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The failure behaviour of glass polyalkenoate cements was investigated using a linear
elastic fracture mechanics (LEFM) approach. Cements were based on four model glasses
with varying reactivity and four poly(acrylic acid)s (PAA)s with number average molar
masses (Mn) ranging from 3.25 × 104 to 1.08 ×105. Cement properties were studied at time
intervals of one, seven and twenty eight days. Compressive strengths (σc) of the cements
increased with increasing fluorine content of the glass, with increased molar mass of the
PAA and with ageing time. The Young’s moduli increased with time, but were lower for
cements based on the fluorine free glass. Moduli values were independant of PAA molar
mass. The un-notched fracture strength (σf) of the cement increased with the molar mass of
the PAA and with ageing time. Glass composition did not appreciably influence the
un-notched fracture strength. The fracture toughness (KIC) increased with the molar mass
of the PAA and with ageing time, but reduced with increasing fluorine content of the glass.
The toughness (GIC) was dependant on molar mass. The influence of molar mass was not
as great as predicted by the reptation chain pull-out model for fracture. The molar mass
dependence of toughness was greatest with the lower fluorine content glasses. The plastic
zone size at the crack tip increased with the molar mass of the PAA. However the plastic
zone size decreased with ageing time for all the cements studied and was smaller for the
more reactive higher fluorine content glasses. C© 1998 Kluwer Academic Publishers

1. Introduction
Glass polyalkenoate cements are formed by reacting
powdered glasses with aqueous poly(acrylic acid). The
acid degrades the glass structure and hydrolyses the
bonds of the glass network. Aluminium-oxygen-silicon
bonds [1] and phosphorous-oxygen bonds [2] of the
glass network are hydrolysed releasing aluminium and
calcium cations, which are chelated by the carboxylate
groups and serve to “crosslink” the polyacrylate chains.
In addition fluoride and phosphate anions are released
and a silica based gel is formed. The setting reaction is
shown schematically in Fig. 1.

The final cement consists of residual glass particles
embedded in a polysalt matrix, which can be regarded
both as a cement and a polymer composite (Fig. 2).

Hill et al. [3] have shown that these cements exhibit
sharp loss peaks typical of thermoplastics. The molar
mass of the poly(acrylic acid) used to form the cement
exerts a significant influence on the mechanical proper-
ties of the cement [4–6] and in particular the toughness,
indicating that the crosslinks are labile and that these
cements have a thermoplastic character.

∗ Present address: Boston Scientific Ballyford Industrial Estate, Galway, Ireland.

2. Fracture of thermoplastic polymers
Berry [7, 8] demonstrated that the measured fracture
surface energy of a thermoplastic polymer was much
greater than the energy required to break all the polymer
chains crossing the crack plane. The high fracture sur-
face energy was attributed to a localized flow process
of polymer chains at the crack tip. Berry attributed the
inherent Griffith flaw size found with polymers, such
as poly(methylmethacrylate) to a plastic zone or craze
that formed prior to catastrophic failure.

The strength of polymers is related to long range
entanglements that serve to restrict chain motion. The
early ideas of chain entanglements viewed the entangle-
ment as a physical knot that served to limit chain slip-
page during fracture. However, polymer chains are too
inflexible to form physical knots and a model has been
developed [9] that views a chain as being trapped in a
tube of entanglements formed by neighbouring chains.
This model, known as reptation, is shown schematically
in Fig. 3.

In the reptation model a chain is viewed as moving
along an imaginary “tube” with a snake-like motion.
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Figure 1 Schematic setting reaction of a glass polyalkenoate cement.

Figure 2 Composite nature of a glass polyalkenoate cement showing
residual glass particles embedded in a polysalt matrix.

The mobility of the polymer chain is restricted by the
presence of entanglements, since in moving, one chain
may not cross the contour of another. Longitudinal mo-
tion is also prevented by the interaction of substituents
on neighbouring chains that give rise to potential bar-
riers to chain mobility along the tube.

The dynamics of a polymer chain in a melt or con-
centrated solution have been described by the reptation
model [9, 10]. This reptation model has also been used
to describe fracture [11,12] and crack healing [13,14]
in polymers.

The reptation/chain pull out model for fracture is
shown schematically in Fig. 4. The following analy-
sis is based on that of Prentice [15].

Using a simple power law viscous model it can be
shown that the shear stress (τ ) experienced by the chain

Figure 3 Reptation model showing a polymer chain trapped in a tube of
entanglements.

in its tube will be proportional to the apparent strain
rate (γa)

τ = µ(γa)n (1)
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Figure 4 Reptation chain pull-out model of fracture.

whereµ is a coefficient of viscosity resulting from the
interaction between substituents on the extracted chain
and the chains forming the tube. However

τ = F

A
(2)

whereF is the force acting on the end of the chain in
the direction of the tube andAs is the effective surface
area of the tube occupied by the polymer chain

AS = 2πrl (3)

wherer is the radius of the polymer chain, andl the
contour length of the tube occupied by the polymer
molecule.

