydrophilic compo-
nent. Obviously, for certain applications like sealing, this 

Table 5: Mechanical properties and swelling performance 
(Vondráček et al. 1995).

Rubber M100 (MPa)a TS (MPa)b EAB (%)c SR (%)

NRd 1.2 7.0 470 14
NBRd 1.5 1.8 280 17
SBRd 1.7 2.5 780 21
BIIRe 1.7 3.4 510 7.9
EPMe 1.7 3.5 970 6.3

aModulus measured at 100% elongation.
bTensile strength.
cElongation at break.
dDCP cured.
eSulphur vulcanized.
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deterioration must be somehow controlled in order to have 
good performance of the WSE (Shinoda 1988).

Ren et al. (2004a,b) compared the mechanical proper-
ties before and after swelling for series of WSE prepared by 
grafting LiPAA onto CM. The influence of DCP (the perox-
ide used in the grafting reaction) on tensile strength and 
elongation at break is reported in Figure 32.

The tensile strength in the dry state increases with 
DCP amount, most likely due to the side cross-linking 
reaction, which results in higher cross-linking densities at 
high initiator levels. On the other hand, tensile strength 
values for the swollen sample are worse than in the dry 
state and hardly depend on the DCP content. Elongation 
at break decreases in both cases with increasing the ini-
tiator level, probably because again of the increased XLD 
as well. In this case, water swelling also causes a slight 
increase in the elongation at break. The influence of the 
SAP intake (Figure 33) is the same as explained above for 
the DCP content.

This is understandable if one considers that SAP can 
act as a physical cross-linker for the rubber, thus increas-
ing the XLD at high SAP contents. Also in this case, the 
tensile strength is dramatically reduced, while the elon-
gation at break slightly increases upon swelling. For WSE 
containing a compatibilizer, deterioration of mechanical 
properties upon swelling is usually more evident, probably 
because the compatibilizer itself induces higher SR values 
(Zhang et al. 2004a,b). Zhang et al. (2004a,b) studied the 
mechanical behavior of WSE prepared from CM, SAP, and 
CM-g-PEG as compatibilizer. For this system, contrary to 
what is observed above, both tensile strength and elon-
gation at break (Figure  34) decrease with increasing the 

amount of SAP. Also, in clear contrast with the discussion 
above, tensile strength decreases and elongation at break 
increases upon swelling.
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4.3   Foaming of WSE

Quite recently, it was reported that foamed WSE display 
improved swelling performance with respect to the same 
non-foamed products (Yanfeng et  al. 1994). At the same 
time, Sun et  al. (2002) reported that foamed WSE also 
have an improved mechanical behavior. The authors pre-
pared WSE based on EPDM, cross-linked NaPAA (30 phr), 
and precipitated silica. The novelty in this case is the 
 comparison between foamed and not-foamed WSE. It is 
observed that foaming WSE not containing silica greatly 
improves the swelling performance in terms of equi-
librium SR. Moreover, in the presence of silica, tensile 
strength and elongation at break (Figure 35) in the swollen 
state might be significantly improved with respect to the 
un-foamed samples (bars at 0 phr foaming agent).

These data clearly suggest that foaming might be 
used as a kind of control tool to monitor the mechanical 
behavior of swollen samples. Although this might have 
important consequences on the practical level, no clear 
explanation is given for the observed trends.

5   WSE applications
Since the first patent on WSE, several kinds of applica-
tions have been found for these materials. The most 
popular use is undoubtedly as sealing or expandable 
materials (Neumann 1980, Terauchi et  al. 1984, Tsuchi-
moto et  al. 1985, Kitagawa and Aoshima 1986, Lanning 
1988, Sasayama and Ishihari 1988, Shimono 1989,  
Mitchell and Gimbert 1990, Fukushima et  al. 1993, 
Terauchi et al. 1994a,b, Thomson 2001, 2002, Chikaraishi 
2001), mostly in the automotive and construction (Fuku-
shima et al. 1987, 1991) industries and oil and gas drilling 
(Pervez et al. 2012) previously based on either pure rubber 
(Toshishiro and Sekiji 1979, Yamaji and Kobayashi 1985, 
Erman et  al 2001, von Fay et  al. 2003) or on hydrogels 
(Dolarhide and Mullen 1967, Wessler and Epler 1968). In 
this respect, the possibility of using WSE in sea water as 
well has represented a major advantage (Sakashita et al. 
1996, Shioji et al. 1997a,b, Ozawa et al. 2002, Tanaka et al. 
2003). In each of these cases, the exact determination of 
the mechanical behavior, as outlined in the preceding 
paragraph, is a key requirement in order to design a new 
product or to predict the lifetime of existing ones. Sealing 
applications include, for example, applications in the 
construction industry. In this case, the general concept 
(Sakamoto et al. 1990) when a WSE is placed between two 
concrete blocks is as follows (Figure  36): the complete 
system is immersed in water, swelling takes place, and 
pressure is generated between the surfaces of WSE and 
concrete. A water stopping effect is displayed at the begin-
ning (WSE adsorbs water and swells) but also after that 
due to the sealing property. As one can easily imagine, 
swelling pressure (or SR) and mechanical properties in 
the wet state represent the crucial parameters necessary 
to design a product for a specific applications.

