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1.1	 �Introduction

The first reported use of Portland cement in 
dental literature dates to 1878, when Dr. Witte 
in Germany published a case report on using 
Portland cement to fill root canals [92]. At that 
time, he would have been using a new material, 
since Portland cement was invented in 1824. 
No records exist of others following Dr. Witte’s 
success or a further description of the materials 
he used, although we can surmise that he used 
a locally made Portland cement. Over a century 

later, Dr. Mahmoud Torabinejad at Loma Linda 
University and his coinventor Dean White 
obtained two US patents [89, 90] for a Portland 
cement-based endodontic material, which 
became known as mineral trioxide aggregate 
(MTA). Since then, over 20 new patents have 
been issued in the USA and EU for materials that 
include Portland cement for dentistry.

The term mineral trioxide aggregate (MTA) 
was coined for a dental material containing 
Portland cement blended with a radiopaque pow-
der [87]. The name is suitable first because 
Portland cement is made from primarily three 
oxides: calcia, silica and alumina (CaO, SiO2 and 
Al2O3). Secondly, minerals are used as the 
sources for the oxides that are fired in a furnace 
(kiln) to create an aggregation of phases. Lastly, 
aggregate refers to the addition of the radiopaque 
powder, analogous to the concrete industry that 
refers to the additions of sand and gravel to 
Portland cement as aggregate. Furthermore, the 
powder particles of cement are aggregations of 
the cement phases described hereafter.

1.2	 �Portland Cement

Portland cement is primarily tricalcium and 
dicalcium silicate powder made by firing oxides 
in a kiln. The invention of Portland cement is 
attributed to Joseph Aspin in 1824  in England, 
but his son improved the properties by raising 
the firing temperature and creating the modern 
firing regimen for Portland cement. Many other 
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inventors can be credited for their contributions 
to the development of Portland cement manufac-
turing processes [60]. Prior to Portland cement, 
Egyptian, Greek and Roman civilizations used 
slaked lime (calcium hydroxide) mixed with a 
fine form of silica, such as volcanic ash or fly 
ash, a mixture denoted as pozzolanic cement. The 
pozzolanic reaction, in Eq. 1.1, is the hydration 
and reaction of a reactive, hydrated silica with 
calcium hydroxide (Portlandite):

Ca OH H SiO Ca H SiO
H O CaH SiO H O
( ) + → +

+ → ⋅

+ −
2 4 4

2
2 4

2

2 2 4 22 2 	
(1.1)

Portland cement differs from these ancient 
cements because it contains the pre-reacted 
hydraulic calcium silicate powders rather than 
hydration of CaO or Ca(OH)2 with silica. Higher 
compressive strengths were achieved with 
Portland cements, which supplanted the use of 
pozzolanic cement by the 1900s. However, poz-
zolanic materials (fine silica-containing powders) 
are now added to Portland cement to reduce the 
cost of Portland cement, improve workability, 
retard the setting time or reduce the amount of 
water needed.

For Portland cement, the raw materials, the 
formula, the phase proportions and the firing and 
grinding methods vary depending on the local 
raw materials and are different in every cement 
factory around the world. The raw materials usu-
ally are calcium carbonate blended with silica- 
and alumina-containing minerals, such as (1) 
limestone, shells or chalk for calcium oxide; (2) 
shale, clay, sand, slag for silicon oxide and alu-
minium oxide; and (3) iron ore. Although the 
materials vary widely, local raw materials are 
preferred, particularly the limestone, to keep the 
costs as low as possible. Although the ternary 
(three) oxides are sufficient to make a Portland 
cement, usually 5 % or less of iron oxide or iron 
is present in the raw materials for reasons 
explained below. The iron forms a dark-coloured 
phase, which imparts the usual grey colour to 
cement. For white Portland cement, the iron con-
tent of the raw materials is less than 0.5  %. 
Chromium, manganese, titanium copper or vana-
dium or magnesium oxides are also capable of 

colouring Portland cement. Firing of white 
cement requires higher temperatures or the addi-
tions of fluxes other than iron oxide, such as alu-
mina or sodium and potassium oxides.

The formula for Portland cement is not unique, 
but covers a range of silica, alumina and calcia 
compositions. Materials scientists use phase dia-
grams to illustrate the equilibrium phase relation-
ships of materials, usually over a range of 
temperatures. Figure 1.1a is a ternary phase dia-
gram for the primary components: silica, alumina 
and calcia showing the various compounds that 
can be formed by firing the three oxides in vari-
ous proportions. The range of Portland cement 
compositions is the area denoted by “P” in 
Fig. 1.1b, which includes primarily di- and trical-
cium silicate phases and less tricalcium alumi-
nate. Note that monocalcium silicate (CaSiO3, 
also known as wollastonite) is not a hydraulic 
(water reactive) phase and is not part of Portland 
cement in Fig. 1.1.

