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Maturation processes in glass-ionomer dental cements
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ABSTRACT
Glass-ionomer cements are used for a variety of tooth-repair functions in clinical dentistry. They
are formed by reaction of a basic glass powder with a solution of polymeric water-soluble acid,
usually polyacrylic acid. After the initial neutralization reaction, by which the cement hardens,
various maturation reactions occur. Changes induced by these maturation reactions are identi-
fied as: increase in strength; reduction in plasticity; improvement in opacity; and increase in pro-
portion of tightly bound water. In addition, in contact with the tooth, an ion-exchange
interfacial layer is gradually formed. This is mechanically strong and chemically-resistant. These
changes are described in the current paper, which reviews the extent to which they occur, and
reports what is know about the chemistry that underlies them. Processes involving slow diffu-
sion of various ions and of water through the set cement bring about these changes. They
include a secondary setting reaction to form a phosphate-based phase, binding of water to co-
ordination sites around metal cations and to a hydration sheath around the polymer molecules,
and possibly reaction of water with glass particle surfaces to form silanol groups. Evidence from
a wide range of literature sources is used to be build up a detailed picture of the chemistry of
the maturation processes, and gaps in our understanding are highlighted. The article concludes
that, given the importance of glass-ionomers in contemporary dentistry, it is important to know
the extent to which such maturation processes occur in current cement formulations, and also
to determine how rapidly they take place.
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Introduction

Glass-ionomer cements are acid-base materials that
are formed by the reaction of weak polymeric acids
with basic alumino-silicate glass powders [1–3].
Modern versions of these materials typically comprise
powders that contain some of the polymeric acid in
dried form, so that the acid solution is not too vis-
cous while allowing the freshly mixed cement to con-
tain the high amounts of acid necessary for the
achievement of rapid setting and high strength. This
type of formulation is characteristic of the so-called
“high-viscosity” glass-ionomers, a term typically
applied to materials with powder:liquid ratios of at
least 3.6 to 1.

The polymers employed in glass-ionomer cements
are either homopolymers of polyacrylic acid or the
copolymer of acrylic and maleic acid (monomer ratio
2:1) [3]. Other monomers have been suggested for
inclusion in polymers for cements [4], but none are
used in commercial materials. The alternative polymer
polyvinyl phosphonic acid is used in practical

glass-ionomer cements [5], but as a rate-modifier in a
blend with polyacrylic acid in a single commer-
cial brand.

Glass-ionomer cements are versatile materials,
whose uses in clinical dentistry include as full restora-
tive materials, notably in children, liners and bases,
fissure sealants and bonding agents for orthodontic
brackets [3]. They are the material of choice for the
Atraumatic Restorative Treatment (ART) technique
[6, 7], in which application they have shown high
durability and good clinical outcomes over several
years [8].

Changes on maturation

Glass-ionomer cements undergo a rapid initial hard-
ening reaction, but continue to undergo changes for
some time after this hardening is complete. These
later processes are known jointly as maturation, and
they are the subject of this review paper. In this

CONTACT John Nicholson john.nicholson@bluefieldcentre.co.uk Bluefield Centre for Biomaterials, 67-68 Hatton Garden, London EC1N 8JY, UK.
� 2018 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

ACTA BIOMATERIALIA ODONTOLOGICA SCANDINAVICA
https://doi.org/10.1080/23337931.2018.1497492

http://crossmark.crossref.org/dialog/?doi=10.1080/23337931.2018.1497492&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org./10.1080/23337931.2018.1497492
http://www.tandfonline.com


paper, the key changes are identified, and what is
known about their underlying chemistry is described.

The initial setting reaction is a neutralization
between the aqueous polymeric acid solution and the
glass powder [3]. This reaction forms calcium (or
strontium) polyacrylate immediately, with aluminium
polyacrylate forming slightly later [9]. The cement
includes a substantial amount of unreacted glass par-
ticles, which act as reinforcing filler in the polymeric
matrix. Setting takes place rapidly, typically in time
periods of 2–6minutes.

Once this initial setting is complete, several
changes take place over the following days or even
months. They include the following:

� Compressive strength typically increasing asymp-
totically to a stable value higher than the one
found at 24 hours;

� Toughness declining and the cement becoming
more brittle;

� Opacity declining and translucency increasing;
� The proportion of bound water increasing to a

limiting value;
� Ion exchange bonding to the tooth surface devel-

oping with time.

These processes are understood to different extents.
Also, in certain cases, much of the data comes from
very early studies on these materials, and it is not
always clear that modern glass-ionomers change to the
same extent, or take so long to reach final values. This
aspect is discussed in the later sections of this paper.

These changes are generally considered to be
advantageous from the point of view of the clinical
performance of glass-ionomers [1]. The increase in
strength is clearly desirable, as is the improvement in
opacity, with corresponding improvement in aesthet-
ics. The binding of water per se is not of any particu-
lar value, but the resulting reduction in susceptibility
to water loss clearly is, as it means the cement no
longer needs protection with varnish or petroleum
jelly. Once water-binding has occurred, cements will
no longer lose water forming micro-cracks and devel-
oping an unsightly chalky appearance.

