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Abstract
Objectives The aims of this study were to evaluate the
radiopacity, compressive strength, setting time, and porosity
of white Portland cement (PC) with the addition of bismuth
oxide (Bi2O3), zirconium dioxide (ZrO2), and ytterbium
trifluoride (YbF3) after immersion at 37 °C for 7 days in
distilled water or phosphate buffer saline.
Materials and methods Specimens measuring 8 mm in diam-
eter and 1 mm in thickness were fabricated from PC with the
addition of 10, 20, and 30 wt% Bi2O3, ZrO2 or YbF3. ProRoot
MTA (Dentsply, Tulsa, OK, USA) and pure PC were used as
controls. For radiopacity assessments, specimens were
radiographed alongside a tooth slices and an aluminum

stepwedge on Extraspeed occlusal dental films (Insight
Kodak, Rochester, New York). Mean optical density of each
specimen was calculated and used to express radiopacity of
the material as an equivalent thickness of aluminum. Com-
pressive strength was measured by using 4-mm diameter and
6-mm high specimens and Universal testing machine. High-
pressure mercury intrusion porosimeter (Carlo Erba
Porosimeter 2000) was employed to measure the porosity of
the specimens. The setting time was measured by using a
needle of 100 g in weight. The morphology of specimens
was evaluated using a scanning electron microscope
(TESCAN Mira3 XMU, USA Inc.). Data were analyzed by
one-way ANOVA and post hoc Tukey test (P <0.05).
Results The PCwith the addition of at least 10wt%Bi2O3 and
20 wt% ZrO2 or YbF3 demonstrated greater radiopacity value
than the recommended 3 mmAl cut-off. ZrO2 and YbF3
increased the compressive strength of PC, but it was not
statistically significant (P >0.05), while Bi2O3 decreased it
(P <0.05). All radiopacifiers significantly increased the poros-
ity of the experimental cements (P <0.05). Bi2O3 extended the
setting time of PC (P <0.05), whilst ZrO2 and YbF3 did not
significantly affect it (P >0.05).
Conclusions ZrO2 and YbF3 may be used as a suitable alter-
native to replace Bi2O3 in MTAwithout influencing its phys-
ical properties.

Keywords Radiopacifying agents . Radiopacity .

Compressive strength . Setting time . Porosity . Portland
cement

Introduction

Mineral trioxide aggregate (MTA) is a cement-type material,
developed in the 1990s at Loma Linda University. Originally
developed for retrograde filling [1], MTA has since been
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indicated in root perforation repairs [2], pulp-capping [3],
pulpotomy [4], and the treatment of traumatized teeth with
incomplete apexification [5]. The success of MTA arises from
its superior biological properties [6], excellent sealing ability
[7], and low solubility [8].

Both MTA and Portland cement (PC) are silicate-
based cements; a comparative analysis reported the sim-
ilarities between MTA and PC in respect to biocompat-
ibility [6], pulp protection [9], and sealing ability [10].
However, PC itself has insufficient radiopacity, and
thus, in MTA, bismuth oxide (Bi2O3) is added to PC
as a radiopacifier in 4:1 proportion [11]. Furthermore, a
shortcoming of both MTA and PC is their long setting
time which has been reported to be about 3 h [12].

The ideal radiopacifier should be inert, non-toxic, and
contaminant-free. The addition of radiopacifying agent to
calcium silicate-based cement should be sufficient to en-
able its visualization on radiograph without compromising
other properties [11]. However, the addition of Bi2O3

seems to be deleterious to the physical properties of the
material. Bi2O3 is not inert and does not act as filler but
actively takes part in hydration mechanism of the cement
and displace silicon in hydrated paste. After 28 days of
hydration, only 8 % of Bi2O3 remains in the form of
oxide; the rest leaches out or is incorporated in the cement
[13]. Moreover, PC with Bi2O3 experiences extended set-
ting time and reduced compressive strength [14]. Yet,
bismuth affects the microstructure of MTA inducing crea-
tion of dense rims with central voids and diminishes the
release of calcium ions by the cement making up for the
lack of cell proliferation [15]. Also, Bi2O3 increases the
water uptake of the cement; high water to cement ratio
increases the susceptibility of the cement to leaching [13].
High water uptake causes an extensive expansion leading
to higher risk of root fracture [16]. Finally, Bi2O3 is
soluble in acid media additionally increasing its leaching
from the cement and thus the degradation of the material
[15, 17].