Many standards have been developed for the 
construction cement industry, from compositional 
requirements to testing methods and require-
ments. For instance, Standard Specifications for 
Portland Cement (ASTM C150) [5] or Cement: 
Composition, Specifications and Conformity 
Criteria for Common Cements (EN 197-1) [47] 
standards for cement compositions restrict the 
magnesium oxide to less than 5 %. Magnesium 
oxide is commonly found with calcium com-
pound deposits, just as it is present in the human 
bone (<5  %) but can expand when hydrated. 
Barium oxide and phosphorous pentoxide are 
common trace oxides found with calcium car-
bonate mineral deposits. Other common acces-
sory oxides in Portland cement are sodium oxide, 
potassium oxide, titanium oxide, manganese 
oxide, nickel oxide, phosphorous pentoxide, bar-
ium oxide, chromium oxide and fluoride, usually 
in amounts less than 0.5 % and many at less than 
100  ppm. The sodium oxide, potassium oxide, 
sulphates (from the raw materials or the fuel) and 
fluoride act as fluxing agents, reducing the fir-
ing temperature for Portland cement, which also 
reduces the cost for making the cement.

The powdered raw materials for Portland 
cement are blended and usually formed into 
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Fig. 1.1  (a) The ternary phase diagram for calcia, silica 
and alumina showing the many phases that can be formed 
by reaction of these three oxides at various temperatures 
(°F). Cement notation (abbreviations) is used for the 

phases. (b) Section of the ternary phase diagram in (a) 
showing the range of compositions P where Portland 
cement is formed of tricalcium silicate (C3S), dicalcium 
silicate (C2S) and tricalcium aluminate (C3A)
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balls to feed into the kiln. Portland cement is 
economically manufactured in large furnaces 
called rotary kilns. During the first part of the 
firing process (up to about 850 °C), the calcium 
carbonate decomposes to calcium oxide releas-
ing carbon dioxide, a process called calcining. 
The calcium oxide is retained in the powder 

mixture in the kiln and reacts with the silicate, 
alumina and iron oxide raw materials as the 
temperature is gradually raised to about 
1,500  °C and new phases are formed: calcium 
silicates and aluminates. Figure  1.2 depicts a 
typical progression during firing from raw mate-
rials to formation of the cement phases. Some 
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Fig. 1.2  In this diagram 
depicting firing of Portland 
cement, the formation of 
phases is depicted from the 
raw materials reacting and 
forming the calcium silicate, 
aluminate and ferrite phases

intermediate compounds are formed during fir-
ing, which react further as the temperature is 
increased. During firing, as much as 25 % liquid 
is formed in the material, which solidifies dur-
ing cooling. This process, called liquid phase 
sintering, hastens reactions to form the calcium 
silicate phases and allows the firing temperature 
to be lower. The firing diagram depicts a starting 
material that included clay minerals and iron in 
the raw materials.

The reacted ceramic materials that exit the 
rotary kilns are large particles (>0.5 cm) called 
clinker, because of the sound they make when 
falling into a quenching bin after firing. The 
clinker nodules are porous and contain several 
ceramic phases as described below. Rapid cool-
ing is preferred to prevent decomposition of 
alite to belite and lime (CaO) and  to make the 
grinding easier. Air quenching is usually used 
to cool the clinker and ensure that only the beta 
phase of dicalcium silicate (ß-C2S) is formed 
thus preventing the formation of the gamma 
phase of dicalcium silicate (γ − C2S). The beta 
phase is more hydraulic; that is, this crystal-
line form of the dicalcium silicate more readily 
forms hydrated C2S, a benefit to the strength of 
Portland cement.

Keeping the energy and raw materials’ costs 
low is the primary objective for Portland cement 
manufacturers, because it is a very price-sensi-
tive commodity. Local materials, lower firing 
temperature, and minimal grinding are preferred 
which keep energy and transportation costs 
lower. Because of the price sensitivity, materials 
of lesser purity and lower quality fuels are used 
and grinding is minimized for manufacturing. For 
instance, worn out automobile tyres are added as 
a supplemental fuel in firing cement [30]. The 
raw materials and the fuels can contribute minor 
amounts of accessory oxides to the composition.

After firing, the clinker particles are crushed 
and ground to a powder so that most of the cement 
particles are smaller than 80 microns. Calcium 
sulphate as gypsum (CaSO4 · 2H2O) is blended 
with the powder, usually by grinding the materi-
als together (intergrinding). After grinding, the 
calcium sulphate may be present as the soluble 
anhydrite (CaSO4) or hemihydrate CaSO4 · ½H2O. 
Sometimes, other organic grinding aids or CaO 
are interground. The combined calcium silicate 
and calcium sulphate powder is called normal or 
“ordinary Portland cement” (OPC). The degree 
of grinding determines what type of cement is 
created; the types are defined in various cement 
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standards including ASTM C150 [5]. Types I and 
III are the most common with Type III being a 
finer powder. The calcium sulphate is important 
for construction because it delays setting reac-
tions in concrete as described below, which is 
very important for transporting mixed cement and 
for large concrete structure pouring.

1.3	 �Portland Cement Phases 
and Reactions

After manufacture, OPC contains several phases 
in the powder: alite (tricalcium silicate, C3S), 
belite (dicalcium silicate, C2S) and a lesser 
amount of tricalcium aluminate (C3A) and cal-
cium aluminoferrite (ferrite, C4AF) phases. Free 
lime (CaO) may be present, but preferably in a 
minor amount, because lime is less hydraulically 
active. Cement scientists calculate the possible 
proportions of the cement phases from the raw 
materials using the Bogue calculation [86].