The apparent strain rate may be defined by:

γa = V

h
(4)

whereh is the spatial gap between the chain and the
surface of its imaginary tube andV is the rate of removal
of the chain.
Combining Equations 1 to 4 we obtain

F = µ2πr

(
V

h

)n

l (5)

The energy to extricate one chain from its tube is then

τ0 =
∫ l = L

l = 0
F dl (6)

whereL is the total contour length of the tube vacated,
thus

τ0 =
∫ l = L

l = 0
µ2πr

(
V

h

)n

l dl (7)

At constantv

τ0 = µπr

(
V

h

)n

L2 (8)

The fracture surface energy per unit area of fracture
plane will then be:

τ = τ0Ns (9)

where Ns is the number of segments crossing a unit
area of crack plane. The assumption implies that a poly-
mer chain only crosses the fracture plane once, which
may be questionable, but considerably simplifies the
analysis.
Combining Equations 8 and 9:

τ = µπr Ns

(
V

h

)n

L2 (10)

The equation implies that at a fixed crack opening ve-
locity (V) the work done in removing chains from a unit
area of crack plane is proportional to the molar mass
squared.

τ ∝ M2 (11)

At some stage a molar mass will be reached where
the stress to extricate a chain from its tube is greater
than that required for homolytic chain scission of an
extended segment.

A consequence of Equation 5 is that at a constant
crack opening velocity a critical value of the force,Fc,
will be reached at a critical chain length,lc. Above
this value oflc the force required to pull out chains
from their tubes will be greater than that to break the
carbon-carbon bonds of the polymer backbone. Below
this critical value (lc) chain pull out will be the dom-
inant mechanism and the fracture surface energy will
be determined by Equation 10. Whilst abovelc chain
scission will occur and the fracture surface energy will
then be independent of molar mass.

Equation 11 requires further slight modification to
account for the fact that there is also a critical molar
mass, below which chains do not form entanglements.
This results in the modification of Equation 11 to:

τ ∝ (M − Mc)
2 (12)

whereMc is the molar mass required for entanglements
to occur.

The critical molar mass is the value above which
chain scission occurs and the toughness is no longer re-
lated to molar mass. The critical molar mass is typically
about 105, however its value is generally lower, where
there are strong inter-molecular interactions between
polymer chains [16].

Toughness data is plotted as function of number aver-
age molar mass for poly(methyl methacrylate) in Fig. 5.
At high molar masses above a critical valueMc, tough-
ness is independent of molar mass. This is explained by
the force to extricate a chain from its tube being greater
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Figure 5 Plot of Log(GIC) against Log (Mn) for poly(methyl-
methacrylate).

than that required to cause chain scission. Chain break-
age then occurs and there is no further increase in tough-
ness with molar mass. At low molar masses below ap-
proximately 2.7× 104 the toughness goes to zero, since
the chain length is too short to form entanglements and
the tube concept no longer applies. At intermediate mo-
lar masses the slope of the log(toughness)-log(Mn) plot
is about 2.45, slightly higher than the value of two, pre-
dicted by the reptation model. The entanglement molar
mass (Mc) again varies from polymer to polymer, but in
general corresponds to between 100 and 300 monomer
units [17]. The monomer unit molar mass is 72 for PAA
which gives andMc of between 7000 and 21000.

3. Fracture of glass polyalkenoate cements
The application of a chain pull out model to the frac-
ture of a glass polyalkenoate cement may be considered
of doubtful value at first sight, however, experimental
observations indicate that the crack propagates through
the polymer matrix phase and not through the glass
phase, thus fracture in these cements is essentially frac-
ture of the polymer matrix phase.

The mechanical properties of glass polyalkenoate ce-
ments change with time as the setting reaction proceeds
[6, 18–21]. Compressive and flexural strengths gener-
ally increase with time [18–20], but in some cases may
also decrease with time [20, 21]. The changes in me-
chanical properties have generally been associated with
increased crosslinking of the polyacrylate chains by
cations, but recently Nicholson and Wasson [22] have
put forward the idea that the changes are due to the
formation of a silicate phase, rather than a continuing
crosslinking reaction. This view has gained acceptance
in the literature, and is supported by a number of recent
studies [23–25]. Wilson [23] found evidence for cement
formation with an aluminosilicate glass and acetic acid.
Milne et al.[24] found evidence for phosphate and sili-
cate species and Matusuyaet al. [25] in an elegant study

correlated increases in compressive strength with for-
mation of a silicate phase by MAS-NMR. However the
continued crosslinking reaction provides a better expla-
nation of the observed data. For example the Young’s
moduli increase with time [6] and the cements become
less viscoelastic in character with time [26], which is
consistent with increased crosslinking of the polyacry-
late chains. The toughness may increase or decrease
with time [6] depending on the poly(acrylic acid) mo-
lar mass, which suggests that flow of the polyacrylate
chains at the crack tip and the extent of plastic zone
formation may be the dominant factors in determin-
ing the fracture properties. Decreases in toughness with
time may be accounted for by excessive crosslinking,
restricting flow of the polyacrylate chains and reduc-
ing the plastic zone size at the crack tip. However,
the strongest argument against the idea that a silicate
phase accounts for significant changes in cement me-
chanical properties is that cements based on silicate
phases, such as Portland cement, or high alumina ce-
ment generally have very low toughness values, typi-
cally about 5 J m−2 compared to glass polyalkenoate ce-
ments that have toughness values normally in the range
50–100 J m−2. The contribution of a silicate phase is
therefore likely to be small. Furthermore transmission
electron microscopy [27] shows the silicate phase to
be located predominately at the periphery of the re-
acted glass particles and crack propagation takes place
through the polysalt matrix [4]. Recently Matusuya
et al. [28] have also investigated cements based on
a very low molar mass poly(acrylic acid) of approx-
imately 1000 molar mass and a slightly higher molar
mass cements based on a molar mass of 5000. The
low molar mass cement had a compressive strength of
≈ 5 MPa compared to the slightly higher molar mass
cement of≈ 33 MPa. This again indicates that it is the
polymer component, which dominates the compressive
strength and that the silicate phase contributes little to
the strength and toughness.