Among other properties, porosity of an endodontic material
is an important property to consider because it is related to the
solubility, degradation, and longevity of the cement. It is
documented that the addition of Bi2O3 increases the porosity
of PC and consequently decreases its compressive strength
[18]. Alternative radiopacifiers, such as barium sulfate, zirco-
nium oxide, iodoform, gold powder, titanium dioxide, lead
oxide, calcium subnitrate, calcium tungstate, bismuth carbon-
ate, and bismuth subnitrate have been proposed to overcome
disadvantages of Bi2O3 [11, 19, 20]. However, little is known
about the interference of alternative radiopacifiers with the
porosity of PC. Thus, the aim of this study was to evaluate the
influence of Bi2O3, zirconium oxide (ZrO2), and ytterbium
trifluoride (YbF3) on the radiopacity, compressive strength,
setting time, and porosity of PC.

Materials and methods

Specimen preparation

Radiopacifiers were added to PC (Italcementi SPA, Bergamo,
Italy) by replacing 10, 20, and 30 % of the cement powder by
weight. Each portion of the cement was weighted on an
electronic analytic balance (Mettler, Zurich, Switzerland).
All specimens were hand-mixed at a powder to liquid ratio
of 1 g cement per 0.37 ml distilled water. A glass mixing pad
and stainless steel spatula were used for hand mixing.

For radiopacity assessments, cements were placed in the
molds 8 mm in diameter and 1 mm thick. After removal from
the mold, thickness of the specimens was checked with a
digital caliper. If necessary, specimens were ground wet with
600-grit silicon carbide paper to reach the thickness of 1±
0.1 mm. Specimens were randomly divided in two groups and
immersed for 10 days whether in distilled water at 37 °C and
95 % humidity or in phosphate buffer saline solution (PBS).
Five specimens were prepared for each cement. For setting
time measurements, at 120±10 s after the onset of mixtures,
the assembly was stored in an incubator at 37 °C and 95 %
humidity. Three specimens of each of the investigated ce-
ments were analyzed. For compressive strength testing the
materials were mixed and compacted into metal molds
(4 mm diameter and 6 mm high) and allowed to set for 24 h
in an incubator at 37 °C and 95 % humidity before the
specimens were removed from themolds and cured in distilled
water or in PBS at 37 °C for 10 days. Seven specimens were
prepared for each material tested. For porosity measurements,
five specimens of each cement measuring 8 mm in diameter
and 1 mm in thickness were prepared in a similar way as
described for radiopacity assessments. The specimens were
cured in an incubator in distilled water or in PBS at 37 °C for
10 days. White ProRoot MTA (Dentsply, Tulsa Dental Prod-
ucts, Tulsa, OK, USA) and pure PC were used as a positive
and negative controls, respectively.

Radiopacity assessments

Each specimen of the material was placed alongside a tooth
slice specimen and an aluminum stepwedge (99.6 % pure)
varying in thickness from 1 to 10 mm in increments of 1 mm
each on Extraspeed occlusal film (Insight Kodak, Rochester,
NY, USA) and radiographed by using X-ray unit (Trophy
Radiology, Cedex, France) operating at 65 kV, 7 mA, for
0.32 s and at a focus to target distance of 35 cm. The optical
densities of the specimens were calculated by using transmis-
sion densitometer (X Rite 341, Grand Rapids, MI). Care was
taken to analyze only regions free of air bubbles or other
irregularities. Three readings were taken for each specimen,
and the mean optical density was calculated. The mean optical
densities were plotted against the number of aluminum steps;
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the plots were linearly regressed, and regressions were used to
convert mean optical densities into millimeters of aluminum.