There have been attempts to accelerate these mat-
uration processes, for example by the application of
heat from a dental cure lamp or ultrasound from an
ultrasonic device [10]. Both of these techniques have
been shown to improve the early strength of glass-
ionomer cements [10, 11]. However, no information
has been published on how these techniques affect
either opacity or water-binding.

Secondary setting reaction

That glass-ionomer cements consist of more than
simply ionically cross-linked polyacid molecules rein-
forced by unreacted glass particles was first proposed
more than 25 years ago [12]. This arose from the
finding that hard, insoluble cement materials could be
made by reacting ionomer glasses with ethanoic
(acetic) acid [12]. Later it was shown that similar
cement materials could be made using lactic acid
[13]. These materials were later called pseudo-
cements, a helpful term because it distinguishes them
from the clinically useful proper glass-ionomer
cements made with polymers [14].

The formation of pseudo-cements is important
because the relevant salts (e.g. calcium acetate) that
must form initially are all readily soluble in water.
Despite this, pseudo-cements that have been aged for
at least 6 hours, and preferably 24 hours, do not dis-
solve in water. From this observation, and the fact
that infrared spectroscopy was unable to detect any
differences between pseudo-cements that were 1 hour
old (and still soluble in water) and those that were
24 hours old, led to the suggestion that an inorganic
network had formed, derived from the ion-depleted
material left over from the reacted glass [12]. Such a
network would contain no species capable of absorb-
ing in the relevant region of the infrared spectrum,
and thus show no differences in the infrared region
as it formed.

The initial suggestion was that the additional net-
work was some sort of silicate species. However, sub-
sequent work on a range of ion-leachable glasses
showed that insoluble pseudo-cements were formed
only with phosphate-containing glasses [14].
Phosphate-free glasses were able to react with acetic
acid, but the resulting cements never became insol-
uble in water. From this, it was concluded that the
proposed inorganic network is, in fact, some sort of
phosphate species [14].

The formation of this phosphate network has been
advanced as the reason that glass-ionomers become
less tough and more brittle as they age [12, 15]. This
behaviour is in distinct contrast with that of zinc pol-
ycarboxylate cements [15]. They are closely related
materials, but they can only consist of ionically cross-
linked polyacid chains with unreacted filler embedded
in them. There is no possible secondary reaction. As
a result, zinc polycarboxylate cements remain rela-
tively tough (plastic) for their whole existence, with
no increase in brittleness once the neutralization set-
ting reaction is complete [15].
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A further contribution to the secondary setting
reaction is the change in co-ordination number of
aluminium [16]. Aluminium is known to be present
in the glass predominantly in 4-co-ordination, though
there are minor amounts in 5-co-ordination in some
glasses. As setting proceeds, it changes its co-ordin-
ation state and becomes predominantly 6-co-ordinate
[16]. This is readily understood in terms of the chem-
istry of aluminium, since the ability to co-ordinate
with a variety of species is well known, and within
the cement, it has the possibility of co-ordinating
with carboxylate groups on the polymer, water mole-
cules and fluoride ions. There is also evidence that, as
the co-ordination state slowly changes over the first
few weeks of a cement’s existence, so some sort of Al-
O-P species forms as well [16]. This may be in add-
ition to the main phosphate network, or it may be an
integral part of its structure.

Changes in strength

The standard technique for measuring the strength of
conventional glass-ionomer cements is in compression
[17]. However, other types of strength have been
used, namely flexural [18], biaxial flexure [19], diam-
etral tensile [20] and shear punch [21]. Most of the
data on change in strength concerns compressive
strength, and much of it is concerned with very early
glass-ionomer formulations. There is relatively little
published data on how the strength of modern glass-
ionomers changes with maturation, though what there
is suggests that these materials, too, become stronger
with time over the initial few weeks after preparation.

The observation that glass-ionomer cements
become stronger in compression as they mature was
first made by Crisp et al in 1976 [22]. Selected data
from their study are shown in Figure 1. As can be
seen, there is gradual increase in strength that
approaches a limiting value, which is achieved at
about 1 month.

Not all glass-ionomers behave in this way.
Cements made from the acrylic-maleic acid copoly-
mer reach a maximum compressive strength at
around 3 weeks, then decline slightly to a limiting
value [23]. This was attributed to hydrolytic instability
[23]. However, it is difficult to see why this should be
the case from the point of view of the chemistry of
these materials. There is no obvious reason why ionic
cross-links should be susceptible to hydrolysis when
formed from acrylic/maleic acid copolymer, yet stable
when formed from the homopolymer of acrylic acid.
Experimental studies have confirmed that this is not

caused by hydrolysis, because similar effects have
been found when cements based in acrylic/maleic
acid copolymer are stored in anhydrous conditions in
vegetable oil (see Table 1). Under these conditions,
cements reached maximum strength at 1 week, and
declined significantly in strength by 4 months [24].

When, later, experimental cements formed from
polyvinyl phosphonic acid were found to show similar
changes in compressive strength (Table 2) [25], an
alternative physical explanation was proposed. This is
that both acrylic/maleic acid copolymer and polyvinyl
phosphonic acid have higher cross-link density than
polyacrylic acid, and this eventually creates cements
that are more brittle (and less plastic) in character
than those made from polyacrylic acid. Highly brittle
materials tend to be more sensitive to surface flaws
and other imperfections than tougher ones. Hence, it
was suggested that the increasing brittleness of
cements made from acrylic/maleic acid copolymer
and also from polyvinyl phosphonic acid made them
become slightly weaker with time [25].