The alite crystals are very reactive with water 
and are usually present from 45 to 70 % of the 
OPC. Belite crystals are less reactive and the 
reaction is less exothermic; they usually consti-
tute 5–30 % of an OPC powder. Tricalcium alu-
minate’s hydration reaction is more exothermic 
than that of alite or belite. Ferrite also reacts with 
water, but weakly. The tricalcium aluminate and 
ferrite phases each typically constitute less than 
10  % of an OPC. When observed microscopi-
cally, the alite crystals are elongated and hexago-
nal. Belite crystals are more rounded or equiaxed. 
Ferrite and aluminate phases are usually smaller 
and attached to alite or belite crystals. Free lime 
(CaO) forms thin hexagonal plates.

OPC reacts with water to form a solid mass of 
hydrated gel and unreacted cement particles via a 
complex and prolonged processes of exothermic 
setting and hardening reactions. The water to 
cement ratio is usually 0.3–0.7 by weight. Higher 
proportions of water generally increase porosity 
and permeability while decreasing the compres-
sive strength. The reaction products of hydrated 
phases have been referred to as gels but are now 
referred to as amorphous reaction products. These 
processes are governed by the cement’s phase 

composition, impurities in the phases, fineness of 
the powder and additions to the cement or water 
[86]. The cement literature describes the four 
stages of setting and hydration:
	1.	 Preinduction, lasting a few minutes
	2.	 Induction or dormant period, lasting a few 

hours
	3.	 Acceleration, about 3–12 h after mixing
	4.	 Post-acceleration from 12 h onwards

In Stage 1, the calcium sulphate, calcium alu-
minate and calcium aluminoferrite phases rapidly 
dissolve, and superficial hydration of the alite 
phase particles occurs. The calcium sulphate and 
calcium aluminate form ettringite, a hexacalcium 
aluminate trisulphate hydrate, of the general for-
mula (CaO)6(Al2O3)(SO3)3·32H2O, also written 
as (CaO)3(Al2O3)(CaSO4)3·32H2O. Iron can sub-
stitute partially for the alumina, and carbonate 
can partially substitute for sulphate. These 
needle-like crystals grow in the liquid between 
particles. Without calcium sulphate, the trical-
cium alumina hydrates rapidly, releasing heat, 
and the hydration causes the cement to become 
unworkable by quickly reacting with the water. 
This phenomenon is denoted as “flash setting”. A 
similar phenomenon of false setting occurs when 
the sulphate is present as gypsum, not the anhy-
drite or hemihydrate. When hydration starts, the 
gypsum may start to precipitate quickly which 
gives the appearance of setting.

As the cement enters the acceleration stage, 
both the alite and belite react, as does the forma-
tion of ettringite. During Stage 1 or 2, the cement 
can be “remixed”, which breaks up the nascent 
hydration structure. During Stage 2 the cement 
“sets”, which is a gradual transition in cement 
from a fluid to a rigid state. Setting time is arbi-
trarily defined by laboratory testing procedures. 
Initial and final setting tests are described for 
cement, which are usually determined by using 
weighted needles to penetrate the cement surface, 
with either Vicat or Gillmore apparatus, as 
described later. This stiffening of the cement is a 
result of the water becoming part of the reaction 
products on the cement particles that begin to 
impinge on one another on the microscopic level.

Hydration of the alite crystals proceeds 
in Phase 3 reducing the free water, and more 
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calcium hydroxide precipitates from the liquid. 
The hydration reaction for the tricalcium silicate 
phase that began in Phase 1 resumes following 
Eq. 1.2:

	

2 7 3 2 4
3

3 5 2 2 2

2

Ca SiO H O CaO SiO H O
Ca OH

+ → ⋅ ⋅
+ ( )

	
(1.2)

As the amount of non-hydrated material 
declines, hydration becomes a slower, diffusion-
controlled process of the alite and belite particles. 
Some of the ettringite crystals dissolve to release 
tricalcium aluminate and calcium monosulphate 
(3CaO·Al2O3 + CaSO4·12H2O).

During Stage 4, the belite phase continues 
hydration following Eq.  1.3, forming the same 
surface reaction product as alite but releasing less 
portlandite:

	

2 5 3 2 42 4 2 2 2

2

Ca SiO H O CaO SiO H O
Ca OH

+ → ⋅ ⋅
+ ( ) 	

(1.3)

Slow hydration continues at a decreasing rate, 
and the terminal amount of hydration is usually 
reached after about 4 weeks. Unreacted cement 
particles may remain in the solidified mass, each 
surrounded by a layer of hydrated reaction prod-
ucts. These hydration reactions occur minimally 
in the presence of moisture in the air. Hence, stor-
ing cement in bulk and protected from moisture 
is advantageous.

1.4	 �MTA and Portland Cement

MTA was invented by combining a grey Portland 
cement with bismuth oxide and used for end-
odontic applications [87, 90]. The original MTA 
materials contained the same tri- and dicalcium 
silicate major phases as Portland cement, with 
about 20  % bismuth oxide. Also, the original 
MTA products were expected to perform very 
similarly to OPC in setting, strengthening 
and  hydrating, as was shown by Islam [58]. 
Unfortunately, the original description in the 
dental literature was erroneous and contained 
a description of MTA after reaction with water 
as [88]:

calcium oxide and calcium phosphate …. The prin-
ciple compounds present in this material are trical-
cium silicate, tricalcium aluminate, tricalcium 
oxide, and silicate oxide. In addition, there are 
small amounts of a few other mineral oxides that 
are responsible for the chemical and physical prop-
erties of this aggregate. Bismuth oxide powder has 
been added to make the aggregate radiopaque. 
Electron probe microanalysis of MTA powder 
showed that calcium and phosphorous are the main 
ions present in this material.