Glass polyalkenoate cements are currently used as
adhesives in dentistry and as anterior tooth fillings, lin-
ers and bases [29]. They are also being developed and
used for medical applications, as a pre-set bone substi-
tute and as a bone cement [30–32]. Four revision hip
replacements and four revision knee replacements have
been successfully carried out using glass polyalkenoate
cements [33]. Glass polyalkenoate cements have many
attractive properties, including the ability to wet and
chemically bond to medical grade alloys, as well as the
apatite phase of tooth and bone. They also have the
ability to release fluoride ions, which have a cariostatic
effect, and are known to stimulate osteoblast mitosis
[34] and deposition of apatite [35]. However they lack
the strength and fracture toughness required for use as
a posterior dental filling material and as a bone cement
in major joint replacement surgery. Current commer-
cially available restorative grade glass polyalkenoate
cements have fracture toughness values in the range
0.3–0.55 MPa m1/2 [36–37].

Increased fracture toughness and plasticity at the
crack tip would also be expected to increase their ad-
hesive bond strength to enamel, since failure occurs
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cohesively in the cement layer [38]. If the bond strength
could be increased comparable to resin based adhesives,
glass polyalkenoate cements would be more attractive
for the bonding of orthodontic brackets to teeth.

Despite the low fracture toughness of these materi-
als there have been few published studies of their frac-
ture behaviour with view to understanding the parame-
ters controlling the fracture process and improving their
fracture toughness.

The objective of the present paper is to gain an un-
derstanding of the fracture behaviour of glass poly-
alkenoate cements. Previous published studies have
been limited to cements based on commercial glasses
[4–6]. In the present study cements based on four model
glasses of varying reactivity were investigated. A recent
study [6] has indicated that current glass polyalkenoate
cements may exhibit poor toughness, because there are
too many crosslinking ions in the matrix, which restricts
plastic flow at the crack tip. The ability to control the
reactivity of the glass should enable the extent of the
crosslinking reaction in the polyacrylate matrix to be
varied. Cements were formed with four poly(acrylic
acid)s of varying molar mass and four glasses of vary-
ing reactivity. The properties of the resulting cements
were studied, as a function of time, since the crosslink-
ing reaction is thought to continue with time.

4. Experimental
4.1. Materials
4.1.1. Glass preparation
Glasses were prepared based on the following molar
composition:

PSiO2-QAl2O3-1.5P2O5-(5-X)CaO-XCaF2

The reactivity of the glass was altered by switching two
fluorines for one oxygen in the glass network. Introduc-
ing fluorine increase the glass reactivity by disrupting
the glass network. The compositions were designed to
eliminate fluorine loss from the melt as silicon tetraflu-
oride during firing [40].

The glasses were produced by mixing the appropri-
ate amounts of silica> 99.99% pure (Tilcon Indus-
trial Minerals Stoke-on-Trent ST7 1TU UK)) with GPR
grade alumina (BDH Poole BH15 1TD UK), calcium
carbonate (E.Merck D-6100 Darmstadt GERMANY)
and calcium fluoride (Aldrich Chemical Co Milwaukee
WI53233 USA) and ball milling for one hour, where-
upon the appropriate amount of GRR grade phospho-
rous pentoxide (BDH Poole BH15 1TD UK) was added
and mixed in. The prefired batch was then placed in a
high density sintered mullite crucible (Zedmark Re-
fractories Earlsheaton Dewsbury UK) and fired at the
appropriate temperature for two hours. The resulting
melts were then shock quenched by pouring directly
into water to produce glass frit. A 100 g of glass frit was
then placed in a 150 mm grinding pot and ground for
14 minutes using a Gyro mill (Glen Creston, Wembley
UK). The resulting powder was sieved using a 45µm
sieve and the fraction< 45µm was used in the prepa-
ration of the cements.

TABLE I Molar mass details of the poly(acrylic acid)s

Code Source and batch codeMn Mw PD

E5 Allied Colloids 3.25× 103 9.41× 103 2.9
E7 Allied Colloids 6.66× 103 2.26× 104 3.4
“E9” AHC/Shofu 2.29× 104 1.68× 105 7.3
E11 Allied Colloids 1.08× 105 2.63× 105 2.4

4.1.2. Poly(acrylic acid)s
The poly(acrylic acid)s were supplied by Advanced
Healthcare (Tonbridge Kent UK) and Allied Colloids
(PO Box 38 Bradford UK). The relevant code letters
and details are given in Table I. The poly(acrylic acid)s
were dried and ground to give a fine powder with a
particle size< 90µm.

4.1.3. Cement preparation
Cement samples were formed by mixing the glass pow-
der with the poly(acrylic acid) in a weight ratio of
5:1 and then adding this mixture to water containing
10% m/v (+) tartaric acid, in a weight ratio of 4 : 1.
This represents a glass powder to poly(acrylic acid) so-
lution ratio of 2 : 1 with an acid concentration of 40%
m/m. In addition, the compressive strength of the ce-
ments were also tested at a glass powder to poly(acrylic
acid) ratio of 2.5 and with an acid concentration of 50%
m/m.

4.2. Cement testing
Unless otherwise stated all tests were carried out in
a water bath at 37± 2 ◦C. Compressive strength tests
were additionally carried out in air at room temperature
19± 2 ◦C in accordance with the relevant ISO standard
[41].

The compressive strength of cements based on nine
glasses were investigated initially. Four of these glasses
were then selected for further study and cements based
on them were characterised using a Linear Elastic Frac-
ture Mechanics approach.