Determination of compressive strength

The wet comprehensive strength was determined in accor-
dance to International Standard Organization (ISO) 6876 by
dividing the breaking load (unit: Newton) of every specimen
on a Universal testing machine (Instron, Norwood, USA,
loading rate 50 N/min) by the cross-sectional area (Newton
per square millimeter).

Setting time

To determine setting time, a needle having a mass of 100±1 g
with a needle attachment having a flat end 2±0.1 mm in
diameter was vertically placed on the cement surface every
2 min. The needle was cleaned between each test. Setting time
was considered as the time when needle failed to create an
indentation onto the surface of thematerial after being allowed
to settle for 5 s.

Density and porosity measurements

Density of the specimens was calculated using a pycnometer
with benzene as the displacement fluid. The high-pressure
mercury intrusion porosimeter (Carlo Erba Porosimeter 2000)
operating in the interval 0.1–200MPa and usingMilestone 100
Software System was employed to estimate the pores in inter-
val 7.5–15,000 nm. Preparation of the samples was performed
at room temperature and a pressure of 0.5 kPa.

Microstructural examination

The morphology of cements was evaluated using a scanning
electron microscope (SEM) (TESCAN Mira3 XMU, USA
Inc.) at 20 kV. The specimens used for compressive strength
testing were attached to aluminum stubs using carbon double-
sided tape and carbon-coated. SEM analysis was carried out to
analyze the microstructure of selected regions within each
specimen.

Statistical analysis

The data were tested for normality of distribution by Kolmo-
gorov–Smirnov test (P <0.05). A one-way analysis of vari-
ance (ANOVA), followed by Tukey’s test, was used for com-
parison of the differences between the groups (P <0.05). The
Statistica 8.0 (Stat Soft, Inc., Tulsa, OK, USA)was used for all
statistical analysis.

Results

The evaluators of the results were same as those who per-
formed the study. The results for the radiopacity are present in
Fig. 1. The ANOVA revealed statistically significant differ-
ences between the mean radiopacity values of the specimens
tested. The PCwith the addition of 30wt%Bi2O3 immersed in
PBS experienced the greatest, whereas pure PC soaked in PBS
presented the lowest radiopacity value of all cements. The PC
with 20 and 30 wt% of ZrO2 or YbF3, all mixtures of Bi2O3,
and ProRoot MTA (Dentsply) met the ISO guideline of
3 mmAl. None of the investigated materials reached signifi-
cance in radiopacity when immersed in PBS in comparison
with distilled water (P >0.05). The addition of 20 % and 30 %
of ZrO2 and YbF3 at all concentrations resulted in increased
compressive strength (P <0.05) of PC while the addition of
Bi2O3 decreased its compressive strength (P <0.05). The ad-
dition of 10 % ZrO2 did not influence the material’s compres-
sive strength (P >0.05) (Fig. 2). ProRoot MTA (Dentsply) has
demonstrated marked difference in compressive strength
when cured in water and PBS (P <0.05), while other cements
did not show statistical significance (P >0.05).

Bi2O3 significantly increased the setting time of PC (P <
0.05), while the addition of ZrO2 and YbF3 did not signifi-
cantly affect it (P >0.05) (Fig. 3).