This often quoted description is wrong from 
a chemical point of view because no compound 
exists known as tricalcium oxide, and silicate 
oxide is customarily written as silica or silicon 
oxide. As a result, this first article on the physical 
properties of MTA has confused other research-
ers who have examined MTA products [8]. 
Errors in the literature about the MTA material’s 
compositions can be attributed to the researchers 
using only energy-dispersive spectroscopy (EDS) 
without confirmatory X-ray diffraction. EDS and 
energy-dispersive X-ray analysis (EDXA) (elec-
tron microprobe analysis) are techniques to iden-
tify the characteristic X-rays from the elements 
present in a material, but these techniques do not 
identify the compounds (phases). Frequently, 
researchers have reported the weight percentages 
of silicon oxide, calcium oxide, aluminium oxide 
and other metal oxides from EDS [61], EDXA 
[8], XRF or ICP tests but ignored the apportion-
ment of the oxides into the crystalline phases 
such as tri- and dicalcium silicate, tricalcium 
aluminate or the presence of calcium carbon-
ate. Although it is convenient to detect elements 
with an SEM equipped with EDS, the distribu-
tion of the phases by X-ray diffraction is equally 
important. Knowledge of the crystalline phases is 
essential because the phases determine the prop-
erties of the material and the body’s response. 
Without knowing the compounds, a discussion 
of energy-dispersive X-ray spectroscopy (EDS) 
data is as erroneous as describing salt as sodium 
oxide and chlorine rather than sodium chloride. 
The X-ray diffraction analyses of MTA and the 
appropriate crystalline phases present have been 
reported [10, 19, 24, 57].

The initial reports from the MTA introduc-
tion period into the dental market stated that the 
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material had a basic calcium and phosphorus 
composition [88]; currently, it is scientifically 
well established that MTA is comprised of about 
80  % Portland cement, which has only trace 
amounts of phosphorous. The material’s biocom-
patibility was regarded as a direct consequence 
of its chemical similarity with hard dental tissues 
[88]. However, later, it was correctly published 
that MTA was primarily comprised of tricalcium 
and dicalcium silicates [24], based on its compo-
sition including 80 % Portland cement.

In 1999, the Journal of Endodontics pub-
lished an abstract of the study presented at the 
annual meeting of the American Association of 
Endodontists (AAE), in which MTA was experi-
mentally compared to Portland cement [93]. In 
this study, MTA’s and Portland’s cement chemi-
cal composition and biocompatibility were ana-
lysed, and comparable results were found. This 
was the first time that MTA was scientifically 
compared to Portland cement. In the following 
year, Estrela et  al. [45] published the first full 
study in which MTA was directly compared to 
Portland cement, concluding that both materi-
als were chemically similar, apart from bismuth 
oxide (the radiopacifier agent) present in MTA. 
Moreover, Portland cement and MTA were 
reported to have similar pH and antibacterial 
capacity. In the following year, Holland et  al. 
[51] also observed similar results between MTA 
and Portland cement on direct pulp protection of 
dog’s teeth.

After initial reports, various studies were pub-
lished comparing MTA with Portland cement. The 
main reasons behind these research efforts were 
the high price ($50 per gram) of the only MTA 
product, ProRoot® MTA from Dentsply Tulsa 
Dental, USA, and the possibility of developing 
a low-cost alternative repair cement. Spångberg 
[83] summarized the situation well in 2006, when 
he stated that “ProRoot MTA (Dentsply, Johnson 
City, TN) is a new material, but for practical pur-
poses is not very different from Portland cement. 
The factor responsible for the beneficial effects 
in ProRoot is also found in Portland cement”. 
At the same time, concerns arose about the pos-
sible toxic metal content of Portland cement 
and MTA. However, Spångberg [83] wrote that 

“Considering the number of uncontrolled toxic 
materials dentists are allowed to use clinically, 
such as formaldehyde, cresol, mercury, phenol, 
eugenol … to name a few, less than half a gram 
of Portland cement seems like an innocuous 
amount”. Complaints about the poor handling, 
slow setting and high price persisted, and many 
articles were written comparing Portland cement 
with ProRoot MTA or MTA-Angelus products 
(Angelus, Londrina, Brazil). Chapter 7 describes 
the properties of these materials in more detail. 
Some tested the clinical use of Portland cement 
[38] as an apical plug in the treatment of an open 
apex tooth with apical radiolucency. The clinical 
and radiographic follow-up showed treatment 
success (Fig. 1.3a–d).

More than 150 studies compared MTA to 
Portland cement, reinforcing the similarities with 
the exception of bismuth oxide present in the first 
two MTA products. Thus, it can be concluded that 
MTA is a kind of Portland cement especially pro-
duced for dental use [8, 24, 45, 58]. Additionally, 
it was ascertained that MTA has less iron-3 (Fe3) 
and aluminium compounds than Portland cement 
[34]. Another difference between the two materi-
als is the particle size; MTA has smaller and more 
regular particles than common Portland cement 
[34, 59].

