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Abstract

Objectives The aim of this study was to evaluate the effect
of various mixing techniques as well as the effect of ultra-
sonic placement on hydration of mineral trioxide aggregate
(MTA) using X-ray diffraction (XRD) analysis.

Materials and methods One gram of ProRoot MTA and MTA
Angelus powder was mixed with a 0.34-g of distilled water.
Specimens were mixed either by mechanical mixing of cap-
sules for 30 s at 4500 rpm or by manual mixing followed by
application of a compaction pressure of 3.22 MPa for 1 min.
The mixtures were transferred into the XRD sample holder
with minimum pressure. Indirect ultrasonic activation was ap-
plied to half of the specimens. All specimens were incubated at
37 °C and 100% humidity for 4 days. Samples were analyzed
by XRD. Phase identification was accomplished by use of
search-match software utilizing International Centre for
Diffraction Data (ICDD).

Results All specimens comprised tricalcium silicate, calci-
um carbonate, and bismuth oxide. A calcium hydroxide
phase was formed in all ProRoot specimens whereas among
MTA Angelus groups, it was found only in the sample
mixed mechanically and placed by ultrasonication.
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Conclusions Mechanical mixing followed by ultrasonication
did not confer a significant disadvantage in terms of hydration
characteristics of MTA.

Clinical relevance Clinicians vary in the way they mix and
place MTA. These variations might affect their physical char-
acteristics and clinical performance. For ProRoot MTA, the
mixing and placement methods did not affect its rheological
properties, whereas for MTA Angelus, mechanical mixing
combined with ultrasonic placement enhanced the calcium
hydroxide phase formation.

Keywords Calcium hydroxide - MTA - Mechanical mixing -
Ultrasonic agitation - X-ray diffraction analysis - XRD

Introduction

Mineral trioxide aggregate (MTA) has been used in end-
odontics for the past two decades. MTA is a powder that
consists of fine hydrophilic particles that harden when they
come in contact with water [1]. The main components of
MTA are tricalcium silicate, dicalcium silicate, tricalcium
aluminate, and tetracalcium aluminoferrite [2]. On addition
of water, calcium silicates undergo hydrolysis producing
calcium hydroxide and the less basic calcium silicate hy-
drate [3]. MTA is mainly composed by an insoluble matrix
of silica that maintains its integrity even in contact with
water [4]. In an aqueous environment, MTA releases cal-
cium hydroxide, which makes the hydrated cement highly
alkaline [1]. After the placement of MTA in root canals and
its gradual dissolution, hydroxyapatite crystals nucleate
and grow, filling the microscopic space between the mate-
rial and the dentinal wall [5]. With time, this mechanical
seal leads to a chemical bond between the apatite layer and
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dentin [5]. The result is the creation of a chemical bond to
dentin when placed against it [5].

The hydration process is a complex phenomenon that if
modified might influence the biological, chemical, and
physical properties of the resulting product [3]. Thus, any
interference in the hydration process may adversely affect
the clinical performance. In vitro investigations of simple
parameters may draw a correlation of chemical and physi-
cal properties with clinical performance and can advise
clinicians which cements need special care or entail partic-
ular risks during the mixing and placement process.

The physical characteristics of hardened MTA are influ-
enced by several factors: the mixing liquid [6, 7], the
amount of water used during mixing [1], the pressure used
for compacting the material [8], the mixing procedure [9,
10], the humidity, and the ambient temperature [11]. Some
of these factors are not easy to control; it is therefore dif-
ficult to standardize methods used to determine the prop-
erties of MTA [1]. In an attempt to achieve consistency,
encapsulated pre-set proportions of MTA could confer ad-
vantages to the practitioner and the material [12].

In addition, ultrasonic energy has been used to enhance
the mechanical properties of MTA such as compressive
strength [9], surface microhardness [12], sealing ability
[13], and fill density [14]. Ultrasonic energy can increase
the total reactive surface by de-clustering the particles that
are clogged to each other [14]. These changes in the rheo-
logical properties of the material might affect their physical
characteristics [13].