Figure 1. Increase in compressive strength (MPa) with time
(hours) for early glass-ionomer cement formulation.

Table 1. Compressive strength of glass-ionomer (Chelon-Fil,
ESPE, Germany), mixed at 1.3:1 powder:liquid ratio and stored
in vegetable oil (Standard deviations in parentheses).
Storage time Compressive strength/MPa

24 h 188.8 (15.2)
1 week 199.4 (12.0)
1 month 181.5 (15.3)
2 months 154.4 (16.2)
3 months 159.8 (12.3)
4 months 124.5 (20.3)

Table 2. Compressive strength of experimental glass-ionomer
cement based on polyvinyl phosphonic acid, mixed at 3:1
powder:liquid ratio (n¼ 6 per time period) and stored in
water (Standard deviations in parentheses).
Storage time/days Compressive strength/MPa
1 84 (15)
30 146 (25)
90 112 (9)
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Although the strengths (compressive, diametral
tensile and/or biaxial flexure) of modern and experi-
mental glass-ionomer cements have been widely
reported, there are few more recent studies of how
these properties change with age. One exception was
the report by Bresiani et al [26], which showed that,
for three modern formulations, both compressive and
diametral tensile strength improved with age up to 1
week. The change between 1 hour and 24 hours was
large and statistically significant in all cases. By con-
trast, although each material showed a slight increase
between 24 hours and 7 days, in no case was the
change significant. This suggests that the extent of
changes on maturation reported for the earliest for-
mulations of glass-ionomer may not occur to the
same extent in modern materials, though further
work is need to confirm this point.

The increase in strength of most glass-ionomers is
mirrored in the behaviour of pseudo-cements. Those
made from acetic acid gradually increased in strength
(Table 3), reaching about 100MPa in compression
after 3 months [12]. The materials were very fragile,
and clearly brittle, despite the high compressive
strength. This suggests that at least part of the
increase in strength of conventional glass-ionomer
cements is due to the gradual formation of this phos-
phate phase as part of the secondary setting process.

Recently evidence has been found that these
increases in strength correlate with decreases in
apparent porosity with time, as determined using a
combination of neutron beams and X-rays [27]. In
the past, the existence of pores within glass-ionomer
cements has been observed and attributed to air-
entrainment during the mixing process [28, 29].
Certainly the size and distribution of these pores
varies depending on whether the cements are mixed
by hand, using a spatula to incorporate the glass pow-
der into the liquid, or automatically, in a capsule,
using a vibratory mixer the physically force the pow-
der and liquid to combine [28].

Evidence has emerged recently that these “pores”
may not, in fact, be air bubbles at all, but translucent
gel structures capable of further slow further reaction
[30]. Zinc phosphate cement has been shown to

contain what look like air voids but which turn out to
have measurable composition of zinc and phosphate
ions. This apparent porosity develops by liquid segre-
gation not by air entrapment during mixing, and
there were fewer such structures in cements prepared
with less liquid.

In principle, similar “air-voids” in glass-ionomers
may also form by the same process of liquid segrega-
tion, and it is likely that such structures also contain
gels, albeit of a different chemical composition from
those in zinc phosphate cements. Such gel structures
could mineralise gradually from the edge inwards as
the relevant ions diffuse into them. In this way, they
would shrink with time. The resulting reduction in
volume of these structures could then improve the
strength of the ageing cement, and thus be one of the
mechanisms by which compressive strength increases
in maturation. Further work is required to explore
this possibility.

Change in opacity

By comparison with composite resins, glass-ionomers
show poor translucency and inferior aesthetics [31].
However, unlike all other dental cements, modern
materials do have a degree of translucency, and this
changes with time during the maturation phase, so
that after 24 hours translucency is much improved
[32]. Early glass-ionomer materials were relatively
opaque due to the high fluoride content of the glass
powder used, but this is one of the properties that
have been improved in contemporary glass-ionomers.

The two properties of opacity and translucency are
related, in that a material with high opacity has low
translucency. Matching the appearance of the tooth
requires restorative grade glass-ionomers to match, as
far as possible, the translucency of the tooth.
However, despite the improvements in modern mate-
rials, they are still typically more opaque (less translu-
cent) than the natural tooth [32].

In principle it is possible to measure opacity in the
laboratory. Opacity is not a material property, because
it depends on other features of the measurement
conditions, notably background colour [32]. It can
be quantified in terms of the contrast ratio, Cr

defined as:

Cr ¼ R0=Rr

where the R values are measures of reflected light
when a specimen of material of defined thickness, in
this case 1mm, is placed on a background surface. R0

is the value when the specimen is on a black back-
ground and Rr is the value on a white background.

Table 3. Compressive strength of pseudo-cements made
from 45% acetic acid with ionomer glass (powder:liquid ratio
4:1) (Standard deviations in parentheses).
Storage time Compressive strength/MPa
1 day 11.9 (3.3)
1 week 24.8 (14.3)
1 month 72.0 (27.7)
3 months 104.4 (25.2)
6 months 104.5 (25.3)
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For dental cements, the reflectivity of the white sur-
face used is 0.7 (i.e. 70%) of that of a “pure” white
surface, so these values are known as C0.7 values.