Several researchers have raised concerns 
about heavy metal contamination of both 
grey and white MTA, believing that the arse-
nic or lead levels exceeded those permitted in 
ISO 9917-1:2007 for powder/liquid acid–base 
dental cements [55], namely, 2 or 100  ppm of 
acid-extractable arsenic or lead. These con-
cerns arise from comparisons to construction-
grade Portland cements, which are known to 
contain metal oxides including arsenic. Various 
construction-grade Portland cements have been 
tested as a substitute for MTA products because 
MTA is expensive when compared to other den-
tal cements [1, 7, 58]. MTA is claimed to be 
produced under controlled conditions, resulting 
in a pure and well-controlled hydraulic cement 
powder, composed of contamination-free bio-
compatible particles. This is an important issue, 
since repair cements are classified as permanent-
contact implant devices with the potential of 
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causing damage or irritation of the periapical tis-
sue and delaying wound healing.

Studies have measured the total (not acid-
extracted) arsenic (Table 1.1) in Portland cements 
and MTA products and found amounts that 
exceed the ISO 9917-1:2007 [55] limits. 
However, white Portland cement and white MTA 
have lower arsenic contents than their grey coun-
terparts. Overall results of the heavy metals in 
both MTA and some Portland cement brands are 
negligible [81] and less than 10 ppm. Moreover, 
it must be understood that although hydraulic 
cements may have higher amounts of contami-
nants than those established by ISO 9917-1:2007 
[55], leaching in solution is low (Table 1.2) [42, 
81] as arsenic oxide is dissolved in the silicate 
and is relatively insoluble [39].

Portland cement powder has insufficient 
radiopacity (<3 mm equivalent Al) [54] for den-
tal materials as required in ADA 57 [4] and ISO 

3 mm

a b

c d

Fig. 1.3  Case report showing the use of white Portland 
cement as an apical plug in a tooth with a necrotic pulp 
and wide-open apex. (a) Preoperative radiograph of the 
mandibular left premolar. Note the wide-open apex and 
periapical radiolucent lesion. (b) Preoperative radiograph 

with WCP placed at the apical portion of the canal 
(approximately 3  mm). (c) Immediate postoperative 
radiograph with root canal filling and white Portland 
cement in the apical third. (d) One-year postoperative 
radiograph confirming healing of the periapical region

Table 1.1  Amount of arsenic in MTA and some com-
mercial brands of Portland cement

Material
Arsenic (mg/kg) or 
(mg/g)

CPM 11.06
CPM sealer 10.30
MTA-Obtura 0.39
MTA-Experimental 10.13
White MTA-Angelus 1.03
Grey MTA-Angelus 5.91
ProRoot MTA 5.25
Grey Portland cement 34.27
White Portland cement 0.52

Adapted from Monteiro Bramante et al. [66]

G. De Deus et al.
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6876 [56] standard specifications. MTA’s radi-
opacity was first achieved by blending bismuth 
oxide with the tricalcium silicate powder. 
ProRoot MTA has on average 7.5 mm Al [20], 
while MTA-Angelus has about 5.7 mm Al [17]. 
Lower radiopacity is attributed to less bismuth 
oxide in MTA-Angelus with the latter having 
14 % bismuth oxide [27] as opposed to ProRoot 
MTA, which contains 20 % [10, 19]. Larger par-
ticle sizes or poorer dispersion also causes vari-
ations in radiopacity. The radiopacifier may 
affect the hydration and final properties of the 
cement. Bismuth oxide reduced compressive 
strength and increased porosity, as well as 
diminished the cellular growth [26, 32]. 
Leaching of bismuth in solution has also been 
reported [20]. Furthermore tooth discolouration 
has been associated with bismuth oxide in MTA 
[11]. Studies have tested the radiopacity 
imparted to raw Portland cement by higher 
molecular weight additions of gold and silver 
[20], zirconium oxide, calcium tungstate, zinc 
oxide, iodoform and barium sulphate [20, 54] 
(Table  1.3). Zirconium oxide has been studied 
as an alternative radiopacifing agent with the 
advantage of not affecting cement hydration as 
well as improving cement mixture homogeneity 
and consistency [22]. However, its atomic num-
ber is rather low compared to the usual dental 
radiopaque agents.

Similar results have been measured for the 
pH and calcium release by MTA and Portland 
cement [20, 58]. Portland cement demonstrates 
a higher calcium release ability than MTA due 
to the higher percentage of tricalcium silicate 
[18, 19, 73]. Moreover, it is important to note 
that biomineralization phenomenon (formation 
of hydroxyapatite in vivo) of both MTA and 
Portland cement has been demonstrated [76] 
(Fig. 1.4).