To date, the effects of mixing and placement methods on
the compressive strength [8, 9], flexural strength [15],
push-out bond strength [16], surface microhardness [12],
marginal adaptation [17], and porosity [15] of MTA have
been investigated. Even though these mechanical tests on
the physical properties of hydraulic cements can be used as
indicators of the hydration and setting processes [3, 18],
there is no direct information about the effect of mixing
and placement methods on the hydration of MTA.

The aim of this study was to evaluate the effect of var-
ious mixing techniques including mechanical and manual
mixing as well as the effect of ultrasonic agitation during
placement on hydration of MTA using X-ray diffraction
analysis. It was hypothesized that mechanical mixing
followed by ultrasonic agitation would not affect the hy-
dration of MTA.

Materials and methods
The materials investigated were tooth-colored ProRoot MTA
(Dentsply Maillefer, Ballaigues, Switzerland) and white MTA

Angelus (Angelus Solugoes Odontologicas, Londrina,
Brazil).

@ Springer

Sample preparation

One gram of each powder was mixed with a 0.34-g aliquot
of distilled water. A total of eight groups were prepared
using manual mixing or mechanical mixing with either
conventional placement or ultrasonic agitation. ProRoot
MTA was used in groups 1 to 4, and MTA Angelus was
used in groups 5 to 8. Groups 1 and 5 were mixed mechan-
ically and placed with ultrasonic agitation. Groups 2 and 6
were mixed mechanically and placed without ultrasonic
agitation. Groups 3 and 7 were mixed manually and placed
with ultrasonic agitation. Groups 4 and 8 were mixed man-
ually and placed without ultrasonic agitation.

Stainless steel XRD sample holders with internal dimen-
sions of 2.0 = 0.1 mm high and a 15.0 = 0.1-mm diameter
were used.

Mechanical mixing

One gram of MTA powder and 0.34 g of liquid were placed
into an empty amalgam capsule with a plastic rod-like pestle
to facilitate mixing [12]. The capsules were sealed and mixed
for 30 s at 4500 rpm by using an amalgamator (Promix TM;
Dentsply Caulk, York, PA). A total of 3 g of MTA slurries was
loaded with minimal pressure in the circular depression of the
XRD sample holder.

Manual mixing

An aliquot of 0.34 g distilled water was added to 1 g MTA
powder until it was saturated. A total of 3 g of mixture was
transferred into the XRD sample holder with minimum pres-
sure. Using a custom-made device (Medical Physics and
Clinical Engineering, Cardiff and Vale UHB), the material
was then subjected to 3.22 MPa vertical pressure for 1 min.

Ultrasonication

Indirect ultrasonication was applied by placing a CPR-
2D tip (Obtura Spartan, Fenton, MO) of the ultrasonic
device (Suprasson P5; Satelec, Merignac, France) in con-
tact with the outer surfaces of the mold, avoiding contact
with the material inside the mold and then activated for
30 s at scale 5. The ultrasonic energy was transferred
throughout the outer surfaces of the mold, as was previ-
ously stated by Basturk et al. [15]. Extruded material was
removed without causing any visible indentation on the
surface of the material, a wet cotton pellet was placed on
the exposed surface of each specimen, and the molds
were transferred to a plastic container that was sealed
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and stored at a temperature of 37 °C and fully saturated
humidity for 4 days.

XRD analysis

One specimen, containing 3 g of MTA, from each group
were analyzed. The specimen surfaces were polished with
1200-grit fine grain sandpaper (3M; St Paul, MN, USA) to
ensure that the surface of the sample was leveled with the
holder surface. X-ray diffractometer (XRD, Panalytical
X’pert pro, Almelo, Netherlands) used Ni-filtered CuKa
radiation at 40 Kv and 40 mA. The crystalline structure
of the materials was determined by passing a beam of X-
rays of known wavelength into the specimen while rotating
it through an angle . The samples were rotated to ensure
the effects of preferred orientation are limited. Scans were
undertaken in the range 10°-80° 2 .

Each constituent has characteristic diffraction patterns,
and there may be multiple peaks in each sample owing to
the cements consisting of several chemical compounds.
Phase identification was accomplished by use of search-
match software utilizing International Centre for
Diffraction Data database (ICDD, Pennsylvania, PA,
USA).