Using this approach, the translucency of the tooth
enamel is around 0.55 (though it declines as the tooth
darkens with age), and the desirable value for an aes-
thetic repair material is considered to be below this
[31]. Early glass-ionomers were found to have values
0.60–0.85, an indication of their relative opacity [33].
These values became slightly lower with time, reach-
ing a limiting value some time between 1 day and 1
week [33]. However, they were still above the ideal,
and even modern glass-ionomers are not able to reach
the desired degree of translucency.

In recent years, it has become unusual to measure
this value. Instead, images of cement specimens
placed on black-and-white zig-zag lines tend to be
presented. This is not a quantitative method, but does
give a much better idea of the material’s appearance
than the numerical approach. There has been a gen-
eral improvement in translucency in modern materi-
als with the exception of Chemfil Rock (Dentsply,
Germany). This brand is made from a novel zinc-con-
taining glass of high opacity, and the resulting cement
shows relatively poor appearance. However, mechan-
ical properties are good [34], and the material contin-
ues to find clinical application, despite its relatively
high opacity.

Change in proportion of bound water

Water is an essential component of glass-ionomer
cements, and has several functions in these materials
[35]. It is the solvent for the dissolution of the poly-
meric acid, and allows it to ionise and donate pro-
tons, thereby behaving as a Bronsted-Lowry acid [35].
It is also the medium in which the setting reaction
takes place and it is a component of the set cement.
The last is an important but overlooked feature. All
of the water incorporated initially as the solvent for
the acidic polymer eventually becomes entrained in
the set cement. There is no phase-separation on set-
ting, and no expulsion of water as the
cement hardens.

Maintaining the water balance early in the life of
the cement is important. Many years ago it was
shown that, if glass-ionomers are allowed to set in an
atmosphere with a relative humidity of at least 80%,
they showed no setting contraction and were dimen-
sionally stable [36]. Loss of surface water can alter the
appearance of glass-ionomer cements, leading to an
unsightly chalky finish. This is due to the formation

of microscopic cracks in the surface caused by local
contraction as the water escapes [37]. To prevent this,
clinicians are advised to cover the surface of newly
placed glass-ionomers with some sort of barrier coat-
ing [37]. This may be either petroleum jelly or a var-
nish. The latter may consist either of a simple
solution of film-forming resin in a solvent. On place-
ment, the solvent evaporates readily, leaving the layer
of resin behind as the barrier coating. Alternatively, a
low-viscosity light-curable monomer may be used,
and this is cured immediately on placement to create
the impermeable barrier coating. The latter gives bet-
ter results, because it forms a more continuous film
and hence retains more water within the cement [37].

In the cement, the water undergoes some sort of
interaction with the other chemical species present
and becomes strongly bound. The distinction between
strongly bound and loosely bound has been known
about for some years since it was first advanced [38].
It is recognised as arbitrary, with loosely bound water
being considered that which is lost by desiccation
over a strong desiccant for 24 hours, or on heating at
105 �C for the same length of time, and strongly
bound water being that which is not removed by
these treatments. Despite these arbitrary definitions,
these are useful distinctions as they show (a) that
water occupies different locations within the cement
and (b) that its distribution among these locations
varies with time.

There seem to be a number of ways in which water
becomes bound with glass-ionomer cements with
time. One is by hydration of the cations released
from the glass. Cations within the glass (Naþ, Ca2þ

or Sr2þ, Al3þ) are all present in the anhydrous state,
yet are capable of co-ordinating strongly to water,
and all will form strongly hydrated ions under appro-
priate conditions [39]. It seems likely that they do so
within cements and that the hydrated ions formed are
stable and able to retain their water molecules, even
under desiccating conditions.

Studies have shown that, of the ions involved, alu-
minium binds most strongly to water molecules. In
the solution state, it forms Al(H2O)6

3þ ions, which
have octahedral geometry [39]. This species is unlikely
to form with glass-ionomer cements, but rather an
octahedral structure involving carboxylate anions
from the polymer and fluoride ions as well as some
water is more probable.

Calcium and strontium ions are also important in
the setting of glass-ionomers. Both have high co-
ordination numbers in aqueous solution, either 7 or 8
[40, 41] depending on the method used to determine
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them. Like aluminium, such species are not antici-
pated to occur in glass-ionomer cements, but instead,
calcium and strontium ions co-ordinated by varying
numbers of carboxylate groups, fluoride ions and
water molecules are expected. The fact that both ions
are capable of such high co-ordination numbers with
water suggests that plenty of potential binding sites
become available as these ions pass from the glass to
the matrix. Gradual occupation of at least some of the
sites by water molecules could account for a signifi-
cant amount of the bound water within set glass-
ionomer cements.