The setting time of the original MTA products 
is too long for dental procedures. White versions 
of ProRoot MTA and MTA-Angelus have been 
reported to have initial and final setting times of 
about 40 and 140 min, and grey ProRoot, initial 
and final setting times of about 70 and 175 min 
[15, 16]. MTA-Angelus is believed to lack cal-
cium sulphate, which is an effective setting retar-
dant. In Portland cements, an initial and final 
setting time of about 70 and 170 min for the grey 
one has been observed, while white Portland 
cement requires 40 and 135  min for the initial 
and final setting time [58]. These differences 
may not be significant since there are interobser-
vational differences for the subjective setting 
time test, as noted in the next section. All these 
times are significantly longer than other dental 
cements but shorter than some endodontic seal-
ers. Calcium chloride has been added to MTA 
and Portland cement to shorten the initial setting 
time [58] and may increase sealing, pH and 

Table 1.2  Arsenic release (ppm) by MTA and some commercial brands of Portland cement

Votoran Ribeirão Irajá branco ProRoot MTA Angelus

P 3 h 168 h 3 h 168 h 3 h 168 h 3 h 168 h 3 h 168 h
M 0.0007 0.0003 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002
DP 0.0006 0.0002 0 0 0 0 0 0 0 0

Adapted from Duarte et al. [42]

Table 1.3  Radiopacity (mm Al) of dentin and pure 
Portland cement and its association with different radi-
opacifing agents

Material Average SD

Portland cement + bismuth 
carbonate

3.25 ± 0.38

Portland cement + iodoform 4.24 ± 0.32
Portland cement + bismuth oxide 5.93 ± 0.34
Portland cement + lead oxide 5.74 ± 0.66
Portland cement + zinc oxide 2.64 ± 0.02
Portland cement + zirconium oxide 3.41 ± 0.19
Portland cement + barium sulphate 2.80 ± 0.18
Portland cement + bismuth 
subnitrate

4.66 ± 0.42

Portland cement + calcium 
tungstate

3.11 ± 0.25

Pure Portland cement 1.01 ± 0.01
Dentin 1.74 ± 0.02

Adapted from Húngaro Duarte et al. [54]
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Fig. 1.4  Biomineralization (a, b) and superficial crystal formation (c) on white MTA-Angelus in phosphate buffered 
saline [76]
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calcium release [14–16]. MTA solubility may be 
equal to or slightly less than Portland cements 
[21, 35, 58].

The sealability results show that Portland 
cement and MTA are quite comparable, even 
using different leakage models. Comparison of 
MTA and Portland cement sealability using a 
bacterial leakage model [40] and fluid transport 
[37, 41] exhibited similar results. This finding is 
in line with other results published on sealing 
ability of MTA and Portland cement [13, 82].

The biological responses of MTA and Portland 
cement have been compared by in  vitro and 
in vivo assays. In vitro results from cell culture 
largely reported low cytotoxicity and no genotox-
icity by MTA and Portland cements [77, 79, 80]. 
In subcutaneous tissue of mice, the tissue reac-
tions were the same for MTA and Portland 
cement [52, 78], promoting calcium carbonate 
granule formation, even when iodoform was 
added as a radiopacifier agent [36]. In pulp cap-
ping and pulpotomy for dog’s teeth, both MTA 
and Portland cement have shown similar results 
[51, 65]. Portland cement was successfully 
employed in vivo as an apical plug in the treat-
ment of a wide-open apex tooth with apical lesion 
[38] and also in primary teeth pulpotomies.

1.5	 �Comparison of White 
and Grey MTA Products

The original MTA, dark grey in colour, was the first 
commercial product ProRoot® MTA (Dentsply, 
Tulsa Dental, Johnson City, TN, USA) in 1998. In 
2002, the “tooth-colored ProRoot MTA” was intro-
duced and later patented [75], a material often des-
ignated in the literature as white MTA. The grey and 
white versions of ProRoot MTA have similar com-
positions, but the tooth-coloured ProRoot MTA has 
less iron, roughly 5 versus 0.5 % iron oxide, respec-
tively, as observed using energy-dispersive spec-
troscopy (EDS) [9, 24]. The white MTA was 
reported to have a finer particle size [9]. As described 
before iron oxide creates the calcium aluminoferrite 
phase during manufacture of Portland cement. The 
ferrite phase reduces the temperatures for cement 

manufacture. Regardless of the compositional dif-
ferences, the biocompatibility of the grey and white 
versions are similar [26]. However, the first report 
for a prototype product of white ProRoot MTA 
exhibited less biocompatibility when tested using 
osteosarcoma cells than the grey version [72].

Portland cements are known for their dimen-
sional stability over time. Grey MTA is believed 
to expand more than white MTA (1 vs. 0.1 %) in 
water or 0.7 versus 0.1 % in Hank’s balanced salt 
solution [85]. In another test of grey and white 
ProRoot MTA materials, higher expansion was 
measured for the grey versus the white products 
(2.6 vs. 0.08  %), but varying the water/powder 
ratio did not affect the setting expansion [50].

No significant differences in microleakage 
have been reported between grey and white MTA 
as a root-end filling material [62] nor when used 
as apical barrier [84]. Conversely, grey MTA-
Angelus product exhibited better sealing ability 
when used as an apical plug [31]. In a test of mar-
ginal adaptation, no significant differences were 
measured among white MTA, grey MTA and 
Portland cement [12]. Blood contamination has 
a detrimental effect on the surface micro-hard-
ness of MTA. If blood or serum contamination is 
unavoidable, white MTA [68] may be preferred 
because it had higher surface hardness.