Some textural properties, such as porosity and total pore
volume per mass (the specific pore volume), the specific
surface area, SHg, and the most dominant diameter, dmax, of
the investigated specimens were calculated, and the results
are in Table 1, together with the results obtained from the
pycnometer density measurements. According to these re-
sults, total pore volume for PC was 0.042 cm3/g in interval
15,000<d <7.5 nm, with 60 % of total pore volume in

Fig. 1 Radiopacity of materials tested ±SD. Same letters refer to no
significant difference between the groups (P<0.05). PC , Portland ce-
ment; MTA , mineral trioxide aggregate; Bi2O3, bismuth oxide; ZrO2,
zirconium oxide; YbF3, ytterbium trifluoride
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interval 7.5<d <30 nm, with dmax of 15 nm and SHG of
11 m2/g. The addition of Bi2O3 resulted in increased the
total pore volume from 0.076 cm3/g in water and 0.082 cm3/g
in PBS for 10 % addition to 0.125 cm3/g in water and
0.088 cm3/g in PBS for 30 % addition. Also, dmax increased
from 20 nm for 10 % addition to 100 nm for 30 % addition of
Bi2O3, while the porosity increased from 18 % to 28 % in
distilled water and 15% to 23% in PBS. The addition of ZrO2

resulted in increased SHG, porosity, and dmax. The specimens
with the YbF3 present similar SHG and porosity while the dmax

varied from 70 to 100 nm. The porosity of ProRoot MTAwas
statistically insignificant to the porosity of PC with 20 %
addition of Bi2O3 (P <0.05).

The scanning electron micrographs of the pure PC and PC
with addition of Bi2O3, ZrO2, or YbF3 are shown in Figs. 4

Fig. 3 Setting time of materials tested ±SD. Same letters refer to no
significant difference between the groups (P<0.05). PC , Portland ce-
ment; MTA , mineral trioxide aggregate; Bi2O3, bismuth oxide; ZrO2,
zirconium oxide; YbF3, ytterbium trifluoride

Fig. 2 Compressive strength of materials tested ±SD. Same letters refer
to no significant difference between the groups (P<0.05). PC , Portland
cement; MTA , mineral trioxide aggregate; Bi2O3, bismuth oxide; ZrO2,
zirconium oxide; YbF3, ytterbium trifluoride
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and 5. The magnification on SEM images was increased until
the individual particles could easily be identified on micro-
graphs. Cement specimens were composed of spherical and
angular particles with PC composed of needle-like particles
with a wide range of sizes, whereas MTA particles were more
homogenous than experimental cements particles. The
radiopacifier grains were distinct from the cement grains,
and they were evenly distributed in all the specimens ana-
lyzed. The grains of Bi2O3 exhibited a cluster formations
ranging in size from approximately 5 to 10 μm in diameter.
ZrO2 presented particles with a wide distribution of sizes
ranging between 2 and 8 μm, while YbF3 particles, similar
to Bi2O3, appeared to agglomerate together instead of remain-
ing separate and varied in size from 3 to 10 μm.

Discussion

Over the past decade the uses of MTA have been mostly
limited due to its inadequate compressive strength, long

setting time, and poor workability [21]. Therefore, research
continued to fabricate calcium silicate based cement with even
better properties than MTA [22–24]. This study showed that,
when formulating such a material, YbF3 and ZrO2 may be
preferred over Bi2O3 as a radiopacifying agent.

The radiopacity value of experimental cement at 20 wt%
Bi2O3 was found to be 5.13 and 5.36 mmAl when cured in
water and PBS, respectively; it was 6.83 [11], 6.81 [25], 6.62
[26], 5.93 [20], 5.88 [19], and 4.48 mmAl [27] in previous
studies. The radiopacity of ProRoot MTA (6.44 mmAl) favor-
ably agrees with the results reported previously (5.72 [19],
6.74 [12], 7 [25], 7.5 [23], and 8 mmAl [11]). The variations in
the results reported in different studies arise due to several
reasons. Method used for evaluation can affect the measured
radiopacity: The results obtained by digitization of radio-
graphic films [20, 27] are lower than those obtained with
densitometer [11, 28]. Particle size and shape can affect the
water absorption of the material; materials composed of very
fine particles absorb more water, which causes reduction in
radiopacity of the material [29]. Finally, the purity of