Water is also able to bind to the ionised polyacid
molecule [42]. Fundamental studies of polyelectro-
lytes, the class of polymer to which both polyacrylic
acid and acrylic/maleic acid copolymer belong, have
shown that a stable sheath of water molecules forms
around the polyelectrolyte molecules in aqueous solu-
tion [42]. Such a sheath is likely to persist as the
cement hardens and solidifies. Recent studies using
neutron beams have confirmed that water is able to
bind directly to the polyelectrolyte chain in glass-
ionomer cements [43], confirming the earlier findings
using less sophisticated experimental techniques.

Studies of the ratio of bound to unbound water in
various dental cements have shown that all types con-
tain an amount of bound water [38]. The fact that
this is true of zinc polycarboxylate cements demon-
strates that the proposed co-ordination of water to
metal ions and the development of a hydration sheath
around polyacrylate molecules are highly probable
mechanisms of water-binding. It should be noted,
however, that Zn2þ ions have only six co-ordination
sites available [39], so this material will necessarily
bind slightly less water than glass-ionomers. In fact,
glass-ionomers bind considerable more water than
zinc polycarboxylates, and this has led to the sugges-
tion of additional binding mechanisms.

Some years ago, it was suggested that this was due
to the extra hydration requirements of the silica gel
formed on the surface of ion-depleted glass particles
within the cement [44]. More recently, the possibility
has been proposed that siloxane groups (-Si-O-Si-) in
the surface of glass particles undergo reaction with
water to form silanol groups (-Si-OH) [45]. This pos-
sibility is consistent with findings from FTIR spec-
troscopy, where reductions in the band due to
siloxane at 1060 cm�1 have been observed as cements
mature. There is also some evidence of bands due to
silanol at 950 cm�1 and around 3740 cm�1 increasing,
though this can be difficult to observe because

of overlap with bands due to hydrogen-bonded
water [46, 47].

Silanol groups have been observed on the surface
of silica particles using FTIR [48] and their ability to
form hydrogen bonds, both with each other [49] and
with water [50] have been considered in molecular
modelling studies. Results are complex, but broadly it
has been shown that silanol groups are able to form
both weak and strong hydrogen bonds with water,
depending on their orientation with respect to the
solid surface [50]. Where silanol groups are out-of-
plane with the surface, they form strong hydrogen
bonds to water molecules, which results in strongly
adsorbed water on the surface, and the development
of a pseudo-crystalline structure that has been
described as “ice-like” [48]. If such species can form
within glass-ionomer cements, they are likely to be
stable to desiccation and to contribute to the overall
population of bound water molecules.

Water itself is known to have a degree of mobility
within cements and to be capable of diffusing through
and out of glass-ionomers [51]. Diffusion coefficients
indicate, not surprisingly, that such movement is
slow, and this is one reason that maturation events
involving water take 4–6 weeks to complete. Slow dif-
fusion of water to relevant binding sites is likely to be
the rate-determining step in the maturation process,
as moving to equilibrium positions in the co-ordin-
ation sphere of metal ions or the hydration sheath of
poly-anions is likely to be relatively rapid in both
cases. Only hydration of siloxane groups via reaction,
followed by formation of “ice-like” bound water layers
seems likely to be comparably slow.

Overall, therefore, it seems that there is a wide var-
iety of possible mechanisms of binding of water
within glass-ionomer cements. All of them have been
shown to be feasible experimentally, sometimes with
similar materials rather than glass-ionomers them-
selves. Further work is necessary to confirm some of
these proposed mechanisms, and also to determine
the rate at which maturation reactions occur in mod-
ern glass-ionomer formulations.

Ion-exchange bonding to the tooth surface

Glass-ionomer cements are naturally adhesive to teeth
at all stages of their development. They owe their ini-
tial adhesion to the presence in them of polyacrylic
acid or acrylic/maleic acid copolymer [3]. The hydro-
philic nature of the cement paste causes it to fully wet
the freshly prepared tooth surface. Adhesion develops
rapidly after initial placement as hydrogen bonds are
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formed between the free carboxyl groups in the
cement and strongly bound water layers on the tooth
surface [51]. These hydrogen bonds are gradually
replaced by ionic bonds involving cations such as cal-
cium in the mineral phase of the surface of the tooth
and carboxylate groups on the polymer [52].

After that, there is slow reaction between the sur-
face layer of the tooth and the cement involving
exchange of ions [53]. The result is a strong, chem-
ically resistant interfacial layer that provides an adhe-
sive interaction that is very durable and prevents
leakage to the underlying natural tooth.

True chemical bonding between glass-ionomer
cements and the tooth has been demonstrated experi-
mentally on enamel and dentine using X-ray photo-
electron spectroscopy [54]. This involves the mineral
phase only, and does not include any measurable
interaction with the collagen [55]. X-ray photoelec-
tron spectroscopy is a high vacuum technique that
does not allow clinically realistic conditions to prevail.
However, more recently it has been confirmed that
glass-ionomers undergo a chemical reaction with the
mineral phase of teeth, using FTIR to study the reac-
tion that occurs when ground tooth material was
added to glass-ionomer dental cements [56]

The occurrence of ion-exchange to promote the for-
mation of a chemically and mechanically strong inter-
facial layer was demonstrated some years ago [57].
This study employed teeth that had been filled with
the commercial glass-ionomer Fuji IX (GC, Tokyo,
Japan). The cement is formulated from a glass that
contains no calcium and with strontium in its place.