White and grey MTA materials have exhibited 
the same beneficial clinical outcome when used 
to treat pulpotomized primary molars [48] and as 
a pulp-capping agent in treatment of vital teeth 
[44, 70]: good biological response with no geno-
toxic effects [79]. Although there is evidence of a 
very good biological response with both types of 
MTA, grey MTA showed significantly higher per-
centage of dentine bridge formation than white 
MTA [28]. Histological assessment of grey and 
white MTA indicated that although both materials 
were well tolerated, supported cell attachment, 
proliferation and matrix formation [3, 91], more 
inflammation was associated with white MTA 
[71]. Addition of chlorhexidine to MTA resulted 
in tissue inflammation in the white MTA, but the 
grey was well tolerated [94]. Using MDPC-23 
cells and XTT assay, two grey MTA products had 
higher cell viability than white MTA. In this test, 
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grey and white MTA products had intracellular 
reactive oxygen species formation compared 
with untreated cells, although cells exposed to 
white MTA were not significantly different from 
untreated cells [43]. Both grey and white MTA 
were antimicrobial under aerobic conditions and 
damaged bacterial DNA [78]. E. faecalis and S. 
sanguis to MTA were more susceptible to dam-
age by white MTA than grey MTA [2].

To date, the differences in colour were a result 
of a difference in iron oxide between grey and 
white MTA products under the brand names 
ProRoot and Angelus. By the end of 2013, more 
than a dozen new MTA-type products have been 
introduced that have various colours, particle 
sizes and formulas, as described in Chap. 8. The 
influence of the compositions on properties and 
performance is open for research. At this time, no 
one product or composition has shown superior-
ity in all physical and in vivo performance.

1.6	 �Standards Used to Test 
Properties of MTA

International standards have been developed for 
many dental products, and committees exist to 
continually improve the suitability and the test 
methods for dentistry. Although MTA has been 
popular for root-end filling, no dental standard 
exists for root-end filling materials. Prior to 
MTA’s introduction, materials for root-end fill-
ing were not unique; that is, amalgam or other 
zinc oxide eugenol-based restorative materials 
were used. MTA products are not used as restor-
atives, and most MTA products are not used as 
root canal sealers for which standards exist. This 
gap in testing standards has allowed researchers 
to apply any test from dental or cement standards 
to compare materials. This has also created a 
body of literature where comparisons are diffi-
cult because of the variety of test procedures. The 
slow setting and gradual strengthening of most 
MTA products over 4 weeks has also created new 
challenges for dental material methods to com-
pare and evaluate MTA-type materials.

The International Standards Organization 
(ISO) or American Dental Association (ADA) 

specifications for root canal sealers do not 
require strength tests however, this relatively easy 
in vitro test has been used to compare MTA mate-
rials. Compressive strength has been measured 
but is not an essential property for root-end fillers 
because such materials are not subjected to occlu-
sion or other dislodging forces. Compressive 
strength is commonly tested for restoratives, 
and also for Portland cements. Many research-
ers and manufacturers have used the ISO 9917-1 
[55] compressive strength test. In this standard, 
the compressive strength testing method is per-
formed after 1 day, which is much too short for 
the original MTA products so longer times are 
used. The results of compressive strength of MTA 
and tricalcium silicate-based materials are depen-
dent on the same factors as Portland cement [25] 
including the liquid to cement ratio, the shape 
and size of the specimen, the sample prepara-
tion, the loading rate [25, 69] and condensation 
pressure during sample preparation [67]. When 
using cylindrical specimens, the flatness and par-
allelism of the ends are essential, otherwise the 
contact area between the specimen and the bear-
ing plate is changed. The effect of changes in the 
water to powder ratio on the physical properties 
and hydration of MTA has been described above 
and also in Chapter 2. ISO 9917 [55] specifies 
the use of cylindrical specimens with a diameter 
of 4 and 6  mm high for compressive strength 
testing. These moulds have been used in various 
studies investigating the compressive strength of 
MTA [67, 88]. Other researchers have used dif-
ferent sized moulds (12 mm in length and 6 mm 
in diameter) [58]. Cylindrical specimens with a 
height to diameter ratio of 2 are commonly used 
in Portland cement research [25], because the 
strength of cylinders for height to diameter ratio 
of 2 is not influenced by the restraining effects 
of the loading plates, a phenomenon well under-
stood in materials science. Values higher than 2 
may lead to buckling of the specimens, and lower 
values require the use of a correction factor when 
calculating the compressive strength.

Setting of MTA products is quite different 
from other dental materials. The hydration pro-
cess, particularly for dicalcium silicate phase in 
MTA, occurs over a period of about 4 weeks. No 
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other dental material matures over such a long 
period of time. A second issue for testing the set-
ting of MTA materials is the need for water dur-
ing setting; drying conditions must be avoided. 
The current ISO 6876 standard for root canal 
sealer [56] specifies smaller diameter, shallower 
plaster moulds for sealers that require water to set 
versus sealers that do not require water, which 
complicates testing and comparisons.

The ISO 6876 [56] setting procedure also 
requires adding excess water to the sealers that 
require water for setting, a procedure that is 
necessary for traditional root canal formulas 
in  vitro. Adding water is not suitable for MTA 
products because it changes the manufacturer’s 
directions for use, and the physical properties of 
hydraulic cements depend on the water to cement 
ratio. Adding water diminishes the compressive 
strength and increases the setting time for MTA, 
while a low water to powder ratio, or drying con-
ditions, will reduce strength and appear to cause 
setting by incomplete hydration. Factors that 
increase the suitable water to powder ratio include 
a high surface area of the powders, less radi-
opaque powder or radiopaque powder of a lower 
molecular weight [23]. Researchers who have 
created experimental powders and changed the 
radiopacifier to a much higher or lower molecular 
weight will note the changes in consistency of the 
mixtures. The usual radiopaque powders are non-
cementitious and do not contribute to the kinetics 
of the hydration reaction. When MTA powders 
are mixed with excess liquid, usually the setting 
is slower, the mixture is less viscous, more pores 
will develop and the compressive strength will be 
lower [33].