4.2.1. Compression test
The compression tests were performed on cement cylin-
ders 4.0 mm in diameter by 6.0 mm in height. The test-
ing procedure was based on the ISO ISO7489: “1986
Dental Glass Polyalkenoate Cements” [41]. An Instron
Universal tensometer (Instron High Wycombe Bucks
UK) was used for the test at a crosshead displacement
rate of 1 mm min−1.

The test was carried out on 8 samples and the com-
pressive strength calculated according to:

σc = F/πr 2 (13)

whereσc is the compressive strength,F is the force in
Newtons andr is the diameter.
In addition a 0.5% offset yield stress was determined
for the compressive tests carried out at 37◦C in water.
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Figure 6 A double torsion testpiece and test fixture.

4.2.2. Double torsion test
DT specimens 3.5× 65× 25 mm (Fig. 6) were pro-
duced as described previously in the form of rectangular
plates. Double torsion specimen blanks were moulded
from the appropriate cement pastes using a 3.00 mm
thick stainless steel former with two stainless steel
backing plates. Cement paste was placed in the for-
mer and the backing plates placed over the former. The
two backing plates were held in position by a G clamp
and excess cement paste eliminated. The cement pastes
were allowed to set at 37◦C for one hour and then re-
moved from the mould and stored in water at 37± 2 ◦C
prior to testing. A sharp groove was milled down the
centre of one face of each specimen about 0.8 mm in
width and 0.5 mm deep. A swallow tail, was cut into
one end of the groove to facilitate pre-cracking. Pre-
cracking was performed in the test jig by applying load
with an Instron Universal Tensometer at a crosshead
speed of 1 mm min−1 with rapid unloading once crack
initiation took place. During the test the specimen was
supported on a pair of parallel rollers of 2 mm diameter
and spaced 20.0 mm apart. The load was applied at a
constant rate of 0.1 mm min−1 to the swallow tailed end
of the specimen via two ball bearings spaced 10.0 mm
apart. The specimen was subjected to a four point bend
during which the crack initiated and propagated along
the groove.

The specimen dimensions and groove depth were se-
lected to eliminate the need for crack shape correction
factors to be applied [42].

In the double torsion test the mode I stress intensity
factorKI is independent of crack length and is given by
Kies and Clark [43] as:

KI = PcWm

(
3(1+ ν)

Wt3tn

)1/2

(14)

WhereWm is the moment arm,W is the specimen width,
t is the specimen thickness andtn the thickness in the
plane of the crack andν the Poission’s ratio which
was assumed to be 0.33. Values forKIC were obtained
for continuous fracture by substituting the loadPc and
specimen dimensions into Equation 14.

4.2.3. Three point bend test
The Young’s modulus,E and un-notched fracture
strength,σf of each cement at the three time intervals
were determined using a three point bend test, per-
formed with the Instron tensometer. The relationship
between the applied load,P and the displacement,δ at
the centre of a specimen of rectangular cross section
is:

P = 4δEbt3

s3
(15)

where t is the specimen thickness,W the width of
the specimen andS the distance between the supports.
The test was carried out in accordance with ASTMS
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D790-71 [44]. A span of 50 mm was used with a spec-
imen size of 65 mm× 10± 0.03 mm× 3± 0.03 mm.

The Young’s modulus was calculated from the initial
slope of the plot ofP againstδ plot.

The un-notched fracture strength,σf is given by:

σf = 3PS

2bt2
(16)

whereP is the load at fracture.
A minimum of six specimens were tested for each

test condition. Any specimens that were not visually
flaw free were discarded prior to testing.

4.3. Calculation of the strain energy release
rate (G1) from DT specimens

The strain energy release rate was calculated assuming
that pure linear elastic fracture mechanics apply using
the following expression:

G1 = K 2
1(1 − ν2)

E
(17)

4.4. Calculation of plastic zone size
The plastic zone size,Rp was calculated from the frac-
ture toughness and the 0.5?% offset yield stress deter-
mined from the compression test as follows:

Rp = K 2
IC/σYS (18)

5. Results and discussion
5.1. Molar mass
The molar mass details in terms of number average mo-
lar mass,Mn and weight average molar mass,Mw and
polydispersity, PD are given in Table I. The full molar
mass distributions are shown in Fig. 7. The mercaptan

Figure 7 Molar mass distribution of the poly(acrylic acid)s studied.

free medical grade polymer E9 had a much broader mo-
lar mass distribution than the other three polymers and
exhibits a double maxima in its molar mass distribution.
This is believed to be due to the use of isopropanol as
a chain transfer agent in the polymerisation process.

5.2. Compressive strength
The results for the compressive strengths determined in
air at room temperature for the low formulation cements
are shown in Table II and the results for the high formu-
lation cements are shown in Table III. The compressive
strengths generally increase with cement storage time.
The compressive strength is dependant on the reactivity
of the glass and the fluorine content. The compressive
strength is significantly lower for the cements made
with glasses containing no fluorine, or with low fluorine
contents for both cement formulations. The increased
glass content and polymer concentration results in a
markedly higher compressive strength. For example the
compressive strength increases from 101 to 201 MPa
for the cements based on theX = 2.0 glass tested after
one day.