Fig. 4 Back-scatter scanning electron microscopy of a pure PC, b PC +30 % Bi2O3, c PC +30 % ZrO2, d PC +30 % YbF3 (×500 magnification), e
ProRoot MTA. PC , Portland cement; Bi2O3, bismuth oxide; ZrO2, zirconium oxide; YbF3, ytterbium trifluoride
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aluminum stepwedge can vary: Only 60 % of aluminum
stepwedges obtained from representative laboratories world-
wide meet the requirements specified by ISO protocols [30].
Several studies reported radiopacity values of PC associated
with ZrO2 close to those in the present study [11, 19, 20]. The
radiopacity of PC with YbF3 has not been mentioned in the
literature until now.

Setting time for pure PC was 90 min in this study; in
previous studies, it was between 40 [12] and 270 min [14].
The result for the setting time of MTA (105 min) reasonably
agrees with previous studies that reported values between 40
[12] and 50 min [31] for initial and 140 [12], 202 [32], and
219 min [33] for final setting time. The differences in results
arise from the use of needles with different weights and
different time allowed for needle to be settled to create inden-
tation. The ISO 6876 [34] specifies the use intender having a
mass of (100±0.5 g), whilst the researchers used rather the
intenders weighting 113 g [29] for initial and 300 g [32], 400 g
[14, 22, 33], or 453 g [30] for final setting time. Neither the
ISO 6876 nor the vast majority of publications clarify the

amount of time the needle rests on the surface [32]. Bi2O3

adversely affected the setting time of PC, decreasing it in 20%
at 20 wt%, which is its concentration in MTA. This result
corroborates the previous findings [12]. In contrast, absence of
significant effect of ZrO2 and YbF3 on the setting time of
experimental cements in this study indicates lack of interac-
tion between YbF3 and PC ingredients. Reduced setting time
of PC would be useful as it would allow safer placement of
restorative material, less time for adverse affect of oral con-
taminants, shorter time for possible washout of the cement
[32], and reduced number of clinical appointments [14].

One of main shortcomings of MTA is its inadequate com-
pressive strength [21]. The results of this study provide evi-
dence, although not conclusive at this time, that ZrO2 has a
positive effect on compressive strength of calcium silicate
cements [22]. Camilleri et al. also reported that ZrO2 may be
a promising alternative to Bi2O3 in MTA; 30 % addition of
ZrO2 was declared to be the optimal concentration of this
radiopacifier resulting in adequate compressive strength for a
material intended for use as a root end filling material [22]. In

Fig. 5 Back-scatter scanning electron microscopy of a pure PC, b PC +30 % Bi2O3, c PC +30 % ZrO2, d PC + 30 % YbF3 (×5,000–10,000
magnification), e ProRoot MTA. PC , Portland cement; Bi2O3, bismuth oxide; ZrO2, zirconium oxide; YbF3, ytterbium trifluoride
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the present study, compressive strength of ProRoot MTA
(Dentsply) was 45.6 MPa which is in accordance with results
reported elsewhere (28 [31], 30 [32], 33 [18], 43 [33], and
45 MPa [12]). What deserves to be mentioned is that YbF3
also slightly increased compressive strength of PC, in sharp
contrast to Bi2O3 which decreased compressive strength of
experimental cements. An intriguing result of the present
work is that immersion in PBS led only to the increased
compressive strength of ProRoot MTA (Dentsply), while the
compressive strength of experimental cements remained
unchanged.