After five years, teeth filled with this cement were
extracted for orthodontic reasons, and the teeth
examined by scanning electron microscopy (Figure 2).
The resulting interfacial zone is clearly visible.
Elemental analysis showed that it contained both

calcium and strontium, a finding possible only
because of diffusion of calcium from the tooth min-
eral and strontium from the cement into the inter-
facial zone. The structure formed by this process
causes the cement to adhere strongly to the tooth.

The development of the ion-exchange layer relies
on the respective cations being sufficiently mobile to
diffuse into the interfacial zone and there react with
appropriate anions to form an insoluble structure.
Glass-ionomer cements have been shown to be able
to release various ions under neutral conditions for
some weeks after the initial set is complete, though
release of calcium was very low under neutral condi-
tions [58]. Fluoride release is also known to be able
to continue for at least five years [59], and to be
released by a mechanism that includes long-term sus-
tained diffusion [60]. Hence there is evidence that,
although the properties of glass-ionomer cements
change as they mature, ions are able to diffuse slowly
through them. This may affect not only the interfacial
layer, as observed, but also the size of the apparent
pores within the cement and may be the mechanism
by which such pores become smaller with time [27].

Conclusions

This review has shown that there are various matur-
ation processes in glass-ionomer cements. They take
place over the first month to 6 weeks of a cement’s
existence and they generally combine to improve the
physical properties of the cement. Materials become
stronger, less susceptible to water loss and surface craz-
ing, and their appearance improves as translucency
increases. These processes occur relatively slowly and
appear to be controlled by the rate at which ions and
water are able to diffuse through the cement.
Movement of water has been demonstrated experimen-
tally in water-loss experiments carried out under
severely desiccating conditions, and movement of ions
has been shown by the formation of the ion-exchange
bonding layer at the interface with the tooth; it has
also been shown in fluoride-release studies.

Current views on the underlying mechanisms of
the various maturation changes have been described.
Much of the work on these effects was carried out
several years ago using some of the earliest versions
of glass-ionomer cements. There is a need for these
studies to be updated and for information on contem-
porary materials to be obtained. It is especially
important to establish the extent to which these mat-
uration changes occur in modern cements, and also
to determine how rapidly they take place.

Figure 2. Ion-exchange interfacial layer formed between
glass-ionomer cement (Fuji IX) and a natural tooth over
five years.

ACTA BIOMATERIALIA ODONTOLOGICA SCANDINAVICA 7



References

[1] Mount GJ. Color atlas of glass ionomer cement. 2nd
ed. London (UK): Martin Dunitz; 2002.

[2] McLean JW, Nicholson JW, Wilson AD. Guest edi-
torial: proposed nomenclature for glass-ionomer
dental cements and related materials. Quintessence
Int. 1994;25:587–589.

[3] Sidhu SK, Nicholson JW. A review of glass-ionomers
for clinical dentistry. J Funct Biomater. 2016;7:16;
doi:10.3390/jfb7030016.

[4] Crisp S, Kent BE, Lewis BG, Ferner AJ, et al. Glass
ionomer cement formulations. II. The synthesis of
novel polycarboxylic acids. J Dent Res.
1980;59:1055–1063.

[5] Nicholson JW. Glass-ionomer cements for clinical
dentistry. Mater Technol. 2010;25:8–13.

[6] Frencken JE. The art and science of minimal interven-
tion dentistry and atraumatic restorative treatment.
Orleton, Shropshire (UK): Stephen Hancocks; 2018.

[7] Frencken JE. The ART approach using glass-ionom-
ers in relation to global health care. Dent Mater.
2010;26:1–6.

[8] Frencken JE, Leal SC, Navarro MF. Twenty-five-year
atraumatic restorative treatment (ART) approach A
comprehensive overview. Clin Oral Invest.
2012;16:1337–1346.

[9] Nicholson JW, Brookman PJ, Lacy OM, et al. The
influence of (þ)-tartaric acid on the setting of glass-
ionomer dental cements. J Dent Res. 1988;
67:1451–1453.

[10] Kleverlaan CJ, Van Duinen RN, Feilzer AJ.
Mechanical properties of glass ionomer cements
affected by curing methods. Dent Mater.
2004;20:45–50.

[11] Dehurtevent M, Deveaux E, Hornez JC, et al.
Influence of heat and ultrasonic treatments on the
setting and maturation of a glass-ionomer cement.
Am J Dent. 2015; 28:105–110.

[12] Wasson EA, Nicholson JW. New aspects of the set-
ting of glass-ionomer cements. J Dent Res.
1993;72:481–483.

[13] Nicholson JW, Tawfik H, Czarnecka B. Cements
made from lactic acid and ion-leachable glasses. J
Mater Sci Mater Med. 2002;13:417–419.

[14] Shahid S, Billington RW, Pearson GJ. The role of
glass compoisition in the glass acetic acid and glass
lactic acid cements. J Mater Sci Mater Med.
2008;19:541–545.

[15] Paddon JM, Wilson AD. Stress relaxation studies on
dental materials, 1: Dental cements. J Dent.
1976;4:183–189.

[16] Zainuddin N, Karpukhina N, Hill RG, et al. A long-
term study on the setting reaction of glass ionomer
cements by 27Al MAS-NMR spectroscopy. Dent
Mater. 2009;25:290–295.