TABLE I I Compressive strength of low formulation cement produced
with the E9 poly(acrylic acid)

1 Day 7 Days 28 Days

σc SD σc SD σc SD
X (MPa) (n = 8) (MPa) (n = 8) (MPa) (n = 8)

0 42.79 2.16 53.35 3.29 56.59 4.78
1.0 73.39 3.46 94.54 5.80 86.84 7.26
1.5 90.17 4.61 84.73 4.14 95.76 5.14
2.0 101.42 5.70 121.84 4.45 101.50 10.19
2.2 90.9 2.57 103.70 7.77 110.81 4.72
2.4 85.67 5.03 99.11 5.37 98.8 3.74
2.6 71.27 5.83 94.75 6.79 104.23 7.36
2.8 77.24 3.23 97.32 5.17 98.78 7.09
3.0 87.28 3.83 95.54 9.38 97.58 4.83
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TABLE I I I Compressive strength of high formulation cement pro-
duced with the E9 poly(acrylic acid)

1 Day 7 Days 28 Days

σc SD σc SD σc SD
X (MPa) (n = 8) (MPa) (n = 8) (MPa) (n = 8)

0 74.26 5.00 63.44 2.87 81.19 4.54
1.0 164.95 10.91 144.15 2.98 165.9 9.37
1.5 159.74 7.27 168.53 9.86 176.61 7.12
2.0 200.61 17.56 191.08 8.1 185.28 9.1
2.2 203.28 7.88 168.09 5.22 190.5 13.75
2.4 201.12 6.14 175.94 10.00 193.39 12.51
2.6 193.00 8.79 176.57 3.41 186.86 7.88
2.8 195.03 8.58 181.69 10.37 198.55 7.44
3.0 190.51 7.85 175.59 7.74 185.1 5.76

Increasing the test temperature to 37◦C and testing
in water reduces the compressive strength significantly
(Table IV) and results in increased plastic deformation
behaviour. For example the compressive strength re-
duces form 101 to 68 MPa for the cement tested at
1 day based on theX = 2.0 glass on testing in water at
37 ◦C as opposed to testing in air at room temperature.

The compressive strength again increases with ce-
ment storage time. The molar mass of the poly(acrylic
acid) has a significant influence on the compressive
strength obtained. For example, when tested after one
day the compressive strength is 49 MPa for a cement
made with theX = 3 glass and a poly(acrylic acid) with
Mn = 3.23× 103, but 81 MPa for a cement made with a
polyacrylic acid withMn = 1.08× 105. The molar mass
and the glass type used in the cement were found to exert
a significant influence on the amount of plastic defor-
mation that took place prior to fracture. Cements made
with the more reactive fluorine rich glasses and low mo-
lar mass poly(acrylic acid)s exhibited little plastic de-
formation prior to fracture. In contrast, cements made

Figure 8 Averaged Young’s moduli as a function of fluorine content of the glass and cement ageing time.

TABLE IV Compressive strengths measured in water at 37◦C for
low glass content cements

1 Day 7 Days 28 Days

σc SD σc SD σc SD
X PAA (MPa) (n = 8) (MPa) (n = 8) (MPa) (n = 8)

0 E5 19.53 1.05 29.8 0.62 31.62 1.36
1 E5 42.63 2.14 44.8 0.49 51.28 2.18
2 E5 45.37 1.72 53.18 3.13 54.56 2.71
3 E5 48.84 3.46 60.06 4.4 69.09 5.29

0 E7 26.61 2.54 37.3 0.48 41.44 1.43
1 E7 53.75 3.16 55.85 1.74 60.47 2.53
2 E7 57.97 2.64 68.45 1.2 65.91 4.12
3 E7 58.31 0.67 71.39 2.44 81.81 1.77

0 E9 34.02 2.48 46.21 0.95 47.87 0.41
1 E9 54.84 1.61 64.52 4.37 63.07 2.24
2 E9 68.18 3.46 86.12 3.48 87.38 4.37
3 E9 68.79 2.06 86.16 7.51 93.58 2.79

0 E11 44.15 3.17 52.78 4.68 60 4.71
1 E11 70.33 3.7 72.63 7.94 89.85 4.86
2 E11 79.05 3.98 84.31 1.75 98.62 4.87
3 E11 80.77 4.39 97.85 2.12 97.94 5.62

with the high molar mass poly(acrylic acid) E11 and
the less reactive fluorine free glass exhibited marked
plastic deformation. The amount of plastic deforma-
tion that took place prior to fracture was observed to
reduce with cement storage time, consistent with in-
creased crosslinking of the polyacrylate chains.

5.3. Young’s moduli
The Young’s moduli are shown in Fig. 8. The val-
ues given are the average values for the different
poly(acrylic acid) molar masses studied. The experi-
mental scatter on the Young’s moduli values were rel-
atively large and obscured any small differences being
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Figure 9 Fracture toughness values measured at 28 days for cements as a function of the fluorine content of the glass and poly(acrylic acid) molar
mass.

detected between the fluorine containing glasses, how-
ever cements based on the non fluorine glass exhibited
significantly lower moduli values at all time intervals
and at all molar masses.

The fact that the fluorine containing glasses all have
very similar moduli is surprising given the influence
fluorine has in disrupting the glass network and its
marked influence on glass reactivity and setting and
working times of the cement pastes [45]. Solid state
MAS-NMR results indicate that fluorine is exclusively
bound to aluminium in the glass network [46]. Alu-
minium cations in the glass network that have a fluo-
rine bound to them are more likely to be released from
the glass than aluminium ions without a bound fluorine,
since fewer chemical bonds will need to be broken to
release such an aluminium fluorine complex. Thus the
concentration of aluminium-fluorine complexes could
be much higher in the cement matrix than in the glass
and similar for all the fluorine containing glasses. Fluo-
rine would be expected to inhibit ionic crosslinking and
reduce the Young’s modulus, however if the chance
of forming a triple crosslink is remote, the hydrogen
bonding ability of fluorine could help stabilise the alu-
minium carboxylate complexes and increase the effec-
tive crosslinking of the polyacrylate matrix.