Results

All specimens analyzed by XRD were comprised of bis-
muth oxide (x-Bi,O3, ICDD 00-027-0053) indicated by
the strongest peaks at 27.39°, 33.03°, and 33.24° 2,
tricalcium silicate (Ca3SiOs, ICDD 00-055-0738) indicat-
ed by the peaks at 29.425°, 32.60°, and 34.37° 2,
dicalcium silicate (Ca,Si0,4) indicated by the strongest
peaks at 32.05° 2, and calcium carbonate (CaCO5; ICDD
00-005-0586) indicated by the peaks at 29.46°, 39.48°, and
48.61° 2 (Fig. 1).

The intensity of bismuth oxide in ProRoot MTA groups
was higher than those of MTA Angelus, regardless of the
mixing and placement methods applied.

ProRoot MTA samples shown in Fig. 1a indicated that
the formation of the calcium hydroxide phase was not af-
fected by mechanical mixing, manual mixing, or
ultrasonication given that the peaks from calcium hydrox-
ide occurred in all groups. The formation of the calcium
hydroxide phase (ICDD 00-044-1481) did not follow any
particular pattern for MTA Angelus samples. Among MTA
Angelus groups, the calcium hydroxide phase was found
only in the sample, which was mixed mechanically and
placed by ultrasonic agitation (Fig. 1b). The highest inten-
sity of tricalcium silicate among MTA Angelus samples
was also observed in that group.

Discussion

Diffraction patterns of cementitious materials provide
phase, chemical, and crystal structure information data that
are needed to understand the cement performance [19].
The use of XRD permits the identification of the major
constituents or compounds present in a material [20]. It
has been used for the phase composition [21], chemical
analysis [7], and hydration characteristics [22] of mineral
trioxide aggregate.

X-ray diffraction analysis was used in this study to de-
termine the effect of mixing and placement methods on the
hydration process of ProRoot MTA and MTA Angelus.
Bismuth oxide (bismite), tricalcium silicate (alite),
dicalcium silicate (belite), and calcium carbonate were ob-
served in all specimens. Tricalcium silicate exhibited peaks
at 29.4°, 32°, and 34° 2 . Using XRD, Islam et al. [20] and
Lee et al. [18] demonstrated the presence of multiple peaks
of tricalcium silicate for unhydrated MTA. They observed
sharp peaks at 2 = 27.3° and multiple peaks at 32° and 34°.
Grazziotin-Soares et al. [23] presented bismuth oxide peaks
at2 = 27° for both hydrated and unhydrated MTA Angelus
samples, which corroborated our findings. Song et al. [24]
suggested no obvious differences in the composition and
crystalline structure between the hydrated and un-hydrated
forms. XRD analyses which were performed on powder
and hydrated MTA samples revealed that a similar pattern
was observed in both groups, with the powder form show-
ing sharper and stronger peaks [18, 19, 25]. On the other
hand, calcium hydroxide can be identified only in the hy-
drated samples [24, 25]. In this study, manual mixing, me-
chanical mixing, or ultrasonic activation did not affect the
formation of calcium hydroxide phase formation of
ProRoot MTA, which is in accordance with previous find-
ings [12]. Yet, in MTA Angelus groups, the formation of
the calcium hydroxide phase only occurred in the samples
prepared by mechanical mixing and ultrasonication. This is
unusual for MTA, as Nekoofar et al. [7] reported the only
instance where samples of MTA did not show the formation
of calcium hydroxide was in the samples prepared with
blood.