[17] International Organization for Standardization
(ISO). Standard for water-based dental cements.
2007; 9917-1.

[18] Prosser HJ, Powis DR, Wilson AD. Glass-ionomer
cements of improved flexural strength. J Dent Res.
1986;65:146–148.

[19] Molina GF, Cabral RJ, Mazzola I, et al. Biaxial flex-
ural strength of high-viscosity glass-ionomer
cements heat-cured with an LED Lamp during set-
ting. BioMed Res Int. 2013. doi: 10.1155/2013/
838460

[20] Cefaly DFG, Franco EB, Mondelli RFL, et al.
Diametral tensile strength and water sorption of
glass-ionomer cements used in Atraumatic
Restorative Treatment. J Appl Oral Sci.
2003;11:96–101.

[21] Mount GJ, Makinson OF, Peters MC. The strength
of auto-cured and light-cured materials. The shear
punch test. Aust Dent J. 1996;41:118–123.

[22] Crisp S, Lewis BG, Wilson AD. Characterisation of
glass-ionomer cements. I. Long-term hardness and
compressive strength. J Dent. 1976;4:162–166.

[23] Williams JA, Billington RW. Increase in comparative
strength of glass-ionomer cements with respect to
time periods of 1 day to 4 months. J Oral Rehabil.
1991;18:163–166.

[24] Nicholson JW, Abiden F. Changes in compressive
strength on ageing in glass polyalkenoate (glass-
ionomer) cements prepared from acrylic/maleic acid
copolymers. Biomaterials. 1997;18:59–62.

[25] Anstice HM, Nicholson JW. Investigation of the
post-hardening reaction in glass-ionomer cements
based on poly(vinyl phosphonic acid). J Mater Sci
Mater Med. 1995;6:420–423.

[26] Bresciani E, Barata TdJE, Fagundes TC, et al.
Compressive and diametral tensile strength of glass
ionomer cements. J Appl Oral Sci. 2004;12:344–348.

[27] Benetti AR, Jacobsen J, Lehnhoff B, et al. How
mobile are protons in the structure of dental glass
ionomer cements? Sci Reps. 2015;5:8972; doi
10.1038/srep08972.

[28] Nomoto R, McCabe JF. Effect of mixing methods on
the compressive strength of glass ionomer cements. J
Dent. 2001;29:205–210.

[29] Nomoto R, Komoriyama M, McCabe JF, et al. Effect
of mixing on the porosity of encapsulated glass
ionomer cement. Dent Mater. 2004;20:972–978.

[30] Viani A, Sotiriadis K, Kumpova I, et al.
Microstructural characterization of dental zinc phos-
phate cements using combined small angle neutron
scattering and microfocus X-ray computed tomog-
raphy. Dent Mater. 2017;33:402–417.

[31] Cheetham JJ. The future of glass-ionomers. In:
Sidhu SK, editor. Glass ionomers in dentistry.
Switzerland: Springer International; 2016. p.
125–148.

[32] Wilson AD, McLean JW. Glass-ionomer cement.
Chicago (US):Quintessence Publishers; 1988.

[33] Crisp S, Abel G, Wilson AD. The quantitative meas-
urement of the opacity of aesthetic dental filling
materials. J Dent Res. 1979;58:1585–1596.

[34] Al-Angari S, Hara AT, Chu T-M, et al.
Physicomechanical properties of a zinc-reinforced
glass ionomer restorative material. J Oral Sci.
2014;56:11–16.

[35] Nicholson JW. The chemistry of glass-ionomer
cements. Biomaterials 1998;19:485–494.

8 J. W. NICHOLSON

https://doi.org/10.3390/jfb7030016
https://doi.org/10.1155/2013/838460
https://doi.org/10.1155/2013/838460
https://doi.org/10.1038/srep08972


[36] Hornsby PR. Dimensional stability of glass-ionomer
cments. J Chem Technol Biotechnol. 1980;30:
595–601.

[37] Earl MSA, Hume WR, Mount GJ. Effect of varnishes
and other surface treatments on water movement
across the glass-ionomer cement surface. Aust Dent
J. 1985;30:298–301.

[38] Wilson AD, Crisp S, Paddon JM. Hydration of a
glass ionomer (ASPA) cement. Brit Polym J.
1981;13:66–70.

[39] Schweitzer GK, Pesterfield LL. The aqueous chemis-
try of the elements. Oxford (UK): University Press;
2010.

[40] Jackson VE, Felmy AR, Dixon DA. Prediction of the
pKas of aqueous metal ion þ2 complexes. J Phys
Chem A. 2015;119:2926–2939.

[41] Jalilehvand F, Spangberg D, Lindqvist-Reis P, et al.
Hydration of the calcium ion. An EXAFS, Large-
angle X-ray scattering and molecular dynamics
simultation study. J Amer Chem Soc.
2001;123:431–441.

[42] Ikegami A. Hydration of polyacids. Biopolymers.
1968;6:431–440.

[43] Berg MC, Jacobsen J, Momsen NCR, et al. Water
dynamics in glass ionomer dental cements. The Eur
Phys J Spec Topics. 2016;225:773–777.