The Young’s modulus has previously [4, 6] been
shown to be independent of molar mass and this would
be expected to be the case with the present cements.
The Young’s moduli however all increase with time,
which is consistent with the cement reaction continu-
ing and resulting in increased crosslinking of the ce-
ment matrix. The previous study [6] also demonstrated
the modulus to increase with time. The Young’s moduli
after 28 days are within the 7–13 GPa range for dentine
and 7–20 GPa for cortical bone, which is important for
good stress transfer between the cement and the appro-
priate tissue.

5.4. Fracture toughness
Table V gives the results of the fracture toughness
tests and the results measured at one day are also plot-
ted graphically in Fig. 9. The fracture toughness in-
creases with molar mass for all the glasses studied and
at all three time intervals. The fracture toughness gen-
erally increases with decreasing fluorine content of the
glass and decreased glass reactivity. This supports the
view that the existing commercial cements may be over
crosslinked. In the present commercial materials based
on poly(acrylic acid), a molar mass distribution close to
that of the E9 material would typically be used in con-
junction with a high fluorine glass similar to theX = 3
composition. The values for the fracture toughness of

TABLE V Fracture toughness values

1 Day 7 Days 28 Days

KIC SD KIC SD KIC SD
X PAA (MPa m1/2) (n = 9) (MPa m1/2) (n = 9) (MPa m1/2) (n = 9)

0 E5 0.27 0.01 0.36 0.01 0.35 0.01
1 E5 0.41 0.02 0.43 0.03 0.42 0.02
2 E5 0.28 0.01 0.33 0.01 0.37 0.01
3 E5 0.3 0.02 0.39 0.01 0.36 0.01

0 E7 0.47 0.01 0.51 0.02 0.52 0.03
1 E7 0.52 0.02 0.50 0.02 0.53 0.02
2 E7 0.37 0.01 0.41 0.01 0.49 0.02
3 E7 0.4 0.03 0.45 0.05 0.5 0.01

0 E9 0.57 0.02 0.6 0.06 0.56 0.02
1 E9 0.54 0.01 0.60 0.02 0.61 0.06
2 E9 0.51 0.04 0.55 0.02 0.56 0.03
3 E9 0.41 0.01 0.56 0.03 0.55 0.02

0 E11 1.13 0.06 1.24 0.05 1.39 0.06
1 E11 0.98 0.04 1.1 0.02 1.13 0.05
2 E11 0.71 0.06 0.85 0.03 0.84 0.01
3 E11 0.68 0.06 0.78 0.03 0.76 0.04
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the current commercial cements are typically 0.4–0.55
MPa m1/2, which is what would be expected for such
cements based on the present paper.

The cements made with the lower fluorine content
glasses and high molar mass poly(acrylic acid) E11 and
E9 exhibit fracture toughness values higher than exist-
ing commercial materials. The highest fracture tough-
ness value obtained was 1.39 MPa m1/2 with the longest
chain length poly(acrylic acid) and with the lowest flu-
orine glass. This value represents an almost three fold
improvement on the values obtained from the existing
commercial materials. Furthermore the fracture tough-
ness values obtained are higher than the low copper,
nonγ ′′ amalgams and comparable with many existing
dental composite resins. However, the fracture tough-
ness is still significantly below that of the major phase
of tooth, dentine at≈ 2.4 MPa m1/2.

Cements made with the E9 polymer are generally
much closer in their fracture toughness values to the
cements made with the E7 polymer, which is probably
a result of the broader distribution of chain lengths in
the E9 poly(acrylic acid) and the low molar mass tail
that is also present.

The toughness or mode I critical stain energy release
rate values are given in Table VI and the results mea-
sured at one day are plotted in Fig. 10. The toughness is
greatest for the highest molar mass poly(acrylic acid),
E11 with the least reactive glass,X = 0 at the shortest
time interval studied of 1 day.

5.5. Unnotched fracture strength
The un-notched fracture strength increases significantly
with poly(acrylic acid) molar mass and with cement
ageing time (Table VII and Fig. 11). However, the in-
fluence of glass composition is less marked. The lack of
correlation between the fracture toughness and the flex-
ural strength must arise from an increase in the inherent

Figure 10 Toughness values measured at one day for cements as a function of the fluorine content of the glass and poly(acrylic acid) molar mass.

TABLE VI Toughness values

E5 E7 E9 E11
GIC (J m−2) GIC (J m−2) GIC (J m−2) GIC (J m−2)

X = 3
1 day 19 29 21 100
7 days 28 38 58 74
28 days 16 31 37 71
X = 2
1 day 18 23 34 114
7 days 18 28 51 93
28 days 17 31 41 92
X = 1
1 day 23 37 49 167
7 days 29 39 56 158
28 days 23 42 38 190
X = 0
1 day 25 55 64 446
7 days 32 65 89 303
28 days 24 53 62 381

Griffith flaw size as the molar mass is increased. This
may reflect the fact that the cement pastes became more
difficult to mix as the molar mass of the poly(acrylic
acid) was increased and the increased viscosity resulted
in a small number of entrapped air bubbles.

The un-notched fracture strength values are
comparable with the highest values found for commer-
cially available glass polyalkenoate cements. Generally
much smaller test specimen are used for determining
the un-notched fracture strength of glass polyalkenoate
cements than have been used in the present study. The
use of a smaller specimen would be expected to increase
significantly the strength values obtained.