In hydrated ProRoot samples, Nekoofar et al. [7] and in
hydrated MTA Angelus samples, Grazziotin-Soares et al.
[23] reported that a calcium hydroxide peak was detected
at 18° 2 . However, Camilleri et al. [26] reported that MTA
Angelus did not exhibit a calcium hydroxide peak after
1 day of testing and speculated that MTA Angelus might
vary from one batch to another as a result of its mineralogy.
In accordance with these studies, all ProRoot MTA sam-
ples and only mechanically mixed and ultrasonicated MTA
Angelus samples that were tested in our study revealed a
sharp calcium hydroxide peak at 18° 2 . Tricalcium silicate
and dicalcium silicate are the main crystalline phases

@ Springer
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Fig. 1 X-ray diffraction analysis of a ProRoot MTA and b MTA Angelus. Calcium hydroxide phases were highlighted by circles. Man.M manual
mixing, US ultrasonication, MM mechanical mixing

involved in the hydration of MTA [20, 21]. This can ex-  formation of by-products, can be increased by fine grinding
plain why the highest tricalcium silicate intensity among  of the cement [30]. Smaller particle size implies a greater

MTA Angelus groups was from the only group that re-  contribution of effects of surface area, causing a potential in-
vealed calcium hydroxide phase formation. crease in the reactivity of the calcium silicate particles to form

Calcium silicate hydrate and calcium hydroxide are by-  calcium hydroxide and calcium silicate hydrate gel [28].
products of hydration reaction of MTA [3]. The former com-  Particle size might also have an influence on the liquid to

ponent is not easily detectable by XRD because it does not ~ powder ratio [28]. Smaller particles have a greater predispo-
have a long-range order, as a result of the amorphous nature of  sition to absorb moisture [31].

calcium silicate hydrate. On the other hand, calcium hydrox- Ultrasonic vibration has a dispersing effect on the particles
ide can be easily identified through its marker band [27]. Inthe ~ of the material, which frequently cluster together [12]. It was
present study, the formation of calcium hydroxide was exam-  speculated that mechanical mixing followed by ultrasonic ac-

ined because it is directly related to the hydration progress.  tivation may create a less grainy mixture with fewer
Therefore, lack of the calcium hydroxide phase formation = unhydrated particles resulting in better water diffusion [9].
might indicate a problem in the hydration reaction of MTA  The stable cavitation and associated acoustic micro-
Angelus. Gandolfi et al. [27] observed calcium sulfate in  streaming promoted by ultrasonic activation [32] might re-
ProRoot MTA, whereas it was absent in MTA Angelus.  duce the size of cement particles and consequently increase
They reported that it would affect cement’s setting time, since  the area available to react with water during the hydration
the presence of ettringite crystals, rapidly formed by reaction  process. Duque et al. [33] also reported that ultrasonication
of tricalcium aluminate and calcium sulfate, retard the setting ~ produced smaller particle sizes and more homogeneous distri-
reaction. Nekoofar et al. [12] also reported that MTA Angelus ~ bution of particles in calcium silicate cements.

set more rapidly and had a significantly lower surface micro- Ultrasonication has been used to enhance the mechanical
hardness value compared to ProRoot MTA and speculated that ~ properties of MTA, such as compressive strength [9], surface
it might indicate inadequate hydration of the material, whichis ~ microhardness [12], sealing ability [13], push-out bond
in accordance with the results of our study. This result is rea-  strength [10], and fill density [14]. To date, two different
sonable because the amount of sulfate phase is related to the ~ methods were introduced for the placement of MTA, hand
fineness of the cement [21]. In this regard, the importance of ~ condensation, and ultrasonic placement [14, 15, 34]. Matt
particle size and shape characterization of MTA particles et al. [35] reported that apical barriers placed with indirect
should be indicated [21]. MTA Angelus had a wide range of  ultrasonication resulted in fewer voids than barriers placed
particle size distribution and low circularity compared to  without ultrasonic energy. Basturk et al. [9] reported that in-
ProRoot MTA [28]. Therefore, ProRoot MTA appeared to  direct ultrasonic activation enhanced the compressive strength
have more homogeneous chemical composition than MTA  of the specimens regardless of the mixing regime applied.
Angelus [24, 29]. The influence of particle size and shape  Yeung et al. [14] advocated that indirect ultrasonication result-
characterization on the hydration of hydraulic cements is im-  ed in better fill density than direct ultrasonication, as even the
portant. The rate of hydration reaction, with enhanced  smallest ultrasonic tip was unable to extend to the full length
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of the curved canal. In the present study, indirect ultrasonic
placement was applied in accordance with previous studies [9,
12]. The main objective of indirect ultrasonic activation was to
agitate MTA without contacting the ultrasonic tip directly to
the material, as direct ultrasonication may cause voids inside
MTA [36]. Previous in vitro studies [14, 15, 17, 36] used
indirect ultrasonication techniques by transferring the ultra-
sonic energy through an endodontic instrument or the outer
surface of the mold. However, it is difficult to directly com-
pare the results of the present study with the available litera-
ture because the parameters used, such as ultrasonic activation
time and application methods vary.