Porosity of the cement refers to the amount of water
throughout the cement pore system. The pore texture in dental
cements arises from two sources: selective dissolution of some
components and unreacted water or entrapped air [18]. The
pore size is of great importance since it affects the ingrowth of
new tissue and the degradation of the materials. Pores are
classified in different classes depending on their size: micro-
pores (pore diameter smaller than 2 nm), mesopores (pore
diameter 2–50 nm), and macropores (pore diameter larger
than 50 nm). Pores may be further classified according to
how accessible they are to an external fluid as: closed (not
accessible from the external), blind (open at one end), and
through (open at both ends). The open porosity includes blind
and through pores. Closed pores influence macroscopic prop-
erties of the material such as bulk density, elasticity, mechan-
ical strength, and thermal conductivity [35]. The importance
of open porosity is in its direct impact on the possibility of
penetration of bacteria and bacterial toxins into unprotected
dentin [36]. In this study, the porosity of ProRoot MTA
(Dentsply) was 30.1 % which is in rough agreement with the
results of the previous studies where porosities of 5.5 % [23]
and 31 % [18] were reported. Regarding radiopacifier’s effect
on the porosity both ZrO2 and YbF3 increased the porosity of
PC to the lesser extent than Bi2O3. This is not contaminant
with the results of the previous study in which the addition of
ZrO2 led to the reduced overall porosity of the cement [22].
This may be due to the use of different methodology for
porosity evaluation; mercury intrusion porosimetry was used
in this study while in previous it was calculated by measuring
the difference in mass between each sample when dried and
submerged in solution. With the addition of Bi2O3, the pore
volume of the pores range increased to the greater extent than
when ZrO2 and YbF3 were added. According to analyzed
parameters, the cement with the addition of YbF3 poses the
most desired porous structure for endodontic application
among the investigated experimental cements.

SEM showed the formation of tricalcium aluminate and
calcium sulfate with water which is the characteristic of PC
hydration mechanism. There was no reaction neither between
the zirconium and ytterbium with the calcium, silicon, and
aluminum from PC; on the contrary, it is well documented that
bismuth in MTA replaces the silicon forming a complex

microstructure with the calcium silicate hydrate which affects
physical properties of the cement [15]. In addition, it has been
documented in the literature that article shape and size influ-
ence significantly the handling characteristics of the material
[13]. The fineness of the cement is a major factor influencing
its physical properties. The addition of small size particles
increases the specific surface area and makes the cement less
workable [14]. With a similar particle size, a higher mechan-
ical strength is designed by a reduced spreading in grit size,
which could be observed in MTA. Therefore, for the more
precise analysis of the influence of various radiopacifier upon
cement properties, an optimized tricalcium silicate-based den-
tal material should bemanufactured with pure rawmaterials in
controlled conditions in the laboratory to make a mixture of
tricalcium silicate and radiopacifiers leading to constant prop-
erties. However, the authors of this study believe that PC can
be used in investigations as a model system to investigate the
effect of alternative radiopacifiers.

ProRoot MTA (Dentsply) that consists of PC and Bi2O3

was introduced in 1998 for both surgical and non-surgical
endodontic treatments [7]. Recently, new silicate-based cement
Biodentine (Septodont, Cedex, France) has been developed
with ZrO2, rendering it sufficiently radiopaque. Also,
Bioaggregate (Verio Dental, Vancouver, Canada) has been
introduced with tantalum oxide instead of Bi2O3 as a
radiopacifier [24]. Coming to a conclusion, this study showed
that 20 % addition of ZrO2 is necessitated to reach 3 mmAl
radiopacity minimum while the compressive strength of the
material slightly increased. Regarding the compressive
strength of the material, the results of this study stipulates that
YbF3 seems to present even better substitute to Bi2O3 in MTA,
since it slightly increased the compressive strength of PC. This
concept of using YbF3 as a radiopacifier is further strengthened
by the fact that Yb has higher atomic number (Z =70) than Zr
(Z =40); thus, lower amount of radiopacifier is necessitated to
make material distinguishable from anatomical structures on a
radiograph without influencing other physical properties. The
further systematic investigations are necessary to establish
possible interference of ZrO2 and YbF3 with biocompatibility
and therapeutic value of calcium silicate-based cements.
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