5.6. Plastic zone size
The calculated plastic zone sizes are shown in Ta-
ble VIII and plotted in Fig. 12 for the cements tested
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TABLE VI I Un-notched fracture strength

1 Day 7 Days 28 Days

σf SD σf SD σf SD
X PAA (MPa) (n = 6) (MPa) (n = 6) (MPa) (n = 6)

0 E5 6.1 0.13 6.33 0.86 9.01 0.75
1 E5 10.9 0.84 8.52 0.96 11.78 1.13
2 E5 5.8 0.45 5.84 0.48 8.42 0.62
3 E5 7.4 0.31 6.29 0.42 10.11 0.86

0 E7 10.57 0.56 10.13 1.49 13.76 0.14
1 E7 14 1.07 12.27 1.44 15.7 1.24
2 E7 9.38 1.02 8.91 1.16 8.92 1.12
3 E7 10.5 1.12 7.75 1.14 11.91 0.66

0 E9 13.9 0.12 15.05 0.67 17.48 2.05
1 E9 14.36 1.32 20.07 1.37 25.16 2.05
2 E9 17.05 0.65 16.7 1.3 17.8 1.37
3 E9 15.66 0.92 10.39 1.6 19.12 0.67

0 E11 20.21 1.47 21.03 1.9 28.74 1.04
1 E11 22.5 0.36 27.4 1.8 31.13 2.9
2 E11 20.8 0.75 23.93 1.63 30.86 3.26
3 E11 19.31 1.32 19.05 1.74 30.63 1.34

at one day. In all cases the plastic zone size was much
less than the specimen thickness of 3.0 mm and it can
therefore be concluded that all the double torsion spec-
imens were being tested in predominantly plain strain
conditions.

The plastic zone size increases with the poly(acrylic
acid) molar mass and generally decreases with cement
age and increasing fluorine content. The most marked
reduction of plastic zone size with time was found for
cements made with the highest molar mass poly(acrylic
acid) and the fluorine free glass, where the plastic zone
reduces from 212µm at 1 day to 117µm after 28 days.
This is consistent with glass polyalkenoate cements

Figure 11 Un-notched fracture strength values measured at 28 days for cements as a function of the fluorine content of the glass and poly(acrylic
acid) molar mass.

TABLE VI I I Plastic zone size

1 Day 7 Days 28 Days

Rp SD Rp SD Rp SD
X PPA (µm) (n = 8) (µm) (n = 8) (µm) (n = 8)

0 E5 17.0 1.7 12.0 0.08 12 0.7
1 E5 9.2 0.5 2.4 0.5 6 0.8
2 E5 2.4 0.3 2.6 0.1 2 0.3
3 E5 2.0 0.3 2.6 0.2 1.5 0.1

0 E7 54 5.9 23 1.2 16.0 0.22
1 E7 9.9 0.9 8.1 0.4 9.0 0.4
2 E7 3.2 0.1 2.7 0.3 3.0 0.3
3 E7 3.1 0.3 2.6 0.1 2.0 0.1

0 E9 42.5 3.5 19 1.6 15 0.6
1 E9 13 0.6 12 0.9 13 0.5
2 E9 5.4 0.5 4.7 0.2 4.0 0.1
3 E9 3.3 0.1 4.2 0.5 2.0 0.1

0 E11 212 25 175 1.5 117 12.7
1 E11 42.3 3.91 31 0.2 24 2
2 E11 16.2 1.6 19 0.1 9 0.4
3 E11 8.7 0.8 7.5 0.1 7 0.7

undergoing further ionic crosslinking of the polyacry-
late chains with time and the crosslinking process, re-
stricting the amount of molecular flow taking place at
the crack tip.

The largest plastic zone size of 212µm was found
for the cement with the highest poly(acrylic acid) molar
mass and the least reactive glass,X = 0 at the shortest
time period studied. The smallest plastic zone size of 1.5
µm was found for the cement produced with the most
reactive glass, theX = 3 with the lowest poly(acrylic
acid) molar mass at the longest time period studied. The
plastic zone sizes obtained for the cements made with
the fluorine free glass are larger than the values obtained
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Figure 12 Plastic zone size values measured at one 28 days for cements as a function of the fluorine content of the glass and poly(acrylic acid) molar
mass.

for the glass polyalkenoate cements and zinc polycar-
boxylate cements studied by Akinmade and Hill [39].
The results are consistent with increased crosslinking
inhibiting molecular flow at the crack tip and reducing
the plastic zone size.

5.7. Toughness
Previous studies of the influence of poly(acrylic acid)
molar mass on the toughness of glass polyalkenoate
[4, 6] and the related zinc polycarboxylate cements
[47] have used a chain pull-out model developed for
thermoplastic polymers [15] to analyse the data. As
discussed previously, this model predicts the tough-
ness to be dependant on the molar mass squared.
However plots of log toughness against LogMn gave
a slopes of 0.5 and 0.8 for glass polyalkenoate and
zinc polycarboxylate cements [4, 47], respectively. The

Figure 13 Typical Log(GIC) against Log(Mn) plot.

reduction in slopes compared to that predicted theoret-
ically and found experimentally for polymers, such as
poly(methylmethacrylate) and polycarbonate was at-
tributed to the presence of the weak ionic crosslinks
between the chains. It is also important to note that in
the chain pull-out model, the assumption that a single
polymer chain can bridge the growing crack tip is in-
correct. It is likely that the number of chains involved
in fracture will not be simply the number of chains
crossing the crack plane, but will include chains some
short distance from the fracture plane. The number of
chains involved in fracture might be expected to be pro-
portional to the crack opening displacement, or plastic
zone size.