In the present study, to standardize the effect of spatulation,
MTA was condensed with the use of a compaction machine
which applied a constant 3.22 MPa force for 1 min. The con-
densation pressure might have packed the powder molecules
closer together, limited the formation of microchannels,
compromising the ingress of water to hydrate MTA Angelus
adequately. This might cause a reduction in crystalline forma-
tion due to lack of sufficient space for water molecules [8].
However, this is not in accordance with ProRoot MTA, which
was not affected by the mixing regime applied.

Mechanical mixing of encapsulated materials resulted in a
more thorough wetting of the powder particles compared with
conventional vibratory action [37]. Moreover, the combina-
tion of mechanical mixing and indirect ultrasonic activation
reduced porosity when compared with manual mixing and
hand condensation [17]. Porosity in cement systems can stem
either from water which was not consumed in the setting re-
action or, from dry spots and air bubbles [38].
Coomaraswamy et al. [38] have shown that porosity increase
was strongly related to bismuth oxide content as a result of
more unused water in the setting reaction. In an attempt to
overcome this internal flaw, Grazziotin-Soarez et al. [23] eval-
uated a modification of MTA Angelus without bismuth oxide.
They reported that the lack of bismuth oxide was associated
with a large amount of calcium and a morphology character-
istic of calcium hydroxide in EDX/SEM analysis. However,
our results revealed that the intensity of bismuth oxide in
ProRoot MTA groups was higher than those of MTA
Angelus. Therefore, bismuth oxide cannot be merely respon-
sible for the missing calcium hydroxide phase formation in
some MTA Angelus groups. In an EDX analysis, Camilleri
et al. [26] reported that MTA Angelus displayed the presence
of free calcium oxide, aluminum oxide, and silicon dioxide in
the unhydrated cement. This indicates that the clinkering was
not complete mostly due to a too low maximum sintering
temperature, leading to a potential important variability in its
mineralogy depending on the sintering conditions. Thus, from
one batch to another, the clinker of MTA Angelus is expected
to be variable with as a consequence to its properties. This
might also explain why calcium hydroxide phase formation
was detected only in the mechanically mixed and

ultrasonicated MTA Angelus group, whereas it was observed
in all ProRoot groups.

One limitation inherent to our study is that under test con-
ditions, the whole surface of the specimen was in contact with
water whereas in clinical situations, only a small part of the
MTA would be in contact with a wet cotton pellet or the
periapical tissues. Instead of phosphate-buffered solution
(PBS) or Hank’s Balanced Salt Solution (HBSS), the MTA
samples in this study were in contact with water. However, our
results were in agreement with previous studies [26, 39] who
reported similar peaks in MTA samples which were in contact
with HBSS. Furthermore, Camilleri et al. [30] reported that
the hydration of the core material was not affected by contact
with the different solutions, namely water and HBSS.
Therefore, our results may at least be qualitatively transferable
to a clinical situation, where MTA releases calcium hydroxide
as it comes in contact with water [1]. Also, in order to mini-
mize the potential to miss the calcium hydroxide crystals
formed on the surface, samples used in this study were not
subjected to grinding prior to XRD analysis in accordance
with Nekoofar et al. [7] and Song et al. [24].

The main objective of our study was to analyze the hydra-
tion products of MTA to see if the mixing or placement regime
had a significant role on the hydration mechanism. For
ProRoot MTA, the mixing and placement methods did not
confer any significant difference, whereas for MTA Angelus,
mechanical mixing combined with ultrasonic placement en-
hanced the calcium hydroxide phase formation.
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