[44] Wilson AD, Crisp S. Ionomer cements. Br Polym J.
1975;7:279–296.

[45] Czarnecka B, Klos J, Nicholson JW. The effect of
ionic solutions on the uptake and water-binding
behaviour of glass-ionomer dental cements. Ceram
Silikaty. 2015;59:102–108.

[46] Faroud MA, Stamboulis A. Nanoclay addition to
conventional glass-ionomer cements: influence on
properties. Eur Dent J. 2014;8:456–463.

[47] Tadjiev D, Hand R. Surface hydration and nano-
indentation of silicate glasses. J Non-Cryst Solids.
2010;356:195–201.

[48] Costa TMH, Gallas MR, Benvenutti EV, et al.
Infrared and thermogravimetric study of high pres-
sure consolidation in alkoxide silican gel powders. J
Non-Cryst Solids. 1997;220:195–201.

[49] Chuang I-S, Maciel GE. A detailed model of local
structure and silanol hydrogen bonding of silica gel
surfaces. J Phys Chem B. 1997;101:3052–3064.

[50] Sulpizi M, Gaigeot M-P, Sprik M. The silica-water
interface: how the silanols determine the surface
acidity and modulate the water properties. J Chem
Theory Comput. 2012;8:1037–1047.

[51] Van Meerbeck B, Yoshida Y, Inoue S, et al. Glass-
ionomer adhesion: the mechanisms at the interface.
J Dent. 2006;34:615–617.

[52] Beech DR. Improvement in the adhesion of polya-
crylate cements to human dentine. Brit Dent J.
1973;135:442–445.

[53] Hein-Chi N, Mount G, McIntyre J, et al. Chemical
exchange between glass-ionomer restorations and
residual carious dentine in permanent molars: an in
vivo study. J Dent. 2006;34:608–613.

[54] Yoshida Y, Van Meerbeek B, Nakayama Y, et al.
Evidence of chemical bonding at biomaterial-hard
tissue interfaces. J Dent Res. 2000;79:709–714.

[55] Fukada R, Yoshida Y, Okazaki M, et al. Bonding
efficacy of polyalkenoic acids to hydroxyapatite,
enamel and dentin. Biomaterials. 2003:24:1861–1864.

[56] Yamakami SA, Ubaldini ALM, Sato F, et al. Study of
the chemical interaction between a high-viscosity
glass ionomer cement and dentin. J Appl Oral Sci.
2018;26:e20170384.

[57] Ngo HG, Mount GJ, Peters MCRB. A study of glass-
ionomer cement and its interface with enamel and
dentin using a low-temperature, high-reslution scan-
ning electron microscopy technique. Quinessence
Int. 1997;28:63–69.

[58] Czarnecka B, Limanowska-Shaw H, Nicholson JW.
Buffering and ion release by a glass-ionomer cement
under near-neutral and acidic conditions.
Biomaterials. 2002;23:2783–2788.

[59] Forsten L. Fluoride release and uptake by glass ion-
omers. Scand J Dent Res. 1991:241–245.

[60] De Moor RGJ, Verbeeck RMH, De Maeyer EAP.
Fluoride release profiles of restorative glass ionomer
formulations. Dent Mater. 1996;12:88–95.

ACTA BIOMATERIALIA ODONTOLOGICA SCANDINAVICA 9


	Abstract
	Introduction
	Changes on maturation
	Secondary setting reaction
	Changes in strength
	Change in opacity
	Change in proportion of bound water
	Ion-exchange bonding to the tooth surface
	Conclusions
	References



<<
	/CompressObjects /Tags
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 150
	/DoThumbnails false
	/ColorConversionStrategy /sRGB
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/AllowPSXObjects true
	/LockDistillerParams true
	/ImageMemory 1048576
	/DownsampleMonoImages true
	/ColorSettingsFile (None)
	/PassThroughJPEGImages false
	/AutoRotatePages /All
	/Optimize true
	/ParseDSCComments true
	/MonoImageDepth -1
	/AntiAliasGrayImages false
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/GrayImageMinResolutionPolicy /OK
	/ConvertImagesToIndexed true
	/MaxSubsetPct 100
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 600
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.6
	/MonoImageResolution 600
	/NeverEmbed [
	]
	/CannotEmbedFontPolicy /Warning
	/PreserveOPIComments false
	/AutoPositionEPSFiles true
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/EmbedJobOptions true
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/MonoImageDownsampleType /Bicubic
	/DetectBlends true
	/EmitDSCWarnings false
	/ColorImageDownsampleType /Bicubic
	/EncodeGrayImages true
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 150
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/PDFXTrapped /False
	/DetectCurves 0.1
	/ColorImageDepth -1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/TransferFunctionInfo /Preserve
	/ColorImageFilter /DCTEncode
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/DSCReportingLevel 0
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/UsePrologue false
	/PreserveCopyPage true
	/StartPage 1
	/MonoImageDownsampleThreshold 1.5
	/GrayImageDownsampleThreshold 1.5
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 1
	/PreserveOverprintSettings true
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.5
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Bicubic
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/NOR <>
		/DEU <>
		/SVE <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/DAN <>
		/JPN <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
		/ESP <>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /Default
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