Setting time determinations have been made 
by several methods, and the terms initial and final 
setting are also used. The ISO 6876 [56] and ISO 
9917-1 standards [55] use flat cylindrical indent-
ers of two sizes and two weights, but do not refer 
to an initial and a final setting time. The lighter 
weight and larger diameter needle is specified in 
ISO 6876 [56] for root canal sealers, and the 
heavier weight and smaller diameter needle is 
specified for water-based cements in ISO 9917-1 
[55]. These setting time assessment tests are 
based on the visual inspection of a Gillmore nee-

dle’s impression into a cement surface, which is 
subjective. Setting time comparisons are compli-
cated by some authors using the heavier Gillmore 
weight for their tests [29, 53, 74], which neces-
sarily will make the setting times longer than 
those who use the lighter weight Gillmore needle 
[63]. The quantity of material tested affects the 
results of setting time testing, which has also 
made comparison of data difficult since most 
investigators adapt moulds for testing rather than 
using the precise moulds specified by the particu-
lar standard [14, 49, 58, 64]. Automatic Vicat 
apparatus has been used by some, but the ability 
to use the device at 37 °C without dry-out has not 
been documented. Working time is defined based 
on flow under a weight for root canal sealers, 
which may be interpreted as an initial setting 
time. A student reviewing the literature must be 
alert to the test method used by the researcher; 
particularly the mould size, the needle diameter 
and the weight of the Vicat and Gilmore setting 
time apparatus referred to in the literature.

ASTM C266 [6] for Portland cements speci-
fies the initial and final setting time to be deter-
mined with a lighter, larger diameter needle and 
then with a heavier, smaller diameter needle. 
However, this standard is designed for the cement 
industry and requires l,650 g in a mould 100 by 
5 mm thick, which is much larger than most den-
tal samples. A Vicat apparatus is specified for 
cement in EN 196-3; 2005 [46] which uses two 
needles, weight for both being 300 g, and requires 
400 g of cement.

Micro-hardness has been tested for MTA 
products, but is not required for endodontic 
materials in ISO or ADA standards. Micro-
hardness testing is performed by applying a 
load to a material surface using a diamond 
indenter. The most common test is the Vickers, 
which uses a diamond-shaped indenter; others 
have used the Knoop indenter that has an elon-
gated pyramidal shape. MTA is composed of 
multiple phases of varied hardness that adds 
variation to hardness measurements, depending 
on where the small diamond indenter is placed 
on the sample. Furthermore, some researchers 
have not followed good sample preparation 
procedures to create polished samples for 
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indentation. Micro-hardness measures surface 
properties of materials and has not been shown 
to have clinical relevance to the performance of 
MTA-type products.

The dimensional stability of materials is pre-
dictive of shrinkage or expansion and has been 
specified for root canal sealers in ISO 6876 [56] 
to be less than 1  % shrinkage and less than 
0.1  % expansion after 30  days. However, the 
newest version of ISO 6876: 2012 [56] elimi-
nated this requirement. The earlier version of 
ISO 6876 and the ADA 57 test method specified 
the measurement of the change in length of 
cylindrical samples stored in water for 30 days. 
This method measures dimensional changes in 
one direction and assumes the material is iso-
tropic. A novel method has been developed 
where by a linear variable displacement trans-
ducer (LVDT) for accurate measurement in the 
vertical direction is used, with horizontal 
restraint of the specimen in a metal mould [21, 
85]. Large changes in dimensions are certainly 
unwanted in any endodontic material because 
of the potential for leakage or cracking of the 
root for shrinkage or expansion, respectively. 
The values measured for the MTA materials 
have attested to the small dimensional varia-
tions that are characteristic of their Portland 
cement “heritage”.

�Conclusions

Tricalcium silicate is the main constitu-
ent of MTA and was adopted for dentistry 
from construction-grade Portland cement. 
Radiopaque powders are a necessary addi-
tion to tricalcium silicate for dental products. 
In addition to tricalcium silicate, MTA prod-
ucts usually contain other cementitious phases 
including dicalcium silicate, with minor 
amounts of tricalcium aluminate, calcium sul-
phate or grey-coloured calcium aluminofer-
rite. This powdered material when mixed with 
water forms a hard, high pH, dimensionally 
stable material with remarkable biocompat-
ibility. The hydration process is complex, and 
the strengthening of the tricalcium silicates 
continues over about 4 weeks. Both grey and 
white MTA products are available, analogous 

to construction-grade Portland cements. No 
definitive histological studies have shown 
a superiority of any one product or the grey 
versus the white versions. Ordinary Portland 
cement should not be used clinically, because 
a clinician would not know its purity, its parti-
cle size will be coarse and the material will not 
be sufficiently radiopaque. Despite the over 
1,000 articles that have been written about 
MTA and root-end filling material, no dental 
standards exist for testing MTA specifically, 
accounting for its unique properties. Existing 
test methods for dental materials and cements 
have been adapted by researchers for evalu-
ation of the MTA products and experimental 
alternatives.
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