Very practical problems in sealing may sometimes be 
represented by desired anisotropic swelling (i.e. swelling 
in one preferential direction) and/or delayed swelling (i.e. 
swelling must be blocked for a certain time and thereaf-
ter be very fast). The first problem has been successfully 
solved by compounding fibers into WSE (Yamamoto 1992), 
while the second one, by using a multilayered structure 
(Figure 37) (Shozo et al. 1988).
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In this case, a shielding film (i.e. a water degradable 
film) can be placed on the top of the WSE layer. The mac-
romolecular and chemical structures of the film, as well as 
thickness, allow full control of the degradation rate and 
ultimately of the delay time. Indeed, once the film is fully 
degraded, water molecules gain full access to the WSE 
surface, thus inducing the swelling.

Apart from sealing applications, the possibility for a 
controlled swelling in time has generated the idea of dis-
persing different low-molecular-weight molecules into a 
WSE and using the resulting product as controlled release 
device (Vondráček et  al. 1990, Volke 1996) or as storage 
material for biochemicals. In the latter case, the general 
idea is to mix materials such as proteins with a WSE 
(Figure 38). Water acts as a plasticizer, and therefore, once 
in contact with the WSE, water causes it to swell, allow-
ing the recovery of the biochemicals (protein in this case). 
This method of biochemical storage, as compared to the 
more classical ones such as freeze-drying, has the striking 

advantage of being independent from the sensitivity of the 
protein toward temperature.

6   Final remarks
The simple concept of WSE is quite far from our daily 
experience, which obviously teaches us that rubbers are 
not compatible nor miscible with water (with very positive 
consequences for the traffic on roads during rainy days…). 
However, such water-swelling behavior of elastomers can 
be easily achieved and it is very useful for sealing applica-
tions in water environments. The major challenge for the 
product designer (i.e. inducing swelling of a rubber seal in 
water without compromising too much on the mechani-
cal performance) is quite easily overcome by making use 
of the morphology of the final product in which a rubber 
matrix is enriched by a multitude of polar/water-attract-
ing hydrophilic domains. Such structures can be achieved 
in many ways (as reviewed in this paper), but they often 
rely on a very basic dichotomy. The high polarity of the 
hydrophilic domains entails note only higher swelling 
degrees of the final WSE but also low compatibility with 
the rubber matrix. Several different preparation methods 
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(e.g. grafting and blending) have to make allowances for 
a correct balance in order to provide the desired product 
performance. Furthermore, the wide variety of rubber and 
hydrophilic components studied clearly hint at tailor-
made preparation methods. A more uniform context can 
be determined when studying the models for the swell-
ing behavior as well as the mechanical properties of WSE. 
This naturally stimulated the development of new WSE 
based on a theoretical design.

Future developments in the area of WSE, based on 
the considerations above, will most likely lie in the field 
of new chemical structures. The general availability, on 
both the academic and industrial levels, of novel poly-
meric materials will probably constitute a strong techno-
logy push for the design and developments of novel WSE. 
The use of block copolymers and particularly polymeric 
surfactants, materials with an innate (in view of their 
structure) ability to solve the dichotomy between compat-
ibility with the matrix and water-attractive power, could 
represent a major boost in this respect. On the other hand, 
also more daring conceptual overlaps with relatively new 
concepts in polymer science (e.g. self-healing) might also 
represent a relevant stimulus. Although WSE display a 
history of more than 25 years, quite little is known (at least 
in the open literature) about preparation strategies and 
the relationship between the structure and field-related 
properties. This may hint at future development on the 
industrial level if supported by parallel advancement in 
scientific understanding.
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