A typical plots of log (toughness) against molar mass
is shown in Fig. 13 and the results are tabulated in
Table IX. The greatest slopes are found for the least re-
active glass for the shortest time period studied at one
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TABLE IX Values for the slopes of the log toughness-log number
average molar mass plots

1 Day 7 Days 28 Days

X Slope r 2 Slope r 2 Slope r 2

0 0.80 0.93 0.63 0.97 0.76 0.93
1 0.49 0.89 0.50 0.99 0.56 0.97
2 0.54 0.95 0.48 0.98 0.46 0.97
3 0.44 0.88 0.29 0.94 0.40 0.93

day, where a slope of 0.79 was obtained. This value
is below that for thermoplastic polymers of 2.0 pre-
dicted by the reptation chain pull-out model. The small-
est slope of 0.40 was found for the most reactive glass
for the longest time period studied after 28 days.

The intercept on thex axis corresponds to a molar
mass of about 100. In thermoplastics this value would
be much higher and would typically correspond to a mo-
lar mass of between 5000 and 30,000 and correspond to
the critical molar mass for the formation of chain entan-
glements. Below this molar mass, the polymer chains
are no longer constrained by a tube of entanglements
and the toughness would be zero. The intercept on the
x axis for the present cements is at such a low value
that it could not possibly correspond to the critical mo-
lar mass for the formation of entanglements, however
it does correspond approximately with the molar mass
of the acrylic acid monomer and could thus correspond
to the molar mass for the formation of crosslinks.

5.8. Fractography
The cements made with the higher molar mass poly-
(acrylic acid)s and the less reactive low fluorine glasses
exhibited rib markings on the fracture surfaces of their
DT specimens characteristic of thermoplastics poly-
mers, such as poly(methylmethacrylate) and rubber
toughened poly(methylmethacrylate)s [48]. This pro-
vides further support for fracture taking place through
a well defined plastic zone at the crack tip and supports
the calculated plastic zone size data.

6. Conclusions
Despite the fact that the reptation-chain pull-out model
does not fit the observed data, the results demonstrate
the dominant influence of poly(acrylic acid) molar mass
on cement properties. The polymer molar mass is the
dominant factor at all three time intervals. It has been
suggested that the formation of a silicate phase ac-
counts for the long term changes in the mechanical
properties of glass polyalkenoate cements and that the
role of the poly(acrylic acid) is to confer strength and
toughness only during the early stages of the setting
reaction [23]. The results indicate a dominant influ-
ence of the poly(acrylic acid) molar mass even at 28
days. The application of the reptation chain pull-out
model to glass polyalkenoate cements has been criti-
cised [50, 51], but is currently the only available model
for analysing the fracture behaviour that is capable of
making quantitative predictions [52]. The dependance

of toughness on molar mass decreases markedly with
time and with glass reactivity. At short times after set-
ting and with less reactive glasses, the slope is close to
one. However, at longer times after setting, the more
reactive glasses give slopes below 0.5 and below that
found for the previous commercial glass at one day.
The dominant role poly(acrylic acid) exerts on fracture
toughness, un-notched fracture strength and compres-
sive strength, even at cement ageing times of 28 days
points to the silicate phase having a minor contribution.
The increases in Young’s modulus, as well as reduc-
tions in toughness and plasticity at the crack tip with
time are more consistent with increased crosslinking of
the polyacrylate chains by metal cations.

One of the major advantages of glass polyalkenoate
cements is their ability to release fluoride ions. Their
major deficiency is their poor fracture toughness.
Whilst the fracture toughness has been increased dra-
matically, this is at the expense of using low or fluo-
rine free glasses. Previous studies have demonstrated
a strong correlation of the fluorine content of the glass
with the amount of fluoride released from the set cement
[53]. Thus the cements with the high fracture toughness
values will not release fluoride ions in large amounts.
Despite this drawback, it is thought that significant im-
provements in fracture toughness and toughness can be
obtained by moving to a poly(acrylic acid) with a mo-
lar mass above that of E9, but below that of E11 and
increasing the polyacid concentration. Recent studies
[54] have demonstrated that cement properties improve
dramatically with poly(acrylic acid) concentration. The
E11 material has a molar mass distribution in which
some of the chains are so long that they are proba-
bly aboveMc and in the plateau region (Fig. 5), where
toughness is independent of molar mass. These chains
will not contribute any additional toughness, but will
contribute to an even higher viscosity. Since the vis-
cosity would be expected to scale as the molar mass
raised to the power 3.0 [9] excessively long chains are
to be avoided. Long chains will contribute dispropor-
tionately to the viscosity and not so dramatically to the
toughness. Optimisation of the molar mass distribution
should enable the poly(acrylic acid) concentration to be
increased and further increases in the fracture tough-
ness to be obtained. Whilst the fracture toughness has
been increased significantly compared to existing com-
mercial materials, the fracture toughness is still signifi-
cantly below that of the structural component of tooth,
dentine at 2.4 MPa m1/2.

Frequently the compressive strength of glass poly-
alkenoate cements is the only mechanical property to
be evaluated and this parameter is usually only mea-
sured at one day. It can be seen that the linear elastic
fracture mechanics approach gives a much greater in-
sight into failure in these materials. Furthermore, com-
pressive strength as a parameter is relatively insensitive
to the changes that occur with time in these dynamic
materials. For example, whilst the Young’s modulus
changes markedly with time, compressive strength of-
ten remains approximately constant. Further long term
studies are required with these cements in order to op-
timise their properties and performance.
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